Research Papers FiiEkik=y

0) )L S i R
Progress in Biochemistry and Biophysics
' 'J 2025,52(1):223~232

www.pibb.ac.cn

The Impairment Attention Capture by Topological
Change in Children With Autism Spectrum Disorder”

XU Hui-Lin"", XI Huan-Jun®"”, DUAN Tao", LI Jing", LI Dan-Dan"*?,
WANG Kai"***"" ZHU Chun-Yan"**¥""

("School of Mental Health and Psychological Sciences, Anhui Medical University, Hefei 230032, China;
Dlnstitute of Artificial Intelligence, Hefei Comprehensive National Science Center, Hefei 230088, China;
Anhui Provincial Institute of Translational Medicine, Hefei 230032, China;
DDepartment of Neurology, The First Affiliated Hospital of Anhui Medical University, Hefei 230032, China;
SAnhui Province Key Laboratory of Cognition and Neuropsychiatric Disorders, Anhui Medical University, Hefei 230032, China;
OCollaborative Innovation Center of Neuropsychiatric Disorders and Mental Health, Anhui Medical University, Hefei 230032, China)

Graphical abstract

‘What properties of the stimuli attract attention?
AT o chayue gy iy T

1

1

i

1
Non-topological properties ]
(e.g., orientation, color, area) | !
i

1

1

1

1

1

Typical development
(TD)

Typical
attention

A 4

Topological properties [

Topological perception Selective attention

Abstract Objective Autism spectrum disorder (ASD) is a neurodevelopmental condition characterized by difficulties with
communication and social interaction, restricted and repetitive behaviors. Previous studies have indicated that individuals with ASD
exhibit early and lifelong attention deficits, which are closely related to the core symptoms of ASD. Basic visual attention processes
may provide a critical foundation for their social communication and interaction abilities. Therefore, this study explores the behavior
of children with ASD in capturing attention to changes in topological properties. Methods Our study recruited twenty-seven ASD
children diagnosed by professional clinicians according to DSM-5 and twenty-eight typically developing (TD) age-matched controls.
In an attention capture task, we recorded the saccadic behaviors of children with ASD and TD in response to topological change (TC)
and non-topological change (nTC) stimuli. Saccadic reaction time (SRT), visual search time (VS), and first fixation dwell time
(FFDT) were used as indicators of attentional bias. Pearson correlation tests between the clinical assessment scales and attentional
bias were conducted. Results This study found that TD children had significantly faster SRT (P<0.05) and VS (P<0.05) for the TC
stimuli compared to the nTC stimuli, while the children with ASD did not exhibit significant differences in either measure (P>0.05).
Additionally, ASD children demonstrated significantly less attention towards the TC targets (measured by FFDT), in comparison to
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TD children (P<0.05). Furthermore, ASD children exhibited a significant negative linear correlation between their attentional bias

(measured by VS) and their scores on the compulsive subscale (P<0.05). Conclusion The results suggest that children with ASD

have difficulty shifting their attention to objects with topological changes during change detection. This atypical attention may affect

the child’s cognitive and behavioral development, thereby impacting their social communication and interaction. In sum, our

findings indicate that difficulties in attentional capture by TC may be a key feature of ASD.
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Autism  spectrum  disorder (ASD) is a

neurodevelopmental — condition characterized by
impairments in social communication, restricted and
repetitive behaviors!'. Attention abnormalities have

also been closely linked to the core symptoms of

ASD™®. Furthermore, individuals with ASD
demonstrate attentional difficulties that are both early-
onset and persistent®".  More significantly,

researchers discovered that abnormal attention may be

indicator for
9, 13]

used as a preliminary behavioral
identifying infants potentially at risk for autism

Social attention and non-social attention are the
two main categories of attentional impairments in
ASD research. Disinterest in social stimuli, such as
social avoidance!'*'®!| abnormal face processing!'”,
and abnormal joint attention!'’ is a sign of social
attentional disorders in ASD. Individuals with ASD
not only have difficulties in the social domain but also
show signs of atypical domain-general attention,
which include slower attentional disengagement and
shifting!"*'”as well as enhanced performance in
tasks!?22,

information processing may influence the late phases

visual  search Earlier  non-social
of the cognitive process, particularly during the
middle and late stages of individual growth, when
processing

occurs?® 1. Moreover, attention deficits in non-social

higher-level social information
information processing among individuals with ASD
may reduce their interest in social information, which
in turn may deteriorate abnormal attention to social
interaction®.  Therefore,  investigating  the
mechanisms of non-social attention in individuals
with ASD becomes crucial®,

Visual attention selects the information most
relevant to the current cognitive behavior for further
processing. It is considered to be regulated by two
different mechanisms: bottom-up attention, which is
automatically driven by the properties of the stimuli;

and top-down attention, which involves attention

attention, autism spectrum disorder, perceptual object, topological perception
CSTR: 32369.14.pibb.20240160

assignment based on the current goal or task demands.
Visual orientation requires the integration of top-down

[26]

or bottom-up attention mechanisms'*, which was also

true for wvisual search. Neuroimaging evidence
indicates that both visual orientation and visual
search, which involve the allocation and shift of
attention, engage similar brain activation regions*’>",
Nonetheless, in these two visual tasks, the attentional
effects in ASD participants
contrasting On one hand, deficits in
attentional disengagement and shifting have been
widely reported in ASD individuals®'~*%. On the other
hand, the visual search advantage in ASD individuals
has also demonstrated by numerous studies?*?* 3536,
Thus, reconciling the seemingly incongruous findings
of deficits in visual orientation with the superior in
visual search remains a challenge. We believe that the
application of inconsistent paradigms, along with
conflicting theories of attention, may be directly
contributing to this discrepancy.

Although
attentional capture, it is widely accepted that the
abrupt appearance of a new perceptual object
typically attention®”. The topological
perception theory proposed by Chen et al.***! argues
that the notion of a perceptual object is its holistic

observed showed

results.

there are various theories about

captures

identity preserved over shape-changing
transformations. This identity can be characterized
precisely as topological invariance!***!. Topology,
also known as “rubber-sheet geometry”, describes the
invariant characteristics of geometric shapes across
continuous deformations, such as stretching, bending,
twisting, and shrinking but disallowing tearing apart
or gluing together parts'*?. Under this kind of “rubber-
sheet”

unchanged, such as connectivity, the number of holes,

deformation, the properties that remain
and the inside/outside relationship, are topologically
invariant properties*’!. According to the topological

approach to perceptual object, topological invariant
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transformation (e. g., orientation, size, and shape)
neither creates nor destroys an object. Therefore, one
of its implications is that transformation with
topological change (e. g., the number of holes)
captures attention by introducing a new object or
eliminating an existing object. This capability of
topological changes to attract attention can be
independent of the individual’s intent, and can even
prioritize over top-down attention”!. We thus
assumed that the lack of sensitivity to detect
topological change in children with ASD, leads their
difficulties in attention shifting.

We used a change detection task that required
participants to identify changes within a stimulus
array. The change detection test, combining the
overlap task with the simple feature search task,
facilitates the examination of attention allocation and
shifting within the same activity. To test our
hypothesis, we recruited children with ASD and
neurological typical age-matched controls to perform
the change detection task, with their eye movements

being recorded.
1 Materials and methods

1.1 Participants

Two groups of participants were involved in our
study: 35 children with ASD, aged 3-13 years old,
and 28 typically developing (TD) children, aged 5-6
years old. The ASD children were recruited from the
Anhui Disabled Persons’ Federation and Hefei
Kanghua Hospital in China. Eight ASD children were
excluded from the analysis because they were
uncooperative during the cognitive assessment or had
poor eye movement performance, resulting in a final
sample of 27 children with ASD (6 females, 21
males). The TD children were recruited from
affiliated with Anhui  Medical
China. Detailed participants’
characteristics can be found in Table 1.

All children with ASD were diagnosed by
professional clinicians according to DSM-5"** and

kindergartens
University,

psychiatric and neurological disease, as well as other
comorbid factors were excluded. The two groups of
children both had normal or corrected to normal
vision. None of the TD children had been diagnosed
with a psychiatric or neurological disorder. This study
was approved by the Ethics Committee of Anhui
Medical University (81220126). We obtained written
consent from the parents of all children.

Table 1 Demographic information and clinical measures

ASD (n=27) TD (n=28) P value

Agel/years 5.942.3 5.4+0.5 0.298

Gender (male/female) 21/6 15/13 0.059
ABC total score 41.3£19.4 - -
SRS total score 79.5+16.4 - -
RBS-R total score 14.6+11.6 - -
Stereotype 3.0£2.6 - -
Self-injurious 0.6+0.9 - -
Compulsive 2.1£2.6 - -
Ritualistic 2.7+2.8 - -
Repetitive 3.6£3.7 - -
Restricted 2.5+2.8 - -

ABC: Autism Behavior Checklist; SRS: Social Responsiveness Scale;
RBS-R: Repetitive Behavior Scale-Revised.

1.2 Stimuli and apparatus

The stimuli consisted of geometric shapes (each
2°x2°) and cartoon pictures (2°%2.6°; Figure S1). The
cartoon pictures were used as the central fixation
points. The pre-display array included four disks,
positioned at the top, bottom, left, and right of the
screen (Figure 1). The distance from the center of
fixation point to the center of each disk was 8°. The
target-display array was identical to the pre-display
array, except that a target stimulus could appear in any
of the four disks.

In this study, we used iView X high-speed eye-
tracking device (Senso Instruments,
Germany) to record participants’ eye movements. The
stimuli were presented on a 30-inch monitor with a
resolution of 1 680%x960 pixels and a refresh rate of
250 Hz.

1.3 Procedure

Motoric

The experiment comprised two phases: an eye-
tracking test and a cognitive assessment. In the phase
of the eye-tracking test, participants were required to
complete a change detection task while sitting in front
of the eye tracker monitor at a distance of
65 cm.
assessment phase, participants were evaluated for

approximately During the cognitive
autistic traits.

1.3.1 Change detection task

After a successful 5-points binocular calibration
was achieved, the change detection task started
(Figure 1). The task consisted of two types of trials:
topological change (TC) and non-topological change
(nTC) trials. Each trial started with a fixation, which
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was presented for 800 ms followed by the pre-display
array. The presentation of the pre-display array was
terminated by the experimenter’s keyboard press or
after 5000 ms. When participants’ eyes position
consistently fell within a circle with a radius of 1.8°
from the center of the fixation point for at least
500 ms, the experimenter pressed the keyboard to

switch from the pre-display array to the target display

[
- — @® i @
o
Fixation Pre-display
800 ms 5 000 ms or until

manual control

array, which was presented for 2 000 ms. The change
detection task consisted of 4 practice trials and 16 test
trials, with a total experimental duration of about
3min. The test trials were randomized across
participants. The participants were asked to look for
the stimulus (target) in the target-display array that

was different from the others.

[
® - S
[ J
Non-topological
change (nTC)
[
® - A
o
[
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©
Topological
change (TC)
L
® - O
o
Target-display
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Fig.1 Stimuli and procedure of change detection task
The presentation of the pre-display array was terminated by experimenter’ s manual control or after 5 000 ms. Participants were required to look

toward the target shape in target-display. The cartoon picture is used as fixation point.

1.3.2 Psychological cognitive assessments

The Chinese
Checklist (ABC™!), Repetitive Behavior Scale-
Revised (RBS-RM®)), and Social Responsiveness Scale
(SRS¥™) were administered to parents or daily

version of Autism Behavior

caregivers as a measure of autistic traits. The ABC has
57 items divided into five subscales: sensory (S),
social (R), motor (B), verbal communication (L), and
social adaptation (S1). The RBS-R is a 43-item
parental rating scale in which parents are instructed to
rate how well each statement describes their child’s
behavior using a 4-point Likert scale/**). The RBS-R
contained 6 subscales, including stereotypic behavior,
self-injurious  behavior, behavior,
ritualistic behavior, repetitive behavior, and restricted
interests. The SRS is a widely used parent-report
instrument  assessing  the
impairment, which comprises 5 subscales: social

compulsive

severity of  social

awareness, social cognition, social communication,
social motivation, and autistic behavior. A higher
score on all these scales indicates more severe
symptoms.

1.4 Data analysis

Two areas of interest (AOI) were defined prior to
data analysis: the central AOI and the target AOI. The
central AOI covered an area with a radius of 1.8°,
centered on the fixation point. The target AOI was a
trapezoidal area that enclosed the target shape
(Figure 2).

Three independent saccadic variables involved in
this study are as follows: (1) saccadic reaction time
(SRT) is defined as the time difference between the
target appeared and the onset of the first correct
saccade; (2) visual search time (VS) refers to the
interval between the target’s appearance and the
moment when participants’ fixation point fell on the



2025; 52 (D

wEM, % BAEERESLERINELHEREZHERE *227-

target AOI; (3) first fixation dwell time (FFDT) is
calculated as the duration of the first fixation within
the target AOL.

We conducted mixed model ANOVAs to analyze
the effect of stimulus type (TC and nTC) and group
(ASD and TD) on saccadic index (SRT, VS, and
FFDT), the saccadic indices for the two groups under
topological
conditions were detailed in Table 2. Besides, we

change and non-topological change

performed the Pearson correlation to analyze the
relationships between saccadic variables (SRT, VS,
and FFDT) and clinical assessment scale (ABC, SRS,
and RBS-R). All multiple comparisons were FDR
corrected*”).

y
3.6°
‘ - /1 3.4 o 8.7

4.7°

20

“«—

Fig.2 Two areas of interest (AOI)
The gray circle represents the central AOI, and the blue trapezoid
represents the target AOI.

2 Results

2.1 Saccadic reaction time (SRT)

We conducted a 2 (group: ASD, TD)x2 (stimulus
type: TC, nTC) mixed-model repeated measures
ANOVA on SRT data. The main effect of stimulus
type was significant (F (1, 53)=5.486, P=0.023, »*=
0.094), indicating that participants respond faster to
TC trials than to nTC trials. The main effect of
group (F (1, 53)=0.179, P=0.674) and the interaction
between group and stimulus type (F (1, 53)=0.215, P=
0.645) were both non-significant. Additionally, a post-
hoc paired #-test was performed for each group
separately. We found a significant difference between
TC and nTC for the TD children (=-3.450, df=27, P=
0.002, cohen’s d=0.652), documenting a moderate

effect of topological
participants’ attention. This result echoed attentional

change on capturing
capture effects in healthy adults'’. However, we
found no significant difference between TC and nTC
in the ASD group (=-1.013, df=26, P=0.320) (Figure
3a, Table 2). These data suggested that children with
ASD do not exhibit an attention bias towards
topological change compared to TD children.

2.2 Visual search time (VS)

We conducted a 2 (group: ASD, TD)x2 (stimulus
type: TC, nTC) mixed-model repeated measures
ANOVA on VS data. We found a significant main
effect of group (F (1, 53)=5.499, P=0.023, #°=0.094),
indicating that ASD children had significantly slower
search time compared to TD children. Besides, there
was no significant main effect of stimulus type
(F (1, 53)=1.971, P=0.166) or groupxstimulus type
interaction (£ (1, 53)=0.600, P=0.442). Furthermore,
we conducted a post-hoc paired #-test separately for
each group. We discovered a significant difference
between TC and nTC for the TD children (=-2.123,
df=27, P=0.043, cohen’s d=0.401), indicating a
moderate effect of topological change on capturing
participants’ attention. Nevertheless, there was no
significant difference between TC and nTC in the
ASD group (=-0.362, df=26, P=0.720) (Figure 3b,
Table 2). Our findings indicate that children with ASD
don’t exhibit either superior visual search or a
detection advantage for topological changes.

2.3 First fixation dwell time (FFDT)

We conducted a 2 (group: ASD, TD) x2
(condition: TC, nTC) mixed-model repeated measures
ANOVA for FFDT data. The main effect of the group
(F (1, 53)=3.565, P=0.065, ”=0.063) was marginally
significant, suggesting that ASD children had shorter
fixation dwell times within the target AOI than TD
children. Moreover, the interaction between group and
stimulus type was significant (F (1, 53)=4.546, P=
0.038, #°=0.079). Post-hoc two-sample t-test showed
that ASD children had shorter FFDTs within the TC
target than TD children (=-2.783, P=0.008, cohen’s d
=0.748) (Figure 3c). Furthermore, we conducted a
post-hoc paired t-test separately for each group. We
discovered a significant difference between TC and
nTC for the TD children (=2.171, df=27, P=0.039,
cohen’s d=0.410). However, no significant difference
between TC and nTC was observed in the ASD group
(=-0.910, df=26, P=0.371) (Figure 3c, Table 2).
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Fig.3 Saccadic variables indices as a function of group (ASD, TD) and stimulus type (TC, nTC) in change detection task
(a) Scatterplot of saccadic reaction time (SRT) for the ASD and TD groups. (b) Scatterplot of visual search time (VS) for the ASD and TD groups.
(c) Scatterplot of first Fixation dwell time (FFDT) for the ASD and TD group. The horizontal line in bold black represents the mean, and the error bar

represents the standard deviation. TC: topological change; nTC: non-topological change. *P<0.05; ns: no significance.

Table 2 Saccadic indices as a function of group (ASD, TD) and stimulus type (TC, nTC)

ASD (n=27) TD (n=28)
TC (M%SD) nTC (MESD) TC (M+SD) nTC (M%SD)
SRT/ms 296.0104.7 329.14146.4 278.4+79.8 328.0473.9
VS/ms 461.8+128.9 472.7£140.2 380.7+136.7 418.5+86.3
FFDT/ms 396.3+181.3 442.6£241.2 576.6+288.7 477.14258.0

SRT: saccadic reaction time; VS: visual search time; FFDT: first fixation dwell time. TC: topological change; nTC: non-topological change.

2.4 Correlations between the saccadic variables
and autistic measurements

To better understand the relationship between
clinical symptoms and impaired visual attention, we
conducted Pearson correlation tests between the
clinical assessment scales and attention bias, as
reflected by saccadic variables (SRT, VS, and FFDT).
No significant correlation was found between the

saccadic variables and ABC or SRS (P>0.05). The VS

was negatively correlated with the compulsive
subscale scores (P<0.05), and the correlation between
SRT and the compulsive subscale scores was
marginally significant (P=0.054), as indicated in
Table 3. Our findings suggest that an increase in
compulsive symptom is associated with a reduced

attention bias to topological change.

Table 3 Correlations of the SRT, VS, and FFDT with the autistic measurements

SRT,;.—SRT VS, 1c=VS;c FFDT,

ABC -0.163 -0.131 -0.065

SRS -0.033 -0.027 -0.459
RBS-R total score -0.447 -0.370 0.096

Stereotype -0.365 -0.331 -0.099
Self-injurious 0.117 0.421 0.239
Compulsive -0.519* -0.533* 0.103
Ritualistic -0.359 -0.403 0.045

Repetitive -0.315 -0.272 <-0.001
Restricted -0.267 -0.089 0.292

Multiple correlation tests were corrected using FDR. ABC: Autism Behavior Checklist; SRS: Social Responsiveness Scale; RBS-R: Repetitive

Behavior Scale-Revised. SRT: saccadic reaction time; VS: visual search time; FFDT: first fixation dwell time. TC: topological change; nTC: non-

topological change. * indicates that the correlation between VS and Compulsive is significant after FDR correction (P<0.05); * indicates that the

correlation between SRT and Compulsive is marginally significant after FDR correction (P=0.054).
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3 Discussion

Atypical attention has been considered one of the
earliest characteristics that identify infants who are at
risk for autism'™®'?, In this study, we used the change
detection task to test attention capture by topological
change in children with ASD. Our study revealed that
ASD children failed to orient toward a new object
defined by topological change. First, we discovered
no significant difference in SRT and VS for TC trials
compared to nTC trials in ASD children, which
contrasted with the results observed in TD children.
Furthermore, the FFDT of ASD children towards TC
was significantly shorter than that of TD children.
Second, we found that ASD children’s VS was
associated with their level of autistic trait, as
measured by the compulsive subscale, demonstrating
that severer compulsive behaviors were linked to a
weaker attentional bias to TC. We interpreted these
findings as suggesting that an impaired ability in
topological perception may underlie the atypical
attention observed in children with ASD.
supported by
comparing the differences between topological and

The topological account was
non-topological changes. One might argue that
topological changes can be explained by the area and
spatial frequency of the stimuli or the specificity of
the holes. However, the stimuli we used are derived

B39 where factors such as

from Chen et al.’ s study
area, spatial frequency, and the specificity of the holes
have been well controlled. According to Chen ef al.’ s
theory?®, the detection of the topological properties
of stimuli is the fundamental function of the visual
system, occurring at the earliest stages of the visual
processing. The prioritization of  topological
perception has been supported by numerous studies,
including those involving honey bees?®”, mice®!), and
human neonates®™”. Therefore, using topological
changes as a detection variable to test the attention
capture process in children with ASD has paved the
way to understanding the inconsistent findings of
attention deficit.

Bottom-up and top-down attention determines
the way we experience and perceive the world™.
These two attention mechanisms are not mutually
exclusive and are usually concurrently involved in the
selective attention process. For instance, the shift of

attention (e. g., looking toward target peripheral

stimuli) of a child is contingent upon pre-existing
goal-directed attention setting (e. g., searching a
specific target in an array of distractors), which
integrates both top-down and bottom-up processes'*®’.
In the present study, stimulus-driven attention occurs
more quickly than goal-directed attention, although
these two attention mechanisms are indissociable
under the current experimental setting. To further
consolidate our findings, future research needs to
dissociate the top-down process from the bottom-up
process.

Many studies have demonstrated that individuals
with ASD outperform controls on the task of visual
search. This “ASD advantage” has been reviewed by
Kaldy et al. . Although most studies have
documented a visual search advantage in ASD
individuals, some researchers argued that the ASD
advantage is derived from non-search processes, such
as enhanced attention to the target feature before the
presentation of a stimulus®®*!. Our research results
also reveal that children with ASD did not exhibit an
advantage in visual search, which is difficult to
explain by enhanced attention to target features, as
there was no difference in search time between
topological and non-topological changes. Task
difficulty and perceptual load may be one of the
reasons. Therefore, enhanced visual search ability is
not a stable feature of ASD and may not be
demonstrated in the change detection task.

There are several limitations in the present study.
Firstly, the gender difference in our study doesn’t
match up very well (Chi-square test, P=0.059).
However, this is unlikely to be the main influencing

factor, since topological properties are the
fundamental units of  wvisual perception
processing?®*3?, are not influenced by gender.

Secondly, although the number of trials here is
comparable eye-tracking study in
preschoolers with ASDP*, it remains relatively small

to a recent
compared to the sample sizes typically investigated in
visual attention research®. The insufficient number
of trials may lead to an unbalanced number of valid
trials. However, a similar number of trials were
retained in each condition, ensuring that the results
were not confounded by the inclusion of different trial
types. Finally, the applicability of the assessments
devised in our study to other groups on the autism
spectrum remains a challenge, which needs further
investigation in the future.
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4 Conclusion

Despite these limitations, our findings provide a
new perspective on the problem of attention
mechanisms in children with ASD. That is, children
with ASD fail to redirect their attention to topological
change objects during novelty detection as compared
to TD children. These findings may help us better
understand attentional anomalies and impaired social

attention in children with ASD.
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