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Altered processing of consecutive changeable
emotional voices in individuals with autistic
traits: behavioral and ERP studies
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Abstract

Background Similar to individuals with autism spectrum disorder (ASD), individuals with autistic traits are expected
to exhibit alterations in emotion recognition. However, many previous studies using single emotional stimuli did not
observe these alterations in such individuals. Given that consecutive changeable emotional stimuli are more common
in social interactions than single emotional stimuli, impaired mental processing of consecutive changeable emotions
may be a key factor underlying the social interaction challenges faced by these individuals.

Methods The present research aimed to investigate the behavioral and neural responses to consecutive changeable
emotional voices in individuals with autistic traits through two studies (Study 1 and Study 2). Based on the autism-
spectrum quotient (AQ) scores, participants were categorized into two groups: the High-AQ and the Low-AQ

groups. In Study 1, both groups were asked to judge a single emotional voice (positive, negative, or neutral; S1)
presented in each trial in Task 1, or the last presented emotional voice (S3) in a triplet of stimuli (51-52-53, trains of
three consecutive changeable emotional voices) in Task 2. In Study 2, both groups were instructed to passively listen
to the stimulus triplet (S1-S2-S3), and event-related potential (ERP) technology was used to investigate their neural
responses to each stimulus.

Results No significant group difference was found in response to S1 voices in either Study 1 or Study 2. However, the
High-AQ group elicited higher arousal levels (Study 1) and larger P2 amplitudes (Study 2) in response to S3 emotional
voices (positive and negative) compared to the Low-AQ group.

Conclusion These findings reveal that individuals with autistic traits may exhibit alterations in their processing of
consecutive changeable emotions in the auditory modality.
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Introduction

Autism spectrum disorder (ASD) is a neurodevelop-
mental condition with a polygenic predisposition, char-
acterized by pervasive difficulties in reciprocal social
behaviors and communication, as well as repetitive or
stereotyped behaviors [1]. Previous research has estab-
lished that autistic traits exist on a continuum in both
typically developing individuals and individuals with
ASD, spanning a spectrum of severity from mild to
severe [2, 3]. The autism-spectrum quotient (AQ) [4]
is frequently utilized to quantify autistic traits. Recent
studies have shown that individuals with ASD typically
exhibit AQ scores at the higher end of the distribution
[4, 5], while individuals with autistic traits in the typi-
cally developing population generally have AQ scores
that are close to, but below, the clinical threshold for ASD
diagnosis [4, 6]. Previous studies have documented that
individuals with ASD and individuals with autistic traits
share similar genetic and etiological factors [7, 8], behav-
ioral patterns [9], personality traits [10], and phenotypic
heterogeneity [11], suggesting that investigating autis-
tic traits in the general population may provide valuable
insights into understanding the etiology and nature of
ASD [12, 13].

To our knowledge, understanding and processing oth-
ers’ emotions are crucial for social communication and
interaction [14-16], thus difficulties in emotion recogni-
tion and processing are considered core deficits in ASD
[17]. Previous studies have investigated emotion recog-
nition in individuals with ASD and autistic traits using
static and single emotional stimuli in laboratory settings
within the visual modality [18-21], and found no sig-
nificant difficulties in recognizing most individual emo-
tions [22-27]. However, using single emotional stimuli
in the visual modality during experiments may overlook
potential critical cues for emotion recognition in real
social contexts [28]. In everyday life, people frequently
encounter a series of continuous, dynamic, and complex
emotional stimuli, which require relatively more mental
resources to process than single emotional stimuli [29],
thereby adding complexity to real-world social interac-
tions. Consequently, some researchers have employed
stimuli or methods with higher ecological validity, mak-
ing them more representative of everyday life [30], and
found that individuals with ASD and autistic traits exhibit
altered emotional processing and recognition in the
visual modality [31-33]. For instance, when presented
with dynamic stimuli or videos containing sequences of
emotional information in the visual modality, these indi-
viduals face significant challenges in processing these
emotions [33-36]. Therefore, these individuals may
exhibit altered processing patterns when handling con-
secutive changeable emotions in the visual modality.
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Importantly, emotional cues in daily life are not limited
to the visual modality alone; auditory signals, especially
human voices in the auditory modality, play a comple-
mentary and critical role in conveying emotions. Voices
provide both verbal and nonverbal information about the
speaker’s emotional state, identity, and intent [37], and
are essential for social interaction and emotional commu-
nication [38]. Unlike visual cues, auditory cues may trig-
ger stronger emotional reactions in individuals with ASD,
who often exhibit heightened sensitivity and lower toler-
ance to aversive voices in daily life, leading to observable
distress and avoidance behaviors [39, 40]. Additionally,
individuals with ASD or autistic traits show no significant
differences compared to control groups in reaction time
and accuracy when processing simple, single emotional
voices, but exhibit altered neural habituation and difficul-
ties in recognizing intense emotional voices, especially
when these voices are complex or presented in repeated
or consecutive sequences [41, 42]. These findings suggest
that the auditory modality may pose unique challenges to
emotional processing in individuals with ASD or autistic
traits. Therefore, studying how these individuals process
consecutive changeable emotional cues in the auditory
modality is crucial for a comprehensive understanding of
emotional processing in ASD.

Our previously published ERP study has thoroughly
investigated the behavioral and neural responses of
individuals with autistic traits to consecutive change-
able emotional stimuli in the visual modality [23]. In
this study, we employed the S1-S2-S3 paradigm, adapted
from previously published ERP studies in auditory [41]
and sensory modalities [43, 44], in which each recorded
section presented triplets of identical or different stim-
uli (S1-S2-S3). Previous studies primarily used triplets
of identical stimuli to investigate neural habituation in
response to repeated stimuli [41], while triplets of differ-
ent stimuli were employed to examine whether physical
properties (e.g., intensity, interstimulus intervals) of stim-
ulus sequences could influence neural habituation [43,
44]. To avoid neural habituation effects [43, 44] and bet-
ter simulate sequences of consecutive changeable emo-
tional cues encountered by individuals with autistic traits
in daily social interactions [29], which often pose signifi-
cant processing challenges [33-36], we presented partici-
pants with pseudo-randomized, sequential trains of three
facial expressions (positive, neutral, negative) from the
same individual [23]. The findings of this study showed
no significant difference between participants with high
AQ scores (High-AQ group) and low AQ scores (Low-
AQ group) to S1 faces (first presented stimuli). However,
the High-AQ group displayed larger P1 amplitudes to S3
faces (third presented stimuli) and larger P3 amplitudes
to negative S3 faces than the Low-AQ group. P1 ampli-
tude is thought to reflect the early automatic processing
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of faces, and is modulated by the low-level visual fea-
tures of faces [45, 46]. P3 amplitude reflects the late-stage
emotional encoding of emotional processing [47] and is
associated with arousal levels [48, 49]. Thus, these results
suggest that individuals with autistic traits may exhibit
neural responses to single emotional stimuli in the visual
modality similar to those of individuals with low AQ
scores, but show heightened arousal levels in response
to consecutive changeable emotional faces. However,
whether these effects can be detected in the auditory
modality remains unknown.

Thus, the current research with two studies (Study
1 and Study 2) was carried out to investigate how indi-
viduals with autistic traits process consecutive change-
able emotions in the auditory modality. In Study 1, a
behavioral study consisting of two tasks was designed
to explore the behavioral responses of individuals with
autistic traits to single emotional voices (Task 1) and con-
secutive changeable emotional voices (Task 2). Building
on the results of Study 1, Study 2 further explored the
neural mechanisms underlying the processing of con-
secutive changeable emotional voices in individuals with
autistic traits. Additionally, as individuals with autistic
traits have been found to exhibit altered top-down atten-
tion when instructed by experimental tasks [41, 50],
Study 2 employed a passive listening task to avoid inter-
ference from explicit instructions and explore authentic
neural responses under naturalistic conditions [41]. Emo-
tional voices have been shown to elicit the frontal-central
N1, P2, and the late negative component (LNC), reflect-
ing physical properties [51, 52], arousal levels [53-55],
and late stages of emotional processing [56], respectively.
Based on previous findings, we predicted that individuals
with autistic traits would exhibit heightened behavioral
and neural responses to consecutive changeable emo-
tional voices, especially in terms of arousal levels, but
their behavioral and neural responses to single emotional
voices would be similar to those of individuals with low
AQ scores.

Study 1: behavioral study

Method

Participants

The Mandarin version [57] of the AQ questionnaire [4]
was administered to assess the autistic traits of 1,167
typically developing university students at Chonggqing
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Normal University in China. According to previous
studies [20, 41, 50], participants were randomly selected
from the top 10% and the bottom 10% of AQ scores to
form the High-AQ and Low-AQ groups, respectively. A
priori power analysis, conducted using G*Power 3, deter-
mined that a sample size of 28 participants was necessary
to achieve a statistical power of 0.95. This was to detect
median-sized effects (f=0.25) with an alpha value of 0.05
for a three-way ANOVA involving two within-participant
factors and one between-participant factor. To mitigate
the potential impact of dropouts or errors during the
study, Study 1 enrolled 58 participants (High-AQ group:
n=29, 14 females; Low-AQ group: n=29, 14 females),
aged 18-25 years (Mean=19.81 years, SD=1.26 years).
Inclusion criteria encompassed normal hearing and no
history of medical, neurological, or psychiatric condi-
tions. No participants were previously diagnosed with
ASD. Further details can be found in Table 1.

Following the principles of the Declaration of Helsinki,
all participants were provided with detailed informa-
tion about the experimental procedures before the com-
mencement of the study. Subsequently, they provided
their informed consent by signing a consent form. Ethical
approval for the study was obtained from the Chongqing
Normal University Research Ethics Committee. All pro-
cedures were conducted in strict accordance with ethical
guidelines and regulations.

Stimuli

A total of 24 audio recordings of interjections (/a/) with
three different emotional voices, namely positive/happy
(8 recordings), neutral (8 recordings), and negative/sad
voices (8 recordings), were selected from the Montreal
Affective Voices database [58]. These recordings were
performed by eight actors (four males and four females).
To maintain consistency with prior research [21, 59],
all audio recordings were edited to a duration of 1000
ms, with a mean intensity of 70 dB. Before the experi-
ment, all audio recordings were evaluated by 40 under-
graduate students (20 females) who did not participate
in the main experiment. They were asked to rate these
emotional voices on 9-point Likert scales for valence
(1=very unhappy, 5 = neutral, 9 = very happy) and arousal
(1 =extremely peaceful, 9 = extremely excited). The results
showed significant differences in emotional valence rat-
ings among the three types of emotional voices (F, 35 =

Table 1 Ages and AQ scores of the High-AQ and Low-AQ groups in study 1

Group Age (years) AQ score

Min Max Mean £SD t p Min Max Mean +SD t P
High-AQ 18 22 19.79£0.98 -0.10 0.918 29 35 30.86+1.77 3733 <0.001
Low-AQ 18 25 19.83+1.51 8 15 1293+£1.89

Note: AQ, Autism Spectrum Quotient. The statistics results (p-values and t-values) were conducted using independent samples t-tests between High-AQ and Low-

AQ groups
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64.83, p<0.001, nzp:0.77). Post hoc tests revealed that
positive voices (6.84+1.22) were more positive than
neutral voices (4.77£0.31, p<0.001) and negative voices
(2.92+1.09, p<0.001), and neutral voices were more
positive than negative voices (p<0.001). A significant
difference in arousal ratings was also found across emo-
tional types (F, 33 = 39.72, p<0.001, r]zp =0.68). Post
hoc tests indicated that arousal ratings were higher
for both positive (6.06+1.63, p<0.001) and negative
voices (6.11+1.52, p<0.001) compared to neutral voices
(4.46 +1.48), whereas no significant difference was found
between positive and negative voices (p=1).

Experimental procedure
The experiment took place in a quiet, soundproof room
with a comfortable ambient temperature. Stimuli were
presented in a pseudo-random order using the E-Prime
3.0 program. Participants engaged in two experimental
tasks: Task 1 and Task 2 (see Fig. 1). The two tasks were
presented in a block design, with one task completed
prior to proceeding to the other. The order of these tasks
was counterbalanced across participants. Before the
experiment, each participant underwent a training ses-
sion to familiarize themselves with the procedures.
According to previous studies [50, 60], an example trial
of Task 1 is displayed in the top panel of Fig. 1. At the
beginning of each trial, a fixation cross appeared on the
screen for 500 ms. Following this, a blank screen was pre-
sented for a duration ranging from 800 ms to 1500 ms.
Subsequently, an emotional voice (S1) was presented for
1000 ms. Participants were instructed to judge as accu-
rately and quickly as possible whether the voice was posi-
tive, neutral, or negative by pressing a key (“1’, “2’, or “3”).
Key-pressing was counterbalanced across participants
to control for potential order effects. Once participants
pressed a key or if no response was made within 3 s after
the voice presentation, a 200 ms blank screen appeared.

Task 1
Fixation Blank screen Blank screen Arousal
500 ms 800~1500 ms 1000 ms 200 ms ratings
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Following this, participants were instructed to rate the
arousal (1 =extremely peaceful, 9 = extremely excited) and
affective valence (1=very unhappy, 5=neutral, 9=very
happy) on the keyboard after listening to the voice. The
inter-trial interval was randomly varied from 1000 ms to
1500 ms. Task 1 comprised a total of 48 trials.

According to previous studies [23, 41], an example trial
of Task 2 is displayed in the bottom panel of Fig. 1. At
the onset of each trial, a fixation cross was displayed on
the screen for 500 ms. Subsequently, a blank screen was
presented for a duration ranging from 800 ms to 1500
ms. Then, trains of three different emotional voices (posi-
tive, neutral, and negative voices; presented in a pseudo-
random order; each lasting 1000 ms) from the same
actor were presented consecutively as a stimulus triplet
(S1-S2-S3). S1, S2, and S3 represent the first, second, and
third stimuli presented in the triplet, respectively. The
inter-stimulus interval ranged from 800 ms to 1500 ms.
After the presentation of S1-S2-S3, participants were
instructed to respond as accurately and quickly as pos-
sible by pressing a key (“1 “2’ or “3”) to judge whether
the last presented stimulus (S3) was positive, neutral, or
negative. Key-pressing was counterbalanced across par-
ticipants to control for potential order effects. Once par-
ticipants pressed a key or if no response was made within
3 s after the voice presentation, a 200 ms blank screen
appeared. Subsequently, two 9-point scales of arousal
(1 =extremely peaceful, 9=extremely excited) and affec-
tive valence (1 =very unhappy, 5=neutral, 9 = very happy)
appeared on the screen. Participants were required to
rate their subjective feelings regarding the last presented
stimulus (S3) using the keyboard. The inter-trial interval
ranged from 1000 ms to 1500 ms. Task 2 comprised a
total of 48 trials.

Blank screen Affective valence
200 ms

ratings

EHE< ==

Time
Task 2
Fixation Blank screen Blank screen Blank screen Blank screen Arousal Blank screen Affective valence
500 ms 800~1500 ms 1000 ms 800~1500 ms 1000 ms 800~1500 ms 1000 ms 200 ms ratings 200 ms ratings

B < Gl ==

Time

Fig. 1 Experimental flowchart for study 1
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Statistical analysis

For the analysis of reaction times, arousal ratings,
and affective valence ratings, only trials with accurate
responses were included (5.64% of the total trials were
deleted). Outliers in reaction times exceeding 3 standard
deviations from the mean reaction time were removed
from each participant’s data (0.72% of the trials were
excluded). Reaction times, accuracy, and rating scores of
arousal and affective valence were analyzed via a three-
way ANOVA with two within-participant factors of
“emotion” (positive, neutral, negative) and “stimuli” (S1,
S3), as well as the between-participants factor of “group”
(High-AQ group, Low-AQ group). If a significant inter-
action was found, the factor of “group” was further ana-
lyzed via post hoc pairwise comparisons. The p-values
for the main effects and interactions were corrected using
the Greenhouse-Geisser method [61]. Statistical sig-
nificance was set at p <0.05, and post hoc p-values were
Bonferroni-corrected for multiple comparisons [62—64].

Results

Mean reaction times, accuracy, and rating scores for
arousal and affective valence in response to positive,
neutral, and negative voices across all conditions are pre-
sented in Table 2. For a comprehensive list of all statisti-
cal comparisons, please see Table 3.

For reaction times, a significant main effect of “emo-
tion” was observed (F, 55 = 9.90, p<0.001, r]zp =0.15). The
reaction times for neutral voices (1282.30 ms + 629.38 ms)
were shorter than those for positive (1572.22 ms +784.34
ms, p=0.001) and negative voices (1521.22 ms+696.72
ms, p<0.001). However, there was no significant differ-
ence between positive and negative voices (p=0.456).
Additionally, a significant main effect of “stimuli” was
observed (F; 54 =21.51, p<0.001, r]zp =0.28). The reaction
times for S1 voices (1603.95 ms +700.58 ms) were longer
than S3 voices (1313.21 ms +659.80 ms).

For accuracy, a significant main effect of “group” was
found (F} 54 = 9.61, p=0.003, nZP:O.IS). The accuracy of
the Low-AQ group (0.97 £0.03) was higher than those of
the High-AQ group (0.92 +0.08). A significant main effect
of “emotion” was found (F, 55 = 5.68, p=0.004, r]Zp =0.09).
The accuracy for neutral voices (0.92+0.12) was lower
than those for negative voices (0.97+0.06, p=0.003).
However, no significant difference was found between
neutral and positive voices (0.95+0.08, p=0.097).

For arousal ratings, a significant main effect of “group”
was found (F) 54 = 5.38, p=0.024, nzp:0.09). The arousal
ratings of the High-AQ group (6.06+0.95) were higher
than those of the Low-AQ group (5.43 +1.10). Addition-
ally, a significant main effect of “emotion” was found
(F,, 55 = 68.45, p<0.001, qu:0.71). The arousal ratings
for neutral voices (4.71+1.12) were lower than those
for positive (6.29+1.19, p<0.001) and negative voices

Table 2 Results of behavioral data in study 1

Stimuli

Affective valence

Arousal

Accuracy
positive

0.

Reaction time (ms)

Group

neutral negative

positive

negative
6.59

positive neutral
6.60 478

neutral negative neutral negative
0.85

positive

3.00
(0.81)
294
(1.14)
293
(0.90)
3.26
(1.03)

4.65
(0.46)
4.74
(0.44)
4.67
037
4.72
(0.45)

(1.16)

6.78
(0.87)
6.88
(0.99)
6.70
(0.97)
6.68

(1.17)

597
(1.29)
6.67
(1.171)
5.73
(1.35)

(1.18)
4.31
(1.39)
10
(0.98)
4.66
(1.26)

(1.14)
(1.12)
5.98

(1.16)

5.95
(1.40)
6.62

0.95
(0.08)
0.98
(0.04)
0.96
(0.08)
0.98
(0.03)

(0.20)
0.95
(0.09)
0.91
(0.16)
0.98
(0.06)

94
(0.10)
0.95
(0.07)
0.92
0.11)
0.97
(0.06)
Note: Mean (SD) of reaction times, accuracy, rating scores of arousal and affective valence in each condition were presented in Table 2

S1
S3
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(6.24+1.25, p<0.001). However, no significant differ-
ence was observed between positive and negative voices
(p=0.478). A significant interaction of “emotion” x
“stimuli” was found (F, ;5 = 8.54, p=0.001, nzp:0.24).
As indicated by simple effect analysis, the arousal ratings
for neutral voices (S1: 4.55+1.30; S3: 4.88+1.14) were
lower than those for positive (S1: 6.27 +1.31, p <0.001; S3:
6.30+1.18, p<0.001) and negative voices (S1: 6.28 +1.26,
p<0.001; S3: 6.20+1.31, p<0.001) in both S1 and S3, but
no significant difference was found between positive and
negative voices in either the S1 or S3 conditions. A sig-
nificant interaction of “emotion” x “stimuli” x “group” was
found (F, 55 = 3.34, p=0.043, r]gp =0.11). As shown by the
simple effect analysis, for S1, no significant difference
between groups was found (all ps>0.05). However, for
S3, the arousal ratings of the High-AQ group were higher
than those of the Low-AQ group to both positive (High-
AQ group: 6.62+1.12, Low-AQ group: 5.98+1.16; F} 55 =
4.56, p=0.037, r]ZP:O.OS) and negative (High-AQ group:
6.67+1.11, Low-AQ group: 573+1.35 F; 5 = 841,
p=0.005, r]Zp:O.IS) voices, but no group difference was
found between the two groups to neutral voices (High-
AQ group: 5.10+0.98, Low-AQ group: 4.66+1.26; F; 5,
= 2.20, p=0.143, nzp:0.04). Detailed statistical compari-
sons for arousal ratings are shown in Fig. 2.

For affective valence ratings, a significant main effect of
“emotion” was found (F, 55 = 124.87, p<0.001, r]Zp =0.82).
Positive voices (6.76+0.95) were rated as more positive
than neutral voices (4.70+0.35, p<0.001) and negative
voices (3.03+0.93, p<0.001), and neutral voices were
rated as more positive than negative voices (p <0.001). A
significant interaction of “emotion” x “stimuli” x “group”
was found (F, 55 = 3.40, p=0.041, n°,=0.11). Simple
effects analyses indicated that, for the Low-AQ group,
S1 voices were rated as more negative than S3 voices
for negative emotions (F; 5, = 9.34, p=0.003, n2p:0.14,
2.94+1.14 vs. 3.26+1.03), but no significant difference
was found in the High-AQ group (F 55 = 0.49, p=0.488,
r]Zp:O.Ol). No significant difference between the groups
was found (all ps > 0.05).

Study 2: ERP study

Method

Participants

Six months later, Study 2 re-administered the Manda-
rin version [57] of the AQ questionnaire [4] to assess
autistic traits in 2,325 typically developing students
from Chongqging Normal University, China. Consis-
tent with the inclusion criteria and ethical guidelines of
Study 1, Study 2 recruited a new sample for the High-
AQ and Low-AQ groups from these 2,325 students,
thereby avoiding the potential confounding effects of
familiarity or habituation. A priori power analysis, per-
formed using G*Power 3, determined that a sample size
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of 22 participants was necessary to achieve a statistical
power of 0.95. This was to detect median-sized effects
(f=0.25) with an alpha value of 0.05 for a three-way
ANOVA involving two within-participant factors and
one between-participant factor. To mitigate the poten-
tial impact of dropouts or errors during the study, Study
2 enrolled 76 participants (High-AQ: n=37, 19 females;
Low-AQ group: n=39, 19 females), aged 18-29 years
(Mean=21.20 years, SD=2.31 years). Inclusion criteria
encompassed normal hearing and the absence of medical,
neurological, or psychiatric conditions. No participants
were previously diagnosed with ASD. Further details can
be found in Table 4.

Stimuli
Same as study 1.

Experimental procedure
The experiment was conducted in a quiet, soundproof
room maintained at a comfortable temperature. Stim-
uli were presented in a pseudo-random order using the
E-Prime 3.0 program.

To avoid attentional interference caused by explicit
instructions and to simulate authentic neural responses
under naturalistic conditions, participants were
instructed to passively listen to the voices while their
electroencephalography (EEG) data were recorded.
Based on the paradigm of consecutive changeable emo-
tions in the visual modality [23] and the passive listen-
ing task [41] used in previous studies on individuals with
autistic traits, in each trial of this experiment, three dif-
ferent emotional voices from the same actor were con-
secutively presented (S1-S2-S3, a triplet). Each trial began
with the presentation of a fixation cross on a screen for
500 ms, followed by a blank screen displayed for 800
ms - 1500 ms. Subsequently, S1, S2, and S3 in the trip-
let were consecutively presented for 1000 ms each, with
inter-stimulus intervals ranging from 800 ms to 1500 ms.
The inter-trial interval was set at 3 s to 5 s. The experi-
ment comprised two blocks, totaling 240 triplets (80 for
each emotional category: positive, neutral, and negative
voices). See Fig. 3 for the flowchart of the experiment in
Study 2.

EEG acquisition and analysis

EEG data were recorded from 64 scalp sites using tin
electrodes located according to the international 10-20
system that was mounted on an actiCHamp system
(Brain Vision LLC, Morrisville, NC, USA). EEG activi-
ties were amplified with a 0.01 Hz — 100 Hz bandpass and
were continuously sampled at 1000 Hz. The electrode at
the bilateral mastoids was used as the recording refer-
ence, and the electrode on the medial frontal aspect was
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Table 3 Summary of statistical analysis of behavioral data in study 1

Affective valence

Arousal

Accuracy

Reaction time

Variables

n2pP
0.03

n2P
0.

n2pP

n2pP

0.215

1.57

09

5.38 0.024

0.15
0.09
0.04

0.003
0.05

9.61
5.68
232
2.69

0.

0.003
0.15

0.670
0.28

0.18

group

(2025) 13:261

0.82

<0.001
0.881

124.87
0.02
0.04
0.82
2.54

0.71
0.

<0.001
0.284
0409

0.004 68.45

0.133
0.072

<0.001
<0.001

0.683

9.90

emotion
stimuli

<0.001
0.001
0.01
0.09

0.1

02

7

91

1.1

21.51

0.965

0.03
0.

0.

0.01
0.01
0.03
0.01

0.38

0.

group X emotion

0.370

01

24

0.594
0.001

0.29
8.54
3.34

0.001
0.

0.853

04

0.405

70

group X stimuli

0.088

0.

07
06

0.142

0.193

2.03
1.70

0219

1.54
048

emotion x stimuli

0.1 3.40 0.041

0.043

0.

0.621

group x emotion X stimuli

Note: df: (1, 56). The significant comparisons (p <0.05) were shown in boldface
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used as the ground electrode. All electrode impedances
remained below 5 kQ.

In this study, EEG data were pre-processed and ana-
lyzed using MATLAB R2016a (MathWorks, USA) and
the EEGLAB toolbox [65]. Continuous EEG signals were
band-pass filtered 0.1 Hz - 40 Hz. Time windows span-
ning 200 ms before and 1,000 ms after the onset of stim-
uli were extracted from the continuous EEG data. The
extracted windows were then baseline-corrected using
the 200 ms time interval prior to stimulus onset. More-
over, epochs with amplitude values exceeding+80 uV
at any electrode were excluded from further analyses.
Epochs were visually inspected for trials contaminated
by gross movements, and those trials were also excluded.
Eye movement artifacts were corrected using the inde-
pendent component analysis (ICA) algorithm [66]. Four
participants (one participant from the High-AQ group
and three participants from the Low-AQ group) were
excluded due to excessive artifacts in the EEG recordings.
Finally, data from the High-AQ group (n =36, 19 females)
and the Low-AQ group (n =36, 16 females) were included
in the analysis. The removed EEG epochs constituted
3.39% + 5.51% of the total number of trials. The EEG
epochs elicited by positive, neutral, and negative voices
were averaged, and the times were locked to the begin-
ning of the stimuli, yielding nine averaged waveforms.

According to the topographical distributions of the
grand-averaged ERP activity and previous studies [41,
50], the dominant ERP components analyzed in this
study were identified as N1, P2, and LNC. Specifically,
both N1 and P2 were assessed at the electrode sites FCI1,
FCZ, FC2, C1, CZ, and C2, and the latency intervals were
145 ms - 175 ms and 225 ms - 255 ms, respectively. The
LNC was measured at the electrode sites F1, FZ, F2, FC1,
FCZ, and FC2, and the latency interval was 400 ms — 600
ms.

Statistical analysis

ERP data were analyzed via a three-way repeated-mea-
sures ANOVA, with two within-participant factors of
“emotion” (positive, neutral, negative) and “stimuli” (S1,
S2, S3), as well as the between-participants factor of
“group” (High-AQ group, Low-AQ group). If a significant
interaction was found, the factor of “group” was further
analyzed via post hoc pairwise comparisons. The degrees
of freedom for F-ratios were corrected using the Green-
house-Geisser method [61]. Statistical significance was
set at p<0.05, and post hoc p-values were Bonferroni-
corrected for multiple comparisons [62—64].

Results

Averaged ERP waveforms and scalp topographies of
the dominant ERP components in response to emo-
tional voices are shown in Fig. 4. Detailed statistical
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Table 4 Ages and AQ scores of the High-AQ and Low-AQ groups in study 2

Group Age (years) AQ score
Min Max Mean +SD t P Min Max Mean £ SD t p

High-AQ 18 26 21224216 0.07 0.945 27 35 29.78+1.99 36.60 <0.001
Low-AQ 18 29 21.18+247 7 15 13.10+£1.98
Note: AQ: Autism Spectrum Quotient. The statistical results (p-values and t-values) were obtained using independent samples t-tests between High-AQ and Low-AQ
groups
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Fig. 3 Experimental flowchart for study 2

comparisons for ERP amplitudes can be found in Table 5;
Fig. 5.

N1 The N1 amplitudes were influenced by the main
effects of “emotion” (F, ¢ = 13.65, p<0.001, nzp:0.16)
and “stimuli” (F, 49 = 117.19, p<0.001, n°,=0.77). Neu-
tral voices (-2.03 uV +1.92 uV) were more negative than
both positive (-1.43 pV+£1.93 pV, p<0.001) and negative
(-1.59 pV £1.90 pV, p<0.001) voices. However, no signifi-
cant difference was observed between positive and nega-
tive voices (p=0.137). S1 voices (-3.54 puV +2.44 uV) were
more negative than both S2 (-0.91 pV +£1.85 uV, p<0.001)
and S3 (-0.60 pV+1.61 uV, p<0.001) voices, and S2
voices were more negative than S3 voices (p = 0.004).

P2 The P2 amplitudes were influenced by the main
effects of “emotion” (F, ¢ = 36.44, p<0.001, r]2P:0.51)
and “stimuli” (F, 4 = 5.79, p=0.005, qZP:0.14). Neutral
voices (2.78 pV+2.03 pV) were smaller than positive
(4.37 pV£2.17 pV, p<0.001) and negative voices (3.78
uV+1.77 uV, p<0.001), and positive voices were larger
than negative voices (p <0.001). S1 voices (3.96 pV+2.31
uV) were larger than S2 voices (3.37 pV+1.88 Vv,
p=0.002). No significant difference was found between
S2 and S3 voices (3.59 pV+1.81 uV, p=0.068). The P2
amplitudes were influenced by the interaction of “group”
x “emotion” x “stimuli” (F, 4, = 2.62, p=0.035, n°,=0.04).
Simple effects analyses indicated that, for positive and



Huo et al. BMIC Psychology (2025) 13:261

Page 9 of 15

~__ Positive Neutral Negative

| N1 LNC E

! LNC y LNC |
'S S 2 S i

| & =l & !
- 5 3 B :
0 2 20 2 :
g High-AQ Low-AQ & High-AQ Low-AQ & High-AQ Low-AQ |

L < a < 2 < :

w " ® ® |
P2 |

; LNC

F > -2 >

=z =z

| o o
o | So 3
n g High-AQ Low-AQ &

| P2

;

S 2 LNC S -2

= / 2

Lo %)

LK =

{ 2 High-AQ Low-AQ =~ 2

< 2 N < 2
$3 v @D @

- ®

LNC &

LNC

High-AQ Low-AQ |

" @ @
- ® ®

Amplitude (V)
o

e @ @
«LNC |
2 e

Amplitude (pV)
o

High-AQ Low-AQ High-AQ Low-AQ |
7 2 }
Nt @) Nt ) ;

LA
G
%

P2 @)
we @ @ LNC

P2 @ G529

72200 0 200 400 600 800 1000 -200 O 200 400 600 800 1000 - 2200 0 200 400 600 800 1000
Time (ms) Time (ms) Time (ms)
. Amp. (uV)
High-AQ group Low-AQ group

-6 -3 0 3 6

Fig. 4 ERP responses in Study 2. ERP waveforms of the High-AQ (red lines) and Low-AQ (blue lines) groups to positive (orange background), neutral (gray
background), and negative voices (blue background). S1 (top panel), S2 (middle panel), and S3 (bottom panel) represent the first, second, and third voices
presented in the S1-S2-53, respectively. Scalp topographies of the dominant ERP components (N1, P2, and LNC) were computed at respective peak laten-
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negative voices, the P2 amplitudes of the High-AQ group
were larger than those of Low-AQ group to S3 voices
(positive: 5.06 pV+2.34 pV vs. 3.78 uV+1.88 uV, F| 5,
= 6.54, p=0.013, nzp:0.09; negative: 4.32+2.04 uV vs.
320 uV£1.75 uV, F| 5, = 6.28, p=0.015, qu =0.08). How-
ever, no significant difference between groups was found

for neutral voices or other stimuli (S1 and S2 voices) (all
ps>0.05).

LNC The LNC amplitudes were influenced by the main
effects of “emotion” (F, 4 = 8.23, p=0.001, n*,=0.19)
and “stimuli” (F, ¢9 = 64.90, p<0.001, n2p=0.65). Positive
voices (-1.80 uV +2.93 uV) were more positive than both
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Table 5 Summary of statistical analysis of ERP amplitudes
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Variables N1 P2 LNC

F p n2pP F p n2pP F p n2pP
group 1.23 0.271 0.02 2.20 0.143 0.03 0.01 0.931 <0.001
emotion 13.65 <0.001 0.16 36.44 <0.001 0.51 8.23 0.001 0.19
stimuli 117.19 <0.001 0.77 5.79 0.005 0.14 64.90 <0.001 0.65
group X emotion 0.77 0.464 0.01 1.78 0177 0.05 057 0.571 0.02
group X stimuli 2.50 0.090 0.07 0.89 0417 0.03 1.13 0.329 0.03
emotion X stimuli 1.91 0.119 0.10 0.79 0535 0.01 192 0117 0.10
group X emotion 1.96 0.111 0.11 2.62 0.035 0.04 1.75 0.149 0.10
x stimuli
Note: df = (1, 70). The significant comparisons (p <0.05) were shown in boldface

neutral (-2.47 uV +2.95 pV, p<0.001) and negative voices
(-2.15 pV£2.83 uV, p=0.017). However, no significant
difference was found between neutral and negative voices
(p=0.086). In addition, S1 voices (-3.59 uV+3.38 uV)
exhibited larger amplitudes than S2 (-1.52 pV+2.58 puV,
p<0.001) and S3 voices (-1.32 uV+2.76 pV, p<0.001).
No significant difference was found between S2 and S3
voices (p=0.146).

Discussion

The primary aim of this research was to investigate the
behavioral and neural responses of individuals with
autistic traits to consecutive changeable emotions in
the auditory modality. The results indicated that for the
consecutive changeable voices (S3), the High-AQ group
exhibited higher arousal ratings and larger P2 ampli-
tudes for both positive and negative voices compared to
the Low-AQ group. However, for the single/first voices
(S1), no significant group difference was observed. These
findings indicate that individuals with autistic traits may
exhibit heightened arousal and altered neural processing
in response to consecutive changeable emotions in the
auditory modality.

Main effects of “emotion” were found in both Study 1
and Study 2. In line with previous studies [58, 67], Study
1 showed that negative and positive voices were associ-
ated with longer reaction times and higher arousal rat-
ings than neutral voices. In addition, positive voices
were rated more positively than both neutral voices and
negative voices, and neutral voices were rated more posi-
tively than negative voices. Consistent with previous ERP
research [68], Study 2 demonstrated that positive and
negative stimuli elicited larger P2 amplitudes than neu-
tral stimuli. As the P2 component is known to be sensi-
tive to the arousal levels of auditory stimuli [53-55],
these main effects of “emotion” in both behavioral and
ERP responses suggest that positive and negative voices
induced higher mental arousal than neutral voices.

Additionally, aligning with previous research [69-72],
the present study also found that the main effects of
“group” influenced both accuracy and arousal. Lower

accuracy and higher arousal ratings were found in the
High-AQ group than the Low-AQ group, suggesting that
individuals with autistic traits may exhibit challenges
in recognizing emotional voices and experience higher
arousal levels in response to emotional voices.

In line with our previous study in the visual modality
[23], significant interactions of “group” x “emotion” x
“stimuli” were found in both Study 1 and Study 2 of the
present auditory research. Relative to the Low-AQ group,
the High-AQ group showed higher arousal ratings and
larger P2 amplitudes to S3 voices for both positive and
negative voices, but they exhibited similar behavioral
and neural responses to S1 voices. Given that P2 ampli-
tudes are known to be sensitive to the arousal levels of
emotional stimuli [53-55], these results suggest that,
compared to the Low-AQ group, the High-AQ group
may exhibit enhanced emotional arousal to S3 voices
but similar behavioral and neural responses to S1 voices.
S1 voices in both Study 1 and Study 2 were the single/
first presented stimuli and were not disturbed by the
preceding stimuli, whereas S3 voices were the last pre-
sented stimuli in the trains of three consecutive emo-
tional voices (S1-S2-S3) and could be disturbed by the
previously presented S1 and S2 voices. Thus, these results
suggest that individuals with autistic traits may exhibit
enhanced emotional arousal in both behavioral and neu-
ral responses to consecutive changeable emotional stim-
uli rather than single emotional stimuli in the auditory
modality.

The aforementioned results suggest that individu-
als with autistic traits exhibit heightened behavioral and
neural responses only to consecutive changeable emo-
tional voices, with no such response to single emotional
stimuli. This may be attributed to the complexity and
intensity of consecutive changeable emotional voices,
which are influenced by preceding stimuli and pose
greater challenges than single emotional stimuli. Addi-
tionally, heightened arousal ratings and ERP responses
were observed only in response to more intense positive
and negative emotions rather than low-intensity neutral
voices. This pattern may reflect an exaggerated emotional
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response to a sequence of highly intense emotional stim-
uli in individuals with autistic traits, as explained by the
intense world theory [73, 74]. This theory posits that
individuals with ASD perceive sequences of emotional
cues as overwhelmingly intense, leading to heightened
attention, processing, memory, and emotional reactiv-
ity to these stimuli. Such heightened responses may
induce sensory fragmentation and overload, resulting
in overwhelming stress and aversion, potentially lead-
ing to social avoidance behaviors, such as avoiding eye
contact, withdrawing from interactions, and limiting

communication. Consequently, the social challenges
observed in individuals with autistic traits or ASD may
not stem from insufficient processing of emotional stim-
uli, but rather from excessive processing and heightened
responses to intense, consecutive, and changeable emo-
tional stimuli [73, 74].

An alternative explanation for the heightened behav-
ioral and neural responses to consecutive changeable
emotional voices in individuals with autistic traits may
involve challenges in mental flexibility. Mental flexibility,
also known as task switching, refers to the ability to shift
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attention from one rule, feature, or task to another dur-
ing task execution [75, 76], which is crucial for adapting
to changing demands, managing complex environments
efficiently, and handling multitasking scenarios [77].
Previous studies have shown that, compared to control
groups, individuals with ASD exhibit greater switch-
ing costs when processing complex, unpredictable (i.e.,
variable), and implicit (i.e., not guided by explicit rules)
social-emotional transition tasks (emotional flexibility
tasks) [78]. Further research on emotional flexibility in
social versus non-social contexts found that individuals
with ASD display higher switching costs (longer reaction
times and lower accuracy) only in social contexts, with
no significant differences from non-autistic individuals
in non-social contexts [79]. These findings suggest that
individuals with ASD require significantly more cogni-
tive resources than typically developing individuals to
adapt to complex, variable social-emotional contexts, as
opposed to non-social emotional environments. Addi-
tionally, an ERP study has shown that, compared to the
Low-AQ group, the High-AQ group exhibits greater
switching costs and more pronounced ERP responses
during emotional task-switching, indicating higher
demands for conflict inhibition and greater cognitive
resource allocation in managing emotional task-switch-
ing [80], which may facilitate monitoring and adapta-
tion to changes [81]. In the present study, the S1-S2-S3
paradigm involved the consecutive presentation of three
different social-emotional voices. This design required
participants to process consecutive, changeable social-
emotional stimuli, rather than the single social-emo-
tional stimuli commonly used in previous research [42,
82], thereby necessitating adaptation to continuously
shifting task demands, incurring higher switching costs,
and demanding greater mental flexibility. This may
explain the heightened behavioral and neural responses
observed in individuals with autistic traits, as they mobi-
lize additional cognitive resources to adapt to emotional
variability.

In fact, these insights not only deepen theoretical
understanding but also advance ASD research at both
methodological and applied levels. Theoretically, this
study aligns with previous investigations in the visual
modality [23], further revealing that individuals with
autistic traits or ASD exhibit heightened emotional
arousal and neural responses when processing consecu-
tive changeable emotional voices in the auditory modal-
ity, whereas no significant differences are observed in
response to single emotional voices. This finding under-
scores the importance of auditory cues in emotional
processing, enriches the overall comprehension of multi-
modal emotion processing, and provides crucial evidence
supporting the intense world theory and the notion of
reduced mental flexibility in ASD individuals. It provides
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a novel theoretical perspective to explain the challenges
faced by individuals with ASD in processing dynamically
changing emotional information in real social environ-
ments. Methodologically, the S1-S2-S3 paradigm simu-
lates the complexity of dynamically changing emotional
stimuli encountered in daily life, offering higher eco-
logical validity and a closer approximation to real-world
social scenarios compared to traditional single static
stimulus experiments. Additionally, by integrating psy-
chology and neuroscience through cross-dimensional
and interdisciplinary analyses of behavioral and neuro-
imaging data [83], this study comprehensively delineates
the unique patterns of emotion processing in individuals
with ASD and provides a reference for optimizing experi-
mental design. From an applied perspective, this study
further validates that individuals with ASD struggle to
effectively regulate their emotions to cope with continu-
ously changing emotional environments [84]. Conse-
quently, future interventions should prioritize enhancing
emotion regulation capabilities and mental flexibility in
individuals with ASD. Furthermore, intervention envi-
ronments should minimize the intensity and variability of
social-emotional cues as much as possible, creating quiet,
predictable, and low-stimulus variation social contexts to
reduce the interference of sensory overload on emotional
processing [85]. This empirical intervention approach not
only aids in improving the social performance of indi-
viduals with ASD but also establishes a robust theoreti-
cal foundation for precise interventions and personalized
treatments.

Despite the potential implications, several limitations of
the current study should be noted. First, considering the
increased likelihood of false positives when conducting
multiple analyses across different ERP components [63],
future research should increase the sample size to both
replicate and demonstrate the robustness of our findings.
Second, studies on autistic traits in the general popula-
tion cannot fully substitute for studies involving clinically
diagnosed ASD individuals [86]. Future research should
include participants with clinically diagnosed ASD to
verify whether the effects observed in individuals with
autistic traits generalize to the ASD population. Third,
the present study utilized an extreme groups approach
(top and bottom 10% of AQ scores), which may limit the
generalizability of the findings. Additionally, having par-
ticipants complete a self-report AQ questionnaire and
indicate whether they have ever been diagnosed with
ASD may introduce bias and inaccuracies due to inaccu-
rate self-assessment or social desirability effects. Future
research should incorporate a more representative and
diverse sample. Inclusion criteria should be further vali-
dated through clinical assessments and corroborated by
parent or teacher reports. Fourth, the “double empathy
problem” [87, 88] suggests that individuals with ASD
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experience challenges in understanding and process-
ing the emotional expressions of typically developing
individuals. Conversely, typically developing individuals
also face difficulties in comprehending the emotions and
thoughts of individuals with ASD. Future research should
further investigate how these bidirectional challenges
affect social interactions and explore potential interven-
tions to enhance mutual understanding between indi-
viduals with ASD and typically developing individuals.
Fifth, previous studies have found that individuals with
ASD exhibit difficulties in emotional flexibility specifi-
cally with social stimuli, but not with non-social stimuli
[79]. Therefore, future research could further investigate
differences in arousal responses to consecutive change-
able social and non-social emotional stimuli in individu-
als with autistic traits or ASD to determine whether their
challenges with mental flexibility are primarily associ-
ated with social contexts. Finally, individuals with autistic
traits or ASD typically exhibit higher levels of anxiety and
social anxiety compared to control groups [89, 90], both
of which have been shown to impact emotional process-
ing [91, 92]. Thus, future research should focus on dis-
tinguishing the unique contributions of autistic traits to
emotional processing from other potential confounding
factors, such as social anxiety.

Moreover, traditional psychiatric models, which often
focus on single factors or perspectives [93], inadequately
address the complex underlying mechanisms of ASD,
thereby catalyzing the emergence of interdisciplinary
integrative research approaches [94]. In this context, Luo
et al. [83] introduced the concept of “culturomics,” which
advocates a cross-level, interdisciplinary, and systematic
research framework. This framework integrates multi-
dimensional data across micro, meso, and macro levels
by incorporating advanced analytical tools such as deep
neural networks (DNN) and representational similar-
ity analysis (RSA), thereby uncovering the deep-seated
mechanisms and patterns underlying cultural phenom-
ena. Building on this foundation, future research on emo-
tion recognition in individuals with ASD can advance in
several promising directions. First, integrating multiple
disciplines such as psychology, neuroscience, and genet-
ics to construct a cross-level, cross-dimensional and
interdisciplinary research model that combines genetic
factors, biological neural networks, and behavioral mani-
festations will systematically reveal the mechanisms of
emotion recognition in ASD. Second, utilizing tech-
nologies such as DNN and RSA to analyze high-dimen-
sional data across modalities and scales [95] will enable
the extraction of neural encoding patterns of emotional
information in individuals with ASD. This approach will
facilitate the construction of multimodal emotion mod-
els, promote cross-cultural and cross-individual studies,
and optimize personalized intervention strategies. Third,
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the application of artificial intelligence (AI) technologies
in ASD intervention and screening has demonstrated
significant efficacy [96, 97]. Future research should inte-
grate psychological and neuroscientific data to develop
Al-assisted diagnostic and intervention tools using
deep learning and machine learning techniques, thereby
enhancing diagnostic accuracy and efficiency [98] and
facilitating personalized treatment strategies [99].

Conclusions

The aim of this research was to investigate the behav-
ioral and neural responses of individuals with autistic
traits to consecutive changeable emotions in the audi-
tory modality. Individuals with autistic traits exhibited
higher arousal levels to consecutive changeable emo-
tional voices, but no group differences were found in
response to single emotional voices. These insights not
only enhance our theoretical understanding but also
offer potential practical approaches to support individu-
als with autistic traits and ASD in managing emotions in
their daily lives.
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AQ Autism-spectrum quotient.

Acknowledgements
We extend our gratitude to all participants who generously contributed their
time and effort to this study.

Author contributions

CH and JM conceptualized and designed the study; CH, CM, and HQ drafted
the initial manuscript; MS and YH performed the statistical analysis; CH, WL,
and JM revised the manuscript critically for intellectual content. All authors
have contributed to and approved the final version of the manuscript.

Funding

This work was supported by the Planning Fund Project (Western Region),
Humanities and Social Science Fund of Ministry of Education of China
(24XJA190002).

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

This research was reviewed and approved by Chongging Normal University
Research Ethics Committee (CNU-EDU-20240222-003). All participants
provided informed consent after receiving a comprehensive study description.
The consent procedure was approved by the ethics committee.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 22 March 2024 / Accepted: 4 February 2025
Published online: 17 March 2025



Huo et al. BMIC Psychology

(2025) 13:261

References

1.

20.

American Psychiatric Association.Diagnostic and statistical manual of mental
disorders (DSM-50)(5thed.).Washington DC:American Psychiatric Pub;2013.
ConstantinoJN,ToddRD.Autistic traits in the general population - a twin study.
Archives of General Psychiatry.2003;60(5):524-530.

RuzichE AllisonC,SmithPWatsonPAuyeungB RingH,Baron-CohenS.Measuring
autistic traits in the general population: a systematic review of the autism-
spectrum quotient (AQ) in a nonclinical population sample of 6,900 typical
adult males and females.Molecular Autism.2015;6(1):1-12.
Baron-CohenS,WheelwrightS,SkinnerR MartinJ,ClubleyE.The autism-spectrum
quotient (AQ): evidence from asperger syndrome/high-functioning autism,
malesand females, scientists and mathematicians.Journal of Autism and
Developmental Disorders.2001;31(1):5-17.
KuritaH,KoyamaT,OsadaH.Autism-spectrum quotient-japanese ver-

sion and its short forms for screening normally intelligent persons

with pervasive developmental disorders.Psychiatry and Clinical
Neurosciences.2005;59(4):490-496.

GuanJ,ZhaoX.Sub-threshold autistic traits in normal population: its

concept, structure and influencing factors.Advances in Psychological
Science.2015;23(9):1599-1607.
BraltenJ,HulzenKV,MartensMB,GaleslootTE VasquezAA KiemeneyLA. ..Poel-
mansG.Autism spectrum disorders and autistic traits share genetics and
biology.Molecular Psychiatry.2017;23(5):1205-1212.
RobinsonEB,KoenenKC,McCormickMC MunirK,HallettV,HappeF...RonaldA.
Evidence that autistic traits show the same etiology in the general popula-
tion and at the quantitative extremes (5%, 2.5%, and 1%).Archives of General
Psychiatry.2011,68(11):1113-1121.

WainerAL,IngersollBR,HopwoodCJ.The structure and nature of the broader
autism phenotype in a non-clinical sample.Journal of Psychopathology and
Behavioral Assessment.2011:33(4):459-469.

MurphyM,BoltonPF,PicklesA, FombonneE,Piven],RutterM.Per-

sonality traits of the relatives of autistic probands.Psychological
Medicine.2000;30(6):1411-1424.
BoraE,AydinA SaracT KadakMT,KoseS Heterogeneity of subclinical autistic
traits among parents of children with autism spectrum disorder: identify-
ing the broader autism phenotype with a data-driven method.Autism
Research.2016;10(2):321-326.

AngelicaR HoekstraRA.Autism spectrum disorders and autistic traits: a decade
of new twin studies.American journal of Medical Genetics Part B: Neuropsy-
chiatric Genetics.2020;156B(3):255-274.
SucksmithE,Rothl,HoekstraRA Autistic traits below the clinical threshold: re-
examining the broader autism phenotype in the 21st century.Neuropsychol-
ogy Review.2011;21(4):360-389.

HessU KafetsiosK,MauersbergerH BlaisonC,KesslerC-L.Signal and noise in the
perception of facial emotion expressions.Personality and Social Psychology
Bulletin.2016;42(8):1092-1110.

KaltwasserL HildebrandtA WilhelmO,SommerW.On the relationship

of emotional abilities and prosocial behavior.Evolution and Human
Behavior,2017;38(3):298-308.

LothE GarridoL,AhmadJ,WatsonE,DuffA,DuchaineB.Facial expression recogni-
tion as a candidate marker for autism spectrum disorder: how frequent and
severe are deficits?Molecular Autism.2018;9:1-11.

MartinezA TobeR DiasEC ArdekaniBA Veenstra-Vander\WeeleJ PatelG. ..
JavittDC Differential patterns of visual sensory alteration underly-

ing face emotion recognition impairment and motion perception

deficits in schizophrenia and autism spectrum disorders.Biological
Psychiatry.2019,86(7):557-567.

SongYHakodaY.Selective impairment of basic emotion recognition in
people with autism: discrimination thresholds for recognition of facial
expressions of varying intensities. Journal of Autism and Developmental
Disorders.2017;48:1886-1894.
LeungFYN,StojanovikV,MicaiM,JiangC,LiuFEmotion recognition in

autism spectrum disorder across age groups: a cross-sectional investi-
gation of various visual and auditory communicative domains.Autism
Research.2023;16(4):783-801.

LiY,WeiZ ShaoM,HongM,YangD,LuoL,MengJ.Empathy for pain in individuals
with autistic traits during observation of static and dynamic stimuli.Frontiers
in Psychiatry.2022;13.

YangD,TaoH,GeH,LiZHuY,MengJ.Altered processing of social emotions in
individuals with autistic traits.Frontiers in Psychology.2022;13.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

Page 14 of 15

LiX,LiZ XiangB,MengJ.Empathy for pain in Individuals with autistic traits
influenced by attention cues: evidence from an ERP study.Acta Psychologica
Sinica.2020;(3):294-306.

MengC,HuoC,GeH,LiZ HuY,MengJ.Processing of expressions by individu-

als with autistic traits: empathy deficit or sensory hyper-reactivity?Plos
One.2021;16(7).

CastelliFUnderstanding emotions from standardized facial expressions in
autism and normal development.Autism.2005;9(4):428-449.
GrossmanJBKlinA,CarterAS,VolkmarFR Verbal bias in recognition of facial
emotions in children with asperger syndrome.Journal of Child Psychology
and Psychiatry.2000;41(3):369-379.
TracyJL,RobinsRW,SchriberRA,SolomonM.Is emotion recognition impaired in
individuals with autism spectrum disorders?Journal of Autism and Develop-
mental Disorders.2011;41:102-1009.

JonesCRG PicklesA,FalcaroM,MarsdenAJS,HappéFScottSK...CharmanT.A
multimodal approach to emotion recognition ability in autism spectrum
disorders.Journal of Child Psychology and Psychiatry.2010;52(3):275-285.
KrumhuberEG,SkoraLl,HillHCH,LanderK The role of facial movements in emo-
tion recognition.Nature Reviews Psychology.2023;2(5):283-296.
HarrisPL.Children and emotion: the development of psychological under-
standing.Blackwell;1989.

CharbonneauG,BertoneA LeporeF,NassimM,LassondeM,MottronL,CollignonO.
Multilevel alterations in the processing of audio-visual emotion expressions
in autism spectrum disorders.Neuropsychologia.2013;51(5):1002-1010.
AtkinsonAPImpaired recognition of emotions from body movements is
associated with elevated motion coherence thresholds in autism spectrum
disorders.Neuropsychologia.2009;47(13):3023-3029.
BlackMH,ChenNTM,LippOV,BolteS,GirdlerS.Complex facial emotion recogni-
tion and atypical gaze patterns in autistic adults.Autism.2019;24(1):258-262.
CorlukaN,LaycockR.The influence of dynamism and expression intensity on
face emotion recognition in individuals with autistic traits.Cognition and
Emotion.2024;1-10.

Law SmithMJ,MontagneB,PerrettDI,GillM,GallagherL.Detecting subtle facial
emotion recognition deficits in high-functioning autism using dynamic
stimuli of varying intensities.Neuropsychologia.2010;48(9):2777-2781.
MazzoniN RicciardelliPActis-GrossoR VenutiPDifficulties in recognising
dynamic but not static emotional body movements in autism spectrum
disorder.Journal of Autism and Developmental Disorders.2021.
StaggS,Tanl-H,KodakkadanF.Emotion recognition and context in adoles-
cents with autism spectrum disorder.Journal of Autism and Developmental
Disorders.2021;52(9):4129-4137.

Belin P, Zatorre RJ, Lafaille P, Ahad P. Pike B. Voice-selective areas in human
auditory cortex. Nature.2000;403(6767):309-312.

Meng J, Shen L, Li Z, Peng W. Top-down attention modulation on the percep-
tion of others’vocal pain: an event-related potential study. Neuropsycholo-
0ia.2019; 133.

Lucker JR. Auditory hypersensitivity in children with autism spectrum
disorders. Focus on Autism and Other Developmental Disabilities. 2013; 28(3):
184-191.

WilliamsZJ,SuzmanE,WoynaroskiTG.Prevalence of decreased sound tolerance
(hyperacusis) in individuals with autism spectrum disorder: a meta-analysis.
Ear and Hearing.2021;42(5):1137-1150.

MengJ,LiZ,ShenL. Altered neuronal habituation to hearing others'pain in
adults with autistic traits.Scientific Reports.2020;10(1).

IchtM,ZukermanG Ben-ItzchakE,Ben-DavidBM.Keep it simple: identification
of basic versus complex emotions in spoken language in individuals with
autism spectrum disorder without intellectual disability: a meta-analysis
study.Autism Research.2021;14(9):1948-1964.

Rongal,ValentiniE,MourauxA lannettiGD.Novelty is not enough: laser-evoked
potentials are determined by stimulus saliency, not absolute novelty.Journal
of Neurophysiology.2012;109(3):692-701.

WangAL,MourauxA LiangM,lannettiGD.Stimulus novelty, and not neural
refractoriness, explains the repetition suppression of laser-evoked potentials.
Journal of Neurophysiology.2010;104(4):2116-2124.

LiX,VuoriainenE XuQ,AstikainenPThe effect of sad mood on early sensory
event-related potentials to task-irrelevant faces.Biological Psychology.2023.
SchindlerS,BruchmannM,GathmannB MoeckR StraubeT Effects of low-level
visual information and perceptual load on P1 and N170 responses to emo-
tional expressions.Cortex.2020.

AnSKLeeSJ,LeeCH,ChoHS, LeePG,LeeC-i...Namkoong K. Reduced P3
amplitudes by negative facial emotional photographs in schizophrenia.
Schizophrenia Research.2003;64(2-3):125-135.



Huo et al. BMIC Psychology

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

62.

63.

64.

65.

66.

67.
68.

69.

70.

71

72.

73.

74.

(2025) 13:261

CaoG,LiuPArousal modulates the motor interference effect stimulated by
pictures of threatening animals.Peer).2021,9:210876.
SchuppHT,CuthbertBN,BradleyMM,BirbaumerN,LangPJ.Probe

P3 and blinks: two measures of affective startle modulation.
Psychophysiology.1997;34(1):1-6.

MengJ,ShenL LiZ PengW.Top-down effects on empathy for pain in adults
with autistic traits.Scientific Reports.2019,9(1).

N&atanenR,PictonT.The N1 wave of the human electric and magnetic
response to sound: a review and an analysis of the component structure.
Psychophysiology.1987;24(4):375-425.

Paulmanns,JessenS,KotzSA. Investigating the multimodal

nature of human communication insights from ERPs.Journal of
Psychophysiology.2009;23(2):63-76.

Paulmanns,BleichnerM,KotzSA.Valence, arousal, and task effects in emotional
prosody processing.Frontiers in Psychology.2013;4:345.

PellMD,RothermichK LiuPPaulmanns,SethiS, RigoulotS.Preferential decoding
of emotion from human non-linguistic vocalizations versus speech prosody.
Biological Psychology.2015;111:14-25.

Paulmanns KotzSAValence, arousal, and task effects on the P200 in emo-
tional prosody processing. In: 12th Annual Conference on Architectures and
Mechanisms for Language Processing 2006 (AMLaP);2006.
OharaS,WangLKuY,LenzFA HsiaoSS,HongB,ZhouYD.Neural activities of tactile
cross-modal working memory in humans: an event-related potential study.
Neuroscience.2008;152(3):692-702.
ZhangL,SunY,ChenFWuD,TangJ,HanX...WangK.Psychometric properties of
the Autism-Spectrum Quotient in both clinical and non-clinical samples:
chinese version for mainland China.BMC Psychiatry.2016;16:1-10.
BelinPFillion-BilodeauS,GosselinF.The montreal affective voices: a validated
set of nonverbal affect bursts for research on auditory affective processing.
Behavior Research Methods.2008;40(2):531-539.

MengJ,LiY,LuoL,LiL JiangJ,LiuX,ShenL.The empathy for pain stimuli system
(EPSS): development and preliminary validation.Behavior Research
Methods.2023;1-20.

LiuY,MengJ,YaoM,YeQFanB PengW.Hearing other’s pain is associ-

ated with sensitivity to physical pain: an ERP study.Biological
Psychology.2019;145:150-158.

GreenhouseSW,GeisserS.On methods in the analysis of profile data.Psychome
trika.1959,24(2):95-112.

LiWLiuPLiZMengJ.Capsaicin-induced pain increases neural responses to low-
calorie non-spicy food cues: an ERP study.Biological Psychology.2022;174.
LiW,MengJ,CuiF.Scarcity mindset reduces empathic responses to others’

pain: the behavioral and neural evidence.Social Cognitive and Affective
Neuroscience.2023;18(1).

ShaoM LiL,LiX,WeiZ WangJ,HongM...,MengJ.The effect of top-down atten-
tion on empathy fatigue.Cerebral Cortex.2023;34(1).

DelormeA MakeigS.EEGLAB: an open source toolbox for analysis of single-
trial EEG dynamics including independent component analysis.Journal of
Neuroscience Methods.2004;134(1):9-21.
JungTPMakeigS,WesterfieldM,TownsendJ,CourchesneE,SejnowskiTJ). Analysis
and visualization of single-trial event-related potentials.Human Brain
Mapping.2001;14(3):166-185.

BahadoriM,CesariPAffective sounds entering the peripersonal space influ-
ence the whole-body action preparation.Neuropsychologia.2021;159:107917.
JessenS,KotzSA The temporal dynamics of processing emotions from vocal,
facial, and bodily expressions.Neurolmage.2011;58(2):665-674.
Fridenson-HayoS,BerggrensS,LassalleA,TalS,PigatD,BolteS. .., GolanO.Basic and
complex emotion recognition in children with autism: cross-cultural findings.
Molecular Autism.2016;7:1-11.
RosenblauG,KliemannD,Dziobekl,HeekerenHR.Emotional prosody

processing in autism spectrum disorder.Social Cognitive and Affective
Neuroscience.2016.

TopDN LukeSG StephensonKG,SouthM.Psychophysiological arousal and audi-
tory sensitivity in a cross-clinical sample of autistic and non-autistic anxious
adults.Frontiers in Psychiatry.2019;9:783.

SchelinskiS,vonKriegsteinK.The relation between vocal pitch and vocal emo-
tion recognition abilities in people with autism spectrum disorder and typical
development.Journal of Autism and Developmental Disorders.2019;49:68-82.
Markram H, Rinaldi T, Markram K. The intense world syndrome- an alternative
hypothesis for autism.Frontiers in Neuroscience.2007; 1(1): 77-96.

Markram K, Markram H. The intense world theory- a unifying theory of the
neurobiology of autism.Frontiers in Human Neuroscience.2010; 4(224).

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.
88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

Page 15 of 15

ChevalereJ CamblatsAM,LaurierV,MourreFEstivalS,PostalV.The influence of
emotional contexts on mental flexibility in prader-willi syndrome.Journal of
Intellectual Disability Research.2021;66(1-2):133-150.
RogersRD,MonsellS.Costs of a predictible switch between simple cognitive
tasks.Journal of Experimental Psychology: General.1995;124(2):207.

Monsell SJTics.Task switching.2003;7(3):134-140.
LacroixA,DutheilFLogemannA CserjesiR,PeyrinC,BiroB. .., MermillodM.Flexibil-
ity in autism during unpredictable shifts of socio-emotional stimuli: investiga-
tion of group and sex differences.Autism.2021,26(7):1681-1697.

LacroixA Bennetot-DeveriaY,BaciuM,DutheilF, MagnonV,GomotM,Mermill
odM.Understanding emotional flexibility in autism: the social factor matters.
Molecular Autism.2024.

ZhouS,ChenZ LiuG,MaL,LiuY. High autistic traits linked with reduced per-
formance on affective task switching: An ERP study.Neurolmage. 2024; 300:
120855.

Cheng X, LiY, Cui X, Cheng H, Li C, Fu L, Jiang J, Hu Z, Ke X. Atypical neural
responses of cognitive flexibility in parents of children with autism spectrum
disorder.Frontiers in Neuroscience.2021;15:747273.
UljarevicM,HamiltonA.Recognition of emotions in autism: a formal meta-
analysis.Journal of Autism and Developmental Disorders.2013;43:1517-1526.
Luo S, Yuan H, Wang Y, Bond MH.Culturomics: taking the cross-scale, interdis-
ciplinary science of culture into the next decade.Neuroscience and Biobehav-
joral Reviews.2024;167.

McDonaldRG,CargillMI,KhawarS KangE. Emotion dysregulation in autism: a
meta-analysis.Autism.2024;28(12):2986-3001.

LinG,ChenS.The intense world theory of autism and its implications for
educational practice.Chinese Journal of Special Education.2015;(6):6.
SassonNJ,Bottema-BeutelK Studies of autistic traits in the general population
are not studies of autism.Autism.2021;26(4):1007-1008.

MiltonD,HeasmanB. E.S.Doubleempathy.2018.

MiltonDEM.On the ontological status of autism: the ‘double empathy prob-
lem’Disability and Society.2012;27(6).883-887.
BurrowsCA,UsherlV,Becker-HaimesEM,McMahonCM,MundyPC, Jensen-
DossAHendersonHA Profiles and correlates of parent-child agreement on
social anxiety symptoms in youth with autism spectrum disorder.Journal of
Autism and Developmental Disorders.2018;48:2023-2037.

MertensJ,ZaneER NeumeyerK,GrossmanRB.How anxious do you think |

am? Relationship between state and trait anxiety in children with and
without ASD during social tasks.Journal of Autism and Developmental
Disorders.2017:47:3692-3703.

FolzJ,RothTS Nikoli¢M,KretME.Who gets caught by the emotion? Attentional
biases toward emotional facial expressions and their link to social anxiety and
autistic traits.Current Psychology.2023;43(4):3486-3502.
StephensonKG,LukeSG,SouthM.Separate contributions of autistic traits and
anxious apprehension, but not alexithymia, to emotion processing in faces.
Autism.2019;23(7):1830-1842.

KendlerKS.Incremental advances in psychiatric molecular genetics and nosol-
ogy.World Psychiatry.2022;21(3):415-416.

WeiW,JiangZ A bibliometrix-based visualization analysis of international
studies on conversations of people with aphasia: present and prospects.
Heliyon.2023;9(6).

YuanH,LuoS.Representation similarity analysis— a new perspective to study
sociocultural change: taking the mental health of elderly people as an
example.Acta Psychologica Sinica.2024;56(7):938-953.
JiaS-J,JingJ-QYangC-J.A review on autism spectrum disorder screening

by artificial intelligence methods.Journal of Autism and Developmental
Disorders.2024;1-17.

ShahamiriSR, ThabtahF.Autism Al: a new autism screening system based on
artificial intelligence.Cognitive Computation.2020;12(4):766-777.
SaharT,RedaA Diagnosis of autism spectrum disorder: a systematic review

of clinical and artificial intelligence methods.Network Modeling Analysis in
Health Informatics and Bioinformatics.2025;14(1):1-23.

SidenkovaA LitvinenkoV.Prospects for the use of artificial intel-

ligence methods in autism spectrum disorders.European
Psychiatry.2023;66(1):51034-S1035.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Altered processing of consecutive changeable emotional voices in individuals with autistic traits: behavioral and ERP studies
	﻿Abstract
	﻿Introduction
	﻿Study 1: behavioral study
	﻿Method
	﻿Participants
	﻿Stimuli
	﻿Experimental procedure


	﻿Statistical analysis
	﻿Results
	﻿Study 2: ERP study


