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Abstract

Although impairment in sensory integration is suggested in the autism spectrum (AS), empirical evidences remain equivo-
cal. We assessed the integration of low-level visual and tactile information within and across modalities in AS and typically
developing (TD) individuals. TD individuals demonstrated increased redundancy gain for cross-modal relative to double
tactile or visual stimulation, while AS individuals showed similar redundancy gain between cross-modal and double tactile
conditions. We further observed that violation of the race model inequality for cross-modal conditions was observed over a
wider proportion of the reaction times distribution in TD than AS individuals. Importantly, the reduced cross-modal inte-
gration in AS individuals was not related to atypical attentional shift between modalities. We conclude that AS individu-
als displays selective decrease of cross-modal integration of low-level information.
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The autism spectrum (AS) is a complex neurodevelopmental
condition that is defined by socio-communicative difficul-
ties and the presence of restricted interests and repetitive
behaviours. Although atypical sensory abilities have previ-
ously been associated with the AS’s behavioural and cogni-
tive profiles, they only became recently considered as one
of AS’s core clinical features, defined by the hyper or hypo-
reactivity to different sensory inputs or unusual interests in
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sensory aspects of the environment (DSM-5-American Psy-
chiatric Association 2013). Although most research regard-
ing sensory abilities in the AS has focused on unimodal vis-
ual or auditory processes, understanding the different aspects
of sensory integration and how they relate to characteristic
behaviors in the AS is arguably more representative com-
pared to subjective reports in this population (Baum et al.
2015; Stevenson et al. 2016; Wallace and Stevenson 2014;
Tarocci and McDonald 2006; Marco et al. 2011). Indeed,
individuals with AS often describe a general impression of
“sensory overload” and difficulties in processing information
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when stimuli are received through more than one sensory
modality at a time, as is the case when walking in a noisy
crowd or being in an environment where several objects
stimultaneously stimulate the eyes and ears (O’Neill and
Jones 1997; Bonneh et al. 2008). There is growing evidence
that cross-modal integration is associated with higher-level
socio-communicative functioning, repetitive behavior, and
restricted interests in the AS (Baum et al. 2015; Cascio et al.
2016; Stevenson et al. 2017). Atypical sensory integration
could arguably have a cascading effect on the subsequent
and increasingly complex stages of information processing,
ultimately impacting large-scale neural functions mediating
communication and social interactions in the AS (Stevenson
et al. 2014a; Bahrick 2010; Bahrick and Todd 2011; Noel
et al. 2018).

The behavioral outcome of sensory integration is often
investigated through simple reaction time (SRT) para-
digms, with significant decrease in reaction time (RT)
when two or more stimuli are presented simultaneously
rather than individually (Todd 1912). This effect is clas-
sically referred to as the Redundant Signal Effect (RSE;
Hershenson 1962; Raab 1962). Different explanations have
been put forward to account for the observation of the
RSE. The most common are the Race and the Coactivation
models. The Race model proposes that each individual
stimulus elicits an independent detection process. For a
given trial, the fastest stimulus determines the observable
RT. On average, the time to detect the fastest of several
redundant signals is faster than the detection time for a
single signal. Therefore, the speeding up of reaction time
is attributable to statistical facilitation. When the predic-
tion of the Race model is violated and the activation of
two stimuli in combination induces faster responses than
simple probabilistic summation, the speed-up in reaction
times is associated with some form of sensory integration
[although whether it represents the merging of the sig-
nals into a single signal before the decision, or whether it
relates to specific neurophysiological processes, remains
debated (Otto and Mamassian 2012)].

Although several studies have assessed cross-modal inte-
gration in AS individuals (Collignon et al. 2013), our under-
standing of atypical integration in this population remains
equivocal (Wallace and Stevenson 2014). One hypothesis
proposes that the ability of AS individuals to integrate cross-
modal information is contingent on the type of information
that is integrated (Magnée et al. 2008; Bebko et al. 2006;
Mongillo et al. 2008). Specifically, it is hypothesized that
less efficient integrative abilities are specific to social infor-
mation in AS (i.e. emotions, language, voices, etc.), pos-
sibly due to the more complex and variable nature of social
stimuli (Adolphs 2002; Dawson et al. 2004). In contrast, the
two studies that used an RSE paradigm and the Miller’s race
model analysis previously described have demonstrated a
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deficit in integration of low-level, non-social multisensory
inputs in AS children (Brandwein et al. 2013, 2015). They
demonstrated that performance in the multisensory condi-
tion exceeded that predicted by the race model in TD chil-
dren, but not in those with an AS diagnosis. This finding is
in favor of a general alteration in cross-modal integration in
children on the AS regardless of the social versus non-social
nature of the stimuli being processed, although those were
not directly compared in the studies.

One limitation of those aforementioned studies that con-
cluded in alteration in cross-modal integration in AS chil-
dren is that they did not ascertain if this result could by
explain by a difference between the groups in the capacity
to engage and disengage their attention to separate sensory
inputs. In TD individuals, the perception of a stimulus is
largely influenced by previously presented sensory inputs
(Miller 1982; Otto and Mamassian 2012; Gondan et al.
2004). RTs to a sensory input are faster when preceded by
a stimulus from the same modality. In contrast, when the
stimuli in successive trials originate from different modali-
ties, attention needs to shift from one modality to another,
resulting in longer RTs. The cognitive effort associated to
the change in attention between modalities on consecu-
tive trials is referred as the modality shift cost. This may
explain why, at a perceptual level, participants respond faster
to simultaneously presented bimodal signals compared to
unimodal signals (Gondan et al. 2004; Spence et al. 2001;
Harrar et al. 2014; Otto and Mamassian 2012). In order to
specifically assess cross-modal integration atypicalities in
AS individuals, it is critical to evaluate whether it originates
from a difference in the way they engage and disengage their
attention to separate sensory inputs (Harrar et al. 2014; de
Heering et al. 2016). A decrease or absence of the modal-
ity shift cost in AS individuals could lengthen the response
speed for bimodal stimuli compared to TD individuals and
therefore partly explain the alteration in cross-modal inte-
gration reported in previous studies. This is particularly
crucial since studies have shown that the ability to shift or
disengage attention is often impaired in AS individuals (i.e.,
Courchesne et al. 1994; Landry and Bryson 2004; Renner
et al. 2006; Wainwright-Sharp and Bryson 1993; Occelli
et al. 2013).

Major cognitive theories in autism research, including the
Weak Central Coherence theory (Frith and Happe 1994),
the Enhanced Perceptual Functioning theory (Mottron et al.
2006), and the temporal binding deficit hypothesis (Brock
et al. 2002), emphasize that locally-oriented sensory pro-
cessing in AS individuals is associated with superior per-
formance on tasks where local analysis is advantageous,
with concurrent inferior performance on tasks requiring
an integrative approach (Dakin and Frith 2005; Behrmann
et al. 2006). It was suggested that the AS was associated
with reductions in global connectivity, with typical or even
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increased connectivity within local networks (Brock et al.
2002). These models support the hypothesis of an alteration
of cross-modal integration in individuals with AS (Wallace
and Stevenson 2014), since this perceptual process require
an integrative approach and is based on the combination of
information processed from distinct, and often distant, brain
networks. This leads to the important question of whether
the putative sensory integration atypicalities observed in
AS are specific to cross-modal conditions, or if they also
apply to within-modal interactions. Detection RT is faster
with multiple compared to single stimulus, whether they
are presented in the same or in a different sensory modality
(Todd 1912; Raab 1962). Most research in TD individual
suggest that within- and cross-modal integration differ by
the amount of facilitation they produce at the behavioral
and neurophysiological level. One hypothesis is that stimuli
originating from different senses provide independent esti-
mates of the same event, while there is significant covariance
in the information received from stimuli of the same sensory
modality (Ernst and Banks 2002; Girard et al. 2013). It was
demonstrated that during perceptual tasks, the RG for cross-
modal pairs exceeds that of within-modal pairs (Girard et al.
2013; Forster et al. 2002; Laurienti et al. 2006; Miniussi
et al. 1998), and performance for within-modal conditions
generally did not surpass that predicted by the race model
(Girard et al. 2013; Murray et al. 2001; Corballis 1998; Reu-
ter Lorenz et al. 1995; Badzakova-Traikov et al. 2005), which
can be explained by statistical facilitation. This is compat-
ible with neurophysiological studies showing that, unlike
cross-modal stimuli, within-modal pairs rarely lead to an
improvement in neural response (Alvarado et al. 2007a, b).
Differences regarding within-modal and cross-modal inte-
gration have yet to be directly compared in AS individuals.
Based on the theoretical models previously described, we
hypothesize that sensory integration atypicalities observed
in the AS will be specific to cross-modal conditions because
they involve combining signals coming from multiple and
more distant cortical areas, and that within-modal interac-
tions, which are mediated by the same cortical areas, will be
intact (see Simon and Wallace 2016, for review).
Somatosensory processing is known to play a crucial
role in the social development of TD individuals (Maitre
et al. 2017; Myers 1984; Hertenstein 2002; Hertenstein
et al. 2006; Thye et al. 2018; Dunbar 2010), notably for the
pre-verbal socio-communicative development (Cascio et al.
2016; Field 2001), and may contribute to the acquisition of
a sense of self (Schiitz-Bosbach et al. 2009) which under-
lies some social skills, including imitation and empathizing
(Schiitz-Bosbach et al. 2006). Despite the importance of
somatosensory perception on such higher-level abilities, the
literature on multisensory processing in the AS has mainly
been confined to the auditory and visual modalities, pos-
sibly because of their obvious role in verbal and nonverbal

communication that is frequently found to be atypical in
the AS (Baum et al. 2015; Cascio et al. 2016). However,
somatosensory atypicalities are among the most frequently
reported sensory complaints in the AS (Rogers et al. 2003;
Tomchek and Dunn 2007) and mechanisms mediating low-
level somatosensory perception in AS individuals have been
found to be atypical (i.e., Khan et al. 2015; Puts et al. 2017)
and related to AS symptomology (Tavassoli et al. 2016). It is
therefore highly relevant to include the tactile modality when
investigating cross-modal integration in AS individuals.

In the present study, we used a visuo-tactile RSE para-
digm to simultaneously assess and compare the ability of AS
and TD individuals to detect and integrate simple visual and
tactile stimuli both within and across modalities, and to shift
attention from one modality to another during multisensory
processing. We used easily detectable, suprathreshold stim-
uli to measure performance in both groups that were sub-
jected to three different types of analyses: (i) reaction times
and redundancy gains, (ii) Miller’s race model analyses, and
(ii1) modality switch cost analyses (see the Experimental
Procedures for details). Crucially, the redundancy gain asso-
ciated with visuo-tactile integration in AS individuals was
compared to that associated to the integration of redundant
visual and tactile stimuli, allowing us to directly compare
within- and cross-modal integration performances in the AS.

In both groups, we anticipate a lower redundancy gain
in the within- compared to cross-modal conditions, and
that performance will not exceed the predictions of the race
model for within-modal stimuli. We however hypothesize
that cross-modal integration will be selectively altered in
AS individuals, resulting in reduced redundancy gain and
reduction in the violation of the race model in the AS group.
We predict that this alteration will be specific to cross-modal
conditions, and that the ability to integrate multiple infor-
mation coming from the same modality will be preserved in
AS individuals. We will also investigate whether a reduced
modality shift cost is present in AS compared to TD indi-
viduals, which could partially explain their selective deficit
in multisensory integration.

Methods
Participants

Fourteen AS individuals and fourteen typically developing
(TD) controls participated in this study. Participants were
recruited from the database of the Riviére-des-Prairies
Hospital’s autism clinic (Montréal, Canada). Thirteen par-
ticipants from the AS group were diagnosed utilizing the
Autism Diagnostic Interview (ADI-R; Lord et al. 1994) and/
or the Autistic Diagnostic Observation Schedule (ADOS-G;
Lord et al. 2000) (ADI only: two; ADI and ADOS: eleven).
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One participant from the AS group was diagnosed based
on DSM-IV-TR criteria (American Psychiatric Association
2000) and expert clinical judgment. Trained clinical pro-
fessionals working at the specialized clinic at the Riviere-
des-Prairies Hospital conducted both diagnostic tests. TD
participants and their first-degree relatives were screened
with a questionnaire for any history of neurological or psy-
chiatric disorders. All participants in both groups were males
and had normal, or corrected to normal, near and far vision
assessed before testing using near and far Snellen acuity
charts. The groups were matched as closely as possible in
terms of age (AS: mean age 25 years + 5; range 18-35 years;
TD: mean age 24 years +4; range 16-30), laterality (AS:
1 left-handed participant; TD: 2 left-handed participants)
and global Wechsler intellectual quotient [(Full-scale 1Q:
AS: mean 100+ 13, range 84-126; TD: mean 111 + 13,
range 87-130); (Performance 1Q: AS: mean 104 + 13, range
77-123; TD: mean 109 + 12, range 82—-131); (Verbal IQ: AS:
mean 99 + 16, range 72-128; TD: 112 + 10, range 94—-125)].
All participants had a full-scale Wechsler score of 80 or
more. Each participant gave informed written consent to par-
ticipate in the study and received monetary compensation for
this. The ethics board of the Riviere-des-Prairies Hospital
approved the study.

Stimuli

Tactile stimuli were delivered using a pneumatic stimulator
that was located outside the testing room in order to reduce
any distraction produced by the system. Rigid plastic tubes
connected the stimulator to four plastic membranes (one
centimeter of diameter) positioned on the ventral surface of
the particpants’ distal third of their index and the middle fin-
gers. Tactile stimulation consisted of inflation of the plastic
membrane by a pulse of air pressure sent through the plastic
tube from the pneumatic stimulator. Each tactile stimulation
lasted for 100 ms. Given the significant interindividual vari-
ability in the sensitivity to tactile stimulation, the intensity at
which it was delivered was calibrated individually, accord-
ing to participant self-report, to obtain reliable stimulations
(see Girard et al. 2013). This procedure resulted in a mean
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pressure of approximately 14.1 kPa in the AS group (range
from 12.1 to 19.5) and of 14.9 kPa in the TD group (range
from 12.1 to 20.6). No significant between-groups difference
in threshold was found (z (23) = —.71, p = .49). Partici-
pants’ hands were positioned at a distance of 57 cm from
their head. The tips of their index fingers were placed at 3° of
eccentricity below a central fixation cross, and at 2.5° to the
left (index of the left hand) or the the right (index of the right
hand) of it. The tips of their middle fingers were placed at 3°
of eccentricity above the central fixation cross, and at 2.5° to
the left (middle finger of the left hand) or to the right (mid-
dle finger of the right hand) (Fig. 1). Participants’ fingers
were positioned in a fixed apparatus (150 X 120X 75 mm).
The index finger and the middle finger of the left hand were
inserted in separe holes (25 mm of diameter and 35 mm of
depth) located on the left side of the box, with a distance of
60 mm between the tips of both fingers. The same configura-
tion was used on the right side of the box for the index and
the middle finger of the right hand.

Visual stimuli were presented on a plastic board
(120 150 mm) located on the top of the apparatus via
a projector suspended on the ceiling of the testing room,
approximately 50 mm above the fingertips of the partici-
pants. Each visual stimulation consisted in white circle sub-
tending 1° of visual angle presented on a black background,
and lasted for 100 ms. As with tactile stimulations, visual
stimuli were delivered at 3° degrees of eccentricity below
or above the central fixation cross, and at 2.5° to its left or
to its right (Fig. 1). For the misaligned (opposite hemifield)
double visual and visuo-tactile conditions (see Procedure
below for a description of the experimental conditions), vis-
ual stimuli were presented at 1.5° of eccentricity below or
above the central fixation cross, and at 2.5° to its left or to its
right, in order to maintain a similar interstimuli distance for
the aligned (same hemifield) and the misaligned (opposite
hemifield) conditions.

T3/ V3 STIMULATION CONDITIONS

Single Modality

Tactile: T1;T2; T3 ;T4
V3prime Visual: V1 ;V2 ;V3 ; V4
Within-Modal
Double Visual (Aligned): V1/V2 ; V3/V4
Double Visual (Misaligned): V1 ime/Vépime 3 V2primeV3prime
Double Tactile (Aligned): T1/T2; T3/T4
Double Tactile (Misaligned): T1/T4 ; T2/T3
Véyrime
Cross-Modal

Visuo-Tactile (Aligned): V1/T2 ; V2/T1; V3T4 ; V4T3

T4/ V4 Visuo-Tactile (Misaligned): V1 ,ine/T4 ; VAine/ T1 5 V24ime/ T3 5 V34 T2
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Procedure

The paradigm was adapted from Girard et al. (2013). Par-
ticipants sat in a silent and darkened room with their head
positioned on a chinrest. They were instructed to press on
a response button with their left or their right thumb as fast
as possible each time a stimulation was presented. The hand
used to respond alternated between each block, and the order
was counterbalanced across participants. Participants’ gaze
was monitored throughout the experiment via a camera to
ensure that participants maintained central fixation. Stimuli
were displayed, and RTs were recorded using Presentation
software (Neurobehavioral Systems, Inc., Albany, USA).
Participants were presented with eight different con-
ditions: (1) simple tactile stimulus (T1, T2, T3, T4); (2)
aligned double tactile stimuli (T1/T2, T3/T4); (3) misaligned
double tactile stimuli (T1/T4, T2/T3); (4) simple visual
stimulus (V1, V2, V3, V4); (5) aligned double visual stim-
uli (V1/V2, V3/V4); (6) misaligned double visual stimuli
(V1ime/ Vaprimes Y2prime/ V3prime)s (7) aligned visuo-tactile
stimuli (V1/T2, V2/T1, V3/T4, V4/T3) and (8) misaligned
visuo-tactile stimuli (V1;,,/T4, V4, /T1, V2. /T3,
V3 ime/T2). Aligned conditions consisted of two stimuli
presented in the same hemispace (left or right), while mis-
aligned conditions were made up of two stimuli from oppo-
site hemispace. For the aligned conditions, one of the stimuli
was presented on (tactile) or above (visual) the index fin-
ger of one hand, and the other was presented on (tactile) or
above (visual) the middle finger of the same hand. For the
misaligned conditions, one of the stimuli was presented on
(tactile) or above (visual) the index finger of one hand, and
the other was presented on (tactile) or above (visual) the
middle finger of the opposite hand. Participants completed
six blocks of 260 experimental trials. Each block contained
10 repetitions of the 24 stimuli configurations, and 20 catch
trials (8%), during which no stimulation was presented to
restrict the tendency of participants to produce anticipatory
responses. A total of 60 trials per condition were therefore
recorded. Inter-trial interval randomly varied between 1500
and 3500 ms (mean 2500 ms). The central fixation cross
was displayed throughout the experiment. Each block lasted
approximately 11 min. Breaks were encouraged between the
blocks to help maintain an optimal level of attention.

Data Analysis

Since the effect of alignment was the same for both groups
of participants, the scores for aligned and misaligned
conditions were combined for all analysis (see Supple-
mentary Material for the detailed statistical analysis and

separate graphical representation of aligned and misaligned
conditions).

Reaction Times and Accuracy

Both accuracy and response speed were examined in order to
investigate the general ability to detect sensory inputs. Task
accuracy was estimated by the proportion of detected stimuli
(in percent). Only RTs ranging from 100 to 1000 ms were
analyzed, otherwise they were discarded from the analysis
(0.24 and 0.21% of RTs in AS and TD groups, respectively).
In experiments that place equal emphasis on accuracy and
processing speed, it is possible that particpants adopt differ-
ent response strategies by varying RTs inversely with accu-
racy (and thus resulting in a speed/accuracy trade-off). We
therefore calculated the Inverse Efficiency (IE) scores which
constitute a standard approach to combine mean RTs and
accuracy measures of performance (Townsend and Ashby
1978), and considered as “corrected RTs” that discount pos-
sible criterion shifts or speed/accuracy trade-offs. The IE
scores were obtained by dividing RTs by the proportion of
detected stimuli separately for each condition, with higher
IE scores indicated worse performance. IE scores were sub-
mitted to repeated measures ANOVAs 2 (Group: AS, TD;
between-subjects factor) X 5 (Condition: simple tactile, dou-
ble tactile, simple visual, double visual, visuo-tactile). Based
on significant F-values, Bonferonni post hoc analyses were
performed when appropriate. For the sake of completeness,
a similar ANOVA was also carried out for accuracy and RTs
and are presented as supplemental materials.

Within-Modal and Cross-Modal Integration

Sensory integration was first investigated by calculating the
redundancy gain (RG), which corresponded to the decrease
(in percent) in the mean IE scores obtained in the redundant
conditions as compared to the mean IE scores obtained for
the best single condition (Stein and Meredith 1993; Girard
et al. 2011; Charbonneau et al. 2013a, b). For each condi-
tion and each participant separately, the mean IE score for
the redundant condition was substracted from the mean IE
score for the fastest stimulus of the pair, and then divided
by the latter, which yielded to the percentage of decrease
in IE score between the redundant condition and its best
constituent [RG = (IE score best single condition — IE score
redundant condition)/IE score best single condition]. The
RGs were then submitted to a 2 (Group: AS, TD; between-
subjects factor) X 3 (Modality: double tactile, double visual,
visuo-tactile) repeated measures ANOVA.

Analyses of violation of the race model inequality were
carried out using the RMITest software which implements
the algorithm described in Ulrich et al. (2007). The algo-
rithm estimates the cumulative probability distributions of
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RTs in the two unimodal simple conditions and the redun-
dant condition, and tests whether redundant-targets RTs are
significantly faster than would be predicted by a race model
(with t-tests). We then calculated the proportion of per-
centiles showing faster RTs than the prediction of the race
model, and compared it using a 2 (Group: AS, TD; between-
subjects factor) X 3 (Modality: double tactile, double visual,
visuo-tactile) repeated measures ANOVA.

Modality Switch Cost

Since one of the effects potentially driving violation of the
race model is the cost of switching attention between modal-
ities (Otto and Mamassian 2012; Gondan et al. 2004), we
compared the modality switch cost in AS and TD groups. To
determine whether the RTs to a stimulus were influenced by
the modality of the stimulus presented in the previous trial,
the RTs obtained in the single and within-modal conditions
were classified in function of their previous trial (previous
trial of the same modality and previous trial of a different
modality). The modality switch cost was then calculated by
subtracting the mean RTSs for conditions in which the stimuli
were preceded by a stimulus of the same modality to the
mean RTs for conditions in which the stimuli were preceded
by a stimulus of a different modality (Harrar et al. 2014;
Otto and Mamassian 2012). These scores were submitted to
a2 (Group: AS, TD; between-subject factor) X 2 (Modality:
tactile, visual) repeated measures ANOVA, in order to test
whether the modality switch cost differed according to the
group or the modality of the stimulation.

We also carried out a supplemental analysis to investigate
whether RTs to a specific stimulus were influenced by the
location of the stimulus presented in the previous trial and
across all modalities in both groups. RTs were submitted to
a2 (Group: AS, TD; between-subject factor) X 2 (alignment
of the previous trial: same hemifield, opposite hemifield) x 2
(Modality: tactile, visual) repeated measures ANOVA.

Results
Reaction Times and Accuracy

Overall, both groups performed the detection task accu-
rately. TD particpants detected 97.5% of all tactile stimuli
(range from 91 to 100%), 98% of visual stimuli (range from
92 to 100%) and 98% of cross-modal pairs (range from 92
to 100%). AS particpants detected 96% of tactile stimuli
(range from 87 to 100%), 97% of visual stimuli (range from
87 to 100%) and 98% of visuo-tactile stimuli (range from
91 to 100%). TD particpants responded to 4% of the catch
trials throughout the experiment, whereas AS particpants
responded to 2% of the trials (r(26) = —1.419, p = .17)

@ Springer

(see Supplementary Material for detailed analysis on accu-
racy and RTs separately and a table of the breakdown of the
mean accuracy, RTs, IEs and SD across groups).

When comparing IE scores across groups and condi-
tions (Fig. 2a), we found main effects for both the “group”
(F(1,26) = 490, p = .05, n2partial = .16)and “condition”
factors (F(4,104) = 39.03, p < .001, n2partial = .60).
There was an interaction between those two factors
(F(4,104) = 3.31, p = .01, n2partial = .11), as differ-
ences in performance between the conditions of presentation
changed according to the group. Using post hoc t-tests and
applying Bonferroni correction, for the TD group, we found
lower IE scores for visuo-tactile conditions than for simple
tactile (p < .001) and simple visual (p < .001) conditions
whereas in AS group, there was no significant difference in
performance between cross-modal, within-modal and simple
visual and tactile conditions.

Within-Modal and Cross-Modal Integration

RGs were significantly different from O for the three
redundant conditions in both TD (double tactile:
1(13) = 7.26, p < .001, n2partial = .66; double visual:
t(13) = 13.16, p < .001, n2partial = .87; visuo-tactile:
t(13) = 13.40, p < .001, n2partial = .87) and AS groups
(double tactile: #(13) = 7.83, p < .001, n2partial = .69;
double visual: #(13) = 5.42, p < .001, n2partial = .51;
visuo-tactile: 7(13) = 7.36, p < .001, n2partial = .67).
When comparing RGs between groups and modali-
ties (Fig. 2b), we found no main effect for the
“group” factor (F(1,26) = .03,p = .88), but
there was a main effect of the factor “modality”
(F(2,52) = 30.08, p < .001, n2partial = .54)
Moreover we observed a significant interac-
tion between the factors modality and group
(F(2,52) = 3.11, p = .02, n2partial = .11) showing that
cross-modal visuo-tactile stimuli produced greater RG com-
pared to both double tactile (p =.003) and double visual con-
ditions (p <£.001) in the TD group, while RGs for the visuo-
tactile and the double tactile conditions did not differ in AS
(p=1.0) but were both superior than the RG in the double
visual condition (p <.001).

To further test for group differences in the within and
cross-modal integration conditions, we examined whether
the RTs obtained in the redundant conditions exceeded
the statistical facilitation predicted by Miller’s race model
inequality (Miller 1982). For the cross-modal visuo-tactile
conditions, the race model inequality was significantly vio-
lated up to the 50th percentiles of the RTs distribution in
TD (Fig. 2¢), while it was only significantly violated for
the 10th to the 30th percentiles of the RTs distribution in
AS (Fig. 2c). Consistent with previous results (Girard et al.
2013), no significant violation of the race model inequality
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Fig.2 a Mean IE scores (in msec) for single, within-modal and
cross-modal conditions for TD and in AS individuals. Error bars rep-
resented standard error of the mean. Capital letters referred to the
modality (7 tactile, 7T double tactile, V visual, VV double visual, VT
visuo-tactile). b Mean redundancy gains (RGs) for double within- and
cross-modal conditions in TD and AS groups. Error bars represented
the standard error of the mean. ¢ Test for violation of the race model
inequality (Miller 1982) in TD (left panel) and in AS (right panel).
Y axis represented the difference in msec between the race model
prediction computed from the RT of each single sensory component
(or the model bound) and the RT obtained in the redundant condi-
tions for within- and cross-modal pairs. This value was computed
for each percentile of the RT distribution represented on the X axis.
Positive values on the Y axis of the graph referred to RTs that were
faster than the race model prediction. When this difference was statis-

was demonstrated for the double visual and the double tac-
tile conditions, suggesting that the faster RTs in these condi-
tions could be explained by simple probability summation
for both AS and TD participants.

When assessing whether the proportion of percentiles
where RTs were faster than predicted by the race model
(Fig. 2d), we observed a group by modality interaction
(F(2,52) = 8.01, p < .001, n2partial = .24), suggesting
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tically significant, RTs were marked with an asterisk, which indicated
a violation of the race model inequality. Negative values on the Y
axis of the graph referred to RTs that were slower than the race model
prediction. d Mean proportion of percentiles (out of ten) for which
RTs were faster than predicted by the race model for double within-
and cross-modal conditions in TD and AS groups. Error bars repre-
sented the standard error of the mean. e Modality Shift Cost effects
for single and within-modal conditions were calculated according to
whether the previous stimulus was from the same or from a differ-
ent modality, in TD and AS groups. f Modality Shift Cost indexes
(in msec) calculated by subtracting the mean RTs for conditions in
which the stimuli were preceded by a stimulus of the same modality
to the mean RTs for conditions in which the stimuli were preceded
by a stimulus of a different modality, as a function of the modality in
both groups

that the proportion of percentiles for which the race model
was violated was significantly higher in TD individuals com-
pared to AS individuals for the cross-modal visuo-tactile
condition. There were no group-difference for the double
tactile and double visual conditions.
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Modality Switch Cost

The modality switch cost for tactile stimuli referred to the
mean RTs for conditions in which visual stimuli were pre-
ceded by a tactile stimulus when compared to the mean RTs
for conditions in which the visual stimuli were preceded by
a visual stimulus. The modality switch cost for visual stim-
uli referred to the mean RTs for conditions in which tactile
stimuli were preceded by a visual stimulus when compared
to the mean RTs for conditions in which the tactile stimuli
were preceded by a tactile stimulus. The modality switch
cost was significantly different from O for the two modalities
inboth AS (visual: (13) = 2.44, p = .03, n2partial = .18;
tactile: #(13) = 8.81, p < .001, n2partial = .74) and TD
groups (visual: #(13) = 2.32, p = .04, n2partial = .17,
tactile: ¢(13) = 5.77, p < .001, n2partial = .55). This
confirmed that the RTs are faster when stimuli are pre-
ceded by a stimulation of the same, rather than dif-
ferent modality (Fig. 2e, f). We found no main effect
for the “group” factor (F(1,26) = .03, p = .86).
We observed a main effect of the “modality” factor
(F(1,26) = 4.64, p = .04, n2partial = .15), as partici-
pants in both groups were faster to switch from visual to
tactile stimuli. There was no interaction between these two
factors (F (1,26) = .50, p = .49).

We also performed a supplemental analysis to investi-
gate whether RTs to a specific stimulus were influenced by
the location of the stimulus presented in the previous trial
and across all modalities in both groups. We found no main
effect of the spatial alignment (F(1,26)=.15, p=.70) and
no interaction between the alignment and the group (F(1,
26)=2.18, p=.15) or the modality (¥(3, 78)=1.16, p=.33).

Discussion

We investigated the ability of AS individuals to integrate
cross-modal and within-modal low-level information, and to
shift attention from one modality to another in a task requir-
ing the detection of visual and tactile stimuli. Our results
demonstrate that AS individuals can integrate cross-modal
visuo-tactile information, although this integrative process
is decreased compared to TD individuals. When compar-
ing within-modal and cross-modal integration performances
across groups, we found that cross-modal visuo-tactile
stimuli (or conditions) produced greater RTs facilitation
compared to both double tactile and visual conditions in
TD individuals, while redundancy gains for visuo-tactile and
double tactile were both superior to those in the double vis-
ual condition in AS individuals. Importantly, the attentional
processes needed to shift from one modality to another were
not found to differ between TD and AS groups, suggest-
ing that the decrease in cross-modal integration observed in
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AS individuals is not due to an impaired capacity to switch
attention across the senses.

Cross-Modal Integration in AS

The RTs probability for the cross-modal condition exceeded
the prediction of the race model for the fastest latencies in
both groups, but to a lesser extent in AS compared to TD.
Our results therefore demonstrate that AS adults can inte-
grate visuo-tactile information, although this integrative
process is less efficient.

We also found that overall, AS participants responded
more slowly than controls to any sensory stimuli (see
SFig. 1). Nevertheless, application of the race model is
advantageous to factor out this unisensory delay since inte-
gration is calculated on probability summation of individual
unisensory reaction times distributions (see Harrar et al.
(2014) for similar discussion in dyslexic individuals). More-
over, according to the inverse effectiveness principle (Stein
and Meredith 1993), a basic concept in sensory integration
stating that multisensory gain is inversely proportional to
saliency of unisensory signals, one may have predicted
greater cross-modal integration in AS particpants based
on their slower RTs for single visual and tactile conditions,
which reinforce our results of a specific decrease of the
cross-modal integration process in the AS (Brandwein et al.
2013, 2015; Charbonneau et al. 2013).

Until now, cross-modal integration of visuo-tactile
information in AS has mainly been investigated based on
visuo-tactile illusions, like the rubber hand illusion (Bot-
vinick 2004), in which information from vision and touch
are merged to influence proprioception and body representa-
tion. The experience of this illusion has been shown to be
reduced in AS individuals (Paton et al. 2012) and delayed
in time (Cascio et al. 2012), which may result from reduced
cross-modal integration abilities. Results from our study
suggest that the decrease in cross-modal integration also
extent to the processing of low-level stimuli during a sim-
ple detection task. To our knowledge, only the studies of
Poole et al. (2015, 2018) have used an approach void of
socially salient stimuli to investigate visuo-tactile process-
ing in AS individuals. In these studies, participants were
asked to judge whether a tactile stimulation was a single
or two separate (double) vibrations while presented with a
congruent or incongruent number of distracting light flashes,
a paradigm somewhat analogous to the sound-induced flash
illusion (Shams et al. 2000). Their results demonstrated that
AS individuals showed an increased influence of visual dis-
tractors on tactile judgments, with a difficulty to suppress the
processing of distant contralateral distractors. Interestingly,
the influence of distractors of another sensory modality on
performance suggest that AS can integrate multisensory
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information, although this process may be atypical, which
is also what we observed in this experiment.

The current study is the first to rely on a simple reac-
tion time paradigm in AS adults that allow to measure
responses for both within-modal and cross-modal con-
ditions to simple low-level visuo-tactile stimuli, and to
directly compare the benefits of multisensory information
to a predicted model (i.e. the race model; Miller 1982,
1986) based on responses to the unisensory conditions (see
Brandwein et al. (2013, 2015) for similar paradigm with
audio-visual stimuli in children and adolescents). Some
studies based on audio-visual interactions suggested an
improvement in the ability to integrate cross-modal sen-
sory information with development in AS (Foxe et al.
2015; Taylor et al. 2010). It is interesting to note that we
found reduced violation of the race model inequality for
the fastest latencies of the RTs distribution in AS adults,
while a complete absence of violation of the race model
inequality was found when performing a similar task in
AS children and adolescents aged between 7 and 16 years
old (Brandwein et al. 2013, 2015). Although speculative,
these results may suggest that developmental changes due
to neurobiological or experiential factors (or both), pro-
gressively regularize cross-modal integration abilities in
AS (Poole et al. 2015). Studies examining developmen-
tal trajectories of multisensory processing for linguistic
information in AS individuals have observed an improve-
ment in the ability to integrate audio-visual syllables with
age (Foxe et al. 2015; Taylor et al. 2010; although see
Stevenson et al. 2014b). Cross-modal integration abili-
ties are far from mature at birth, but rather develop over
a protracted period of time and strongly depend on sen-
sory experiences (see Stein et al. 2014, for a review). For
example, experiments in animals suggested that multisen-
sory plasticity persisted into adulthood (Stein et al. 2014).
Therefore, relevant cross-modal experiences or training
could compensate, at least to some extent, for an absence
of typical development early in life (Stein et al. 2014). It
seems therefore promising to develop longitudinal proto-
cols intended to measure cross-modal integration abilities
across the life-span in AS individuals, and eventually use
those data to adapt the sensory therapies that are currently
proposed in rehabilitation (Powers et al. 2012, 2016).

Multisensory atypicalities in AS individuals could,
at least partly, be underpinned by alterations in temporal
aspects of sensory processing. This is supported by find-
ings demonstrating an extended temporal binding win-
dow for low-level, non-social (Kwakye et al. 2011; Foss-
Feig et al. 2010; Greenfield et al. 2015; Noel et al. 2018;
although see: Poole et al. 2018; Noel et al. 2017; Stevenson
et al. 2017) and linguistic information (Woynaroski et al.
2013; Stevenson et al. 2014a; Noel et al. 2018) in AS indi-
viduals. Temporal binding windows were found to correlate

with performance on the McGurk effect (Stevenson et al.
2017; Stevenson et al. 2014a), which subsequently impacted
speech perception (Stevenson et al. 2017). It is not excluded
that the unisensory delay observed in AS in the current study
could be explain by differences between groups in tempo-
ral aspects of sensory processing. However, the paradigm
used in the study does not allow to precise the origin of
this general difference in RTs between the groups across
modalities, and we do not exclude the possibility that it can
be explained by differences in the speed of motor preparation
and/or production or the use of a more cautious response cri-
terion, rather than a sensory/perceptual deficit per se. Given
that our paradigm has proved efficient to investigate within-
modal and cross-modal integration in AS individuals, an
interesting avenue would be to manipulate the time interval
between unisensory and multisensory pairs of stimuli and
to evaluate how our results extended to different degrees of
temporal synchrony between the stimuli.

Within-Modal Integration in AS

RG observed for cross-modal visuo-tactile stimuli was
stronger compared to double visual and double tactile con-
ditions in TD individuals, and no significant violation of the
race model inequality was found for any redundant visual or
tactile condition. These results reproduce and extend previ-
ous observations of reduced RG for within-modal compared
to cross-modal information in both human (Girard et al.
2013; Forster et al. 2002; Laurienti et al. 2006) and animal
populations (Gingras et al. 2009), as well as an absence of
violation of Miller’s race model inequality for within-modal
pairs of visual (Girard et al. 2013; Murray et al. 2001; Cor-
ballis 1998; Reuter Lorenz et al. 1995; Badzakova-Traikov
et al. 2005) and tactile stimuli (Girard et al. 2013; Forster
et al. 2002). RG from within-modal interactions therefore
seems to be explained by simple probabilistic facilitation
while cross-modal integration violates such pure statistical
facilitation. It is worth nothing that these results are some-
what consistent with those of studies showing that within-
modal pairs were generally associated with subadditive neu-
ral reponses, while cross-modal pairs generated additive or
superadditive neural signals, at least when recorded in the
superior colliculus in non-humans (Alvarado et al. 2007a, b).
Moreover, the deactivation of the anterior ectosylvian sulcus
(AES) and the rostral aspect of the lateral suprasylvian sul-
cus (rLS), which are mandatory for cross-modal integration,
had no impact on the integration of within-modal pairs, sug-
gesting fundamental differences in the circuits underlying
within and cross-modal integration (Alvarado et al. 2007b).
The most likely explanation seems to be that cross-modal
integration combines sensory inputs from more independ-
ent sources, therefore allowing to reduce the uncertainty of
the sensory estimates, while within-modal integration rather
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reflects the covariance between similar information (Ernst
and Banks 2002; Alvarado et al. 2008; Girard et al. 2013;
Van Atteveldt et al. 2014).

AS individuals also exhibited a RG for the within-modal
conditions, which was expressed by a significant reduction
in RTs in the double tactile and the double visual conditions
compared to the simple tactile and visual conditions. Similar
to the TD group, the RTs in the within-modal conditions did
not exceed the probabilistic sum of the RTs observed in the
visual or tactile conditions. However, we found an inter-
esting difference when comparing the performance of the
two groups, as cross-modal visuo-tactile stimuli produced
greater RT facilitation compared to both double tactile and
visual conditions in TD, while RGs for visuo-tactile and
double tactile RGs were both superior to RG for the dou-
ble visual condition in AS individuals. This result was not
expected based on our initial assumptions. Based on previ-
ous work in TD individuals, it might be hypothesized that
tactile inputs were processed more independently from one
another in AS individuals, which may have led to higher RGs
associated with integration of tactile stimuli (see Fig. 2). In
fact, a recent study compared the performance of AS and
TD participants in a discrimination task of visual and tac-
tile stimuli that were presented concurrently with visual dis-
tractors (Poole et al. 2018). Results demonstrated that there
was no difference in performance for within-modal versus
cross-modal target-distractor combinations in the AS group,
while the suppression of distractors was more effective when
they were presented in a different modality than the target in
TD individuals. However, this remains a posteriori hypoth-
esis and it seems important to ensure that this result is rep-
licated in subsequent studies.

When performing tasks for which spatial information is
irrelevant, as is the case in the detection task used in this
study, the spatial alignment of stimuli does not generally
impact cross-modal integration (Forster et al. 2002; Girard
etal. 2011, 2013). In contrast, regarding within-modal inte-
gration, we found in a previous study that the facilitative
effect for double visual or tactile stimuli was greater when
they were presented in opposite hemifields compared to the
same hemifield, even if the distance between stimuli was the
same for both conditions (Girard et al. 2013). Similar results
were obtained in the current study. Specifically, we found
no significant spatial alignment difference in RGs for the
cross-modal condition, and the race model inequality was
violated over the same range of RTs distributions for both
aligned and misaligned visuo-tactile pairs. When looking at
within-modal integration, RGs in the misaligned conditions
were larger than the RGs in the aligned conditions for the
double visual pairs, and although not statistically signifi-
cant, this same trend was observed for double tactile pairs.
No between-goup difference was found when assessing how
within- and cross-modal integration were modulated by the
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spatial alignment of the stimuli (see SFigs 2-5). This result
might seem to contrast with previous findings demonstat-
ing an increased influence of visual distractors on tactile
judgments, with a difficulty for suppressing the processing
of distant contralateral distractors in the AS (Poole et al.
2015). However, one major difference between the Poole
et al. (2015) study and the present one is that the distance
between aligned and misaligned pairs was equal in our para-
digm, and the stimuli were close enough spatially so that we
expect them to be integrated. We can therefore conclude that
when controlling for inter-stimulus distance, the effect of
spatial alignment on cross-modal processing was the same
in AS and TD individuals. A possible explanation of the
findings obtained in both groups is that the representations
of the stimuli can strongly overlap in within-modal condi-
tions, with both stimuli producing similar neural representa-
tion, which result in a reduce RG for the aligned conditions.
However, when stimuli from the same sensory modality are
presented in opposite hemifields, they are processed inde-
pendently by each hemisphere, resulting in different non-
overlapping neural representations that contribute to the
enhanced RG (see Girard et al. 2013 for a detailed discus-
sion on the subject).

Modality Switch Cost in AS

Sequential stimuli presented during a simple detection
task are not processed independently, as RT to a sensory
input is faster when preceded by a stimulus from the same
modality (Harrar et al. 2014; Otto and Mamassian 2012;
Gondan et al. 2004). In contrast, when the stimuli in suc-
cessive trials originate from different modalities, attention
needed to shift from one modality to another leads to longer
RTs (modality shift cost). Since several studies have shown
impairments in the disengagement of attention in autistic
population (Courchesne et al. 1994; Landry and Bryson
2004; Renner et al. 2006; Wainwright-Sharp and Bryson
1993; but see Boer-Schellekens et al. 2013; Iarocci and
Burack 2004; Senju et al. 2004; Leekam et al. 2000), we
investigated whether alteration in sensory integration may
relate to atypical modality switch cost in AS individuals.
We observed a classic modality switch cost for both visual
and tactile modalities, as RTs were faster when consecutive
stimuli were coming from the same modality. Importantly,
this effect was similar between the two groups. This result
is consistent with those from Williams et al. (2013) who
demonstrated an absence of difference in the modality shift
cost between AS and TD adults (although see Occelli et al.
2013 and Williams et al. 2013 for atypical modality shift
cost in children with AS). These findings therefore suggest
that the reduction in cross-modal integration observed in
the AS is not explained by an alteration in the ability to



Journal of Autism and Developmental Disorders

switch attention from one stimulus to another (Otto and
Mamassian 2012).

For both group of participants, we found that the modality
switch cost was greater for tactile than for visual modal-
ity. The vast majority of studies that have investigated the
modality switch cost in TD individuals are based on audi-
tory and visual sensory modalities. However, some studies
that have included the tactile modality have demonstrated
larger switch cost for shifting attention away from the tactile
modality in audio-tactile (Gondan et al. 2004; Spence et al.
2001) and visuo-tactile conditions (Miles et al. 2011). It was
suggested that it might be particularly difficult to shift atten-
tion away from touch because it implies shifting attention
from a representation of the body to the peripersonal space
in which auditory and visual stimuli are encoded (Spence
et al. 2001). It is also worth noting that the modality shift
costs obtained in the current study remain relatively small.
The use of a shorter mean inter-trial interval might have
been associated with stronger effects, as it was suggested
that it tends to decrease over temporal distance between two
stimuli (Miles et al. 2011).

Conclusion

Our results contribute to the understanding of how AS
individuals integrate information originating from differ-
ent modalities. We demonstrated that AS individuals can
integrate cross-modal visuo-tactile information, although
this integrative process is reduced compared to TD individ-
uals. Finding no difference in modality switch cost effect
between AS and TD further reduces the possibility that
atypical cross-modal integration in AS could be explained
by an altered ability to switch attention from one stimulus
to another. In conclusion, the present study demonstrates
a selective decrease in the integration of low-level, visuo-
tactile stimuli in AS adults.
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