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ABSTRACT

Autistic individuals often struggle to recognize speech in noisy environments, but the neural mechanisms behind these chal-
lenges remain unclear. Effective speech-in-noise (SiN) processing relies on auditory processing, which tracks target sounds
amidst noise, and semantic processing, which further integrates relevant acoustic information to derive meaning. This study ex-
amined these two processes in autism. Thirty-one autistic and 31 non-autistic adults completed a sentence judgment task under
three conditions: quiet, babble noise, and competing speech. Auditory processing was measured using EEG-derived temporal
response functions (TRFs), which tracked how the brain follows speech sounds, while semantic processing was assessed via be-
havioral accuracy and the N400 component, a neural marker of semantic processing. Autistic participants showed reduced TRF
responses and delayed N400 onset, indicating less efficient auditory processing and slower semantic processing, despite similar
N400 amplitude and behavioral performance. Moreover, non-autistic participants demonstrated a trade-off between auditory
and semantic processing resources. In the competing speech condition, they showed enhanced semantic integration but reduced
neural tracking of auditory information when managing linguistic competition introduced by intelligible speech noise. In con-
trast, the autistic group showed no modulation of neural responses, suggesting reduced flexibility in adjusting auditory and se-
mantic demands. These findings highlight distinct neural processing patterns in autistic individuals during SiN tasks, providing
new insights into how atypical auditory and semantic processing shape SiN perception in autism.

1 | Introduction

Recognizing speech in noisy environments, a process known as
speech-in-noise (SiN) processing, is a complex task influenced
by both auditory and cognitive interference from competing
sounds (Bronkhorst 2000). Background noise can physically
mask speech signals, obscuring key acoustic features and mak-
ing perception more difficult. This challenge increases when the
background contains intelligible speech with similar vocal char-
acteristics, which introduces additional cognitive interference
and makes it harder to focus on the target signal (Baskent and
Gaudrain 2016; Brungart 2001).

For autistic individuals, these difficulties can be even more
pronounced due to atypical auditory and cognitive profile
(O'Connor 2012; Ouimet et al. 2012). Previous research on
SiN recognition in autism has predominantly focused on
auditory processing difficulties, such as challenges in utiliz-
ing temporal dips (Alcantara et al. 2004; Groen et al. 2009).
Autistic participants are less able to use these brief reductions
in noise intensity to enhance target speech recognition. These
difficulties extend to continuous noise without temporal dips,
particularly under stricter recognition criteria (Schelinski and
Von Kriegstein 2020). In multi-speaker scenarios, autistic lis-
teners experience difficulties in using speaker-relevant cues,
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Summary

« This study examined how the brain processes speech
in noisy environments.

We found that autistic individuals had reduced and
slower brain responses to sounds and meanings.

Unlike non-autistic participants, whose brain activity
adjusted to different types of background noise, autis-
tic participants showed no such modulation.

Despite these neural differences, autistic individuals
performed as accurately as their non-autistic peers in
judging semantic congruency in the behavioral task.

These findings provide insights into how autistic indi-
viduals navigate complex auditory environments and
may inform the development of better communication
support in noisy settings.

such as spatial or vocal features, to enhance speech separa-
tion (DePape et al. 2012; Schaeffer et al. 2023). Additionally,
atypical auditory processing in autism is compounded by dif-
ferences in higher-order cognitive functions, including verbal
abilities (Ruiz Callejo et al. 2023; Russo et al. 2009), atten-
tional control (Emmons et al. 2022), and the integration of au-
ditory information (Lepisto et al. 2009). Neuroimaging studies
provide further insights into the neural mechanisms under-
lying these auditory processing difficulties. Impairments in
sensory control have been linked to reduced neural responses
in the inferior frontal gyrus under noisy conditions, sug-
gesting disrupted top-down modulation (Schelinski and Von
Kriegstein 2023). Heightened activity in the speech-processing
cortex during SiN tasks indicates compensatory mechanisms
for managing auditory challenges (Hernandez et al. 2020).
Additionally, increased recruitment of neural resources re-
gardless of task difficulty points to inflexible resource alloca-
tion in autism (Mamashli et al. 2017).

Collectively, these findings highlight both auditory difficul-
ties and cognitive challenges during SiN processing in autism.
However, no studies have examined SiN recognition in au-
tism with a combined focus on both auditory and semantic
processing, despite the crucial role each plays in successful
comprehension. To test this, we used electroencephalography
(EEG) to examine both auditory and semantic processing in
autistic and non-autistic individuals. Our study builds on Song
et al. (2020), who explored the effects of competing speech and
babble noise on speech perception. Their findings revealed
a significant trade-off between auditory and semantic pro-
cessing in non-autistic listeners. Compared to the unintelli-
gible babble masker, the intelligible speech masker resulted
in amplified N400 amplitudes, indicating greater reliance on
semantic processing. However, this increased semantic effort
was accompanied by less accurate neural tracking of the tar-
get speech, suggesting reduced auditory processing. These
results support the idea that cognitive resources are limited
and dynamically allocated, with greater engagement in se-
mantic processing diminishing resources available for audi-
tory processing. When speech is degraded by noise, skilled
listeners rely more on semantic context to compensate for

lost acoustic information, thereby facilitating comprehension
(Bilger et al. 1984; Kalikow et al. 1977).

The present study builds on this framework to examine
whether autistic individuals adopt a similar compensatory
strategy during SiN processing. Following Song et al. (2020),
we employed a semantic congruency task across three listen-
ing conditions: quiet, single-talker speech noise, and babble
noise. To investigate auditory processing, we measured neu-
ral tracking of speech envelopes, which capture continuous
amplitude fluctuations in speech. Neural tracking reflects
the brain's ability to synchronize with rhythmic external
stimuli, such as speech (Brodbeck and Simon 2020; Ding and
Simon 2012). Neural tracking was estimated using a machine
learning approach to predict neural responses from speech
envelopes, known as forward modeling (Crosse et al. 2016,
2021). Compared to backward modeling, which reconstructs
the stimulus from neural data (Song et al. 2020), forward
modeling offers greater insight into the temporal dynamics of
speech processing. This approach allows us to examine speech
encoding over time (Holdgraf et al. 2017), making it particu-
larly suited for examining the time-resolved neural processes
involved in speech perception under noisy conditions (Ding
and Simon 2013; Gillis et al. 2022; Yasmin et al. 2023; Zhang
et al. 2023). From this modeling, we obtained the temporal
response function (TRF) and focused on P1, N1, and P2 re-
sponses. These components closely correspond to auditory
evoked potentials (AEPs) and are thought to reflect different
auditory processing stages. For example, P1 is associated with
early acoustic encoding, while N1-P2 is linked to attention and
speech intelligibility (Chen et al. 2023; Di Liberto et al. 2015;
Muncke et al. 2022; Orf et al. 2023). Such temporally specific
information is not accessible through backward modeling,
which provides a single global measure of decoding accuracy
but lacks interpretable component-level resolution.

Although no previous studies have examined TRF components
in autistic individuals during SiN tasks, the well-documented
auditory processing difficulties in noise led us to hypothesize
that autistic participants would exhibit reduced P1-N1-P2 re-
sponses across all conditions. This hypothesis is further sup-
ported by findings of atypical neural entrainment in autism in
quiet environments (Jochaut et al. 2015), suggesting difficulties
in synchronizing brain activity with speech. Additionally, AEP
studies have reported atypical P1-N1-P2 responses in autism,
indicating reduced cortical responsiveness to acoustic input
(O'Connor 2012; Schwartz et al. 2023).

We evaluated semantic processing through both behavioral judg-
ments of semantic violations within the semantic congruency
task and corresponding neural responses. Autistic individuals
often exhibit atypical cortical response to semantic informa-
tion even without the presence of noise. This has been inves-
tigated using the N400, an ERP component widely recognized
as a neural marker of lexical-semantic processing (Kutas and
Hillyard 1980). Typically, N400 amplitudes are larger for less pre-
dictable or incongruent words, reflecting greater difficulty in re-
solving meaning (Hagoort 2008; Osterhout and Holcomb 1992).
However, N400 responses are also influenced by individual dif-
ferences in cognitive and language abilities, and considerable
variability has been observed within the autistic population.
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Autistic individuals—particularly children with poor verbal
abilities—often exhibit reduced, delayed, or atypically distrib-
uted N400 compared to their non-autistic peers, suggesting dif-
ficulties with semantic integration (Coderre et al. 2017; Fishman
et al. 2011; Pijnacker et al. 2010). In contrast, studies focusing on
autistic individuals with stronger verbal abilities have reported
relatively typical patterns of semantic processing (DiStefano
et al. 2019; Henderson et al. 2011; McCleery et al. 2010). Given
previous findings of attenuated N400 responses in quiet condi-
tions, we hypothesized that autistic participants would exhibit
reduced and delayed N400 responses to SiN stimuli, indicating
challenges in semantic integration in noisy environments.

Considering the effect of masker types, we also hypothesized
that masker intelligibility would impact the trade-offs between
auditory and semantic processing. For non-autistic participants,
we expected stronger N400 and weaker TRF responses in the
intelligible speech masker condition compared to the unintel-
ligible babble condition, consistent with Song et al. (2020). In
contrast, we predicted that autistic participants would show less
differentiation between conditions of varying intelligibility, re-
flecting reduced top-down modulation during SiN processing.

Finally, prior research has identified a range of cognitive factors
that may contribute to variability in SiN perception among au-
tistic individuals. For example, temporal processing difficulties
have been found to correlate more closely with language ability
than with autism diagnosis per se (DePape et al. 2012; Bhatara
et al. 2013). Similarly, verbal IQ may influence performance at
an individual level, even when group-level differences are not ob-
served (Ruiz Callejo et al. 2023). Difficulties with selective auditory
attention have also been reported in autism (Emmons et al. 2022;
Lau et al. 2023). Taken together, these findings highlight the com-
plex and multifactorial nature of SiN perception in autism. Based
on this evidence, and in line with recent work showing that cog-
nitive abilities can predict neural and behavioral responses to SiN

(Ruiz Callejo and Boets 2023), we conducted exploratory correla-
tion analyses to examine potential associations among cognitive
abilities, behavioral accuracy, and neural responses.

2 | Methods
2.1 | Participants

We recruited 31 autistic and 31 non-autistic participants, aged
17-47, all of whom were right-handed native English speakers.
Participants passed a hearing screening using an Amplivox man-
ual audiometer, confirming normal hearing in both ears at 25dB
for frequencies of 0.5, 1, 2, and 4kHz. Both groups had no current
speech, language, or communication needs. Autistic participants
had diagnoses confirmed by professional clinicians and supported
by clinical reports. Non-autistic participants reported no personal
or family history of autism, and this was further supported by
their scores on the Autism Spectrum Quotient (AQ) (Baron-Cohen
et al. 2001), all of which were below the cut-off of 32.

We measured cognitive abilities that may influence SiN process-
ing (Gordon-Salant and Cole 2016; Heinrich 2021). Nonverbal
IQ was measured using Raven's Standard Progressive Matrices
(Raven and Court 1998), while receptive vocabulary, a proxy
for verbal IQ, was assessed using the Receptive One-Word
Picture Vocabulary Test-Fourth Edition (ROWPVT-4; Martin
and Brownell 2011). Verbal short-term memory was evaluated
with the digit span task (Wechsler et al. 2003). Participants
also completed a musical training questionnaire (Pfordresher
and Halpern 2013), which recorded years of formal training
across various instruments. Additionally, auditory-related traits
were measured using the Auditory Attention and Discomfort
Questionnaire (Dunlop et al. 2016), which assessed difficulties
with auditory attention in noisy environments and sensitivity to
auditory stimuli in daily life.

TABLE1 | Characteristics of the autistic (n =31) and non-autistic groups (n=31).

Rank-biserial

Variables Autistic M (SD) Non-autistic M (SD) w D correlation
Gender (female:male) 22:9 26:5

Age 25.73 (7.89) 25.78 (7.83) 484.0 0.97 0.01
Musical training 4.02 (5.61) 6.39 (7.02) 384.0 0.16 -0.20
Nonverbal reasoning (RSPM raw core) 53.87(3.59) 54.39 (3.61) 441.0 0.58 —0.08
Nonverbal reasoning (RSPM percentile) 49.03 (23.96) 52.74 (29.32) 458.5 0.75 -0.05
Receptive vocabulary (ROWPVT-4 raw 167.16 (10.40) 170.03 (8.35) 429.5 0.48 -0.11
score)

Receptive vocabulary (ROWPVT-4 109.26 (15.92) 113.10 (14.69) 420.5 0.40 -0.10
standard score)

Digit span 7.07 (1.61) 7.07 (1.03) 464.0 0.82 -0.03
Auditory attention difficulty 38.58 (10.03) 24.74 (9.47) 811.5 <0.01 0.69
Auditory discomfort 60.94 (9.76) 43.81 (10.44) 855.5 <0.01 0.78
Autistic traits (AQ) 38.29 (6.62) 17.13 (8.49) 9350  <0.01 0.95

Note: The p-values of significant fixed effects are presented in bold.

85UBD| 7 SUOWWOD BA 81D 8|l |dde au Aq paueA0b 818 S3o 11 YO ‘8sN JO SBINJ 104 Afeiqi8UIUO /8|1 UO (SUOIPUOD-PUR-SLLBY W00 A3 | 1M ARe.q]1)BU1|UO//'SCRY) SUORIPUOD PUe SWS | 8U3 S *[G20¢/80/T2] Uo AreiqiTaulluo A8 |IM ‘1881 Aq 2600L INe/200T OT/I0p/wod A8 |mAeiq1jeul|uo//sdiy Wwoiy papeojumod ‘0 ‘908E6E6T



Demographic and cognitive data are summarized in Table 1.
Welch's two-sample t-tests showed no significant differences
between autistic and non-autistic groups in chronological age,
musical training background, receptive vocabulary, nonverbal
reasoning ability, or verbal short-term memory. However, the
autistic group scored significantly higher on the AQ, reflecting
elevated autistic traits, and reported greater auditory attention
difficulties and discomfort.

The study was approved by the University Research Ethics
Committee, and all participants provided written informed con-
sent. Participants received financial compensation. Student par-
ticipants recruited from the psychology participant pool were
awarded course credits.

2.2 | Stimuli and Apparatus

The target stimuli consisted of 180 sentence pairs with highly
constraining contexts. The final word in each sentence was ei-
ther semantically congruent (e.g., I passed my test and got my
driving license) or incongruent with the preceding context (e.g.,
I passed my test and got my driving discount).

Semantically incongruent sentences were expected to elicit
larger N400 amplitudes than congruent sentences, reflecting
the modulation of N400 responses during semantic integra-
tion. Sentences were drawn from a validated set developed
by Stringer and Iverson (2020). Each sentence contained 5-10
words (5-13 syllables) and was recorded by a female native
speaker of Southern British English.

The maskers were adopted from Song et al. (2020). The single-
talker speech masker consisted of recordings of English stories
read by the same speaker as the target sentences. The babble
masker was created by processing the speech masker: the re-
cordings were segmented and randomly rearranged to ensure
acoustic consistency while making the speech semantically un-
intelligible. The signal-to-noise ratio was set to 0dB, based on a
pilot study (see Supporting Information for details of the mask-
ers and the pilot study).

Participants completed the experiment using E-Prime 3.0 soft-
ware in a soundproof booth. Audio stimuli were presented
binaurally through Etymotic ER-1 earphones at 67dB sound
pressure level. Participants judged sentence acceptability while
disregarding background noise. Prior to the experiment, partic-
ipants completed three practice items per condition to ensure
understanding of the task. During each trial, an audio file was
played alongside a fixation cross displayed on the screen. After
a silent interval (1.5-1.7s), participants judged the sentence as
acceptable or unacceptable.

The experiment comprised six blocks (two per condition), with
60 trials per block lasting 5-6 min. Sentences of varying congru-
ency were randomly mixed, and block order was randomized.
To minimize context effects, three experimental lists were cre-
ated, with conditions counterbalanced across lists. Lists were
randomly assigned to participants. Self-paced breaks between
blocks were provided to reduce fatigue.

2.3 | EEG Recording and Pre-Processing

EEG data were recorded using a Biosemi Active Two system with
64 Ag/AgCl electrodes and six external electrodes (left/right mas-
toids and vertical/horizontal electrooculography). Signals were
recorded at a sampling rate of 2048 Hz without referencing, and
electrode impedances were kept below 25kQ. Triggers marking
the onset of target words were recorded with the EEG.

Data pre-processing was performed in EEGLAB (Delorme and
Makeig 2004) within Matlab R2018b. For TRF analysis, EEG
signals were band-pass filtered between 1 and 8 Hz using a
zero-phase Butterworth filter to isolate low-frequency activity
(Ahissar et al. 2001; Luo and Poeppel 2007). The data were then
downsampled to 64 Hz for computational efficiency. The speech
envelope, used as the input acoustic feature for TRF modeling,
was extracted via the Hilbert transform, downsampled to 64 Hz,
and normalized with the EEG data (mean-subtracted and stan-
dardized). EEG trials were precisely aligned with stimulus seg-
ments to ensure matching data lengths.

For N400 analysis, signals were low-pass filtered at 40 Hz using
a zero-phase Butterworth filter, downsampled to 256 Hz, and re-
referenced to the average of the mastoids. Data were segmented
into epochs ranging from —200 to 800 ms relative to the target word
onset and baseline-corrected using the pre-stimulus interval (=200
to 0ms). Bad channels were manually identified and interpolated.
Independent Component Analysis was performed using the runica
algorithm implemented in EEGLAB to decompose the continuous
EEG data into independent components. Artefactual components
were identified and rejected based on both automatic classification
and manual inspection. Specifically, we used the ICLabel plugin
(Pion-Tonachini et al. 2019) to estimate the probability that each
component reflected neural activity, eye movements, muscle ac-
tivity, or other sources of noise. Components classified as “eye” or
“muscle” with a probability of at least 75% were considered candi-
dates for removal. All flagged components were further examined
manually, with particular attention to topography, time series, and
power spectrum characteristics. On average, 3.87 trials per partic-
ipant (approximately 1% of all trials) were excluded due to artifacts
in the autistic group, and 2.00 trials per participant (approxi-
mately 0.6% of all trials) were excluded in the non-autistic group. A
Wilcoxon rank-sum test showed no significant group difference in
the number of excluded trials (W=577.5, p=0.154), with a small,
non-significant effect size (r=0.20, 95% CI [-0.08, 0.46]), indicat-
ing comparable trial rejection rates across groups.

2.4 | EEG Data Analysis
2.41 | TRF Modeling

We conducted TRF modeling using the mTRF toolbox (Crosse
et al. 2016). Models were fitted with a time-lag window of
[-100, 400ms] to capture neural responses at latencies be-
tween 0 and 300ms (Di Liberto et al. 2018). Separate models
were created for each condition and group, with ridge regres-
sion and regularization (1) employed to prevent overfitting.
An individual, subject-specific approach was used to train
and cross-validate the TRF models, following the procedures
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outlined in Crosse et al. (2021), to estimate the TRF that best
fits each participant’s neural responses. Optimal A values were
selected via 10-fold cross-validation, testing a range ([107¢, ...,
10%]) and selecting the A yielding the highest average Pearson
correlation between predicted and actual EEG signals (Zion
Golumbic et al. 2013). The resulting TRF waveforms represent
how the EEG signal at each electrode changes in response to
a unit change in the speech stimulus envelope. Pearson cor-
relation coefficient r between the predicted and recorded EEG
signals was also calculated to evaluate the overall strength of
neural tracking.

2.4.2 | Cluster-Based Permutation Tests

For both auditory (TRF) and semantic (N400) processing,
we applied cluster-based permutation tests (CBPT, Maris and
Oostenveld 2007) using the FieldTrip toolbox (Oostenveld
et al. 2011). Paired t-tests were conducted at each electrode
and time point to assess differences between conditions or
groups. To identify candidate clusters, a two-sided threshold
of p<0.05 was applied to the resulting sample-level ¢-tests, and
spatiotemporally adjacent significant data points were grouped
into clusters. For each cluster, a cluster-level statistic was cal-
culated as the sum of the t-values within the cluster. Statistical
significance was assessed using a two-sided Monte Carlo per-
mutation test with 1000 random permutations of condition la-
bels. Clusters were considered significant if their cluster-level
statistic fell within the top or bottom 2.5% of the permutation
distribution, corresponding to an overall corrected alpha level
of 0.05. For tests conducted separately across group and condi-
tion, Bonferroni correction was applied to control for multiple
comparisons.

This non-parametric approach is especially useful for identify-
ing spatiotemporally extended effects without imposing strong
a priori constraints on when or where such effects might occur.
However, CBPTs are inherently limited to pairwise compari-
sons and do not provide reliable estimates of effect latency or
precise topography (Sassenhagen and Draschkow 2019). To
address these limitations, we complemented CBPTs with addi-
tional latency analyses and targeted statistical testing using lin-
ear mixed-effects models, allowing us to quantify amplitude and
latency differences and assess interactions between group and
condition effects with greater precision.

2.4.3 | Latency Analysis

Latency detection methods were chosen to match the temporal
characteristics of each ERP/TRF component. For early TRF com-
ponents (P1, N1, and P2), which are characterized by sharp, time-
locked peaks, we used traditional peak latency detection within
predefined windows (Luck 2005). In contrast, N400 latency was
estimated using the fractional area latency (FAL) algorithm im-
plemented in ERPLAB, a method recommended for broader and
more variable components to provide robust and reliable esti-
mates of onset latency (Lopez-Calderon and Luck 2014).

Latency windows for each TRF component were defined based
on the mean and standard deviation (SD) of observed peaks

across participants. Each window was set as mean = 2 SD to cap-
ture approximately 95% of latency variability and was visually
validated against grand-averaged waveforms to ensure align-
ment with observed peak distributions. Within these validated
windows, peak latency and amplitude were identified for each
participant and condition.

The onset latency of the N400 effect was estimated using the
fractional area latency (FAL) method, following the guidelines
by Lopez-Calderon and Luck (2014). We computed the area
under the N400 difference waveform (incongruent minus con-
gruent) within the 200-500ms time window at posterior mid-
line electrodes (Cz, CPz, and Pz), and identified the time point
at which 20% of the total area was reached. This measure was
calculated separately for each participant and condition.

2.5 | Statistical Analysis

Analyses were conducted in R (version 4.1.2; R Core Team
2022). Linear mixed-effects models (LMMs) were fitted for TRF
and N400 data including component amplitudes, latencies, and
Pearson correlation (7). Generalized linear mixed-effects mod-
els (GLMMs) were constructed for behavioral accuracy (binary
outcome), with the BOBYQA optimizer applied to improve con-
vergence. All models were constructed using the Ime4 package
(Bates et al. 2015). Models compared performance across back-
ground conditions using two masker contrasts: (1) baseline (no
maskers) versus masker conditions (babble, speech) and (2) bab-
ble versus speech maskers.

Fixed effects included group (autistic=1/2, non-
autistic = —1/2), masker (contrast 1: babble =1/3, speech =1/3,
baseline = —2/3; contrast 2: babble =1/2, speech = —1/2, base-
line=0), and their interactions. For ERP models, sentence
type (congruent=1/2, incongruent=-1/2) was included as
an additional fixed effect. Model selection followed the rec-
ommendations of Barr et al. (2013). Initial models were fitted
with a maximal random-effects structure, including random
intercepts for participants and by-participant random slopes
for within-subject predictors. For the behavioral data, the
maximal model also included by-trial random effects (ran-
dom intercepts and slopes). In contrast, TRF and N400 data
were grand-averaged across trials for each condition and par-
ticipant prior to statistical analysis to reduce trial-level noise;
therefore, trial-level variability was not modeled, and random
effects for trials were not included.

When maximal models failed to converge, the random-effects
structure was simplified in a stepwise manner: (1) by removing
correlations between random effects, and (2) by incrementally
adding random slopes to an intercept-only model to identify
the most parsimonious structure that captured meaningful
variance. As models included group effect as a between-subject
factor, random intercepts for participants were retained in all
models to account for individual baseline differences. At each
step, likelihood ratio tests were used to compare models and
retain only random effects that significantly improved model
fit. Fixed effects and interactions were tested using likelihood
ratio tests by comparing the final model to nested models with
specific fixed effect removed. Significant interactions were
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FIGURE1 | Performance accuracy across conditions for autistic and non-autistic groups. (A) Compares baseline to masker conditions (average of
babble and speech maskers). (B) Compares babble to speech maskers. Violin plots with embedded box plots show the distribution of mean percentage
accuracy, with individual data points connected to illustrate within-subject differences.

followed up with simple effects analyses by subsetting the
data and refitting the model. Bonferroni correction was ap-
plied to control for multiple comparisons, with the alpha level
set at 0.025 for main and interaction effects, and 0.0125 for
simple effects. For effect sizes, partial eta-squared (npz) was
computed for each fixed effect in LMMs with >0.01, >0.09,
and >0.25 interpreted as small, medium, and large effects,
respectively (Cohen et al. 2013). For GLMMs with binary out-
comes, odds ratios (ORs) were calculated by exponentiating
the model coefficients. An OR of 1 indicates no effect, while
values farther from 1 (either above or below) reflect stronger
effects.

3 | Results
3.1 | Behavioral Results

Figure 1 shows the accuracy for both masker contrasts across
groups. Overall, both groups performed well on the task,
particularly in the baseline condition, where ceiling perfor-
mance was observed. The GLMM analysis (Table 2) revealed
significant main effects of both masker contrasts. Behavioral
accuracy was higher in the baseline condition compared to
the masker conditions (baseline: My, ¢ =97.7%, SD , s = 14.9%;

M, =96.9%, SD,¢=17.2%. Maskers: My \s=93.3%,

SDyas=25.1%; M,=91.7%, SD,=27.7%). Additionally,
both groups performed better in the babble condition
(Myys=94.4%, SDy,s=23.1%; M, =93.3%, SD, =24.9%)
than in the speech condition (M, =92.2%, SDy,5=26.9%;
M, =90.0%, SD,,=30.0%). No significant group effect or in-
teractions were found, indicating comparable accuracy rates
across masker conditions.

3.2 | TRF Results

We conducted cluster-based permutation tests (CBPTs) to iden-
tify statistically significant spatiotemporal clusters within a
0-300ms time window. As CBPTs are limited to pairwise com-
parisons, we adopted a structured analysis plan to match our
theoretical contrasts of interest and to remain as consistent as
possible with our follow-up LMMs.

Initially, we explored the main effects of group across con-
ditions, but no significant clusters emerged. We suspect this
may be due to variability in the latency and polarity of the
P1-N1-P2 complex across groups and conditions, which can
dilute effects when aggregated. Therefore, we performed sep-
arate CBPTs within each group and condition and applied
Bonferroni correction to account for multiple comparisons
(McClannahan et al. 2019). This approach allowed us to better
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TABLE 2 | Results of the GLMM for behavioral data.

Fixed effects Est/beta SE z X P OR
(Intercept) 3.51 0.11 31.22 — — —

Group —-0.31 0.19 -1.62 2.54 0.112 0.73
Masker-1 -1.10 0.12 -9.15 58.85 <0.001 0.33
Masker-2 0.46 0.09 5.10 21.56 <0.001 1.58
Group X Masker-1 0.07 0.22 0.32 0.10 0.752 1.07
Group X Masker-2 0.13 0.16 0.81 0.61 0.434 1.14

Note: The p-values of significant fixed effects are presented in bold. Model structure: glmer(Accu
racy ~1+ Group X Masker-1 + Group X Masker-2 + (1 + Masker-1 + Masker-2 | Subject) + (1 | Trial)).

Abbreviation: OR, odds ratios.

capture condition-specific or group-specific TRF effects with-
out assuming consistent timing or morphology across all
comparisons.

For the group effect, three tests were conducted (one per con-
dition), resulting in a corrected alpha of 0.05/3~0.017. For the
condition effect, we examined two theoretically motivated con-
trasts within each group: (1) baseline versus maskers and (2)
babble versus speech, resulting in four comparisons in total and
a corrected alpha of 0.05/4=0.0125. These two contrasts were
selected to remain consistent with our LMMs, which were de-
signed to address the same comparisons, rather than testing
each condition individually.

Figure 2A shows the results of cluster-based permutation
tests examining group differences within each condition. The
waveforms illustrate the latency, amplitude, and morphology
of TRF components. In the baseline condition, the P1, N1, and
P2 peaks in the non-autistic group are clearly identifiable (as
marked in the figure), closely resembling traditional auditory
evoked potentials (AEPs) in both latency and polarity. In the
speech masker condition, a significant cluster was observed
between 109 and 172ms (p=0.010), as shown in the topo-
graphic map, with activity primarily distributed over fronto-
central electrodes. This cluster falls within the expected N1
time window and reflects stronger neural tracking of the
speech envelope in the non-autistic group compared to the au-
tistic group.

Figure 2B presents the results of condition effects within each
group. In the early P1 time window, both groups exhibited sig-
nificant clusters when comparing baseline to masker conditions
(both p-values <0.001, 0-125ms), indicating reduced TRF am-
plitudes in the absence of background noise. In addition, both
groups showed significant clusters in the comparison between
babble and speech maskers, with reduced TRF responses in the
speech condition. For the non-autistic group, the cluster spanned
0-109ms (p <0.001), while for the autistic group, the cluster was
observed from 31 to 94 ms (p <0.001), both falling within the P1
response window.

In the later N1-P2 time range, a significant cluster was found
in the non-autistic group for the baseline versus masker
contrast between 156 and 250ms (p <0.001), suggesting re-
duced auditory cortical responses in noisy compared to quiet

conditions. This implies that neural tracking of the speech en-
velope was more robust in the absence of background noise
for non-autistic participants. No corresponding effect was
observed in the autistic group, indicating a lack of measur-
able differentiation between quiet and noisy conditions. For
the babble versus speech contrast, a significant cluster in the
non-autistic group was observed between 172 and 234 ms
(p=0.002), reflecting stronger TRF responses in the speech
condition. No significant differences were found in the autis-
tic group, suggesting comparable auditory tracking responses
across masker types.

Since CBPTs could not capture specific TRF components and
latency variability, LMMs were conducted to examine P1, N1,
and P2 responses separately, focusing on frontal-central elec-
trodes (AFz, Fz, F1, F2, F3, F4, FCz, FC1, FC2, FC3, FC4, Cz,
C1, C2, C3, C4) (Muncke et al. 2022). This approach allowed for
a systematic interpretation of how individual TRF components
drive the observed differences, providing more precise insights
into auditory processing mechanisms. Peak amplitudes and la-
tencies were examined for the P1 and N1 components. For the
N1 component, a “larger” response indicates a more negative
deflection, reflecting stronger neural activation. For the P2 com-
ponent, only amplitude was analyzed, as the peak was not reli-
ably distinguishable across conditions and therefore unsuitable
for latency analysis. Additionally, because P2 exhibited negative
polarity in some conditions, we also examined the amplitude
difference between P2 and N1 (P2 minus N1) as a more reliable
index of later auditory processing (e.g., Beauducel et al. 2000).
Full results are reported in Table 3. Meanwhile, the Pearson
correlation coefficient () between actual and predicted EEG sig-
nals was also included in the statistical analysis (see Table 4 for
the results). Box plots for all measured variables are shown in
Figure 3.

3.2.1 | P1 Amplitude

There was no significant effect of group or any group x condi-
tion interactions. However, both masker contrasts yielded sig-
nificant main effects. P1 amplitude was reduced in the baseline
condition (M =0.40, SD =0.47) relative to the masker conditions
(M=0.60, SD=0.56). Within the masker conditions, babble
noise (M=0.78, SD =0.65) elicited significantly greater P1 am-
plitudes than speech maskers (M =0.43, SD =0.37).

85UBD| 7 SUOWWOD BA 81D 8|l |dde au Aq paueA0b 818 S3o 11 YO ‘8sN JO SBINJ 104 Afeiqi8UIUO /8|1 UO (SUOIPUOD-PUR-SLLBY W00 A3 | 1M ARe.q]1)BU1|UO//'SCRY) SUORIPUOD PUe SWS | 8U3 S *[G20¢/80/T2] Uo AreiqiTaulluo A8 |IM ‘1881 Aq 2600L INe/200T OT/I0p/wod A8 |mAeiq1jeul|uo//sdiy Wwoiy papeojumod ‘0 ‘908E6E6T



(A) Group effect

= Non-autistic = Autistic

Baseline Babble

Speech

0.50 P2

TRF amplitude

109-172 ms

-0.1

0 50 100 150 200 250 300 O 50 100 150 200 250 300 O 50 100 150 200 250 300

Time lag
(B) Condition effect — Baseline = Maskers — Babble — Speech
Non-autistic Autistic Non-autistic Autistic

0.50

0.25
Q
°
2
B 0.00f=5""- -~ NEEfF - - 2onc N oo
€
©
E -0.25|  0-125ms 156-250 ms

0 50 100 150 200 250 300 O 50 100 150 200 250 3000 S50 100 150 200 250 300 O 50 100 150 200 250 300

Time lag

Time lag

FIGURE2 | Results of the cluster-based permutation tests for TRF group and condition effects. Each panel includes line plots showing mean TRF
waveforms, and topographic maps highlighting scalp regions and time windows where significant clusters were identified. Asterisks indicate the
scalp locations of these clusters, with the corresponding time windows labeled next to each map. The maps reflect the absolute amplitude differences
(in uV) between the compared groups or conditions, with the color scale indicating the magnitude of the differences. (A) Group comparisons between
autistic and non-autistic participants within each listening condition (baseline, babble, and speech). Approximate peak of the P1, N1, and P2 com-

ponents are labeled in the baseline waveform for reference. (B) Condition comparisons within each group. Left panels compare baseline to masker

conditions (babble and speech combined); right panels compare babble to speech.

3.2.2 | P1Latency

No significant main effects or interactions emerged for P1 latency.

3.2.3 | N1 Amplitude

A significant group effect was found, with non-autistic partici-
pants (M =-0.40, SD=0.49) showing stronger (more negative)
N1 responses than autistic participants (M =-0.24, SD=0.43).
Additionally, both masker contrasts showed significant main
effects. N1 amplitude was stronger in the masker conditions
(M=-0.39, SD=0.46) compared to the baseline condition
(M=-0.18, SD=0.45). Meanwhile, more negative responses
were observed in the babble condition (M =-0.50, SD=0.50)
relative to the speech condition (M =—0.28, SD =0.40). No inter-
actions reached significance.

3.2.4 | N1 Latency

Group differences in latency were marginal (p=0.078), with
autistic participants (M =174.62, SD =27.24) showing delayed

responses compared to non-autistic participants (M =166.83,
SD=26.70). A significant main effect of condition was ob-
served, with longer latencies in masker conditions (M =177.21,
SD =23.73) than in the baseline (M =157.78, SD =29.14). No sig-
nificant interactions were observed.

3.2.5 | P2 Amplitude

Significant main effects of both masker contrasts were also
detected. The baseline condition (M =0.56, SD=0.69) elicited
larger amplitudes compared to masker conditions (M=0.02,
SD =0.40). Between maskers, the speech condition (M =0.07,
SD=0.40) showed slightly larger responses than babble
(M=-0.03, SD=0.40). However, given the variability in N1
across conditions, this result should be interpreted cautiously.
A significant interaction between group and baseline-masker
contrast was observed. Post hoc analyses revealed significant
baseline-masker differences in both autistic (}?(1)=17.73,
p<0.001) and non-autistic groups (x¥?(1)=30.05, p<0.001).
No group differences were found within either the baseline
(¥*(1)=3.34, p=0.067) or masker conditions (y*(1)=0.18,
p=0.671).
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TABLE 3 | Results of the LMM for TRF component amplitudes and latency.

Fixed effects Est/beta SE t X p 1,
P1 amplitude (Intercept) 0.54 0.05 10.34 — — —
Group 0.06 0.10 0.62 0.38 0.537 0.01
Masker-1 0.20 0.05 3.86 13.36 <0.001 0.19
Masker-2 0.35 0.06 5.80 26.84 <0.001 0.35
Group X Masker-1 0.08 0.10 0.79 0.61 0.433 0.01
Group X Masker-2 0.05 0.12 0.45 0.20 0.656 0.00
P1 latency (Intercept) 74.17 0.98 75.47 — — —
Group 1.79 1.97 0.91 0.82 0.365 0.01
Masker-1 -1.95 1.69 -1.15 1.31 0.252 0.02
Masker-2 —2.82 1.82 -1.55 2.35 0.125 0.04
Group X Masker-1 2.72 3.38 0.81 0.65 0.421 0.01
Group X Masker-2 -1.73 3.64 —0.48 0.23 0.635 0.00
N1 amplitude (Intercept) —0.32 0.04 —-8.31 — — —
Group 0.16 0.08 213 4.40 0.036 0.07
Masker-1 —-0.21 0.07 —3.26 9.78 0.002 0.15
Masker-2 —0.22 0.05 —4.13 15.05 <0.001 0.22
Group X Masker-1 0.04 0.13 0.31 0.09 0.759 0.00
Group X Masker-2 -0.04 0.11 -0.42 0.17 0.678 0.00
N1 latency (Intercept) 170.73 2.17 78.53 — — —
Group 7.79 4.35 1.79 3.13 0.077 0.05
Masker-1 19.43 2.98 6.52 32.33 <0.001 0.41
Masker-2 -1.21 3.01 —-0.40 0.16 0.687 0.00
Group X Masker-1 —5.75 5.96 -0.96 0.92 0.337 0.01
Group X Masker-2 =734 6.01 -1.22 1.47 0.225 0.02
P2 amplitude (Intercept) 0.20 0.05 3.86 — — —
Group —-0.08 0.10 -0.78 0.60 0.439 0.01
Masker-1 —-0.53 0.06 —8.63 48.95 <0.001 0.55
Masker-2 —0.11 0.05 -2.18 4.59 0.032 0.07
Group X Masker-1 0.35 0.12 2.79 7.35 0.007 0.11
Group X Masker-2 0.06 0.10 0.66 0.43 0.513 0.01
N1-P2 amplitude (Intercept) 0.52 0.06 8.20 — — —
Group -0.24 0.13 -1.93 3.61 0.057 0.06
Masker-1 -0.32 0.09 -3.52 11.27 <0.001 0.17
Masker-2 0.11 0.07 1.50 2.20 0.138 0.03
Group X Masker-1 0.31 0.18 1.67 2.73 0.098 0.04
Group X Masker-2 0.11 0.15 0.73 0.53 0.465 0.01

Note: The p-values of significant effects are presented in bold. The same model was used for all analyses of amplitude and latency: Imer(Amplitude/

Latency ~1 + Group x Masker-1 + Group x Masker-2 + (1 + Masker-1 + Masker-2 | Subject)).
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TABLE 4 | Results of the LMM for r values of TRF modeling.

2 2

Fixed effects Est/beta SE b4 X P 7,
(Intercept) 3.51 0.11 31.22 — — —
Group -0.31 0.19 -1.62 2.54 0.112 0.01
Masker-1 -1.10 0.12 -9.15 58.85 <0.001 0.09
Masker-2 0.46 0.09 5.10 21.56 <0.001 0.00
Group X Masker-1 0.07 0.22 0.32 0.10 0.752 0.00
Group X Masker-2 0.13 0.16 0.81 0.61 0.434 0.01
Note: The p-values of significant fixed effects are presented in bold. Model structure: Imer(r-value ~1 + Group X Masker-1 + Group X Masker-2 + (1 + Masker-1 + Masker-2
| Subject)).
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FIGURE 3 | TRF component amplitudes, latencies, and model fit across conditions and groups. Boxplots show peak amplitudes and latencies of

the TRF P1, N1 components, as well as the amplitude of P2 and N1-P2 (P2 minus N1), and Pearson correlation coefficients (r) between predicted and

recorded EEG signals. Data are presented by condition (baseline, babble, and speech) and group (AS, autistic; NAS, non-autistic).

3.2.6 | N1-P2 Amplitude

A marginal group effect was observed (p =0.057), with stronger
N1-P2 responses in the non-autistic group (M =0.64, SD=0.82)
compared to the autistic group (M =0.39, SD=0.52). A signif-
icant main effect of condition was also present: baseline re-
sponses (M=0.73, SD=0.86) were greater than those under
masker conditions (M =0.41, SD=0.57). No significant interac-
tions were observed.

3.2.7 | Neural Tracking Strength (r)
There was a significant difference between the baseline and

maskers conditions, with greater r values in the baseline con-
dition (M=0.11, SD=0.08) compared to the masker conditions

(M=0.09, SD=0.07). No group differences or interactions were
found, indicating comparable tracking strength between groups.

3.3 | ERP Results

Two cluster-based permutation tests were conducted within the
200-600ms time window, following the procedure described by
Song et al. (2020). We first compared responses to incongruent
versus congruent sentences in each group to identify clusters re-
flecting N400 variation. Significant differences were observed
in both groups across all masker conditions (both p-values
<0.001), indicating that both groups showed significant N400
effects. As shown in Figure 4, there was a significant cluster
across the scalp between 200 and 600 ms for non-autistic listen-
ers. In contrast, a significant cluster was found between 250 and
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600ms for autistic listeners, suggesting a delayed onset of the
N400 response. This was further verified by a statistical analysis
of N400 onset latency (see Section 2.4.3 for the method). The
autistic group showed significantly longer latencies than the
non-autistic group, indicating delayed semantic processing (see
Table 5 for results). We then examined the effect of noise condi-
tions on the N400 within each group by comparing N400 am-
plitudes across two masker contrasts: (1) baseline versus noise
maskers, and (2) babble versus speech masker. After applying
Bonferroni correction for multiple comparisons, no significant
clusters were identified between conditions in either group.

Then, LMMs were conducted on N400 amplitudes within
300-500ms to assess between-group differences across condi-
tions (see Figure 5 for the results). The mean amplitudes from
five midline electrodes (Fz, FCz, Cz, CPz, and Pz) were used as
the dependent variable (Song et al. 2020). As summarized in
Table 6, significant three-way interactions were found between
group, sentence type, and the two masker contrasts.

To better understand the three-way interactions, we con-
ducted post hoc analyses focusing on two key comparisons: (1)
between-group differences in N400 effect within each masker
condition and (2) within-group N400 effect across different

Non-autistic group - N400 effect
200 ~250 ms 250 ~300 ms 300 ~350 ms 350 ~400 ms 400 ~450 ms 450 ~500 ms 500 ~550 ms 550 ~600 ms

masker conditions. Overall, there were no significant group dif-
ferences in the N400 effect for any condition, indicating com-
parable N400 amplitudes between the autistic and non-autistic
groups. However, condition effects were observed only within
the non-autistic group. Specifically, they exhibited a signifi-
cantly larger N400 response in the masker conditions compared
to the baseline condition (y?(1)=770.25, p<0.001), as well as
a significantly larger N400 in the speech condition relative to
the babble condition (¥*(1)=582.56, p<0.001). In contrast, no
significant condition effects were observed in the autistic group
(see Supporting Information for details).

3.4 | Correlation

To investigate the relationships among cognitive abilities, neu-
ral measures of auditory and semantic processing, and task
performance, we conducted Pearson correlation analyses for
each group and condition. Each analysis included six individ-
ual difference measures, including (1) years of professional
musical training; (2) Raven's standard score (non-verbal IQ); (3)
ROWPVT percentile (receptive vocabulary); (4) digit span score
(working memory); (5) AQ score; and (6) the summed score of
auditory attention difficulty and discomfort. Meanwhile, three

o N
Amplitude (1.V)

'
N

FIGURE 4 | Results of the cluster-based permutation test of the N400 effect (incongruent-congruent) in each group. Topographic maps display
the strength of ERP amplitude difference between incongruent and congruent sentences in 50ms time bins from 200 to 600 ms for the non-autistic
(top row) and autistic (bottom row) groups. Asterisks indicate the time windows and scalp regions where significant clusters were identified. The
maps reflect the value of amplitude differences (in V), with the color scale indicating the polarity and magnitude of the effect.

TABLE 5 | Results of the LMM for N400 onset latency estimated using fractional area latency.

2 2

Fixed effects Est/beta SE b4 X P N

(Intercept) 208.16 1.48 141.01 — — —

Group 6.33 2.95 2.15 4.44 0.035 0.07
Masker-1 —0.65 2.47 —0.26 0.07 0.793 0.00
Masker-2 0.15 3.35 0.04 0.00 0.965 0.00
Group X Masker-1 1.79 4.93 0.36 0.13 0.717 0.00
Group X Masker-2 —6.87 6.69 -1.03 1.04 0.307 0.02

Note: The p-values of significant fixed effects are presented in bold. Model structure: Imer(Latency ~1 + Group X Masker-1 + Group X Masker-2 + (1 + Masker-1 + Maske

-2 | Subject)).
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FIGURE5 | N400 amplitudes across groups and masker conditions. (A, B) ERP waveforms for the non-autistic (A) and autistic (B) groups, show-
ing mean amplitudes for congruent (black) and incongruent (red) sentences across baseline, babble, and speech masker conditions. Shaded areas rep-
resent +1 SEM. Topographic maps display the spatial distribution of the N400 effect (incongruent minus congruent) averaged across the 300-500 ms
time window. (C) Averaged N400 amplitudes (300-500 ms window) for each condition (baseline, babble, and speech) and group (AS, autistic; NAS,

non-autistic).

task-related measures were also examined, including behavioral
accuracy, TRF amplitude, and N400 amplitude. Behavioral per-
formance was indexed by mean accuracy. Semantic processing
was quantified using the mean N400 amplitude between 300
and 500ms, averaged across five midline electrodes (Fz, FCz,
Cz, CPz, and Pz). Auditory processing was measured by the dif-
ference between the P2 and N1 components of the TRF response
across fronto-central electrodes. This single TRF index was used
instead of separate components for two reasons: to reduce the
number of variables in the correlation analysis, and because
significant condition and group effects were observed within
this time window. In total, nine variables were included in the
correlation matrix for each group and condition. To control for

multiple comparisons, p-values were adjusted using the False
Discovery Rate procedure (Benjamini and Hochberg 1995).

Across all conditions and groups, only two significant cor-
relations emerged (see Figure 6). In the baseline condition, a
significant negative correlation was found between auditory
processing and behavioral performance in the autistic group
(R=-0.58, p=0.025). Specifically, autistic participants with
larger N1-P2 amplitudes tended to show lower behavioral ac-
curacy in response to semantic incongruency. This relationship
was not observed in the non-autistic group. In the speech con-
dition, autistic participants’ self-reported auditory attention dif-
ficulty and discomfort score was also negatively correlated with
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TABLE 6 | Results of the LMM for N400 amplitudes.

Fixed effects Est/beta SE t X p 77,,2
(Intercept) —0.56 0.11 —-4.91 — —

Group 0.53 0.23 2.32 5.14 0.023 0.08
Sentence 1.36 0.17 7.92 43.36 <0.001 0.50
Masker-1 —0.02 0.01 —2.48 6.13 0.013 0.00
Masker-2 0.21 0.01 25.09 628.90 <0.001 0.00
Group X Masker-1 —0.02 0.01 -1.54 2.36 0.125 0.00
Group X Masker-2 —-0.03 0.02 -1.71 2.91 0.088 0.00
Group X Sentence —0.25 0.34 —-0.74 0.54 0.463 0.01
Masker-1 X Sentence 0.23 0.01 16.20 206.28 <0.001 0.00
Masker-2 X Sentence -0.24 0.02 —14.45 208.77 <0.001 0.00
Group X Masker-1 X Sentence —0.56 0.03 —19.57 382.80 <0.001 0.00
Group X Masker-2 X Sentence 0.54 0.03 16.24 263.71 <0.001 0.00

Note: The p-values of significant effects are presented in bold. Model structure:

Imer(Amplitude ~1 + Group X Sentence X Masker-1 + Group X Sentence X Masker-2 + (1 + Sentence | Subject)).

Baseline Condition

AS: R =-0.58, p =0.025

NAS: R =-0.16, p = 0.908
100%{ @ ee e

95%

Behavioural accuracy

90%

85%

0 1 2 3 4
TRF N1-P2 amplitude (uV)

FIGURE 6 |
group (NAS) data were plotted for comparison.

behavioral accuracy (R=-0.58, p=0.021), suggesting that those
who experience greater auditory challenges in daily life per-
formed more poorly under speech masking. But the relationship
was not significant in the non-autistic group.

4 | Discussion

This study examined SiN processing in autism by investigating
auditory and semantic mechanisms. Although autistic partici-
pants showed similar behavioral accuracy and overall N400
amplitudes in response to semantic violations, they exhibited
reduced TRF amplitudes, indicating less robust neural encoding
of acoustic information, and delayed N400 onset to semantic vi-
olations. Moreover, unlike the non-autistic group, whose neural

Behavioural accuracy

Speech Condition

AS: R =-0.58, p =0.021
NAS: R =-0.17, p =0.911

100%
90% |
80% _— ”
70% . .
40 60 80 100 120

Auditory attention and discomfort level

Scatter plots for significant correlations observed in the autistic group (AS) in the baseline and speech condition. The non-autistic

responses reflected a trade-off between auditory and semantic
processing based on masker type, autistic participants showed
no such modulation.

4.1 | Masker-Modulated SiN Processing in
Non-Autistic Individuals

To understand how background noise affects auditory process-
ing, we examined TRF components (P1, N1, and P2), which re-
flect stage-specific, time-locked neural responses contributing
to speech envelope tracking, along with the r value, which quan-
tifies the overall fidelity of neural tracking by measuring how
accurately and consistently the brain follows the speech enve-
lope over time.
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Compared to the baseline, masker conditions elicited signifi-
cantly lower TRF r values. In our forward modeling, this re-
flects weaker or less consistent neural tracking of the speech
envelope over time, likely due to interference from competing
noise. This pattern is consistent with findings from backward
modeling studies reporting lower reconstruction accuracy
under noisy conditions (Song et al. 2020). Component-level
results offered a more detailed view of processing stages.
We found larger P1 amplitudes in masker conditions com-
pared to baseline, consistent with prior studies linking larger
P1 responses to degraded speech and louder sounds (Chen
et al. 2023; Verschueren et al. 2022). This likely reflects in-
creased demands on early-stage acoustic encoding due to the
presence of interfering sounds. During the N1 time window,
masker conditions elicited stronger responses (more negative
in amplitude) and longer latencies compared to baseline, re-
flecting increased attentional engagement. This aligns with
evidence showing heightened N1 responses in scenarios re-
quiring greater attention, such as multi-speaker environments
or vocal music processing (Brown and Bidelman 2022; Kong
et al. 2014), as well as broader AEP studies linking enhanced
N1 amplitude and delayed N1 latency to increased attentional
or listening effort (Hillyard et al. 1973). In contrast, P2 am-
plitudes were reduced in masker conditions relative to base-
line. P2 has been widely linked to auditory object formation
and speech intelligibility, with larger P2 amplitudes typically
associated with better stream segregation and more success-
ful comprehension (Chen et al. 2023; Shinn-Cunningham
et al. 2017). Supporting this, studies in complex auditory
scenes have shown that robust P2 responses are linked to suc-
cessful tracking of the attended speech stream, whereas com-
peting speech often elicits alternative components such as N2
(Fiedler et al. 2019). Thus, the reduction in P2 under noise
observed in the current study likely reflects increased diffi-
culty in forming a coherent neural representation of the target
speech. These findings align with AEP studies that highlight
P2 as a crucial component for forming auditory objects in de-
graded listening conditions, where larger P2 amplitudes have
been associated with more successful segregation of the target
speech from background noise (Nddtdnen and Picton 1987;
Strauf et al. 2013).

The comparison between babble and speech conditions re-
vealed no significant differences in r values, indicating similar
overall neural tracking strength. However, component-level
analyses showed attenuated P1 and N1 amplitudes in the
speech masker condition relative to babble, suggesting de-
creased acoustic encoding and reduced attention orientation
for speech maskers. Importantly, this does not necessarily
indicate that the babble masker imposes greater auditory
demands. As highlighted by Song et al. (2020), babble and
speech maskers differ across multiple acoustic and linguistic
dimensions, complicating direct comparisons. We therefore
follow their approach, viewing these effects as the result of
an interplay between semantic and auditory-level demands in
non-autistic participants.

This interpretation is supported by non-autistic partici-
pants’ behavioral and N400 results. Consistent with Song
et al. (2020), we found a greater decline in behavioral accu-
racy in the speech masker condition compared to the babble

condition. This was accompanied by larger N400 responses to
incongruent words in the speech masker condition, indicating
increased semantic processing effort due to greater linguis-
tic interference. Taken together, these findings support the
idea of a trade-off between auditory and semantic processing:
when cognitive resources are increasingly allocated to resolv-
ing lexical competition under speech masking, fewer may re-
main available for early auditory encoding. This may account
for the reduced early TRF responses (P1/N1) observed in the
speech masker condition alongside enhanced semantic en-
gagement (N400) in non-autistic participants. In conclusion,
although different measures of auditory processing were used,
our findings in the non-autistic group closely align with those
of Song et al. (2020) and demonstrate the interplay between
auditory and semantic processing during SiN listening modu-
lated by masker types.

4.2 | Atypical Auditory-Semantic Processing in
Autistic Individuals

This is the first study to examine neural tracking of acoustic
information in autistic individuals during SiN listening. Our
TRF analysis revealed a significant group difference in N1 am-
plitude, with autistic participants showing reduced responses
(i.e., less negative amplitude), as well as a marginally reduced
N1-P2 amplitude (i.e., P2 minus N1). These findings are con-
sistent with an AEP study conducted by Teder-Silejirvi et al.
(2005), who reported flatter N1 spatial gradients in autistic
adults during an auditory localization task with competing
distractors. These results were interpreted as evidence of a
reduced ability to sustain auditory attention in noisy envi-
ronments. Consistent with this interpretation, previous AEP
studies in non-autistic listeners have shown that attending to
speech in noise enhances N1 and P2 amplitudes and short-
ens their latencies (Billings et al. 2011), whereas reduced mo-
tivation and increased listening fatigue are associated with
attenuated N1 responses (Moore et al. 2017). Accordingly,
the smaller N1 and N1-P2 magnitude we observed in autis-
tic participants may similarly reflect diminished attentional
engagement. This neural pattern coincides with behavioral
differences: autistic participants reported greater difficulties
with auditory attention and sensory sensitivity compared to
their non-autistic peers (see Table 1). Moreover, only in the au-
tistic group did we find a significant relationship between the
score of auditory attention difficulty and discomfort (AAD)
and behavioral accuracy in the most challenging speech con-
dition. Autistic participants reporting greater everyday audi-
tory challenges (higher AAD scores) performed more poorly
when the target speech was presented with competing speech.
Together, our findings suggest that background noise may
have been more distractive for autistic participants at the
acoustic level, making it harder for them to maintain focus
and track the target speech stream, especially in more chal-
lenging scenarios.

An alternative explanation for group differences in auditory
responses comes from a study by Lepisto et al. (2009), which
reported that autistic participants showed reduced AEP re-
sponses only when processing overlapping auditory streams,
but not when the streams were presented separately. This
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suggests that neural differences may emerge specifically
under noisy conditions that place high demands on auditory
integration. In our study, cluster-based permutation tests
across the full P1-N1-P2 time window revealed a group dif-
ference around the N1 time window in the speech condition.
However, because this analysis is exploratory in nature, we
followed up with a more targeted statistical approach using
LMMs. The LMM analysis revealed a significant main ef-
fect of group on TRF N1 amplitude but did not identify any
significant group differences within individual conditions.
Thus, while the cluster-based results point to potential group-
specific effects under challenging listening conditions, the
statistical analysis does not provide strong evidence that these
effects are condition-specific. This leaves open the question of
whether the observed TRF differences are driven by masker
complexity or reflect broader group-level auditory processing
differences, even in noise-free conditions. Further research is
needed to clarify how auditory stream integration contributes
to SiN difficulties in autism.

Despite significant group differences in TRF amplitudes, r-
values did not differ between groups, indicating similar overall
encoding accuracy. At first glance, this may seem inconsistent
with findings from Jochaut et al. (2015), who reported reduced
cortical tracking of the speech envelope in autistic individuals
under noise-free conditions. However, several key method-
ological differences likely account for this discrepancy. First,
the two studies used different approaches to quantify speech
tracking. Jochaut et al. linked fMRI responses to the speech
envelope to derive spatial tracking indices, which they then
cross-correlated with EEG to assess theta-band dynamics. In
contrast, our study employed forward modeling to estimate
TRFs, with r-values reflecting how accurately the speech en-
velope predicts EEG responses in the time domain. Second,
the experimental paradigms differed: Jochaut et al. used nat-
uralistic, paragraph-length speech in a passive listening task,
while our paradigm involved short, semantically manipulated
sentences, likely placing lower demands on continuous track-
ing. Finally, the participant samples varied: the autistic group
in Jochaut et al.'s study showed greater variability and gener-
ally lower IQ and language abilities, whereas our groups were
more closely matched. Overall, our results suggested that
while both groups track the speech envelope with comparable
precision, they differ in the strength and temporal dynamics
of neural encoding, which points to divergent auditory pro-
cessing mechanisms.

We also offer new insight into SiN processing in autism by exam-
ining semantic processing with the N400 component, which has
been largely overlooked in previous SiN research. Unexpectedly,
unlike most prior studies that found significantly reduced N400
amplitudes and lower behavioral accuracy in noise-free condi-
tions, our participants showed N400 amplitudes and accuracy
comparable to non-autistic individuals across all the conditions.
This is consistent with research demonstrating intact N400 re-
sponses to linguistic semantics in autistic adults, despite differ-
ences in experimental paradigms (Coderre et al. 2017; O'Rourke
and Coderre 2021). One possible explanation for the absence
of group difference in N400 amplitudes is the close matching
of verbal and cognitive abilities across groups in the current
study, which helped control for potential confounding factors

that may have influenced results in previous studies (DiStefano
et al. 2019; McCleery et al. 2010). Our findings suggest that
previously reported N400 differences in autism observed even
under less challenging, noise-free conditions may be largely
driven by individual differences in language ability, rather than
reflecting a general deficit in semantic processing.

The absence of a group effect may also be attributable to the sim-
plified task design, which reduced semantic demands by manip-
ulating only the final word's congruency in each sentence. The
task’s predictability may have enabled autistic participants to
rely on prior context to anticipate the incongruent word, rather
than engaging in deeper semantic processing. This likely con-
tributed to the near-ceiling behavioral performance observed in
both groups, particularly in the baseline condition. As a result,
our task might not be sufficiently demanding to detect group
differences in semantic processing. Future research could em-
ploy more challenging comprehension or decision-making tasks
to better capture variability under noisy listening conditions.
We also note that the distribution of N400 amplitudes, partic-
ularly in the autistic group (Figure 5), spanned a wider range
and included several extreme values, reflecting greater variabil-
ity across individuals. This variability could have influenced the
observed group patterns. However, to reflect the heterogeneity
of the autistic population and maintain transparency, we re-
tained all data points, including outliers, in the analysis.

Importantly, although overall N400 amplitudes were compara-
ble between groups, the cluster-based permutation test revealed
a trend toward delayed N400 onset in the autistic group. This
delay was accompanied by a more restricted, centrally focused
distribution, compared to the broader activation observed in
the non-autistic group during the 200-250ms time window.
Follow-up analyses of onset latency confirmed a significant
group difference, consistent with patterns reported in previous
studies under noise-free conditions (Braeutigam et al. 2008;
DiStefano et al. 2019). In the present study, the delayed N400
onset in autistic participants, relative to non-autistic partici-
pants, occurred alongside preserved behavioral accuracy and
comparable N400 amplitudes. This suggests that autistic indi-
viduals may have required slightly more time or cognitive effort
to integrate semantic information to achieve similar outcomes.
This interpretation is supported by an eye-tracking study, which
found increased listening effort in autistic children during
speech-in-noise recognition, despite similar accuracy to non-
autistic peers (Xu et al. 2024).

In summary, we found significantly reduced TRF N1 responses
and delayed N400 onset latency across conditions, yet overall
similar N400 amplitudes in the autistic group compared with
the non-autistic group. These findings suggest an atypical tem-
poral profile in the auditory-to-semantic processing stream in
autism. Specifically, the reduced N1 amplitude may reflect di-
minished attentional engagement or reduced efficiency in en-
coding acoustic features of speech, while the preserved N400
amplitude indicates that lexical-semantic integration was ulti-
mately successful. One possibility is that the delayed N400 onset
reflects a downstream consequence of atypical early auditory
encoding, suggesting that semantic processing was preserved
but required more time or effort to compensate for inefficient
auditory processing (i.e., reduced TRF N1). Alternatively, as
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discussed above, the absence of group differences in N400 am-
plitude may be partly due to the relatively low semantic com-
plexity of the task. From this perspective, the delayed N400
onset may also reflect inefficient semantic processing that was
not fully captured by the current paradigm. This interpretation
is further supported by the absence of masker-related modula-
tion effects in the autistic group (see Section 4.3), where N400
amplitudes remained similar across conditions despite varying
levels of task difficulty. Future research could further clarify the
interaction between auditory and semantic processing in autism
by systematically varying both acoustic and semantic demands.

4.3 | The Absence of Masker-Modulation in
Autistic Individuals

Both groups demonstrated higher accuracy in the babble than
in the speech masker condition, indicating behavioral sensi-
tivity to task difficulty. However, only the non-autistic group
exhibited corresponding neural modulation. Specifically, they
adjusted their auditory and semantic responses depending on
masker type, suggesting a flexible, compensatory strategy that
increased semantic processing in response to intelligible back-
ground speech. In contrast, the autistic group showed no such
modulation at either the auditory or semantic level, suggesting
no neural adjustment to listening difficulty. This was evident not
only in comparisons across masker types, but also in their N400
responses between baseline and masker conditions. Even in the
easier baseline condition—where behavioral performance was
near ceiling and significantly better than in masker conditions—
the autistic group showed significant N400 amplitudes similar
to the masker conditions. This suggests that they engaged sim-
ilar levels of semantic processing effort regardless of task diffi-
culty. Such a pattern aligns with previous findings of heightened
auditory effort under challenging listening demands in autism
(Mamashli et al. 2017; Schelinski and Von Kriegstein 2023). One
interpretation is that autistic participants may allocate more
effort toward processing semantic congruency, potentially at
the cost of reduced capacity for top-down modulation as well
as reduced auditory processing. Supporting this, we observed
a negative correlation between TRF amplitudes and behav-
ioral accuracy in the baseline condition for the autistic group.
Participants with larger auditory responses tended to perform
worse behaviorally. Even without background noise, those who
showed stronger auditory responses might have fewer cognitive
resources available for efficient semantic processing, which re-
sulted in lower behavioral accuracy. However, as we did not ob-
serve direct correlations between TRF and N400 amplitudes, the
interaction between auditory and semantic processing remains
speculative and should be explored further in future studies.

In conclusion, we found that while non-autistic participants
flexibly reallocated cognitive resources between acoustic and
semantic processing depending on masker type, no such mod-
ulation was observed in the autistic group. These findings sug-
gest that autistic individuals process auditory and semantic
information differently in noisy environments, likely due to a
combination of differences in sensory encoding and reduced
top-down control. This interpretation is consistent with that of
Alcantara et al. (2004), who attributed difficulties in processing
speech-in-noise with temporal dips to a combination of temporal

processing impairments and reduced top-down modulation.
Although no substantial speech recognition difficulties emerged
in our controlled task, such atypical processing patterns may
limit autistic individuals' ability to adapt in unpredictable or
demanding real-world environments, where effective communi-
cation often relies on flexible processing strategies and the inte-
gration of bottom-up and top-down information (Baskent and
Gaudrain 2016; Shinn-Cunningham and Best 2008).

4.4 | The Effect of Individual Factors on SiN
Processing

Unlike many previous studies on SiN processing in autism,
which often involved smaller samples and did not control for
between-group differences in verbal and cognitive abilities
(Ruiz Callejo and Boets 2023), our study matched autistic and
non-autistic participants on age, nonverbal IQ, vocabulary,
working memory, and musical background. These factors have
all been identified in prior research as potential contributors to
performance in SiN tasks (Carroll et al. 2016; Gordon-Salant
and Cole 2016; Heinrich and Knight 2016; Ronnberg et al. 2010).
Although this group matching approach may limit the gener-
alizability of our findings to the broader autistic population, it
allowed us to minimize potential confounds and examine SiN
processing within a more defined subgroup. Importantly, the
presence of group differences even among autistic individuals
with typical verbal and cognitive abilities suggests that their SiN
difficulties are not solely due to general language or cognitive
abilities but may instead reflect differences in listening strate-
gies or processing patterns under varying conditions.

The only unmatched factor between groups was auditory atten-
tion and discomfort (AAD) scores, with the autistic group re-
porting significantly higher levels of attention difficulties and
noise sensitivity. To assess whether this group difference in
AAD scores influenced neural or behavioral responses, we con-
ducted complementary (G)LMM analyses for behavioral accu-
racy, TRF measures, and the N400 component. In these models,
the AAD score was included as a covariate, while the fixed and
random effects structures remained identical to those used in
the main analyses. For both the TRF and N400 models, there
were no significant main effects of AAD, and the inclusion of
AAD scores did not alter the observed group effects or group-by-
condition interactions (see Supporting Information for details).
This indicates that group-level differences in AAD scores did
not substantially influence neural responses. In contrast, the
behavioral accuracy model revealed a significant main effect
of AAD: participants with higher AAD scores showed lower
accuracy. However, the group effect remained non-significant,
consistent with the original model without the AAD covariate.
This suggests that individual differences in auditory attention
and discomfort may contribute to variability in behavioral
performance, independent of diagnostic group. Additionally,
within the autistic group, we found a significant negative cor-
relation between AAD scores and behavioral accuracy in the
speech masker condition, indicating that autistic participants
with higher AAD scores tended to perform worse in the most
challenging listening condition. These findings suggest that
while AAD scores do not explain the group-level neural differ-
ences, they may contribute to individual variation in behavioral
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performance, particularly among autistic individuals in difficult
listening conditions.

It should be noted that, although our sample size falls within—
or even exceeds—the typical range reported in EEG research
(see Clayson et al. 2019 for a discussion), it may still be under-
powered to detect subtle group effects given the small effect
sizes observed for group-related differences in both the TRF
and N400 data. Future studies with larger and more diverse
samples of autistic individuals will be necessary to better char-
acterize the mechanisms underlying speech-in-noise process-
ing in autism.

5 | Conclusion

This is the first EEG study to examine both auditory and se-
mantic level processing of SiN signals in autistic individuals,
combining neural tracking measures and N400. The findings
highlight distinct auditory and semantic processing between au-
tistic and non-autistic adults during SiN tasks. Despite similar
behavioral accuracy and N400 amplitude, autistic participants
showed reduced neural encoding of auditory information, de-
layed semantic processing, and a lack of modulation by masker
type, suggesting differences in processing efficiency and flex-
ibility across multiple levels. These findings contribute to a
deeper understanding of SiN processing in autism. Future re-
search could build on these insights to develop strategies that
support autistic individuals in noisy social settings, enhancing
communication and inclusion.
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