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Abstract
Atypical sensory processing is now considered a diagnostic feature of autism. Although multisensory
integration (MSI) may have cascading effects on the development of higher-level skills such as socio-
communicative functioning, there is a clear lack of understanding of how autistic individuals integrate
multiple sensory inputs. Multisensory dynamic information is a more ecological construct than static
stimuli, reflecting naturalistic sensory experiences given that our environment involves moving stim-
ulation of more than one sensory modality at a time. In particular, depth movement informs about
crucial social (approaching to interact) and non-social (avoiding threats/collisions) information. As
autistic characteristics are distributed on a spectrum over clinical and general populations, our work
aimed to explore the multisensory integration of depth cues in the autistic personality spectrum,
using a go/no-go detection task. The autistic profile of 38 participants from the general population
was assessed using questionnaires extensively used in the literature. Participants performed a detec-
tion task of auditory and/or visual depth moving stimuli compared to static stimuli. We found that
subjects with high-autistic traits overreacted to depth movement and exhibited faster reaction times
to audiovisual cues, particularly when the audiovisual stimuli were looming and/or were presented
at a fast speed. These results provide evidence of sensory particularities in people with high-autistic
traits and suggest that low-level stages of multisensory integration could operate differently all along
the autistic personality spectrum.
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1. Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmental disorder character-
ized by (i) deficits in social communication/interaction and by (ii) repetitive
and restricted behaviors. Within this second group of symptoms, atypical sen-
sory processing is now considered a diagnostic feature of ASD (APA, 2013).
This is typically the case when individuals avoid certain sensory stimuli (e.g.,
averting certain noises or textures) and seek out sensory experiences through
stimulatory behaviors (e.g., stimulating their eyes with their hands). Reports
estimate that atypical reactivity to sensory inputs is prevalent in 69–95% of the
ASD population (Hazen et al., 2014), confirming that sensory abnormalities
concern the vast majority of individuals with ASD. Given the significance of
sensory symptoms, growing evidence suggests that these may have detrimental
effects on higher-order processes such as social interaction and communi-
cation (Ayres and Tickle, 1980; Robertson and Baron-Cohen, 2017). Thus,
disturbance in the processing of basic visual or auditory information may
contribute to the emergence and/or to the intensity of deficits found at the
higher level, such as socio-communicative functioning (Marco et al., 2011).
Along this line, previous studies highlighted a relationship between sensory-
processing particularities and communication difficulties (Lane et al., 2010),
social responsiveness (Baker et al., 2008; Hilton et al., 2007), and maladaptive
behaviors (Chen et al., 2009).

Although unisensory processing has been extensively studied in ASD and
is increasingly characterized (for a review, see Ben-Sasson et al., 2009), there
is a lack of understanding regarding the processing of multisensory stim-
uli within the ASD (for a review, see Feldman et al., 2018). Multisensory
integration (MSI) provides the merging of sensory inputs originating from
multiple sensory modalities to build a unified and coherent internal represen-
tation of our external environment. MSI provides a crucial behavioral benefit
by enabling incoming information to be processed more quickly and effec-
tively. This performance enhancement has been referred to as ‘multisensory
facilitation’ (Stein, 2012; Stein and Meredith, 1993). Given the predominant
socio-communicative difficulties in ASD, most research investigations have
used complex social stimuli to explore multisensory integration in the dis-
order. By assessing the responses of ASD participants to auditory (voice),
visual (face), or audiovisual speech (voice and face) stimuli, alterations in
MSI have been revealed. Studies reported difficulties in unifying voices and
faces to the same emotion (e.g., Loveland et al., 1995; O’Connor, 2007), and
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reduced multisensory facilitation in recognition tasks of emotions within the
ASD (Xavier et al., 2015). In addition, ASD participants demonstrated atyp-
ical sensitivity to the McGurk illusion (Foxe et al., 2015; Woynaroski et al.,
2013), and a reduced benefit from lipreading in auditory speech discrimination
tasks (Newman et al., 2021; Smith and Bennetto, 2007). However, to ascertain
whether impairment of MSI within ASD is related to a basic perceptual dif-
ference and not to differences in social abilities, stimuli void of social content
must be used. Three approaches to study the MSI of nonsocial information in
ASD have been used and have produced mixed results. First, in the temporal
processing approach, the temporal range within which stimuli from different
sensory modalities are perceived as simultaneous has been investigated as a
‘Temporal Binding Window’ (TBW). This TBW was found to be either sig-
nificantly larger in ASD participants (Kwakye et al., 2011; Noel et al., 2018;
Woynaroski et al., 2013) or similar to that of control participants (Stevenson
et al., 2018). Second, the ‘fusion illusion’ refers to the perception of multiple
flashes when the display of a single flash is associated to multiple auditory
tones. This illusion was reported to be either weakened in ASD (Foss-Feig
et al., 2010; Stevenson et al., 2014) or similar to that of control participants
(Keane et al., 2010; Stevenson et al., 2018). Third, controversial results can
also be found regarding multisensory facilitation, which has been demon-
strated to be either intact (e.g., de Boer-Schellekens et al., 2013; Stefanou
et al., 2020) or degraded in ASD (e.g., Ainsworth et al., 2021; Brandwein et
al., 2013).

Most of the previous studies focused on static sensory inputs. The stim-
uli to which our everyday activities expose us, however, are mainly dynamic.
Multisensory moving information may therefore be a more ecological con-
struct, reflecting naturalistic sensory experiences given that our environment
involves moving stimulation of more than one sensory modality at a time.
Depth movement in particular is a crucial signal, as it informs about a distanc-
ing (receding) object which one must decide to pursue or to stay away from for
safety. More importantly, it informs about potential threats such as approach-
ing (looming) objects which one must decide either to avoid or confront.
Thus, unsurprisingly, preferential responsiveness to looming signals has been
previously demonstrated in the general population (e.g., Maier et al., 2008;
Neuhoff, 1998, 2001). In addition, multisensory facilitation increased specifi-
cally for looming signals (Cappe et al., 2009). Depth movement is commonly
involved in social interactions in which a person approaches another one to
interact or avoids social contact by distancing themselves from others, render-
ing this movement interesting within ASD where social functioning is one of
the main areas of difficulty. The biological motion represents human actions
using displays of moving light points (Blake and Shiffrar, 2007; Johansson,
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1973). It transmits the information of a body in walking motion facing the par-
ticipants, which in real life is expressed by a looming or receding movement.
At an early age, a preference for human biological movement is not observed
in ASD compared to control subjects (Annaz et al., 2012; Falck-Ytter et al.,
2013). In addition, the recent meta-analysis by Todorova et al. (2019) based
on 52 studies confirmed the presence of difficulties in recognizing biologi-
cal movement in ASD (this includes global body movement, facial or eye
movement displayed with light points). Centelles et al. (2013) studied the
recognition abilities of a ‘social movement’ which involves interaction with
other individuals (e.g., playing football), to a ‘non-social movement’ which
constituted any human movement without social interaction. (e.g., walking,
stepping forward or backward). Results showed that ASD subjects are less
successful at categorizing both types of movement and exhibited a slower
response speed for social movement. It therefore seems that there are difficul-
ties for ASD subjects perceiving movement that transmits social information,
either directly (movement involving social interaction) or indirectly (move-
ment involving at least one person).

However, to our knowledge, only one study focused on depth movement in
ASD and used exclusively looming complex visual stimuli (Hu et al., 2017).
The authors found a lack of behavioral reactivity to aversive looming sig-
nals in ASD participants associated with abnormality (weak connectivity) in a
neuronal pathway involved in looming-evoked defensive responses (superior
colliculus–pulvinar–amygdala). Other studies focused on visual radial move-
ments (expansion/contraction) and demonstrated identification difficulties in
ASD (Bertone et al., 2003). Using an immersive installation to focus on visuo-
postural tuning in ASD, postural hyporeactivity to expansion movement was
also found (Gepner and Mestre, 2002; Greffou et al., 2012). According to
the temporospatial processing hypothesis (Gepner and Féron, 2009), such dif-
ficulties in movement processing observed in ASD are the consequence of
impairment in integrating information across time and space, leading to the
perception of the environment changing too rapidly. In support of this hypoth-
esis, previous studies demonstrated that ASD participants recognize and spon-
taneously imitate emotional and non-emotional facial expressions better when
the presentation speed is slowed down (Lainé et al., 2008, 2011; Meiss et
al., 2015; Tardif et al., 2007). In addition, autobiographical reports from indi-
viduals with ASD describe a world that is ‘moving too fast’ (Grandin, 1995;
Williams, 1999).

The dimensional model of ASD proposes that autistic characteristics are
distributed on a continuum over clinical and general populations (Baron-
Cohen, 1995; Hobson, 1992). Thus, as a spectrum disorder, specific traits
associated with ASD are not only found in individuals with a clinical diagno-
sis but are also found in the general population. In order to assess the degree
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of autistic traits in any individual adult, psychometric tools were developed
such as the ‘Autism Spectrum Quotient’ (AQ; Baron-Cohen et al., 2001).
In addition, the sensory profile of an individual can be assessed using the
Adolescent/Adult Sensory Profile (AASP; Brown and Dunn, 2002). Several
similarities were demonstrated between ASD and the high-autistic personality,
such as cognitive processing (e.g., Almeida et al., 2010; Bayliss and Tipper,
2005; Grinter et al., 2009a, b), sensory processing in several modalities (e.g.,
Clark et al., 2013; Mayer, 2017; Takayama et al., 2014), multisensory inte-
gration (e.g., Donohue et al., 2012; van Laarhoven et al., 2019; Yaguchi and
Hidaka, 2018) and impaired responses to social information (e.g., Stewart and
Ota, 2008; Voos et al., 2013). Moreover, recent studies reported similar neu-
robiological, neuroanatomical, and neurofunctional issues between subjects
with ASD and those without ASD but with high-autistic traits (Alemany et
al., 2021; Kondo and Lin, 2020; von dem Hagen et al., 2013).

Given the predominance of moving multisensory information in our envi-
ronment and the continuum distribution of autistic particularities in the general
population, it remains crucial to characterize the MSI of dynamic information
within the autistic spectrum. According to growing evidence in the literature,
sensory atypicalities could have a cascade influence and contribute to overall
difficulties within the autistic spectrum, encouraging the use of simple non-
social stimuli in present and future studies. In this framework, the present
study aimed to explore the multisensory integration of depth cues in the autis-
tic traits spectrum, using a go/no-go detection task.

2. Material and Method

2.1. Participants

Forty-three young adults (10 males) between the ages of 18 and 25 years
(mean = 22.21 years, SD = 1.9) participated in this study. All participants
had normal hearing and normal or corrected-to-normal vision and had no his-
tory of neurological or psychiatric illness. Of these 43 participants, five were
excluded for having insufficient correct responses in the behavioral experi-
ment (see section 2.5. Data Analysis), leaving 38 participants (10 males) with a
mean age of 22.23 (SD = 1.95). According to a standardized handedness ques-
tionnaire (Oldfield, 1971), the majority (n = 34) were right-handed. The study
conformed with the Code of Ethics of the World Medical Associations (Dec-
laration of Helsinki) and was approved by the local research ethics committee
(Comité de Protection des Personnes Sud Mediterranée III, Avis N° 2020-
A03056-33). All participants provided written informed consent and received
monetary compensation. Participants took part in the study in a single two-
hour session. First, the autistic traits and sensory profiles of the participants
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were measured using two questionnaires in a paper–pencil format. Second,
they performed a computerized behavioral experiment.

2.2. Autistic Traits and Sensory Profiles

The AQ is a validated 50-item self-report questionnaire for identifying the
degree to which an adult presents autistic traits. The instrument measures five
dimensions (10 items each): Social skill (e.g., “I find it hard to make new
friends”), Attention switching (e.g., “I frequently get so strongly absorbed
in one thing that I lose sight of other things”), Attention to detail (e.g., “I
often notice small sounds when others do not”), Communication (e.g., “I
enjoy social chit-chat”) and Imagination (e.g., “I find making up stories easy”)
(Baron-Cohen et al., 2001). Each response is scored 0 or 1, a higher score indi-
cates higher levels of autistic behavior. Previous studies found a high internal
consistency for the overall AQ score with a Cronbach’s alpha between 0.72 and
0.79 (Hoekstra et al., 2008; Ruzich et al., 2015; Stevenson and Hart, 2017).
We used the French version of the AQ (Kempenaers et al., 2017).

In order to obtain an assessment of the sensory processing of the partici-
pants, AASP (Brown and Dunn, 2002) was administered. This self-reported
questionnaire includes 60 items, each describing a behavior related to an
everyday sensory experience that is assessed with a five-point Likert scale.
Items are scored by sensory factor: taste/smell, movement, visual, tactile,
activity level and auditory processing (e.g., “I stay away from noisy settings”);
and behavior profile: low registration, sensory sensitivity, sensation-avoiding
and sensation-seeking (e.g., “I work on two or more tasks at the same time”).
The total score ranges from 60 to 300 with higher scores indicating a higher
sensory sensitivity. Brown and Dunn (2002) found that the questionnaire pre-
sented a moderate Cronbach’s alpha (α = 0.64). We used the French version
of the AASP (Brown and Dunn, 2006).

2.3. Behavioral Experiment

The stimuli and procedure were adapted from the previous study by Cappe
et al. (2009). The stimuli were visual, auditory, or audiovisual and could be
dynamic or static. In dynamic conditions, stimuli varied in movement (loom-
ing or receding) and in presentation speed (fast or slow). To induce the per-
ception of movement, auditory stimuli changed in volume and visual stimuli
changed in size to give the impression of either looming or receding. The slow
presentation was based on the original stimuli from Cappe et al. (2009). The
speed presentation of the stimuli was multiplied by 2 for the fast condition.
Static information was added at the end of each fast stimulus so that all stim-
uli had the same duration of 500 ms. All stimuli were initially of the same
size/intensity to ensure that participants used dynamic information to perform
the task (see Fig. 1). The audiovisual condition consisted of the auditory and
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visual stimuli presented simultaneously and was always congruent in speed
and in movement. In static conditions, the size and volume of static stimuli
were constant.

The visual stimuli were presented in the center of the screen at a view-
ing distance of ∼80 cm from the eyes of the participants and were generated
with MATLAB Version: 9.13.0 (R2022b) (MathWorks, 2022) and the Psy-
chophysics Toolbox (Brainard, 1997). The stimuli consisted of a disk that was
either white on a black background or black on a white background, random-
ized across blocks of trials, and were presented with a 50% contrast. They
were symmetrically expanded from 7° to 13° diameter (looming condition)
or contracted from 7° to 1° diameter (receding condition). In the slow condi-
tion, the expansion and contraction lasted for 500 ms. In the fast condition,
the movement lasted for 250 ms (i.e., acceleration ×2 of the slow condition).
Then static visual information was added at the end of each visual fast stim-
ulus for the other 250 ms. In static conditions, the size of visual stimuli was
constant (see Fig. 1A).

The auditory stimuli differed by 2 dB of those used in the original study
of Cappe et al. (2009). They were presented binaurally over insert earphones
(Etymotic model ER3XR; Etymotic, 2023), were 1000-Hz tones composed of
a triangular waveform and generated with Adobe Audition software (Adobe
Systems Inc., San Jose, CA, USA). To prevent the occurrence of clicks, 10 ms
onset and offset ramps composed the auditory stimuli which were sampled
at 44.1 kHz. The intensity of the tones either increased (looming condition)
or decreased (receding condition) by 10 dB approximately linearly during
500 ms in the slow condition. In the fast condition, an acceleration ×2 was
not effective in perceiving faster movement. In order to enhance perception
of fast stimuli, the movement duration was set to 220 ms for auditory condi-
tions. Static auditory information was added at the end of each fast auditory
stimulus. In static conditions, the volume of auditory stimuli was constant (see
Fig. 1B).

2.4. Procedure

Participants sat in a silent and dimly lit room to complete a go/no-go detection
task validated in a sample of young adults (Cappe et al., 2009). When a mov-
ing stimulus appeared (go condition), participants were instructed to press a
response button with their dominant hand, and conversely, when a static stim-
ulus (no-go condition) was presented, participants were told not to press it.
Participants had to respond to the stimulus as fast and as accurately as they
could. Reaction times in go conditions and accuracy in go as well as in no-go
conditions were recorded and analyzed.

http://dx.doi.org/10.1163/22134808-bja10103
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Figure 1. Experimental stimuli. (A) The movement of visual stimuli symmetrically expanded
(looming) or contracted (receding) over the duration of 500 ms in the slow speed and 250 ms in
the fast speed conditions. (B) In the auditory modality, the perception of movement was induced
by rising-intensity (looming) or falling-intensity (receding) complex tones during 500 ms in the
slow speed and 220 ms in the fast speed. Static information was added at the end of fast visual
and auditory stimuli so that all experimental conditions had a duration of 500 ms.

There were 15 experimental stimulations varying in modality, movement
and speed. Each stimulus was presented 50 times and was randomly inter-
mixed within 10 blocks of 75 trials each. After a cross fixation time (cross fix-
ation 1) varying between 800 and 1400 ms (randomly assigned in each trial), a
stimulus was presented for 500 ms during which participants’ responses were
recorded. Another period of cross fixation of 1000 ms (cross fixation 2) was
added to record participants’ responses after the stimulus presentation (see
Fig. 2). Thus, participants could respond both during the stimulus presenta-
tion and the fixation cross 2, leading to the recording of responses from the
presentation of stimuli to 1500 ms post stimulus.

All stimuli were presented using EvenTIDE software version 2017.1.2
(Okazolab, London, UK). Go conditions (i.e., dynamic stimuli) occurred 80%
of the time.
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Figure 2. Experimental paradigm. Example of two successive trials.

2.5. Data Analysis

2.5.1. Autistic Traits and Sensory Profiles
We examined the relationship between the AASP and the AQ scores using
Pearson correlations. As the scores of the two questionnaires correlated posi-
tively (see section 3.1. Autistic Traits and Sensory Profiles), we used the AQ
only to explore the relationship between autistic traits and responses to the
behavioral experiment. To do so, we split our population into two groups
according to the median score of the AQ, resulting in a high-AQ group (AQ+,
n = 19, male = 7) and a low-AQ group (AQ−, n = 19, male = 3). As no
gender effect was found on reaction times (males: mean = 526.99 ms, SD =
159.56 ms; females: mean = 535.27 ms, SD = 171.31 ms; Z = −1.52, p =
0.129), on percentage of correct responses in go conditions (males: mean =
0.86%, SD = 0.17%; females: mean = 0.87%, SD = 0.15%; Z = −1.19,
p = 0.235), as well as on percentage of correct responses in no-go conditions
(males: mean = 0.87%, SD = 0.12%; females: mean = 0.85%, SD = 0.14%;
Z = 0.612, p = 0.541), this variable was not included in the analysis.

2.5.2. Outlier Rejection Process
In the analysis of reaction times (RTs), RTs occurring earlier than 150 ms
post stimulus onset were considered as anticipated. RTs occurring later than
1000 ms post stimulus onset were interpreted as misses. Thus, only responses
with RTs between 150 ms and 1000 ms were included. The accuracy anal-
ysis (incorrect and correct responses, see below) was based on the overall
responses, including responses with RTs earlier than 150 ms and later than
1000 ms post stimulus. For both the analysis of RTs and accuracy, participants
with less than 10 responses per go condition were excluded. This criterion led
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to the exclusion of the data of five participants, giving a final analyzed sam-
ple of 38 participants. In total, the mean and the standard deviation of trial
numbers per condition included in the RT analysis were 40.94 (±6.05) for the
AQ− group and 43.67 (±4.7) for the AQ+ group. The accuracy analysis was
based on 43.04 trials (±8.05) per condition for the AQ− group and 45.06 trials
(±6.29) per condition for the AQ+ group.

2.5.3. Generalized Linear Mixed-Effects Models
Accuracy and RTs for go conditions were analyzed using generalized linear
mixed-effects models (GLMMs) where the modality (A: auditory vs V: visual
vs AV: audiovisual), the movement (L: looming vs R: receding), the speed
(F: fast vs S: slow) and the AQ group (AQ+ vs AQ−) were considered as
fixed effects while the subject parameter was considered as a random effect.
Accuracy for no-go conditions was analyzed using another GLMM where the
modality (A: auditory vs V: visual vs AV: audiovisual) and the autistic person-
ality group (AQ+ vs AQ−) were considered as fixed effects while the subject
parameter was considered as a random effect.

While the GLMM of RTs was computed using a gamma distribution family
and an identity link function, as implemented in the lme4 library in R software,
the GLMMs of correct responses (for go and no-go conditions) were computed
with a binomial family and a logit link function, as also established in the lme4
library in R software (Bates et al., 2015). The binary response variable was
the accuracy of the response whereby 1 = correct response and 0 = incorrect
response. Mixed models provide more accurate estimates than those based
on second-level statistics (the scores of each subject) because they take into
account the number of trials used to compute each score.

Nakagawa’s R2 was used to assess the model’s goodness of fit (see Table 1).
To test the GLMM statistically, Wald chi-squared tests were used and post-
hoc tests were subsequently conducted using Wilcoxon rank tests with a False
Discovery Rate correction (FDR; Benjamini and Hochberg, 1995). Results
were considered significant at p < 0.05. Because the quality of the model
of no-go conditions was weak (R2 = 0.05, see Table 1), results focused on
models of go conditions.

Table 1.
Generalized linear mixed-effects models for go conditions and no go conditions

Conditions Models R2

Go conditions Reaction times ∼ Modality × Movement × Speed × AQ Group 0.89
Accuracy ∼ Modality × Movement × Speed × AQ Group 0.17

No go conditions Accuracy ∼ Modality × AQ Group 0.05
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2.5.4. Race Model Analysis
Our psychophysical index of MSI was based on Miller’s Race Model (Miller,
1982), a stringent and established behavioral metric of MSI based on RTs.
According to this model, a behavior benefit can occur because the multisen-
sory stimulus is composed of two signals to trigger a response (e.g., auditory
and visual), and the fastest signal wins. This race between the two unisensory
signals can lead to faster RT to multisensory stimuli because of probability
summation. The model is tested as follows: for any latency t , predicted cumu-
lative probability (CP) values of multisensory stimuli (TRAV) are calculated
by summing the CP of each unisensory stimulus (TRA and TRV) from which
the expression of their joint probabilities is subtracted:

Predicted CP · (TRAV � t) = CP · (TRA � t)+ CP · (TRV � t)− CP · (TRA � t) ∗ CP · (TRV � t)

A ‘Miller Inequality’ value is calculated by subtracting the value predicted
by the race model from the CP of the participants’ RTs to the AV stimulus.
Positive values represent the violation of the race model and suggest that
sensory inputs interacted during processing to facilitate RT. To compare the
Miller inequality values between AQ groups, non-parametric permutation tests
(10 000 permutations) based on the t-statistic were computed. The same sta-
tistical tests were used to test the significance of the model violation in each
AQ group.

3. Results

3.1. Autistic Traits and Sensory Profiles

The global score of the AQ ranged from 3 to 36 with a mean of 16.94 (SD =
7.41) and a median of 14. The mean score of the AASP was 157.62 (SD =
21.93) with a range from 92 to 207 and a median of 155. In agreement
with the literature (Horder et al., 2014; Mayer, 2017), the global scores of
these two questionnaires were positively correlated (r = 0.57, p < 0.001;
see Fig. 3), meaning that the more the participants present autistic charac-
teristics, the more they have sensory particularities. These results support the
dimensional model of ASD which proposes that both spheres of autistic char-
acteristics (impairment in social interaction and atypical behaviors including
sensory peculiarities) extend in the general population. Because the AQ has
been extensively used in the literature to study autistic personality traits and
assesses more specific personality dimensions of ASD than the AASP does,
which only focuses on sensory functioning, we decided to use only the AQ to
explore the relationship between autistic traits and responses to the behavioral
experiment. Additional analysis with the AASP is explored in the Supplemen-
tary Material.

http://dx.doi.org/10.1163/22134808-bja10103
https://doi.org/10.6084/m9.figshare.23152049
https://doi.org/10.6084/m9.figshare.23152049
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Figure 3. Correlation representation between the Autisasm Spectrum Quotient (AQ) and the
sensory profile (AASP). The regression line and the confidence intervals are represented by the
solid line and shaded, respectively.

3.2. Generalized Linear Mixed-Effects Models

3.2.1. Accuracy
The mean performance reached 88% in the go conditions (SEM = 0.008%)
and 85% in the no-go conditions (SEM = 0.02%).

A significant main effect of the group was found, owing to the higher
accuracy in the AQ+ compared to the AQ− group (Z = 10.41, p < 0.0001;
see Fig. 4A). A significant main effect of the modality, χ2(2) = 1141.88,
p < 0.001, showed a lower accuracy in the auditory modality than in either
the audiovisual (Z = −29.24, p < 0.0001) or the visual (Z = −28.47, p <

0.0001) modality.
A significant Modality × Group interaction, χ2(2) = 6.58, p < 0.05,

revealed that only the AQ+ group had a higher accuracy in the audiovisual
modality compared to the visual modality (Z = 2.54, p = 0.01; see Fig. 4B).

A significant main effect of the movement revealed a higher accuracy
in the looming conditions compared to the receding conditions (Z = 19,
p < 0.0001). This result is possibly attributable to a significant Modality ×
Movement interaction, χ2(2) = 198.85, p < 0.001, showing a higher accu-
racy in the looming condition than in the receding condition only within the
auditory modality (Z = 22.34, p < 0.0001). The Modality × Speed × Group
interaction was significant, χ2(2) = 10.21, p < 0.01 and revealed that the
AQ− group had a lower accuracy in the auditory slow condition than the AQ+
group, whatever the condition (AF: Z = −10.12, p < 0.0001; AS: Z = −9.75,
p < 0.0001; VF: Z = −3.75, p < 0.0001; VS: Z = −2.45, p < 0.0001; AVF:
Z = −5.08, p < 0.0001; AVS: Z = −4.61, p < 0.0001). No other significant
interactions were found (p > 0.11).
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Figure 4. Accuracy and reaction times (RTs) across Autism Spectrum Quotient (AQ) groups
and sensory modalities. To represent the results of the binomial generalized linear mixed-effects
models (GLMMs) (1 = correct response; 0 = incorrect response), binary values of the model
were transformed into a rate of correct responses. (A) Individual transformed binary values
(left) and Individual RTs (right) for the high and low AQ group. (B) Individual transformed
binary values (left) and Individual RTs (right) for the AQ groups across the sensory modalities
(audiovisual, visual and auditory respectively). In each plot, the median, the interquartile range,
and the density are represented. ***, p < 0.0001; *, p < 0.05.

3.2.2. Reaction Times (RTs)
A significant main effect of the group revealed that the AQ+ group detected
depth movement faster than the AQ− group (Z = −14.76, p < 0.0001; see
Fig. 4A).

A significant main effect of the modality was found, χ2(2) = 18 578.62,
p < 0.001, RT was shorter in the audiovisual modality than in either the
visual (Z = −8.27, p < 0.0001) or the auditory (Z = 60.83, p < 0.0001)
modality (see Fig. 4B). A significant Modality × Group interaction, χ2(2) =
401.13, p < 0.0001, revealed that the AQ+ group were particularly faster in
the audiovisual modality compared to the AQ− group whatever the modality
(A: Z = −48.8, p < 0.0001; V: Z = −18.47, p < 0.0001; AV: Z = −13.15,
p < 0.0001).

A significant main effect of movement revealed shorter RTs in looming con-
ditions compared to receding conditions (Z = −2.81, p < 0.01). As revealed
by a significant Movement × Group interaction, χ2(1) = 21.66, p < 0.0001,
the AQ+ group was faster in the looming conditions compared to the AQ−
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group whatever the movement condition (looming: Z = −8.42, p < 0.0001;
receding: Z = −12.8; p < 0.0001).

A significant Movement × Modality interaction, χ2(3) = 598.511, p <

0.001, showed that RTs were significantly shorter when an audiovisual loom-
ing stimulus was presented compared to unisensory looming stimuli (AL:
Z = −44.5, p < 0.0001; VL: Z = −6.79, p < 0.0001), unisensory reced-
ing stimuli (AR: Z = −43.81, p < 0.0001; VR: Z = −10.88, p < 0.0001)
and audiovisual receding stimuli (Z = −5.3, p < 0.0001). A Movement ×
Modality × Group interaction, χ2(2) = 79.63, p < 0.0001, showed interest-
ingly that the AQ+ group was particularly faster in the audiovisual looming
condition compared to the AQ− group, (AL: Z = −35.93, p < 0.0001; AR:
Z = −34.17, p < 0.0001; VL: Z = −13.93, p < 0.0001; VR: Z = −15.95,
p < 0.0001; AVR: Z = −12.78, p < 0.0001; see Fig. 5A).

A main effect of the speed revealed shorter RTs to fast stimuli relative to
slow stimuli (Z = −9.15, p < 0.0001). As revealed by the Speed × Group
interaction, χ2(1) = 8.62, p < 0.01, the AQ+ group presented shorter RTs
in fast conditions compared to the AQ− group, whatever the speed condition
(slow: Z = −8.4, p < 0.0001; fast: Z = −6.78, p < 0.0001).

A Speed × Modality interaction, χ2(2) = 335.98, p < 0.001, showed
that RTs were significantly shorter in the audiovisual fast condition com-
pared to unisensory fast (VF: Z = −6.73, p < 0.0001; AF: Z = −44.29, p <

0.0001), unisensory slow (VS: Z = −12.82, p < 0.0001; AS: Z = −46.22,
p < 0.0001) and audiovisual slow (Z = −7.18, p < 0.0001) conditions.
A Speed × Modality × Group interaction, χ2(2) = 106.61, p < 0.0001,
revealed that the AQ+ group presented particularly shorter RT in the audiovi-
sual fast condition compared to the AQ− group, whatever the condition (AF:
Z = −35.93, p < 0.0001; AS: Z = −35.55, p < 0.0001; VF: Z = −13.53,
p < 0.0001; VS: Z = −17.69, p < 0.0001; AVS: Z = −14.25, p < 0.0001;
see Fig. 5B).

There was a significant Speed × Movement interaction, χ2(1) = 26.83,
p < 0.001, demonstrating that RTs were shorter in the fast looming condition
compared to slow movements (LS: Z = −7.44, p < 0.0001; RS: Z = −8.32,
p < 0.0001) and fast receding (Z = −2.81, p < 0.01) condition.

Interestingly, a significant Speed × Modality × Movement interaction,
χ2(1) = 26.83, p < 0.001, revealed particularly shorter RT when an audio-
visual fast looming stimulus was presented compared to all other condi-
tions (ALF: Z = −32.02, p < 0.0001; ALS: Z = −34.24, p < 0.0001; VLF:
Z = −5.29, p < 0.0001; VLS: Z = −10.03, p < 0.0001; ARF: Z = −32.23,
p < 0.0001; ARS: Z = −32.1, p < 0.0001; VRF: Z = −8.65, p < 0.0001;
VRS: Z = −12.46, p < 0.0001; AVRF: Z = −3.94, p < 0.0001; AVRS:
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Z = −8.7, p < 0.0001; AVLS: Z = −5.3, p < 0.0001). It is important to add
that shorter RTs in the audiovisual looming condition compared to unisen-
sory conditions, as well as the audiovisual receding condition, were found in
each speed presentation (ALS: Z = −31.22, p < 0.0001; VLS: Z = −4.31,
p < 0.0001; ARS: Z = −29.95, p < 0.0001; VRS: Z = −6.86, p < 0.0001;
ARVRS: Z = −3.62, p < 0.001. For fast speed, Z < −3.94, p < 0.0001, see
above).

Moreover, as indicated by a significant Speed × Modality × Movement ×
Group interaction, χ2(2) = 33.76, p = 0.0001, the RTs of the AQ+ group
in the audiovisual fast-looming condition were shorter than those of the
AQ− group, whatever the condition (ALF: Z = −26.26, p < 0.0001; VLF:
Z = −10.37, p < 0.0001; AVLF: Z = −6.27, p < 0.0001; ARF: Z = −25.36,
p < 0.0001; VRF: Z = −11.51, p < 0.0001; AVRF: Z = −8.99, p < 0.0001;
ALS: Z = −26.53, p < 0.0001; VLS: Z = −13.01, p < 0.0001; AVLS:
Z = −10.28, p < 0.0001; ARS: Z = −24.22, p < 0.0001; VRS: Z = −14.62,
p < 0.0001; AVRS: Z = −12.23, p < 0.0001). Interestingly, the AQ+ group
were faster in each experimental condition (Z < −5.28, p < 0.0001) com-
pared to the AQ− group, except in auditory conditions.

Figure 5. (A) Mean of reaction times (RTs) in looming and receding conditions across sensory
modalities according to intragroup differences (at the top) and intergroup differences (at the
bottom). Both Autism Spectrum Quotient (AQ) groups were faster in the audiovisual looming
condition, and the AQ+ group presented particularly shorter RTs in such a condition. (B) Mean
RTs in fast and slow conditions across sensory modalities according to intragroup differences
(at the top) and intergroup differences (at the bottom). Participants’ RTs were shorter in the
audiovisual fast condition, and the AQ+ group was significantly faster in this condition. Error
bars represent the standard error of the mean (SEM). ***, p < 0.0001; **, p < 0.001.
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3.3. Race Model Analysis

A race model analysis was applied to the RTs of all participants to determine
whether shorter RTs in the multisensory condition exceeded the values pre-
dicted by the statistical summation of the fastest unisensory responses (see
section 2.5.4. Race Model Analysis).

3.3.1. Intergroup Analysis
Permutation tests were computed to statistically compare the Miller inequal-
ities between AQ groups. Significant group differences were found in the
receding fast condition at the 15th percentile (p < 0.01), as well as in the
looming fast condition from the 50th to the 55th percentile (p < 0.05; see
Fig. 6).

3.3.2. Intragroup Analysis
Moreover, the reliability of the race model violations in each AQ group was
computed. In both groups, significant violations of the model were found in
the slow conditions — from the 0th to 10th percentile in the receding slow
condition and from the ∼5th to the 30th in the looming slow condition (p <

0.05). Interestingly, in fast conditions, the violation of the model occurred in
a greater range of RTs in AQ+ than AQ− (p < 0.05; see Fig. 6).

Figure 6. Results of applying Miller’s race model inequality to the cumulative probability
distributions of the reaction time (RT). The model is the arithmetic sum of the cumulative prob-
abilities from unisensory and multisensory trials. The x-axis indicates the percentile of the RT
distribution. *, significant differences of Miller inequalities between Autism Spectrum Quotient
(AQ) groups (p < 0.05). Significant violations of the race model in each AQ group are also
indicated.
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4. Discussion

Because autism is a spectrum disorder that extends into the general popula-
tion, working on autistic personality traits could allow a better understanding
of sensory particularities all along the spectrum. This study aimed at explor-
ing the multisensory integration of depth cues across different speeds in the
autistic personality spectrum, using a go/no-go detection task. Participants
with a high-autistic personality (AQ+) were faster and better at discriminating
moving information than participants with a low-autistic personality (AQ−).
All participants presented multisensory facilitation in their RTs but this phe-
nomenon was extended to the number of correct responses only for the AQ+
group. Moreover, the AQ+ group were particularly fast to detect audiovisual
looming stimuli, as well as high-speed audiovisual stimuli. The application of
a specific model of MSI highlighted different integrative interactions of high-
speed stimuli in the AQ+ group.

The present study sample was mainly composed of females (73.68%). Any
gender effect was found in participants’ responses (RTs and accuracy). No
study, to our knowledge, has explored the gender effect in multisensory inte-
gration using a simple detection paradigm with non-social stimuli, so gender
was not further considered in the present study. More precisely, the gender
effect on multisensory integration has only been demonstrated in paradigms
exploring the integration of multisensory emotion expressions (Collignon et
al., 2010; Lin et al., 2021). Other studies have shown controversial results
regarding the McGurk effect (Mallick et al., 2015; Traunmüller and Öhrström,
2007).

4.1. The Group Effect: Hypersensitivity to Sensory Events

As commonly found in the literature (e.g., Horder et al., 2014; Mayer, 2017),
AQ correlated with the sensory profile (AASP). Specifically, the more partic-
ipants manifested autistic traits, the more they avoided sensations, presented
higher sensory sensitivity, and inattention to certain stimuli (low registration).
A hypersensitive individual will seek to protect himself from external stim-
uli by avoiding them and will manifest a poor attention span through being
overloaded by sensory stimuli. Because our data highlighted a higher global
sensory sensitivity in the AQ+ group compared to the AQ− group, it might be
possible that the group effects observed in the behavioral task rely on a higher
responsiveness to sensory stimulation. This is in line with sensory theories
proposing hypersensitivity to sensory events as the core of ASD functioning.

Specifically, the intense world theory (Markram and Markram, 2010)
showed evidence of hyperreactivity, hyperconnectivity, as well as hyperplas-
ticity at the cortical (notably sensory cortex) and subcortical levels in ASD.
These dysfunctions probably involve an imbalance in the excitatory (gluta-
mate) and inhibition (GABA) systems which was highlighted in ASD (the
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theory of E/I: Rubenstein and Merzenich, 2003) and the high-autistic person-
ality (Kondo and Lin, 2020). According to Markram and Markram (2010), this
cortical hyperfunctioning leads to hypersensitivity to sensory events, causing
atypical sensory responses. A higher sensory sensitivity in AQ+ participants
may have caused hyperreactivity to the stimuli displayed and consequently
generated shorter RTs and a higher number of correct responses compared to
AQ− participants. In addition, the study by Thillay et al. (2016) revealed an
overanticipation in ASD participants when stimuli are randomly presented,
i.e., in an unpredictable way, leading to overdetection. More concretely, the
authors reported shorter RTs to detect a target in a random design associated
with an amplitude increase in a cerebral component preceding the presentation
of the stimulus (Contingent Negative Variation) in ASD. These results have
been suggested to reflect enhanced preparatory mechanisms in ASD. In this
vein, our experimental paradigm consisted of 15 different stimuli presented
in random order, leading to a high variability of the information displayed
which might have led to an overanticipation and a faster reactivity in AQ+.
Clinically, overanticipation in subjects with ASD when the context is less pre-
dictable could be linked to their difficulties handling changes in everyday life.
In EEG studies, change detection in ASD has been investigated based on the
mismatch negativity component (MMN). In ASD, differences in this compo-
nent were found when using complex social stimuli (Kovarski et al., 2021),
and simple visual and auditory stimuli (e.g., Cléry et al., 2013; Green et al.,
2020). Atypical MMN was also reported in subjects without ASD but with
high-autistic traits (Gayle et al., 2012).

4.2. The Sensory Modality Effects

In line with previous studies using stationary/moving discrimination tasks of
multisensory information (Cappe et al., 2009; Harrison et al., 2010), par-
ticipants were slower in the auditory modality. This is inconsistent with the
current understanding of the auditory system, which exhibits a faster informa-
tion processing time than the visual system, generally leading to shorter RTs
(Shelton and Kumar, 2010). A tentative explanation of our results is related
to the well-established expertise of the visual system for processing move-
ment. Indeed, visual movement provides crucial information, such as locating
a target and establishing the precise movements to catch it or avoid danger. In
particular, correctly detecting depth movement allows us to avoid a threat or
pursue a target, and may foster social interactions (Cappe et al., 2009). Thus,
spatial characteristics are fundamentally processed differently in the visual and
auditory systems. More concretely, while the direction of movement within the
visual system is explicitly represented at the level of the single cell, the vast
majority of neurons in the auditory system respond to specific ranges of acous-
tic frequencies once they have inputs from specific regions of the cochlea. At
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the cortical level, the specificity of the visual system to process motion is iden-
tified from V1 and spreads in many other cortical areas and mainly in the MT
and MST areas (for a review, see Ilg, 2008). At the auditory level, while there
is some evidence for motion sensitivity and direction selectivity in the A1
and the planum temporale (e.g., Alink et al., 2012; Lewis, 2000), no specific
auditory cortical region has been identified for processing motion. Thus, it is
quite possible that the auditory information reaches the cortical networks of
the auditory system more quickly but that the processing of moving informa-
tion is less efficient than in the visual system, resulting at the behavioral level
in a slower RT in the auditory modality.

Furthermore, as classically reported in detection tasks of unisensory and
multisensory information, participants presented multisensory facilitation of
their RTs, but interestingly, only AQ+ showed higher correct responses in
the audiovisual condition relative to unisensory ones. In addition, AQ+ pre-
sented particularly short RTs to detect audiovisual stimuli. Some research
investigating the multisensory integration of simple stimuli according to autis-
tic traits in non-ASD subjects used the simultaneity judgment task (Donohue
et al., 2012), or the flash-beep illusion task (Yaguchi and Hidaka, 2018) to
study the TBW. Their results indicated that the more autistic traits the par-
ticipant had, the larger his TBW. The use of different approaches (temporal
processing vs multisensory facilitation) to assess MSI does not make a direct
comparison with our results relevant. However, it is possible that subjects with
high-autistic traits present a widening of the TBW that facilitates MSI and con-
sequently maximizes multisensory facilitation. Furthermore, one recent study
(van Laarhoven et al., 2019) using social stimuli (audiovisual speech) in a
multitask paradigm to assess MSI in the autistic personality, revealed that a
high AQ score was related to a reduced sensitivity to the McGurk illusion and
a reduced visual enhancement of speech comprehensibility in noise. This is in
line with results in the literature proposing alterations of MSI in ASD when
using social information (for a review, see Feldman et al., 2018). Moreover,
studies using a multisensory detection task of simple non-social information
are clinical comparative studies (ASD vs Control subjects) and have demon-
strated either equal multisensory facilitation to controls (Brandwein et al.,
2015; de Boer-Schellekens et al., 2013; Stefanou et al., 2020; Stewart et al.,
2016) or degraded multisensory facilitation in subjects with ASD (Ainsworth
et al., 2021; Brandwein et al., 2013; Collignon et al., 2013; Molholm et al.,
2020; Ostrolenk et al., 2019). Thus, our study is the first to investigate the
mechanism of multisensory facilitation according to autistic traits and propose
it as being improved in subjects with high-autistic traits. This heterogeneity at
the behavioral level could be the consequence of a distinct cortical network of
MSI, as all studies using neuroimaging techniques demonstrated that sensory
merging in ASD occurred at different topographies and latencies compared

http://dx.doi.org/10.1163/22134808-bja10103


20 R. Poulain et al. / Multisensory Research (2023)

to control participants (Brandwein et al., 2013, 2015; Molholm et al., 2020;
Russo et al., 2010; Stefanou et al., 2020). In addition, structural, anatomic,
and functional differences in the superior temporal sulcus, an important site
of audiovisual multisensory integration (for a review, see Beauchamp, 2010),
have been demonstrated in participants with ASD compared to control partic-
ipants (for a review, see Zilbovicius et al., 2013). We can add that the authors
of the enhanced perceptual functioning model, a well-established ASD model
(Mottron and Burack, 2001; Mottron et al., 2006), proposed that cerebral plas-
ticity in low-level brain areas in ASD leads to enhanced activation in these
specific brain areas, referred to as ‘areas of strength’, generating a preference
toward a low level of processing. MSI implicates interactions of the primary
cortexes between different areas of sensory processing (Cappe and Barone,
2005), meaning that the merging of the senses occurs in the early stages of
sensory processing. Thus, it is quite possible that the merging of sensory infor-
mation may be the core of a ‘surfunctioning’ mechanism leading to differences
in brain integration of multisensory information.

4.3. The Speed Effect in Our Experimental Paradigm

Participants with high-autistic traits (AQ+) manifested particularly shorter
RTs in the fast-speed audiovisual conditions. In addition, a widely used MSI
model (the race model) revealed a higher number of cues supporting inte-
grative processes (model violations) in the fast-speed conditions for AQ+.
Contrary to our results, many studies exploring the effect of speed on the
perception of ASD showed response enhancement in slow-speed conditions,
whether the stimuli used were unisensory (Lainé et al., 2009; Tardif et al.,
2007) or multisensory (Lainé et al., 2008; Meiss et al., 2015; Tardif et al.,
2007). A tentative explanation for these discrepant results is that the effect of
speed on participants’ responses differs depending on the level of processing
required in the experimental paradigm. More concretely, the methodologi-
cal differences with the studies cited above may have led to these divergent
results. The latter used complex social stimuli in behavioral imitation and
emotion or word recognition paradigms. Considering the difficulties with tasks
demanding high-level processing commonly highlighted in ASD (Mottron and
Burack, 2001; Mottron et al., 2006), a slower speed of presentation generates
beneficial effects in processing information and establishing adapted behav-
iors in such complex tasks. This is in line with the current knowledge in ASD
of an oversensitivity to simple, non-social stimuli; for example, in clinical
observations: the sound of “[. . . ] alarms in general [. . . ] caused a sensation
inside my skull like the pain from a dentist’s drill” and, conversely, diffi-
culties in processing social material: “When grownups talked fast, I heard
only the vowel sounds [. . . ]. But by speaking slowly, the speech therapist
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helped me to hear the hard consonant sounds [. . . ]” (Grandin, 1995). Beyond
using simple, nonsocial stimuli, we used a simple detection task. A particu-
larly well-documented finding is the excellence of subjects with ASD in such
tasks. For instance, in visual search (e.g., Joseph et al., 2009; Plaisted et al.,
1998), subjects with ASD manifest shorter RTs than control subjects. This
superiority in visual search was also found in subjects without ASD but with
high-autistic traits (Almeida et al., 2010). It would be interesting to set up a
study using tasks with progressive complexity to identify the level of process-
ing that generates difficulties in ASD, which seems to be the focus of some
current research (e.g., Ainsworth et al., 2019, 2021; Stevenson et al., 2018).
Using a different population from the studies that worked on the effect of speed
could also explain the inconsistency in the results.

An alternative explanation is associated with the linearity of motion pro-
cessing particularities in the autistic spectrum. The present research focused
on autistic traits in the general population, whereas the literature used par-
ticipants with ASD. According to the dimensional model of ASD, the more
autistic traits the person presents, the more the person suffers from sensory
particularities. In this context, if we consider a linear expression of sensory
particularities throughout the autistic spectrum, ASD individuals are at the
extreme of the spectrum with a more severe impairment than autistic per-
sonality individuals. Thus, as overresponsiveness to sensory moving events
was found in the high-autistic personality in this study, exacerbated with fast
speed, the expression of such sensory particularities at the other extreme of
the ASD spectrum is likely to be even more severe. In other words, if we
find sensory particularities in people with high-autistic traits, these particular-
ities will be more intensely expressed in ASD and thus lead to impairments.
This could explain the pronounced difficulties in ASD in processing informa-
tion at a fast speed and, consequently, the beneficial effect of slowing down
the speed of presentation. This is in line with previous studies finding atypia
in sensory processing in subjects without ASD but with high-autistic traits
that were exacerbated in ASD subjects (e.g., Mayer, 2017; Takayama et al.,
2014).

In addition, we should mention that the characteristics of the stimuli dif-
fered according to the speed of presentation (the movement lasted 500 ms
in slow-speed conditions and 250 ms in fast-speed conditions, after which
the participant did not receive any information on the motion aspect of the
stimulation). Consequently, the characteristics of the fast speed stimulations
induced the speed effect. Future investigations could investigate this effect by
developing an experimental paradigm consisting of stimulation with different
presentation durations.
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4.4. The Specific Integration of Looming Signals

Participants manifested shorter RTs in the looming audiovisual conditions,
whatever the presentation speed. We thus replicated the robust behavioral
effect of multisensory integration of looming movement (Cappe et al., 2009)
and extended this result by using different speeds. According to the theory
of the intense world (Markram and Markram, 2010), sensory hypersensitivity
in ASD generates strategies such as preference selection and active avoid-
ance of stimuli. Hyperpreference processing in the sensory domain could lead
to exaggerated selectivity, sensitivity, and specialization of sensory features
and hence hyperperception. Because looming signals are involved in social
interaction, such social cues can be anxiety-inducing for ASD people and
high-autistic personalities. Thus, the infant faced with looming movements
during development could learn to actively avoid such high arousal level stim-
uli and to over-react to them. Indeed, Hu et al. (2017) found in a very young
ASD sample (3–4 years), a lack of behavioral reactivity to aversive looming
signals associated with weak connectivity in a structural pathway involved in
looming-evoked defensive responses. Similar results showed postural hypore-
activity to expansion movement in children of 7–11 years (Gepner and Mestre,
2002) and in an adolescent sample (12–15 years; Greffou et al., 2012) but not
in older participants (16–33 years; Greffou et al., 2012). Taken together, these
results suggest that sensitivity to looming movement could be dependent on
social experience in the autistic spectrum. In addition, because the multisen-
sory signal is all the more informative (auditory looming + visual looming),
it is expected that people with high-autistic traits reacted faster to this one.
As a speed effect was found in the present study, an adaptation to the speed
presentation could be applied to react efficiently to the stimuli. Longitudinal
studies would be useful to better define the developmental trajectory of loom-
ing movement integration within the autistic spectrum.

5. Summary

In conclusion, this study supports the presence of sensory particularities in
people with high-autistic traits, particularly regarding the multisensory inte-
gration of looming cues and fast-moving stimuli. As our environment is pre-
dominantly dynamic and multisensory, studying such information is essential.
This study contributes to better defining the difficulties experienced on a daily
basis throughout the spectrum and supports evidence that low-level stages of
multisensory integration may operate differently all along the autistic per-
sonality spectrum. These findings extend to the whole autistic spectrum the
growing discussion about the subsequential effect of basic perceptual particu-
larities on the development of social abilities.
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