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visual (unimodal) perception in autism :
atypical at different levels of processing / complexity

six levels of deformation (amplitudes of 0.001, 0.002,
0.004, 0.008, 0.016, and 0.032) were presented 20 times
in pseudorandom order, for a total of 120 trials per
condition.

Prior to data collection, participants completed a
brief practice session, with the same 2-IFC procedure as
the experimental conditions. However, in order to
facilitate comprehension of the task, radial frequency
patterns were presented from easiest to hardest
(amplitude of 0.062, 0.032, 0.016, 0.008, 0.004, 0.002,
and 0.001). Throughout the entire testing session,
participants were reminded to fixate the center of a
uniform screen. In order to avoid participant fatigue,
short breaks were provided after each condition. The
experimenter entered the participants’ response (first or
second interval) by pressing a key on the computer’s
keyboard. Conditions were counterbalanced across all
subjects. The entire testing session took approximately
1½ to 2 hours. This study was carried out in
accordance with the Declaration of Helsinki as well as
was approved by the ethics committee at Rivière-des-
Prairies Hospital. All participants provided informed
consent and were given financial compensation for their
time.

Data analysis

Data from each block were fit with a Weibull
function (Weibull, 1951) using maximum likelihood
estimation, and thresholds were estimated at 75%
correct responses. Two separate mixed analyses of
variance (ANOVAs) were conducted, one for first-

order RFPs and the other for second-order RFPs.
After analyzing the data for basic assumptions, two
participants were identified as having extreme scores
(i.e., two standard deviations above the mean) on all
conditions. These participants (one child and one adult)
were therefore removed from all analyses. The final
sample size was 45, with 15 participants being included
in each of the three age groups. All other basic
assumptions were met except for that of sphericity.
Since multiple analyses were performed and the basic
assumption of sphericity was not met, the Greenhouse-
Geisser estimated F value and an alpha level of 0.01
were used (Tabachnick & Fidell, 2007). Finally,
minimal deformation thresholds were logged trans-
formed; all analyses were performed on log-trans-
formed thresholds.

Results

The first analysis (Groups [between] · RFP
[within]) was conducted to evaluate differences be-
tween age groups for luminance-defined RFPs of
varying number of curvatures (three, five, 10 RFs).
From this analysis, a significant Group · RFP
interaction was firstly identified, F(2.76, 57.99)¼ 4.70,
p ¼ 0.006, g2partial ¼ 0.18 (see Figure 2). This
interaction indicated that age group differences vary
for differing number of RFPs. Simple main effects
tests, conducted to evaluate group differences for
three, five, 10 RFPs, revealed group differences for
RFPs of three, F(2, 42) ¼ 11.41, p , 0.001, g2partial ¼

Figure 1. The stimuli located at the top row of the image are luminance-defined RFPs of zero, three, five, and 10 radial frequencies.
Located at the bottom row of the image are texture-defined RFPs of zero, three, five, and 10 radial frequencies.
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An early origin for detailed perception in
Autism Spectrum Disorder: biased
sensitivity for high-spatial frequency
information.
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Autistics demonstrate superior performances on several visuo-spatial tasks where local or detailed
information processing is advantageous. Altered spatial filtering properties at an early level of visuo-spatial
analysis may be a plausible perceptual origin for such detailed perception in Autism Spectrum Disorder. In
this study, contrast sensitivity for both luminance and texture-defined vertically-oriented sine-wave
gratings were measured across a range of spatial frequencies (0.5, 1, 2, 4 & 8 cpd) for autistics and
non-autistic participants. Contrast sensitivity functions and peak frequency ratios were plotted and
compared across groups. Results demonstrated that autistic participants were more sensitivity to
luminance-defined, high spatial frequency gratings (8 cpd). A group difference in peak distribution was also
observed as 35% of autistic participants manifested peak sensitivity for luminance-defined gratings of 4 cpd,
compared to only 7% for the comparison group. These findings support that locally-biased perception in
Autism Spectrum Disorder originates, at least in part, from differences in response properties of early
spatial mechanisms favouring detailed spatial information processing.

A
utism spectrum disorder (ASD) is a neurodevelopmental condition characterized by alterations in social
communication and interaction, co-occurring with restricted, repetitive patterns of behaviour, interests or
activities1. It differs from other neurodevelopmental conditions by recurrent demonstrations of superior

performances on perceptual and cognitive tasks where local or detailed information processing is advantageous2–6.
Two neurocognitive theories have been advanced to explain the local bias in autistic perception. The Weak

Central Coherence4,7 (WCC) hypothesis proposes that a decreased influence, or dysfunction, of large-scale neuro-
integrative mechanisms results in a reduced global or holistic representation of perceptual information, ultimately
leading to a local or detailed processing style. Although the neural basis for such reduced integrative processing in
ASD has yet to be elucidated, reduced neural synchrony and/or decreased functional connectivity between cortical
areas8–12 may plausibly underlie large-scale alterations leading to relatively more efficient local analysis.

Alternatively, the Enhanced Perceptual Functioning (EPF) Model5,6 proposes that an over-functioning of
lower-level perceptual mechanisms during the completion of perceptual and cognitive tasks leads to the enhanced
extraction of elementary visual and auditory information. A recent functional imaging meta-analysis examining
regions involved in cognitive, language and face-processing tasks has supported this view by demonstrating that
early visual areas (i.e., striate (BA 17) and extrastriate areas (BA 18, 19)) are activated to a greater degree in
individuals with ASD than in those without ASD13. These results are in line with the EPF’s proposal of a stronger
engagement of sensory processing mechanisms in perceptual tasks, including a prominent role of perception in
supporting complex cognitive operations.

While both accounts are in agreement with the notion that perception in ASD is locally-oriented and some-
times enhanced, both lack clarity in terms of their underlying neural basis. One reason for this is the fact that the
response properties of visual mechanisms responsible for spatial perception in ASD at early levels of processing
have not been systematically explored. Studies assessing visual acuity using either clinical screening charts14–16 or
computer-based paradigms3,17–19 have for the most part demonstrated that visual acuity is unremarkable in ASD,
suggesting that detailed or locally-oriented visual perception in ASD is not of ocular origin. However, it is not
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a b s t r a c t

Background: Most investigations of visuo-perceptual abilities in the Autism Spectrum (AS) are level-
specific, using tasks that selectively solicit either lower- (i.e., spatial frequency sensitivity), mid- (i.e.,
pattern discrimination) or higher-level processes (i.e., face identification) along the visual hierarchy. Less
is known about how alterations at one level of processing (i.e., low-level) interact with that of another
(i.e., mid-level). The aim of this study was to assess whether manipulating the physical properties (lu-
minance vs texture) of local contour elements of a mid-level, visual pattern interferes with the dis-
crimination of that pattern in a differential manner for individuals with AS.
Methods: Twenty-nine AS individuals and thirty control participants (range 14–27 years) were asked to
discriminate between perfect circles and Radial Frequency Patterns (RFP) of two, three, five, and 10 radial
frequencies (RF), or deformations along the pattern’s contour. When RFP have few deformations (ofive
RF), a global, pattern analysis is needed for shape discrimination. Conversely, when RFP contain many
deformations (Z10 RF), discrimination is dependent on the analysis of local deformations along the RFP
contour. The effect of manipulating RF on RFP discrimination was assessed for RFP whose local contour
elements were defined by either luminance or texture information, the latter previously found less ef-
ficiently processed in AS individuals.
Results: Two separate mixed factorial ANOVAs [2 (Group)!4 (RF)] were conducted on mean deforma-
tion thresholds for luminance- and texture-defined conditions. A significant Group!RF interaction was
found for the luminance-defined condition where thresholds were higher in the AS group for the two
and three RF conditions; no between-group differences were found for the five and 10 RF conditions. A
significant main effect of group was identified for the texture-defined condition, where mean thresholds
were higher for the AS group across all RF conditions assessed (two, three, five and 10); a Group!RF
interaction effect was not found. Performance for each RFP condition was not affected across group by
either chronological age or intelligence, as measured by either Weschler scales or Raven Progressive
Matrices.
Conclusions: The ability of AS individuals to discriminate a circular pattern is differentially affected by the
availability (number of deformations along the RFP contour) and type (luminance vs texture) of local,
low-level elements defining its contour. Performance is unaffected in AS when RFP discrimination is
dependent on the analysis of local deformations of luminance-defined contour elements, but decreased
across all RF conditions when local contour elements are texture-defined. These results suggest that
efficient pattern perception in AS is functionally related to the efficacy with which its local elements are
processed, indicative of an early origin for altered mid-level, pattern perception in AS.

& 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Autism Spectrum (AS) is a neurodevelopmental condition de-
fined by qualitative and quantitative alterations in social

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/neuropsychologia

Neuropsychologia

http://dx.doi.org/10.1016/j.neuropsychologia.2015.09.022
0028-3932/& 2015 Elsevier Ltd. All rights reserved.

n Corresponding author at: CERNEC, Psychology Department, University of
Montreal, 90 Vincent-d’Indy Avenue, Montreal, Quebec, Canada H2V 2S9.

E-mail addresses: perreault.audrey@gmail.com (A. Perreault),
claudine.habak@ecae.ac.ae (C. Habak), franco.lepore@umontreal.ca (F. Lepore),
laurent.mottron@gmail.com (L. Mottron), armando.bertone@mcgill.ca (A. Bertone).

Neuropsychologia 77 (2015) 380–386

RESEARCH ARTICLE

Atypical Face Perception in Autism: A Point of View?
Karine Morin, Jacalyn Guy, Claudine Habak, Hugh R. Wilson, Linda Pagani, Laurent Mottron,
and Armando Bertone

Face perception is the most commonly used visual metric of social perception in autism. However, when found to be
atypical, the origin of face perception differences in autism is contentious. One hypothesis proposes that a locally ori-
ented visual analysis, characteristic of individuals with autism, ultimately affects performance on face tasks where a
global analysis is optimal. The objective of this study was to evaluate this hypothesis by assessing face identity dis-
crimination with synthetic faces presented with and without changes in viewpoint, with the former condition mini-
mizing access to local face attributes used for identity discrimination. Twenty-eight individuals with autism and 30
neurotypical participants performed a face identity discrimination task. Stimuli were synthetic faces extracted from
traditional face photographs in both front and 20! side viewpoints, digitized from 37 points to provide a continuous
measure of facial geometry. Face identity discrimination thresholds were obtained using a two-alternative, temporal
forced choice match-to-sample paradigm. Analyses revealed an interaction between group and condition, with group
differences found only for the viewpoint change condition, where performance in the autism group was decreased
compared to that of neurotypical participants. The selective decrease in performance for the viewpoint change condi-
tion suggests that face identity discrimination in autism is more difficult when access to local cues is minimized,
and/or when dependence on integrative analysis is increased. These results lend support to a perceptual contribution
of atypical face perception in autism. Autism Res 2015, 00: 000–000. VC 2015 International Society for Autism
Research, Wiley Periodicals, Inc.

Keywords: autism spectrum disorder; face perception; local; global; synthetic faces; viewpoint change

Introduction

Autism Spectrum Disorder (ASD) is a neurodevelopmen-
tal condition characterized by impairment in social
interaction and communication, co-occurring with
restricted interests and repetitive behaviors, such as per-
sistent fixations on parts of objects and prolonged self-
stimulation [American Psychological Association (APA),
2013]. Spontaneous, overt autistic behaviors contrast an
interest for nonsocial material and a disinterest for
information laden with social content. Since face per-
ception is argued to be an integral part of reciprocal
social interactions and functioning [Schultz et al.,
2000], a processing deficit for facial information may be
implicated in the socialization and communication dif-
ficulties seen in autism [Dawson, Webb, & McPartland,
2005; Schultz et al., 2000; Schultz, 2005]. However, the
neurocognitive underpinnings of this dissociation are
not definitively characterized. While visual perception
in autism is best characterized by a superior ability to

process nonsocial or elementary information, argu-
ments for a deficit in the perception of socially laden
visual information, such as faces, are not well estab-
lished [Jemel, Mottron, & Dawson, 2006; Weigelt,
Koldewyn, & Kanwisher, 2012].

Two contending hypotheses have been proposed to
account for autistic behaviors in relation to face percep-
tion. The first, social account, suggests that an altera-
tion of typical face-oriented behaviors reflect the
abnormal development of the “social brain network”
[Schultz, 2005; Pelphrey, Yang, McPartland, 2014],
involved in social perception, cognition and behavior.
This network is comprised of several, inter-related brain
regions specifically sensitive to different types of social
information that include the amygdala, superior-
temporal sulcus, and the fusiform face area [Pelphrey,
Morris, & McCarthy, 2005]. Particular attention has
been drawn to the fusiform face area, which has been
identified as a key region for the processing of facial
information [Kanwisher, McDermott, & Chun, 1997].

From the Perceptual Neuroscience Lab (PNLab) for Autism and Development (K.M., J.G., A.B.), Montr!eal, Canada; Ecole de Psycho!education,
Universit!e de Montr!eal (K.M., L.P.), Montr!eal, Canada; Integrated Program in Neuroscience, McGill University (J.G.), Montr!eal, Canada; Visual
Perception and Psychophysics Lab, Universit!e de Montr!eal (C.H.,); Center for Vision Research, York University (H.R.W.), Toronto, Canada;
University of Montreal Center of Excellence for Pervasive Developmental Disorders (CETEDUM) (L.M., A.B.), Montr!eal, Canada; Department of
Education and Counselling Psychology, McGill University (A.B.), Montr!eal, Canada

Received January 23, 2014; accepted for publication December 28, 2014
Address for correspondence and reprints: Armando Bertone, Department of Education and Counselling Psychology, Mcgill University, 3700

McTavish Street, Montr!eal, Qc, H3A 1Y2. E-mail: armando.bertone@mcgill.ca
Published online 00 Month 2014 in Wiley Online Library (wileyonlinelibrary.com)
DOI: 10.1002/aur.1464
VC 2015 International Society for Autism Research, Wiley Periodicals, Inc.

INSAR Autism Research 00: 00–00, 2015 1

approach and context = systematic assessment of unimodal visual perception at different 
levels of processing / complexity : 
• low-level = elementary / non-social information processing = local information
• mid-level = integration of elementary information / non-social =  global information
• high-level = complex / social information processing = global information + social content

“ low-level “ “ mid-level “ “ high-level “ 

complexity



DSM-5 : sensory issues now explicitly included as criteria for autism

DSM 5 : 2 symptom domains (3 domains in DSM-IV : SC, SI & RIRBs)
A. persistent deficits in social communication and social interaction
B. restricted, repetitive patterns of behavior, interests, or activities, 

§ B4. Hyper- or hyporeactivity to sensory input or unusual interests in sensory aspects of the 
environment (e.g., apparent indifference to pain/temperature, adverse response to specific 
sounds or textures, excessive smelling or touching of objects, visual fascination with lights or 
movement).

↑ sensory abnormalities in ASD
• prevalence : 69-95%  (Caminha et al., 2012; Hazen et al., 2014; Leekam et al., 2007)

• differ across age, symptom severity, & modalities (Ben-Sasson et al., 2009; Pellicano, 
2013; Kern, 2006)

do sensory processing underlie core features in autism? (Iarocci & McDonald, 
2006; Marco, Hinkley, Hill, & Nagarajan, 2011)

• cascading effect = disruption in sensory processing → higher-level atypicalities
(cognitive, behavioral, etc.) (Hilton, Graver & LaVesser, 2007; Lane, et al., 2010; Maekawa et al., 
2011)

« we currently have more functional imaging data about how the autistic brain processes a face 
or a theory of mind than we do about the way it processes location, colour, orientation, or spatial 
frequency; at what level of processing do the perceptual and cognitive abnormalities begin? »
(Belmonte et al 2004, p 658.)
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The broad variation in phenotypes and severities within autism spectrum disorders suggests
the involvement of multiple predisposing factors, interacting in complex ways with normal
developmental courses and gradients. Identification of these factors, and the common
developmental path into which they feed, is hampered by the large degrees of convergence
from causal factors to altered brain development, and divergence from abnormal brain
development into altered cognition and behaviour. Genetic, neurochemical, neuroimaging,
and behavioural findings on autism, as well as studies of normal development and of genetic
syndromes that share symptoms with autism, offer hypotheses as to the nature of causal
factors and their possible effects on the structure and dynamics of neural systems. Such
alterations in neural properties may in turn perturb activity-dependent development, giving
rise to a complex behavioural syndrome many steps removed from the root causes. Animal
models based on genetic, neurochemical, neurophysiological, and behavioural manipulations
offer the possibility of exploring these developmental processes in detail, as do human studies
addressing endophenotypes beyond the diagnosis itself.
Molecular Psychiatry (2004) 9, 646–663. doi:10.1038/sj.mp.4001499
Published online 23 March 2004
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Autism and abnormal neural dynamics

Cognitively, autism has been construed as a disorder
involving fundamental deficits in central coherence,1

executive function,2 and theory of mind3 or empathis-
ing.4 Anatomically, abnormalities have been localised
in cerebellum and brain stem,5 hippocampus and
amygdala,6 and frontal lobes7–9 and other neocortical

structures. These descriptions and findings are
neither mutually exclusive nor mutually indepen-
dent, and a complete explanation will encompass all
of them. Arriving at such a unified explanation will
depend on looking beyond developmental end points
and surface diagnostic features, beyond the leaves of
the developmental tree to its trunk and roots.
Autism is a developmental disorder not simply in

terms of taxonomy but in terms of its detailed
aetiology. It cannot be understood as if it were a
lesion within an otherwise normal, fully developed
brain, but must instead be approached as an emergent
property of developmental interactions between
many brain regions and functions.10 Primary dysfunc-
tions can be masked by the evolution of compensatory
processing strategies which normalise behaviour,11

and also by the induction of activity-dependent
secondary dysfunctions 12,13 that disrupt behaviour
in new ways. There is thus a high degree of fan-out
(divergence) from core dysfunctions in the developing
brain to cognitive and behavioural symptoms

Received 06 June 2003; revised 20 October 2003; accepted 04
February 2004

1This paper is the report of the meeting ‘Pinpointing Autism:
Neurochemical Targets and Research Directions in Developmen-
tal Neurobiology’ convened by Cure Autism Now in Santa
Monica, CA, April 2002. In addition to those workshop
participants who have directly contributed to this review, we
acknowledge the participation of Michael Merzenich, Eric
Hollander, Steven Watkins, Maja Bucan, and Mark Geyer, whose
insights have helped shape this discussion.
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“ systems-level approach “

Mottron et al., 2007



multisensory integration (or MSI) = ability to efficiently and 

simultaneously integrate stimuli from multiple sensory 

modalities integrated into 1 coherent percept (Stein, Wallace & Stanford, 

1999; Stein & Meredith, 1993)

• automatic

• advantage conferred by MSI = multisensory facilitation
• leads to an efficient & accurate interpretation of world

• adaptive response to environment / efficient decision making

multisensory integration (MSI) = audio-visual integration …

consequences of MSI impairment in NDCs & ASD ? (Foxe & Molholm, 

2009) environment complex & confusing | incoherent information | 

withdrawal / avoidance | cognitive overload | lack of cognitive flexibility

atypical MSI consistent with cognitive theories

• weak central coherence (Happé & Frith 2006)

• temporal binding deficit (Brock, Brown, Boucher & Rippon, 2002)

multisensory integration - MSI

Multisensory processing in ASD 49

Figure 3. A hypothetical model. Illustration of our hypothetical model on the impact of 
developmental delays in sensory processing on the later development of higher-order 
functions in people with ASD. From a developmental perspective, multisensory integration is 
thought to partly underlie social cognition, which in turn underlies social interactions and 
functioning. Thus, if treatment can promote the development of multisensory integration in 
individuals with ASD, it may improve social cognition, core symptoms, and social 
functioning. ASD, autism spectrum disorder.

NEURAL MECHANISMS UNDERLYING ATYPICAL MSI IN ASD

For MSI, neuronal rhythms (i.e., neuro-oscillatory functions, which are rhythmic 
and/or repetitive electrical activity generated spontaneously by neural tissue in 
response to stimuli) play an important role (26–28). Even subtle disturbances in 
the coordination of inter-regional phase relationships may lead to dysfunctional 
information processing. Indeed, it has been suggested that there may be abnor-
malities in neuro-oscillatory functions in people with ASD (29). For example, 
gamma-band perturbations in autism are commonly observed. Balz et al. (30) 
reported that proneness to the SIFI task was correlated with gamma-aminobutyric 
acid levels, which have been reported to be altered in individuals with ASD (31). 
If the phase of neuronal oscillations plays a critical role in sensory integration, 
even subtle differences in this mechanism may lead to malfunctions in informa-
tion processing.

As a neural mechanism associated with MSI deficits in ASD, Beker et al. (23) 
proposed that regional neural connections are weaker in those with ASD, result-
ing in a non-synchronous intersensory activity. It is possible that advanced pro-
cessing stages, including MSI, are more affected than basic sensory information 
processing. These potentially cascading effects are likely to affect the development 
of various cognitive abilities that are commonly impaired in people with ASD. For 
example, as a result of atypical multisensory integration resulting from non-
synchronous intersensory activity, the development of the abilities to recognize 
others’ emotions or to read others’ intentions by integrating facial (visual) and 
vocal (auditory) information could be delayed.

Kawakami & Otsuka (2021) 



interest in MSI and autism ↑
• accelerated since since Foxe & Molholm's (2009) “ call to arms paper “ 
• need to translate fundamental MSI to clinical populations, and autism in 

particular = many empirical and review papers since 

MSI abilities in autism still not that well understood

MSI in autism more consistently impaired when using using social 
stimuli 
• McGurk effect (Taylor, et al., 2010; Williams et al., 2004; ++++) |speech with lip-reading 

(Foxe et al., 2015; Smith & Bennetto, 2007) | speech with gestures (Silverman, et al., 2010)

less consistent findings when using non-social stimuli / illusions
• sound-induced flash illusion (Shams et al. 2000)

not clear why (Wallace, Woynaroski & Stevenson, 2020)

• differences between multisensory impairments when processing social vs 
non-social stimuli ?

• developmental trajectory of multisensory integration is delayed or 
disordered ?

MSI & autism
McGurk Illusion 

(McGurlk & McDonald, 1976)

sound-induced flash illusion
(Shams et al. 2000)

beeps & flashes

speech components  & 
dynamic face



regardless of task / paradigm, most studies make generalized 
conclusion of altered MSI in autism (Mulleur et al., 2020)

• do they assess a fundamental MSI impairment = “low-level”, 
• or are results confounded by the complex, socio-communicative 

nature of the stimuli ?

relatively few developmental assessments of MSI are available
• across different periods of development

questions … 
• is the MSI (audio-visual integration) altered in autism ?
• if so, is altered MSI in autism contingent on the type of 

information being integrated ? 
• is altered MSI in autism different in the same way at different 

periods of development ?

several recent review papers (2019-) all cite these two variables as 
- stimulus complexity  and age
as critical to understanding MSI in autism (Feldman et al, 2019; Kawakami & Otsuka, 
2021; Wallace et al., 2021; Mulleur et al 20221)

speech / faces 

beeps & flashes

Bertone et al.  Assessing the development of elementary and 152 687 $ 
 social perception in autism using behavioural and imaging approaches  
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 APPENDIX IV. Research Design 
 
 
 

 
The accelerated longitudinal design (ALD) to be used to derive developmental trajectories.  
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MSI in autism : atypical at different levels of processing / complexity ?

six levels of deformation (amplitudes of 0.001, 0.002,
0.004, 0.008, 0.016, and 0.032) were presented 20 times
in pseudorandom order, for a total of 120 trials per
condition.

Prior to data collection, participants completed a
brief practice session, with the same 2-IFC procedure as
the experimental conditions. However, in order to
facilitate comprehension of the task, radial frequency
patterns were presented from easiest to hardest
(amplitude of 0.062, 0.032, 0.016, 0.008, 0.004, 0.002,
and 0.001). Throughout the entire testing session,
participants were reminded to fixate the center of a
uniform screen. In order to avoid participant fatigue,
short breaks were provided after each condition. The
experimenter entered the participants’ response (first or
second interval) by pressing a key on the computer’s
keyboard. Conditions were counterbalanced across all
subjects. The entire testing session took approximately
1½ to 2 hours. This study was carried out in
accordance with the Declaration of Helsinki as well as
was approved by the ethics committee at Rivière-des-
Prairies Hospital. All participants provided informed
consent and were given financial compensation for their
time.

Data analysis

Data from each block were fit with a Weibull
function (Weibull, 1951) using maximum likelihood
estimation, and thresholds were estimated at 75%
correct responses. Two separate mixed analyses of
variance (ANOVAs) were conducted, one for first-

order RFPs and the other for second-order RFPs.
After analyzing the data for basic assumptions, two
participants were identified as having extreme scores
(i.e., two standard deviations above the mean) on all
conditions. These participants (one child and one adult)
were therefore removed from all analyses. The final
sample size was 45, with 15 participants being included
in each of the three age groups. All other basic
assumptions were met except for that of sphericity.
Since multiple analyses were performed and the basic
assumption of sphericity was not met, the Greenhouse-
Geisser estimated F value and an alpha level of 0.01
were used (Tabachnick & Fidell, 2007). Finally,
minimal deformation thresholds were logged trans-
formed; all analyses were performed on log-trans-
formed thresholds.

Results

The first analysis (Groups [between] · RFP
[within]) was conducted to evaluate differences be-
tween age groups for luminance-defined RFPs of
varying number of curvatures (three, five, 10 RFs).
From this analysis, a significant Group · RFP
interaction was firstly identified, F(2.76, 57.99)¼ 4.70,
p ¼ 0.006, g2partial ¼ 0.18 (see Figure 2). This
interaction indicated that age group differences vary
for differing number of RFPs. Simple main effects
tests, conducted to evaluate group differences for
three, five, 10 RFPs, revealed group differences for
RFPs of three, F(2, 42) ¼ 11.41, p , 0.001, g2partial ¼

Figure 1. The stimuli located at the top row of the image are luminance-defined RFPs of zero, three, five, and 10 radial frequencies.
Located at the bottom row of the image are texture-defined RFPs of zero, three, five, and 10 radial frequencies.
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unimodal

multimodal

approach = systematic assessment of MSI at different levels of processing / complexity :
• low-level = elementary / non-social 
• mid-level = integration of elementary information / non-social
• high-level = complex / social 

“ low-level “ “ mid-level “ “ high-level “ 

complexity



RT most often used measure in MSI tasks 

redundant signals effect (gain) = responses are faster when 

stimuli presented together (F A + F V ) vs separately (F A OR F V)

however …

need to distinguish between; 

• statistical facilitation (race model) = faster of the two 

unisensory (F A or F V) inputs always determines the speed of 

response to multisensory trails = F A + F V

• multisensory facilitation (coactivation model) = assumes 

integrated processing = decreased RT on multisensory conditions 

goes above and beyond the effect of redundant stimulation = 

F AV should always be ≤ F A + F V

race model inequality (RMI) (Miller, 1982) : violation of RMI = 

presence of an integrative multisensory facilitation (grey area)

the race model analysis : compares the RTs on the AV condition 

to a bound value computed from the unimodal RTs that reflects 

the effect of redundancy = gold standard process for assessing 

present of MS facilitation

How is MSI defined and assessed 

Gondan & Minakata, 2015; Miller, 2016

component of the redundant signal follow the same distribu-
tion as the processing times elicited from a single auditory
signal. Likewise, the processing times for the visual compo-
nent of AV follow the same distribution as the processing
times elicited from a single visual signal:

P DA ≤ t j AVð Þ ¼ P DA ≤ t j Að Þ; for all t; ð4AÞ

P DV ≤ t jAVð Þ ¼ P DV ≤ t jVð Þ; for all t: ð4BÞ

Inserting Eqs. 4A and 4B into Inequality 3 yields

P DAV ≤ t jAVð Þ ≤ P DA ≤ t jAð Þ þ P DV ≤ t jVð Þ; ð5Þ

for all t.
Inequality 5 only describes the modality-specific process-

ing times D under the race model assumption. The observable
response timeT also includes residual processesM, for exam-
ple, the finger movement, or, more generally, processes related
to response execution, so that T = D + M. Assuming that
Inequality 5 holds for all M = m (Dzhafarov, 2003;
Dzhafarov, Schweickert, & Sung, 2004),

P DAV ≤ t jAV;M¼ mð Þ ≤ P DA ≤ t jA;M ¼ mð Þ
þ P DV ≤ t jV;M ¼ mð Þ; for all t;m;

the inequality is directly translated to observable RT distribu-
tions,

P TAV ≤ tð Þ ≤ P TA ≤ tð Þ þ P TV ≤ tð Þ; for all t: ð6AÞ

The upper bound Inequality 6A is the well-known RMI
(Miller, 1982; for a lower bound, see Grice, Canham &
Gwynne, 1984). Inequality 6B is usually written compactly
using the notation for the cumulative RT distribution function
F(t) = P(T ≤ t),

FAV tð Þ ≤ FA tð Þ þ FV tð Þ; for all t: ð6BÞ

Hence, under the race model, the cumulative RT distribution
for AVis always either equal to or below (see Fig. 1) the summed
distributions from the single auditory signal (A) and the single
visual signal (V). Because cumulative distributions aremonoton-
ically increasing, an equivalent prediction is that the RT distribu-
tion for AV is equal to or to the right of the summed distributions
for the single signals A andV.When the RMI is violated at some
t, it is because the race model is the wrong model (Eq. 1), the
context invariance assumption is untenable (Eqs. 4A and 4B), or
both. In many studies context invariance is assumed to hold, and
a violation of the RMI is used as a synonym for “coactivation.”

Note that Boole’s law (Inequality 3) does not require the
channel processing timesDA,DV to be stochastically indepen-
dent. Therefore, the RMI is consistent with a scenario in which
the participant concentrates on the auditory channel in a given
trial (DAwill be lower, at the expense ofDV), and on the visual
channel in another trial. If the channel processing times were
independent, the race model would predict an equality,

FAV tð Þ ¼ FA tð Þ þ FV tð Þ− FA tð Þ ⋅ FV tð Þ; for all t: ð7Þ

We mention this here because Eq. 7 is sometimes used in
studies with redundant signals (e.g., Stevenson et al., 2014;
see also Current practice section below). We do not recom-
mend using it because we think that the assumption of channel
independence is poorly motivated.

The cumulative distribution functions in Inequalities 6A
and 6B relate to theoretical probabilities that are not seen in
an experiment. However, experimental data can be used to
obtain empirical estimates Ĝ(t) for these probabilities. Ĝ(t) is
given by the proportion of RTs below t in a specific experi-
mental condition. These estimates can then be used to test
whether the RMI holds or not in a given experimental task.

Testing the RMI

In RT studies in experimental psychology hypothesis tests
generally refer to differences in the mean RT observed under
two or more experimental conditions. Most often, the “mean
correct RT” is determined for the subset of correct responses
that fall within some predefined response window, and a
paired t test or an analysis of variance is used to test whether
response speed in one condition differs from the other condi-
tion. The theoretical prediction usually corresponds to the al-
ternative hypothesis, so that a significant difference in mean
RTs is taken as support for the theory.
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Fig. 1 Cumulative distribution functions F(t) of RTs for auditory, visual,
and auditory-visual stimuli, as well as the sum of the distributions for A
and V (FA + FV). According to the race model inequality, FAV should
always be below/to the right of FA + FV. In this example, the inequality is
violated, for example, at t = 200ms, because FAV(200) is above FA(200) +
FV(200). The violation occurs within the range illustrated by the shaded
area. Two features of the curves should be noted: Because there might be
a tendency to guess the onset of the stimulus especially in simple response
tasks, a number of very fast “responses” might occur, so that F(t) is
already above zero for t = 100 ms. Similarly, the F(t) do not seem to
tend to one at the upper limit of the RT window; this happens because
some stimuli might be overlooked

Atten Percept Psychophys (2016) 78:723–735 725



first developmental assessment of MSI in neurotypicals
• [school ages → adulthood] + [Race Model Analysis]

111 typically-developing individuals - 4 age groups :
• 6-9 ys |10-13 ys | 14-17 ys & 18+  
• target detection task completed

race model analysis applied for each age group
• race model inequality : evaluated at 10 different points of the RT 

distributions (the 5th, 15th, 25th… 95th %-iles)
• %-iles with the shortest RT for each participant computed
• bound value computed
• for each %-iles, the mean RTs for the AV condition compared to the 

bound using t-test. 
• violations (*)= MSI facilitation 

results : violations of the race model increase as a 
function of age group
• MSI for simple information develops / improves across 

developmental periods
• MSI abilities for low-level information do not reach adult-

like level during late adolescence : 14-17 ys.

neurotypical : multi-sensory integration (MSI) - low-level, non-social info

target detection task : A trials = beep |
V trials = flash, AV trials = beep + flash

respond to the stimulus as fast as possible : reaction
time (RT) recorded for each trial.

adult group : race model violated through the 85th percentile

violations increased with age group 

RM violation at any percentile is sufficient to provide 
evidence of multisensory facilitation. 
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Individuals with autism o!en avoid certain sensory stimuli (e.g., withdrawing from speci"c noises like the sound 
of a vacuum cleaner, avoiding certain textures or smells) and/or seek out sensory experiences through stimula-
tory behaviours (e.g., peering, echoing, tapping surfaces)1,2. #e prevalence of sensory issues in autism is thought 
to vary between 69 and 95%, which con"rms that sensory abnormalities are a concern for the vast majority of 
individuals with autism3. Furthermore, sensory issues have been shown to occur across development in autism3,4, 
as well as across sensory modalities1. Atypical reactivity to sensory input is now included among the DSM-5 
symptoms for Autism Spectrum Disorder5. Autism Spectrum Disorder will continue to be referred to as “autism” 
throughout the text.

In light of the signi"cance of sensory processing abnormalities, it has been suggested that these may actu-
ally contribute to some of the core social and behavioural characteristics of autism6,7. If sensory processing was 
altered, there would be a subsequent e$ect on higher-order processes. For instance, disruption in basic visual or 
auditory processing may contribute to de"cits found at the higher level, such as socio-communicative function-
ing7. In fact, studies have demonstrated a relationship between sensory processing issues and social responsive-
ness8, communicative impairments and maladaptive behaviours9, as well as behavioural/emotional problems10,11.

#e study of unimodal integration (e.g., integrating multiple visual stimuli into a whole) can be helpful to 
better understand di$erent unisensory experiences. However, multisensory integration (MSI) may be a more 
ecological construct in that it better re%ects naturalistic sensory experiences given that most of the situations that 
are encountered involve stimulation of more than one sensory modality at a time12,13. Multisensory integration 
is the process by which information from multiple sensory modalities are integrated into a whole14,15. #e main 
advantage of MSI is that it allows to process incoming information more quickly and e$ectively15. In fact, the 
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In light of the signi"cance of sensory processing abnormalities, it has been suggested that these may actu-
ally contribute to some of the core social and behavioural characteristics of autism6,7. If sensory processing was 
altered, there would be a subsequent e$ect on higher-order processes. For instance, disruption in basic visual or 
auditory processing may contribute to de"cits found at the higher level, such as socio-communicative function-
ing7. In fact, studies have demonstrated a relationship between sensory processing issues and social responsive-
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both groups experienced a gain in RT on the multimodal trials, the race model inequality analysis is necessary to 
distinguish between multisensory facilitation and the e!ects of redundant stimulation.

"e race model analysis showed di!erent results according to the diagnostic groups (see Table 2 for detailed 
results). For the TD group, the bimodal stimuli signi$cantly violated the race model assumption through the 55th 
percentile of the reaction time distribution, suggesting that the redundancy gain could be explained by multisen-
sory facilitation. However, in autism, there was no signi$cant violation of the race model, showing no evidence 
for multisensory facilitation (Fig. 2).

Figure 3 further depicts the distribution of RTs for all three conditions across both groups as compared to the 
predicted bound. Similar results were found when the same analysis was run according to age group (i.e., adoles-
cent and adult) in order to explore potential changes in MSI through development. In TD adults only, the same 
violation of the race model through the 55th percentile was found. "e violation was reduced to the 45th percentile 
in TD adolescents. "ere was no signi$cant violation of the race model for either adults or adolescents in the AS 
group. Although both groups showed similar reaction times in response to the three conditions, the race model 
analysis was able to identify a di!erence in the facilitation that can be speci$cally attributed to the bimodal nature 
of the trials.

At the individual level, 89% (N = 17) of the TD participants and 75% (N = 15) of the AS participants showed 
RTs in the audiovisual condition that were faster than the bound computed by the race model for at least one of 
the $rst six quantiles (i.e. the quantiles where violations of the race model were expected to occur). Figure 4 illus-
trates, for each of the $rst six quantiles, the percentage of participants in each group that had AV reaction times 
faster than the bound. We also calculated the number of quantiles where the RTs in the audiovisual condition 
were faster than the bound for each participant; a one-tailed t-test showed a signi$cant di!erence across groups 
(p = 0.035), indicating that TD participants had faster AV RTs than the race model bound more frequently than 
AS participants. Detailed individual participants’ data can be found in the Supplementary Information.

Quantile

AS group TD group
Mean RT (in ms) 
for AV trial Bound t-value p-value

Mean RT (in ms) 
for AV trial Bound t-value p-value

0.05 214.83 224.21 1.560 0.068 204.84 225.09 3.930 0.001*
0.15 242.64 248.82 0.767 0.227 224.78 248.91 4.046 0.001*
0.25 262.23 267.59 0.589 0.282 238.88 263.90 4.905 0.000*
0.35 276.83 283.86 0.847 0.204 251.58 276.87 4.628 0.000*
0.45 289.62 296.41 0.780 0.222 263.83 288.86 4.919 0.000*
0.55 307.87 307.45 −0.040 0.485 278.23 299.10 3.528 0.001*
0.65 324.80 317.84 −0.558 0.292 290.54 309.50 2.793 0.006
0.75 345.91 329.02 −1.240 0.230 309.22 320.46 1.303 0.105
0.85 388.12 338.96 −2.110 0.024 334.00 329.50 −0.431 0.336
0.95 460.15 350.44 −3.429 0.002 392.93 338.26 −3.399 0.002

Table 2. Race Model Inequality Analysis Results by Group. *Indicates signi$cant p-values for one-tailed, 
paired-samples t-test between mean RT for AV condition and the bound. Signi$cance is set at p < 0.005.

Figure 2. "e graph represents the di!erence in milliseconds (Y axis) between the model prediction based on 
the auditory and visual conditions, and the RTs obtained in the audiovisual conditions for each group (AS and 
TD). Positive values represent RTs that were faster than the race model prediction. "e di!erence between the 
bound (represented as 0 on the Y axis) and the RTs of the bimodal condition are computed for each percentile of 
the RT distribution (X axis). *indicates signi$cant violation of the race model (p < 0.005).

target detection task and ASD : only one previous 
study used this simple task and AND race model 
analysis (Brandwith et al., 2103)

• MSI of younger (7–10) and older (11–16) children 
compared = no MSI facilitation found in ASD group

assessed older autistic group: adolescents & adults
• autism group (n = 20) 
• neurotypical group (n = 19)
• 13-29 years 

MSI for low-level, non-social information is atypical
and less efficient for autistic adolescents and adults
• what about M<SI abilities at different periods of 

development ?
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process; these trials were not included in the analyses. !e remaining 60 trials were presented in random order 
and included 15 blank catch trials, 15 auditory-only trials, 15 visual-only trials and 15 bimodal trials (audiovis-
ual). Each trial began with a "xation cross-presented in the center of the screen for 1500 ms. For the active trials, 
the presentation of the "xation cross was followed by a visual stimulus, an auditory stimulus, or the simultaneous 
presentation of both stimuli a#er a variable random time delay of either 500, 750, 1000, 1250 or 1500 ms. !e 
auditory stimulus consisted of a 3500 Hz tone presented binaurally through noise-cancelling headphones for a 
duration of 12.5 ms. !e visual stimulus was a white disk subtending 3° of visual angle presented for a duration of 
12.5 ms on a black background. Both the auditory and visual stimuli were highly salient and signi"cantly above 
perceptual threshold in each modality. Participants were told at the start of the task that their reaction time was 
being measured, and to answer as quickly and accurately as possible when perceiving a visual and/or auditory 
stimulus.

��������Ǥ� Outlier rejection process. !e goal of data cleaning was to eliminate trials in which the participant 
was distracted50. Responses with a reaction time inferior to 100 ms or superior to 1500 ms were excluded from the 
analysis. Other similar studies have used more restrictive limits, such as a maximum reaction time of 1000 ms51  
or responses less than 3 standard deviations above or below the mean of a particular condition37. However, some 
of the autistic participants in the current study had generally slow motor responses that did not re$ect distraction 
from the task. !e upper limit of the inclusion window was increased to take participants with overall slower 
response speeds into account. !e following rule was used to exclude any participant who was not paying atten-
tion to the task for an extended length of time: if 5 trials on any modality in a block were either unanswered 
or over/under the outlier threshold, then the whole block was removed from analysis. If 2 blocks out of 4 were 
invalidated in this process, then the participant was excluded. !e outlier rejection process led to the exclusion of 
one TD participant who failed to answer 11 visual trials in the last two blocks. For the other participants, a total of 
6 trials (0.18% of trials) were excluded from the TD group data, and 31 (0.86% of trials) from the AS group data 
(either because the participant missed them, or because they fell out of the 100–1500 ms window). In total, 20 
participants with autism and 19 TD participants were included in the analysis.

ANCOVA. !e e%ect of two independent variables (i.e., diagnostic group and trial type) on reaction time 
(dependent variable), controlling for age (covariate) were assessed using a 2-way mixed-factorial ANCOVA [2 
(AS vs. TD) × 3 (auditory trials vs. visual trials vs. audiovisual trials)]. Greenhouse-Geisser corrections were 
applied when the Mauchly’s test of sphericity was signi"cant in order to correct for the heterogeneity of variance. 
Based on the Bonferroni correction for multiple comparisons, our critical p-value was set at p < 0.005.

Race model analysis. !e data was analyzed using Matlab (!e Mathworks, Inc.) and a program called RMItest, 
written by Je% Miller and described in Ulrich et al.52. Given that the bimodal stimuli provide two cues rather 
than one, the e%ects of multiple, redundant stimulation cannot be distinguished from the e%ects of multisensory 
facilitation by comparing the raw RTs for unimodal and bimodal stimuli. Subsequently, the race model analysis 
was used to determine whether any e%ect of quicker reaction time of AV trials went above and beyond the e%ect 
of redundant stimulation to indicate true multisensory facilitation.

!e race model predicts that the reaction time to multimodal stimuli will be equal to the RT of the fastest indi-
vidual stimulus (i.e. the RT to an audiovisual stimulus should be equal to the fastest RT observed for unimodal 
stimulation)53. If, however, reaction time to detect multimodal stimuli is signi"cantly faster than for a unimodal 
signal, the race model prediction is violated, and this facilitation can be attributable to multisensory integration. 
!e coactivation model stipulates that neural activations for both stimuli are combined and result in shorter 
reaction times52,53.

AS 
(n = 20)

TD 
(n = 19) t p

Sex
  Male 16 17
  Female 4 2
Chronological Age −0.252 0.802
  M 19.21 19.61
  SD 4.71 5.15
  Range 13–29 13–28
Age groups
  Adolescents 10 9
  Adults 10 10
Wechsler Full-Scale 
IQ −1.189 0.242

  M 102.95 107.79
  SD 13.71 11.55
  Range 79–120 86–125

Table 1. Participant Demographic Variables by Group. Only 19 TD participants were included because one TD 
participant was excluded from the analysis (see section on “Outlier rejection process”).

autism : multi-sensory integration (MSI) - low-level, non-social info

NT group : RM violated through the 55th percentile 

ASD group : RTs did not violate the race model at any of the 
percentiles (but MS gain evidenced by +ve numbers)



screen. A variable random time delay between 500 ms and
1500 ms was implemented between the offset of the fixation
cross and the onset of the stimulus. The aim of the task was

to respond to the stimulus as fast as possible via button press
(ResponsePixx™ button box) using their dominant hand. A
reaction time (RT) was recorded for each trial, measuring the
time that elapsed between the onset of the stimulus and the
response button press. Each participant completed 240 trials
(4 blocks of 60 randomized trials) with short breaks between
blocks and before testing began, participants were presented
with a practice session, consisting of two randomly gener-
ated repetitions of each condition trail (A, V, AV, blank)
presented before the first block.

2.3. Outlier exclusion process

Some participants who were originally recruited for the study
were not included at the final analysis stage. Participantswere
excluded if they; (i) did not meet Wechsler Performance IQ
score threshold of 70, (ii) were not able to complete all four
blocks of the task (iii) neurotypicality was voided due to a
diagnosis or self-reported co-morbid condition (e.g., Attention
Deficit/Hyperactivity Disorder, Intellectual Disability, Sensory

Processing Disorder, etc.). We report how we determined our
sample size, all data exclusions (if any), all inclusion/exclu-
sion criteria, whether inclusion/exclusion criteria were
established prior to data analysis, all manipulations, and all
measures in the study.

As recommended for this type of task (Gondan &

Minakata, 2016), we applied exclusion criteria to missing or
outlier trials. The aim of this cleaning process was to catch
trials in which participants were not paying attention or
were distracted. Similar to previous studies (Girard et al.,
2013; Ostrolenk et al., 2019) we removed trials that had a RT

below 100ms or above 1500ms. Per block, there were 15 trials
per modality (15 visual, 15 auditory, 15 audiovisual and 15
blank) and if 7 or more trials within amodality (out of 15) met
exclusion criteria in one block, the whole blockwas removed.
If two or more blocks (out of 4) were removed for a given
participant, the participant was excluded from the dataset.
This outlier rejection process led to the exclusion of 11
typical participants (9.02% of the original database) and 3
autistic participants (6.52% of the original database); 156
participants were included at the analysis stage.

2.4. Analysis

2.4.1. Age group separation
In order to assess age differences, at analysis stage, participant
groups were divided into younger and older groups. We chose
to divide our groups at a cut off age of 15 years old for several
reasons (i) previous research has suggested that multisensory
facilitation is immature around 8 years old but seemed to have
reached mature levels at 15 years of age (Brandwein et al.,
2011) (ii) this midpoint provided equal weight to each group
and hence, we had equal numbers at analysis stage (iii) age 15
is also seen as the ‘cut-off’ between childhood and adulthood
for sensory perception as reflected in the standardized Sen-

sory Profile Questionnaire (Dunn, 1999).

2.4.2. Race model and redundancy gain
Redundancy gain (RG) was calculated for each participant.
This is computed using the following calculation:

RG¼ Mean bimodal RT" Fastest mean unimodal RT
Fastest mean unimodal RT

In addition to this, the Race Model analysis was used to
determine whether audiovisual reaction times were quicker
than those expected from the presence of redundant stimuli.
The RaceModelmakes the prediction that the reaction time to
the audiovisual stimuli will be equivalent to the fastest RT to a

unimodal stimulus. Therefore, the model’s prediction is
violated if the reaction time to the bimodal stimuli is signifi-
cantly shorter than the fastest RT to the unimodal condition.
In this case, the facilitation effect leading to quicker RTs to the
bimodal condition can be attributed to multisensory integra-
tion (Miller, 1982; Ulrich et al., 2007). The Race Model analysis
was first conducted for the whole autism and neurotypical
groups, and then for younger (#14 years) and older ($15 years)
participants separately in each diagnosis group. Individual
data were also examined to obtain a clearer picture of within-
group heterogeneity.

The Race Model analysis was conducted using the RMIt-
est software (Ulrich et al., 2007). With this method, cumu-
lative density functions (CDFs) of the reaction time
distributions are computed for each participant and each
condition (visual, auditory, and audiovisual). The CDFs of
the audio and visual conditions are summed, resulting in
the race model prediction for each participant. This process

Table 1 e Participant characteristics across all participants age groups.

Participant Characteristics

Autistic: 14 or < Autistic: 15 or > Neurotypical: 14 or < Neurotypical: 15 or >

N¼ 23 22 55 56
Age
Age Range 7e14 15e29 6e14 15e29
Age M 11.91 19.05 10.78 19.96
Age SD 2.00 4.10 2.39 4.27

IQ
PIQ M 112.85 107.16 111.43 109.27
PIQ SD 17.89 11.57 13.83 12.42

c o r t e x 1 3 4 ( 2 0 2 1 ) 1 9 5e2 0 6198

RTs were shorter than the bound. There was no significant
interaction between diagnosis and age (F(1,152) ¼ .623,
p¼ .431, h2 ¼ .004). The presence of significantly more AV RTs
shorter than the bound in both the older groups compared to
the younger groups independently of the diagnosis (see Table
3) suggests a potential initiation of developmental change,
although the Race Model analysis was not able to identify

significantMSI in the older autistic group. Detailed individual
participants’ data can be found in the Supplementary
Information.

4. Discussion

This study aimed to assess the redundant stimulus effect
(RSE) in autistic compared to neurotypical individuals, across
younger and older ages. It is the largest study to assess RSE in
autistic individuals using the race model and provides evi-
dence for reduced multisensory facilitation in autism for
simple, non-social information -a finding that was consistent
across younger ("14 years) and older (#15 years) age groups.

Fig. 1 e Redundancy Gain across each participant group. A significant main effect of group was found, but no significant
effect of age or interaction (**p ¼ < .001).

Fig. 2 e Redundancy Gain distribution across autistic and neurotypical groups.

c o r t e x 1 3 4 ( 2 0 2 1 ) 1 9 5e2 0 6200
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The integration of multiple sensory inputs (multisensory integration (MSI)) is thought to be

idiosyncratic in autistic individuals and may have cascading effects on the development of

higher-level skills such as social communication.

Multisensory facilitation was assessed using a target detection paradigm in 45 autistic

and 111 neurotypical individuals, matched on age and IQ. Target stimuli were: auditory (A;

3500 Hz tone), visual (V; white disk ‘flash’) or audiovisual (AV; simultaneous tone and

flash), and were presented on a dark background in a randomized order with varying

stimulus onset delays. Reaction time (RT) was recorded via button press. In order to assess

possible developmental effects, participants were divided into younger (age 14 or younger)

and older (age 15 and older) groups.

Redundancy gain (RG) was significantly greater in neurotypical, compared to autistic

individuals. No significant effect of age or interaction was found. Race model analysis was

used to compute a bound value that represented the facilitation effect provided by MSI. Our

results revealed that MSI facilitation occurred (violation of the race model) in neurotypical

individuals, with more efficient MSI in older participants. In both the younger and older

autistic groups, we found reduced MSI facilitation (no or limited violation of the race

model).

Autistic participants showed reduced multisensory facilitation compared to neuro-

typical participants in a simple target detection task, void of social context. This remained

consistent across age. Our results support evidence that autistic individuals may not

integrate low-level, non-social information in a typical fashion, adding to the growing

discussion around the influential effect that basic perceptual atypicalities may have on the

development of higher-level, core aspects of autism.
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at what age does MSI improve in autism?
• Brandwith (2013) no MS facilitation across (7–10) & (11–16) year

old age rages
• Ostrolenk (2019) no MS facilitation 13-29 year-olds group

investigate developmental change in MSI in autism  : 
• younger (< 14 years) and older (> 15 years) participants

redundancy gain : RT for [A + V] conditions < A or V
conditions alone
• evidenced for both group
• but significantly lower in the of autism group

MSI facilitation (RM violation)
• younger (45% %-ile) and older (75%-ile) TD group
• only younger autism group (5th %-ile)

MSI facilitation for low-level, non-social information 
develops differently in autism
• MSI facilitation less evidenced for younger age groups

autism : multi-sensory integration (MSI) - low-level, non-social info

Fig. 3 e T-values between the Race Model’s prediction based on the auditory and visual conditions, and the RTs obtained in
the audiovisual conditions for each group (autistic and neurotypical under and over 15). Positive values represent AV RTs
that were faster than the race model prediction. The t-value between the bound (represented as 0 on the Y axis) and the RTs
of the bimodal condition are computed for each percentile of the RT distribution (X axis). * indicates a significant violation of
the Race Model (the t-test shows that the AV RTs are significantly shorter than the bound, p < .05).

Fig. 4 e Reaction time distribution for unimodal (A and V) and multimodal condition (AV) compared to the bound value
computed by the Race Model in younger and older TD and AS groups.

Table 3 e Total percentage of quantiles that showed RTs in the audiovisual condition that were faster than the Race Model
bound in each group, and percentage of participants with at least one quantile where audiovisual reaction times were
shorter than the bound.

Autistic !14 Autistic "15 Neurotypical !14 Neurotypical "15

Total percentage of quantiles with AV RTs shorter than the bound 45% 62% 52% 79%
Percentage of participants that showed one or

more AV RTs shorter than the bound
87% 86% 89% 96%

c o r t e x 1 3 4 ( 2 0 2 1 ) 1 9 5e2 0 6202
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multi-sensory integration (MSI) - low-level, non-social info

temporal binding window (TBW) : multisensory information 
is perceived as being simultaneous even when it is
asynchronous by a longer period of time = metric of MSI

simultaneity Judgement (SJ) task : 
• judge (same vs different) the perceived simultaneity of 

stimuli pairs with varying SOAs: 
– 50ms, 100ms, 150ms, 200ms, 250ms, 500ms, 750ms

wider  TBW = increase in “same” responses for larger SOAs = 
↓ efficient MSI

evidence regarding atypical TBW in autism is mixed;
• wider TBW autistic children/adolescents (Noel et al., 2017; Stevenson et al., 

2014)
• comparable in adults (Turi et al. (2016); Kawakami et al. (2020)

studies explicitly assessed the differences in TBW width 
across different age groups in autism do not exist. 

Figure 2. SJ Task: Synced, Auditory-leading and Visual-leading conditions. 

Cecere, et al., 2016



Audiovisual temporal binding across development in 
autism spectrum disorders

Ainsworth & Bertone A. (accepted) , Autism Research

autism : multi-sensory integration (MSI) - low-level, non-social info

TBWs assessed for autistic and neurotypical children and 
adolescents (6 - 18 years)
• the sensory profile of all participants also assessed (Dunn)

• TBW of child (6-12 ys) and adolescents (> 15 years) compared 

TBWs width defined via gaussian curve fitting procedures = 

• wider TBWs indicate less sensitivity to temporal alignment 

autism group : TBWs wider for child group

NT group : TBWs same for both age groups = autism adolescent group

significant correlation b/n TBW and age in autism group only

MSI in autism - development even for  low-level, non-social 
info – must be taken into context
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Figure 4. Percent ‘synced’ response relative to SOA for autistic (ASD) and neurotypical (TD) children 
and adolescents. 
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Figure 2. Linear regression of TBWs of autistic (ASD) participants across age
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Figure 3. Linear regression of TBWs of neurotypical (NT) participants across age

Table 2. Demographic information for autistic and neurotypical groups divided by age category

Autistic
Children

Autistic
Adolescents p Neurotypical 

Adolescents
Neurotypical

Children p

n = 16 41 16 33
Age Mean 

(SD) 9.9 (1.8) 9.3 (2.1) 0.30 14.7 (1.7) 14.8 (1.5) 0.83

PIQ Mean 
(SD) 106.1 (22.3) 110.3 (16.3) 0.43 106.4 (15.2) 109.7 

(16.2) 0.51
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Tables 

Table 1. Participant age, IQ, and sensory profile by group
Autistic (27 M, 5 F) Neurotypical (39 M, 34 F)

Mean SD Range Mean SD Range p

Age (years) 12.31 2.98 6-18 11.76 3.28 6-18 0.413

FSIQ 99.78 18.00 58-130 106.48 15.01 75-148 0.050

PRI 106.25 18.78 68-143 110.01 16.15 68-142 0.298

VCI 94.97 21.80 45-128 101.82 15.28 70-143 0.068

Sensory Profile

Seeking 37.94 14.53 10-79 31.58 12.33 10-58 0.023

Avoiding 49.19 15.42 26-78 32.50 9.31 20-63 < 0.001

Sensitivity 42.31 13.46 19-70 27.96 7.36 17-47 < 0.001

Registration 46.69 19.84 19-88 28.63 7.50 9-52 < 0.001
Note. Standard scores reported for the Wechsler Abbreviated Scale of Intelligence -2nd Edition by Full-Scale Intelligence Quotient (FSIQ), 
Verbal Comprehension Index (VCI) and Perceptual Reasoning Index (PRI). 

Table 2. Demographic information for autistic and neurotypical groups divided by age category

Autistic

Children

Autistic

Adolescents
p

Neurotypical 

Adolescents

Neurotypical

Children
p

n = 16 41 16 33

Age Mean 

(SD)
9.9 (1.8) 9.3 (2.1) 0.30 14.7 (1.7) 14.8 (1.5) 0.83

PIQ Mean 

(SD)
106.1 (22.3) 110.3 (16.3) 0.43 106.4 (15.2)

109.7 

(16.2)
0.51
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autism : multi-sensory integration (MSI) – mid-level, non-social info

challenging non-social, multi-modal visual search task 
(van der Burg et al., 2008)  
• find vertical or horizontal line = target

visual (no pip): all items (target and distractor) alternate 
color :
visual + auditory (pip) : tone presented concurrent to color 
change of target = parallel search

methods
• task accuracy (HITs) = %  correct responses. 
• reaction times (RTs) = response to the target color change 

(only correct answers). 

autism group : no benefit of concurrent auditory 
information during search = no MSI facilitation   

¯ multi-sensory integration but better unimodal
visual performance in autism (large set sizes)

reflections : is unimodal advantage in autism ever 
considered in MSI research … 

Van der Burg et al., JEP, 2008. 
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a b s t r a c t

Although the literature concerning auditory and visual perceptual capabilities in the

autism spectrum is growing, our understanding of multisensory integration (MSI) is rather

limited. In the present study, we assessed MSI in autism by measuring whether partici-

pants benefited from an auditory cue presented in synchrony with the color change of

a target during a complex visual search task. The synchronous auditory pip typically

increases search efficacy ( pip and pop effect), indicative of the beneficial use of sensory input

from both modalities. We found that for conditions without auditory information, autistic

participants were better at visual search compared to neurotypical participants. Impor-

tantly, search efficiency was increased by the presence of auditory pip for neurotypical

participants only. The simultaneous occurrence of superior unimodal performance with

altered audioevisual integration in autism suggests autonomous sensory processing in this

population.

ª 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Our perceptual world is made up of events that usually
stimulatemore than one sense at a given time. The brainmust
therefore integrate sources of information originating from
multiple sensory modalities in order to create a unified and
coherent internal representation of our external environment
(Stein and Meredith, 1993). This process, referred to as
multisensory integration (MSI), ultimately allows us to

interact with our surroundings and others in an adaptive
manner. It has been previously suggested that atypical MSI

may plausibly be the origin for certain characteristic behav-
iors in autism (Iarocci and McDonald, 2006; Marco et al., 2011),
including the avoidance of overstimulating environments and
the focus on repetitive sensory attributes (Lovaas et al., 1979).
Major cognitive theories in autism such as the Weak Central
Coherence (WCC) theory (Frith and Happe, 1994), the temporal
binding deficit hypothesis (Brock et al., 2002) and the
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aCentre de Recherche de l’hôpital universitaire Sainte-Justine, Montréal, QC, Canada
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Van der Burg et al., JEP, 2008. 

autism : multi-sensory integration (MSI) - higher-level, social info

integration of social information - expression of 
emotion - impaired in autism
• children and adults (Uljarevic and Hamilton, 2013). 

participants completed emotion discrimination 
(dynamic) 
• late adolescents and young adults, between 15 - 27 years.
• discriminate between affective expressions of “fear” and 

“disgust” 
• conditions : auditory | visual | audio-visual 

¯ auditory & visual discrimination (RT) in autism (A)

¯ MSI of higher-level, social info in autism group (B, C)

2.4.3. Task 2
The signal-to-noise ratios, corresponding to the detection thresholds, were

analyzed using a repeated measures ANOVA (2 [groups: ASD, TD; between
subjects factor]!2 [modalities: auditory, visual; within subject factor]). Based
on significant F-values, Bonferroni post-hoc analyses were performed when
appropriate.

3. Results

In all the analyses presented in the main manuscript, data
obtained for fear and disgust stimuli are collapsed. Results (and
related statistics) obtained for each emotion separately are
presented in Supplementary material (SFigs. 6–8).

3.1. Task 1

For the SACS (Fig. 2A), we observed a main effect of the factor
‘‘group’’ (F(1,48)¼5.27, pr .05, Z2

partial¼ .10), revealing superior
general performance in the TD group compared to the ASD group.
The analysis also yielded a main effect of the factor ‘‘modality’’
(F(2,96)¼31.82, pr .0005, Z2

partial¼ .61). Post-hoc comparisons
demonstrated superior performance with bimodal stimuli com-
pared to visual (pr .0005) and auditory (pr .0005) stimuli alone,
and superior performance with visual stimuli compared to
auditory stimuli (pr .05). A ‘‘modality’’ by ‘‘group’’ interaction
was not evidenced (F(2,96)¼ .082, p¼ .92, Z2

partial¼ .002), suggest-
ing that lower performance in the ASD group was generalized
across stimulus presentation conditions. For d0 scores (Fig. 2B), we
did not observe any significant difference in performance
between TD and ASD (F(1,48) ¼ .21, p¼ .65, Z2

partial¼ .004). How-
ever, we observed a main effect of the factor ‘‘modality’’
(F(1,48)¼12.18, pr .005, Z2

partial¼ .20) with superior performance
for bimodal stimuli compared to auditory (pr .005) but not visual
(p¼ .56) stimuli and no difference between visual and auditory
(p¼ .1) stimuli. There was no interaction between ‘‘group’’
and ‘‘modality’’ factors (F(2,96)¼ .97, p¼ .38, Z2

partial¼ .02). For
RTs (Fig. 2C), we observed a main effect of the factor ‘‘group’’
(F(1,48)¼6.12, pr .05, Z2

partial¼ .11), revealing superior general
performance (faster RTs) in TD compared to ASD. It also yielded a
main effect of the factor ‘‘modality’’ (F(1,48)¼70.66, pr .005,
Z2

partial¼ .60), with superior performance for bimodal stimuli com-
pared to visual (pr .0005) and auditory (pr .0005) stimuli alone
and no difference between visual and auditory (p¼ .32) stimuli.
There was no interaction between ‘‘group’’ and ‘‘modality’’ factors
(F(2,96)¼1.54, p¼ .22, Z2

partial¼ .03).

3.2. Multisensory integration

Although ASD (t(31)¼4.73, pr .001, Z2¼ .42) and TD (t(17)¼
9.43, pr .001, Z2¼ .84) showed a reliable RG, there was a superior
multisensory gain in the TD group compared to the ASD group
(t(48)¼#3.21, pr .005, Z2¼ .18) (Fig. 3). To further test for
differences in multisensory integration abilities in ASD and TD,
we used a one-sampled t-test against ‘0’ in order to investigate
whether the positive difference between the redundant condition
and the probabilistic bound was significant (meaning a violation
of the race model prediction) in TD and ASD. For TD, the
difference was significant for the fastest 5th percentiles of the
RTs distribution (t(17)¼2.1, pr .05, Z2¼ .21) whereas for ASD, no
violation of the race model inequality was found (t(31)¼ .44,
p¼ .66, Z2¼ .01) (Fig. 4).

Fig. 2. Speed-accuracy composite scores ((A) see Material and methods), d0 scores
(B) and mean reaction times (C) for the discrimination of emotional expressions
presented auditorily, visually and audio-visually in ASD and TD. In all the figures,
error bars denote the standard error of the group.

Fig. 3. Redundancy gain (in percent; see material and methods) for ASD and TD.
Error bars denote the standard error of the group. The figure illustrates a superior
redundancy gain in TD than in ASD (**: pr .005).

Fig. 4. Race model inequality. Test for violation of the race model inequality
(Miller, 1982; Ulrich, Miller & Schröter, 2007). The graph represents the difference
in milliseconds (on the Y axis) between the model prediction computed from the
RTs of each unisensory counterpart (the model bound) and the RTs obtained in the
redundant conditions. Positive values on the graph refer to RTs that were faster
than the race model prediction. Negative values on the graph refer to RTs that
were slower than the race model prediction. The difference between the bound
and the RTs of the redundant condition are computed for each percentile of the RT
distribution (on the X axis). For TD, the difference significantly exceeded the race
model inequality for the 5th percentiles of the RTs distribution. For ASD, no
violation of the race model inequality was found (*: pr .05).
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a b s t r a c t

The abilities to recognize and integrate emotions from another person’s facial and vocal expressions are
fundamental cognitive skills involved in the effective regulation of social interactions. Deficits in such
abilities have been suggested as a possible source for certain atypical social behaviors manifested by
persons with autism spectrum disorders (ASD). In the present study, we assessed the recognition and
integration of emotional expressions in ASD using a validated set of ecological stimuli comprised of
dynamic visual and auditory (non-verbal) vocal clips. Autistic participants and typically developing
controls (TD) were asked to discriminate between clips depicting expressions of disgust and fear
presented either visually, auditorily or audio-visually. The group of autistic participants was less
efficient to discriminate emotional expressions across all conditions (unimodal and bimodal). More-
over, they necessitated a higher signal-to-noise ratio for the discrimination of visual or auditory
presentations of disgust versus fear expressions. These results suggest an altered sensitivity to emotion
expressions in this population that is not modality-specific. In addition, the group of autistic
participants benefited from exposure to bimodal information to a lesser extent than did the TD group,
indicative of a decreased multisensory gain in this population. These results are the first to
compellingly demonstrate joint alterations for both the perception and the integration of multisensory
emotion expressions in ASD.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to recognize emotional expressions is a fundamen-
tal cognitive ability for the regulation of interpersonal inter-
actions (Adolph, 2002; Custrini & Feldman, 1989; Izard et al.,
2001). The tone of the voice and the facial expression are two
crucial cues that we constantly use to predict others’ actions and
to react appropriately in a social situation. An important aspect of
affect perception in everyday life is that it usually involves, like

speech, the activation of several sensory channels simultaneously.
Therefore, the combination of information from facial expression
(visual signal) and prosody (auditory signal) usually results in a
unified and more optimal representation of the expressed emotion
(de Gelder, Bocker, Tuomainen, Hensen, & Vroomen, 1999; de
Gelder & Vroomen, 2000; de Gelder et al., 2005). For example, it
has been shown that the multisensory integration (MSI) of these
two types of information typically allows for faster and more
accurate recognition of emotion expressions in human observers
(Collignon et al., 2008, 2010; de Gelder & Vroomen, 2000; Dolan,
Morris, & de Gelder, 2001; Kreifelts, Ethofer, Grodd, Erb, &
Wildgruber, 2007; Massaro & Egan, 1996) and in human-
machine interfaces (Busso et al., 2004).

Deficits in the perception of emotion expressions have been
suggested as possible causes of atypical social and communicative
interactions that are a striking part of the behavioral phenotype of
autistic spectrum disorders (ASD) (Bachevalier & Loveland, 2006;
Monk et al., 2010; Sigman, Dijamco, Gratier, & Rozga, 2004).
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a b s t r a c t

The abilities to recognize and integrate emotions from another person’s facial and vocal expressions are
fundamental cognitive skills involved in the effective regulation of social interactions. Deficits in such
abilities have been suggested as a possible source for certain atypical social behaviors manifested by
persons with autism spectrum disorders (ASD). In the present study, we assessed the recognition and
integration of emotional expressions in ASD using a validated set of ecological stimuli comprised of
dynamic visual and auditory (non-verbal) vocal clips. Autistic participants and typically developing
controls (TD) were asked to discriminate between clips depicting expressions of disgust and fear
presented either visually, auditorily or audio-visually. The group of autistic participants was less
efficient to discriminate emotional expressions across all conditions (unimodal and bimodal). More-
over, they necessitated a higher signal-to-noise ratio for the discrimination of visual or auditory
presentations of disgust versus fear expressions. These results suggest an altered sensitivity to emotion
expressions in this population that is not modality-specific. In addition, the group of autistic
participants benefited from exposure to bimodal information to a lesser extent than did the TD group,
indicative of a decreased multisensory gain in this population. These results are the first to
compellingly demonstrate joint alterations for both the perception and the integration of multisensory
emotion expressions in ASD.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to recognize emotional expressions is a fundamen-
tal cognitive ability for the regulation of interpersonal inter-
actions (Adolph, 2002; Custrini & Feldman, 1989; Izard et al.,
2001). The tone of the voice and the facial expression are two
crucial cues that we constantly use to predict others’ actions and
to react appropriately in a social situation. An important aspect of
affect perception in everyday life is that it usually involves, like

speech, the activation of several sensory channels simultaneously.
Therefore, the combination of information from facial expression
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unified and more optimal representation of the expressed emotion
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Wildgruber, 2007; Massaro & Egan, 1996) and in human-
machine interfaces (Busso et al., 2004).

Deficits in the perception of emotion expressions have been
suggested as possible causes of atypical social and communicative
interactions that are a striking part of the behavioral phenotype of
autistic spectrum disorders (ASD) (Bachevalier & Loveland, 2006;
Monk et al., 2010; Sigman, Dijamco, Gratier, & Rozga, 2004).
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2.4.3. Task 2
The signal-to-noise ratios, corresponding to the detection thresholds, were

analyzed using a repeated measures ANOVA (2 [groups: ASD, TD; between
subjects factor]!2 [modalities: auditory, visual; within subject factor]). Based
on significant F-values, Bonferroni post-hoc analyses were performed when
appropriate.

3. Results

In all the analyses presented in the main manuscript, data
obtained for fear and disgust stimuli are collapsed. Results (and
related statistics) obtained for each emotion separately are
presented in Supplementary material (SFigs. 6–8).

3.1. Task 1

For the SACS (Fig. 2A), we observed a main effect of the factor
‘‘group’’ (F(1,48)¼5.27, pr .05, Z2

partial¼ .10), revealing superior
general performance in the TD group compared to the ASD group.
The analysis also yielded a main effect of the factor ‘‘modality’’
(F(2,96)¼31.82, pr .0005, Z2

partial¼ .61). Post-hoc comparisons
demonstrated superior performance with bimodal stimuli com-
pared to visual (pr .0005) and auditory (pr .0005) stimuli alone,
and superior performance with visual stimuli compared to
auditory stimuli (pr .05). A ‘‘modality’’ by ‘‘group’’ interaction
was not evidenced (F(2,96)¼ .082, p¼ .92, Z2

partial¼ .002), suggest-
ing that lower performance in the ASD group was generalized
across stimulus presentation conditions. For d0 scores (Fig. 2B), we
did not observe any significant difference in performance
between TD and ASD (F(1,48) ¼ .21, p¼ .65, Z2

partial¼ .004). How-
ever, we observed a main effect of the factor ‘‘modality’’
(F(1,48)¼12.18, pr .005, Z2

partial¼ .20) with superior performance
for bimodal stimuli compared to auditory (pr .005) but not visual
(p¼ .56) stimuli and no difference between visual and auditory
(p¼ .1) stimuli. There was no interaction between ‘‘group’’
and ‘‘modality’’ factors (F(2,96)¼ .97, p¼ .38, Z2

partial¼ .02). For
RTs (Fig. 2C), we observed a main effect of the factor ‘‘group’’
(F(1,48)¼6.12, pr .05, Z2

partial¼ .11), revealing superior general
performance (faster RTs) in TD compared to ASD. It also yielded a
main effect of the factor ‘‘modality’’ (F(1,48)¼70.66, pr .005,
Z2

partial¼ .60), with superior performance for bimodal stimuli com-
pared to visual (pr .0005) and auditory (pr .0005) stimuli alone
and no difference between visual and auditory (p¼ .32) stimuli.
There was no interaction between ‘‘group’’ and ‘‘modality’’ factors
(F(2,96)¼1.54, p¼ .22, Z2

partial¼ .03).

3.2. Multisensory integration

Although ASD (t(31)¼4.73, pr .001, Z2¼ .42) and TD (t(17)¼
9.43, pr .001, Z2¼ .84) showed a reliable RG, there was a superior
multisensory gain in the TD group compared to the ASD group
(t(48)¼#3.21, pr .005, Z2¼ .18) (Fig. 3). To further test for
differences in multisensory integration abilities in ASD and TD,
we used a one-sampled t-test against ‘0’ in order to investigate
whether the positive difference between the redundant condition
and the probabilistic bound was significant (meaning a violation
of the race model prediction) in TD and ASD. For TD, the
difference was significant for the fastest 5th percentiles of the
RTs distribution (t(17)¼2.1, pr .05, Z2¼ .21) whereas for ASD, no
violation of the race model inequality was found (t(31)¼ .44,
p¼ .66, Z2¼ .01) (Fig. 4).

Fig. 2. Speed-accuracy composite scores ((A) see Material and methods), d0 scores
(B) and mean reaction times (C) for the discrimination of emotional expressions
presented auditorily, visually and audio-visually in ASD and TD. In all the figures,
error bars denote the standard error of the group.

Fig. 3. Redundancy gain (in percent; see material and methods) for ASD and TD.
Error bars denote the standard error of the group. The figure illustrates a superior
redundancy gain in TD than in ASD (**: pr .005).

Fig. 4. Race model inequality. Test for violation of the race model inequality
(Miller, 1982; Ulrich, Miller & Schröter, 2007). The graph represents the difference
in milliseconds (on the Y axis) between the model prediction computed from the
RTs of each unisensory counterpart (the model bound) and the RTs obtained in the
redundant conditions. Positive values on the graph refer to RTs that were faster
than the race model prediction. Negative values on the graph refer to RTs that
were slower than the race model prediction. The difference between the bound
and the RTs of the redundant condition are computed for each percentile of the RT
distribution (on the X axis). For TD, the difference significantly exceeded the race
model inequality for the 5th percentiles of the RTs distribution. For ASD, no
violation of the race model inequality was found (*: pr .05).
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ecologically-validated stimuli comprised of dynamic visual movies and
auditory (non-verbal) vocal clips of emotional expression « Montreal
Affective Voices » (Belin et al., 2008; Simon et al., 2007)

RACE MODEL ANALYSIS
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Van der Burg et al., JEP, 2008. 

autism : multi-sensory integration (MSI) - higher-level, social info

secondary task used to assess unimodal emotion 
discrimination using same stimuli

• signal-to-noise ratio measured for auditory and visual
conditions

same task : discriminate between “fear” and “disgust” 

signal-to-noise ratio adjusted in order to target a 80% 
accuracy rate performance = discrimination threshold

results : ↓ auditory & visual discrimination in ASD group 
for both auditory and visual conditions
• in addition to ↓ MSI ( primary task results)

= generalized alteration for processing of higher-level, 
unimodal social info (dynamic emotion expressions)
• unimodal (auditory and visual) estimates of emotional 

expressions are noisier in autism 

need to take into account unimodal alterations for simple 
vs complex information when assessing MSI … ?
• equate individual unimodal stimulus saliency prior to 

multimodal presentation ??

3.3. Task 2

We observed a main effect of the factor ‘‘group’’ (F(1,48)¼3.93,
pr .05, Z2

partial¼ .08), with lower detection thresholds for the TD
group. There was also a main effect for the factor ‘‘modality’’
(F(1,48)¼159.58, pr .0005, Z2

partial¼ .77), with lower detection
thresholds for visual than for auditory stimuli (Fig. 5). A ‘‘mod-
ality’’ by ‘‘group’’ interaction was not found (F(1,48)¼1.54, p¼ .22,
Z2

partial¼ .003), suggesting lower detection thresholds in the TD
group for both visual and auditory modalities.

4. Discussion

Alterations in the ability to recognize emotional expressions in
ASD is often suggested as a possible source for certain atypical
social and communicative behaviors that characterize this popu-
lation. The first aim of this study was to empirically test this
hypothesis by exploring the perception of emotion in autistic
individuals using ecological and validated sets of dynamic visual
and non-verbal vocal clips of emotional expressions. We found a
decreased performance in ASD compared to TD for the recogni-
tion of emotion expressions in every condition of stimulus
presentation (auditory, visual, bimodal; see Fig. 2). These results
suggest the existence of a generalized alteration in the perception
of emotion expressions in ASD that is apparent in different
sensory channels. Group differences are mainly (but not only)
noticeable in their response speed (Fig. 2C). Perceptual decisions
involve the accumulation of sensory evidence over time, a process
that is corrupted by noise (Gold & Shadlen, 2007). The basic
principle is that noisy evidence for a sensory signal is accumu-
lated over time until a criterion is reached and a decision is made
(Bogacz, Wagenmakers, Forstmann, & Nieuwenhuis, 2010). It is
possible that auditory and visual estimates of emotional expres-
sions are noisier in ASD leading to the necessity to accumulate
more evidence before taking a perceptual decision on the emo-
tional expression displayed. This is partly supported by the
observation that ASD also necessitate a higher signal-to-noise
ratio than TD for the recognition of unimodal auditory and visual
emotion expressions in noise. Pellicano and Burr (2012) recently
relied on a Bayesian framework to suggest that altered autistic
perception might result from attenuated priors resulting in fewer
internal constraints on perception (hypo-priors). The authors
suggested that hypo-priors in ASD should impede/improve per-
formance in situations where priors help/bias perceptual

decisions, respectively. It might therefore be hypothesized that
in the context of the discrimination of emotion expressions,
individuals with ASD might lack priors that typically improve
the efficiency of perceptual computations by reducing overall
noise or error (e.g. this mouth’s shape means this expression).
Overall, this impairment in the extraction of meaningful emo-
tional information might be related to the prominent atypical
behavior of ASD in social contexts, by preventing them from
engaging in ‘expected’ behaviors, such as quickly and efficiently
adjusting to a particular theme in a conversation conveyed by the
facial or vocal emotional information originating from the expres-
sion of the interlocutor, particularly in situation when the
environment is noisy. Our experiment however focused on a
subset of emotional expressions, which do not preclude the
possibility that the results might be different with other emo-
tional expressions (e.g. happiness, anger). Also, because the
present study does not indicate what specific features of the
facial and vocal expressions are processed abnormally in ASD
during the perception of emotion expression (i.e. changes in the
shapes of the eyes for facial expressions or changes in the pitch of
the voice for vocal expressions), further research is needed to
investigate in more details which are the specific underlying
mechanisms of this impairment (Neumann, Spezio, Piven, &
Adolphs, 2006; Spezio, Adolphs, Hurley, & Piven, 2007; Song,
Kawabe, Hakoda, & Du, 2012).

Our results agree with previous studies pointing toward
inferior performance by ASD for the recognition of emotional
expressions. Deficits in the recognition of visual emotional
expressions were previously found in ASD (Celani, Battacchi, &
Arcidiacono, 1999; Kuusikko et al., 2009; Pelphrey et al., 2002;
Teunisse & de Gelder, 2001). It was also demonstrated that ASD
were markedly impaired in selecting the appropriated facial
expression of emotions associated with a vocalization (Hobson,
1986a, 1986b). In addition, ASD were found to have lower
performance than TD when asked to match faces on the basis of
emotional expressions (Hobson, Ouston, & Lee, 1988), and were
shown to be much better for matching corresponding objects
than facial expressions (Braverman, Fein, Lucci, & Waterhouse,
1989). These results are also consistent with a recent study by
Hubert, Wicker, Monfardini, and Deruelle (2009) measuring
electro-dermal response during perception of emotional expres-
sions in ASD. The authors found that autistic persons, unlike TD,
do not present any variation of the skin conductance response
(SCR) when presented with facial emotional expressions. Because
of the important role of the amygdala in the modulation of
autonomic response (Bagshaw & Benzies, 1968; Lang, Tuovinen,
& Valleala, 1964; Mangina & Beuzeron-Mangina, 1996) and in the
processing of emotions expressions (Adolph, 2002; Critchley
et al., 2000; LeDoux, 2000), Hubert et al. (2009) attributed their
results to a putative dysfunction of this brain region in ASD. This
hypothesis is coherent with several studies that have reported
structural, functional and connectivity alterations of the amyg-
dala in ASD (Baron-Cohen et al., 1999; Corbett et al., 2009;
Critchley et al., 2000; Kleinhans et al., 2008; Monk et al., 2010;
Munson et al., 2006; Murphy et al., 2012; Nacewicz et al., 2006;
Pelphrey, Morris, McCarthy, & Labar, 2007; Schumann, Barnes,
Lord, & Courchesne, 2009; Schumann et al., 2004; Shalom, 2009;
Stanfield et al., 2008; Weng et al., 2011). Such alteration in the
function of the amygdala may also, at least in part, explain the
generalized (amodal) deficit observed in ASD in the current study,
since this core brain structure in affective processing receives
input from all sensory modalities (LeDoux, 2007; Macdonald,
1998) and has been demonstrated to be involved in the proces-
sing of both visual (Costafreda, Brammer, David, & Fu, 2008) and
auditory (Fecteau, Belin, Joanette, & Armony, 2007) emotional
expressions. This hypothesis of a general alteration in the

Fig. 5. Signal-to-noise ratio for an 80% accuracy rate in the discrimination of
emotional expressions presented auditorily and visually in ASD and TD. This
graphic illustrates the main effect of the factor ‘‘group’’, suggesting inferior
detection thresholds in TD than ASD for both modalities (*: pr .05).
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a b s t r a c t

The abilities to recognize and integrate emotions from another person’s facial and vocal expressions are
fundamental cognitive skills involved in the effective regulation of social interactions. Deficits in such
abilities have been suggested as a possible source for certain atypical social behaviors manifested by
persons with autism spectrum disorders (ASD). In the present study, we assessed the recognition and
integration of emotional expressions in ASD using a validated set of ecological stimuli comprised of
dynamic visual and auditory (non-verbal) vocal clips. Autistic participants and typically developing
controls (TD) were asked to discriminate between clips depicting expressions of disgust and fear
presented either visually, auditorily or audio-visually. The group of autistic participants was less
efficient to discriminate emotional expressions across all conditions (unimodal and bimodal). More-
over, they necessitated a higher signal-to-noise ratio for the discrimination of visual or auditory
presentations of disgust versus fear expressions. These results suggest an altered sensitivity to emotion
expressions in this population that is not modality-specific. In addition, the group of autistic
participants benefited from exposure to bimodal information to a lesser extent than did the TD group,
indicative of a decreased multisensory gain in this population. These results are the first to
compellingly demonstrate joint alterations for both the perception and the integration of multisensory
emotion expressions in ASD.

& 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The ability to recognize emotional expressions is a fundamen-
tal cognitive ability for the regulation of interpersonal inter-
actions (Adolph, 2002; Custrini & Feldman, 1989; Izard et al.,
2001). The tone of the voice and the facial expression are two
crucial cues that we constantly use to predict others’ actions and
to react appropriately in a social situation. An important aspect of
affect perception in everyday life is that it usually involves, like

speech, the activation of several sensory channels simultaneously.
Therefore, the combination of information from facial expression
(visual signal) and prosody (auditory signal) usually results in a
unified and more optimal representation of the expressed emotion
(de Gelder, Bocker, Tuomainen, Hensen, & Vroomen, 1999; de
Gelder & Vroomen, 2000; de Gelder et al., 2005). For example, it
has been shown that the multisensory integration (MSI) of these
two types of information typically allows for faster and more
accurate recognition of emotion expressions in human observers
(Collignon et al., 2008, 2010; de Gelder & Vroomen, 2000; Dolan,
Morris, & de Gelder, 2001; Kreifelts, Ethofer, Grodd, Erb, &
Wildgruber, 2007; Massaro & Egan, 1996) and in human-
machine interfaces (Busso et al., 2004).

Deficits in the perception of emotion expressions have been
suggested as possible causes of atypical social and communicative
interactions that are a striking part of the behavioral phenotype of
autistic spectrum disorders (ASD) (Bachevalier & Loveland, 2006;
Monk et al., 2010; Sigman, Dijamco, Gratier, & Rozga, 2004).
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Introduction

Humans use three different afferent sensory systems
to regulate their posture; the somatosensory, the
vestibular, and the visual systems (Nolan, Grigorenko,
& Thorstensson, 2005; Peterka & Benolken, 1995).
Numerous studies have shown that children rely more
heavily on the visual system to regulate their posture than
do adults (Foster, Sveistrup, & Woollacott, 1996; Grasso,
Assaiante, Prévost, & Berthoz, 1988; Hirabayashi &
Iwasaki, 1995; Minshew, Sung, Jones, & Furman, 2004;
Peterka & Black, 1990; Riach & Hayes, 1987; Shumway-
Cook & Woollacott, 1985; Sparto et al., 2006) suggesting
that these sensory systems operate differentially during
childhood (Forssberg & Nashner, 1982; Shumway-Cook
& Woollacott, 1985).
The classical Lee and Aronson’s (1974) swinging-

room paradigm has been used by several researchers to

investigate the development of postural reactivity. Although
it has proven to be an efficient and ecologically valid method
to induce postural reactivity, this paradigm does not allow
for a precise control over variables defining the visual
stimulation (i.e., oscillation frequency) in addition to
inaccurate measurement of body movement as a function
of stimulation. Moreover, the studies mentioned above have
not assessed a large enough age range to assess transitory
developmental phases. The present study was intended
to assess the major transitory developmental phases of
visuo-motor integration from the ages of 5 to 25 years using
a fully immersive virtual reality environment.
Riach and Hayes (1987) demonstrated that postural

sway decreases linearly with age, with children using
visual information to control balance differently from
adults until adult-like balance-control strategies begin to
appear at 7 to 8 years. Similarly, other studies have
demonstrated that younger children manifest a stronger
dependence on visual input for postural control (Grasso
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(n = 6), 8–10 years (n = 7), 11–14 years (n = 6), 15–19 years
(n = 6), and 20–25 years (n = 7). The 20- to 25-years group
was considered the adult group.

Apparatus

Postural reactivity to visual information was assessed
using a fully immersive virtual environment or the CAVE
system (Fakespacei). The CAVE is an 8 ! 8 ! 8 feet
room that includes three canvas walls (one frontal and two
laterals) and an epoxy floor that all serve as surfaces for
image projection (Figure 1). The resolution of each
surface image was 1280 ! 1024 pixels and was generated
by Marquee Ultra 8500 projectors. The CAVE is under
the control of a SGI ONYX 3200 computer (with two
Infinite Reality II graphics cards) and is equipped with a
magnetic motion tracker system (Flock-of-Birds) capable
of measuring postural reactivity by registering body
movement. A magnetic motion sensor was located on
stereoscopic goggles polarized at 90- (Crystal Eyes) from
the StereoGraphics Corporation. For more information on
our CAVE system and its provider companies, please visit
the following Web site: http://vision.opto.umontreal.ca.

Procedure

After their visual acuity was evaluated using a Snellen
eye-chart, participants were familiarized with the virtual
environment. They were then asked to wear the stereo-
scopic goggles, which allowed them to perceive the 3D
characteristic of the environment and for the precise
tracking of their motion with the magnetic sensors. Each
participant was then positioned 1.50 m from the CAVE’s
central wall with their shoes off, feet together, and arms
crossed. This position was chosen to minimize the use of

individual strategies from the limbs to maintain posture
and help maximize the effect of the stimulation. For all
conditions, they were asked to fixate a red dot located at
the horizon. It is important to note that the tasks were
passive in that behavioral information was recorded as
the participants simply stood in the virtual reality
environment while they were presented with the visual
stimulation.

Experimental paradigm

The postural reactivity of participants was assessed
using the Virtual Tunnel Paradigm. The tunnel had an
inner texture made of a checkerboard pattern where each
square was scaled for linear perspective and was 1 m2 in
dimension (Figure 2). The white squares had a luminance
of 47 cd/m2 and the black squares 0.52 cd/m2 (98%
Michelson contrast). The tunnel’s virtual length was 20 m
and its diameter 3 m; both of these dimensions remained
constant across all trials.
The movement of the tunnel was defined by an

anterior–posterior (front-back) sinusoidal translation
motion oscillating with the following function: A = 2sin
(2 ! pi ! f ! t), where A represents amplitude,

Figure 1. The CAVE is an 8 ! 8 ! 8 foot room that includes three
walls (one frontal and two lateral) and a floor that all serve as
surfaces for image projection.

Figure 2. The Virtual Tunnel Paradigm. For demos, go to http://
vision.opto.umontreal.ca.
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vRMS

As can be seen from Figure 5, the response pattern of
the vRMS is quite different from the BS measures. Here
there is less of a distinction between the control measure
and the dynamic visual conditions. Again, here we show
only the control condition with eyes open as there were no
differences between eye open of closed control conditions.
Because there is less distinction between the static and
dynamic conditions, we have conducted a 4 (age groups)!
4 (oscillation frequency) mixed factorial analysis of
variance with the static condition as a one of the
oscillation frequency conditions. vRMS decreased signifi-
cantly with age when collapsed across oscillation fre-
quency, F(3, 19) = 9.3133, p = 0.0005. As shown
in Figure 5, vRMS was significantly greater for the 8- to
11- and 12- to 15-year-old groups (p G 0.05) when
compared to the adult group but was at adult levels for the
16- to 19-year-old group (p 9 0.05). Furthermore,
oscillation frequency had a different effect on instability
for each age group, revealed by a significant Age Group !
Oscillation Frequency interaction, F(9, 57) = 4.9285,
p = 0.0001, where oscillation frequency affected insta-
bility for the 2 younger groups only (8- to 11- and 12- to
15-year-olds). For these age groups, instability was greatest
for the 0.5-Hz frequency condition, followed respectively
by 0.25-Hz and 0.125-Hz conditions. In general, from 16
years onward, instability was not affected by either age or
frequency oscillation. As is obvious from Figure 5, the
Oscillation Frequency condition was highly significant,
F(3, 57) = 20.0730, p = 0.0001.

Discussion

The goal of this study was to assess the development of
postural regulation in typically developing children
reflected by their postural reactivity to dynamic, virtual
visual environments. The first important finding is that for

the youngest group (5- to 7-year-olds) visual input was
disproportionately influential compared to proprioceptive
and vestibular inputs on postural regulation. This was
reflected by the qualitative finding that most participants
in this age group were not able to complete the dynamic
trials. Regarding the other age groups, body sway to
different frequencies decreased significantly with age
up until 16–19 years. Similarly, vRMS decreased
significantly with age before reaching adult levels at
around 16–19 years of age. These results are interpreted as
suggesting an important transitory period regarding
the maturation of the systems underlying sensorimotor
integration at around 16 years of age.
As was mentioned earlier, oscillation frequency had a

significant effect on BS, given that across age groups, the
largest amount of sway was found for the 0.25-Hz
condition. This is consistent with Sparto et al.’s (2006)
findings where a peak in postural sway was observed at
0.25 Hz for 7- to 12-year-old children, suggesting that the
use of dynamic cues for postural control is frequency
dependent. Other studies have shown that the coupling
of sway to optic flow was more important in the 0.2- to
0.3-Hz range; in other terms, 0.25 Hz could be a more
natural speed of environmental movement, which makes it
a frequency of choice for inducing sway (Dijkstra,
Schöner, Giese, & Gielen, 1994; Giese, Dijkstra, Schnoer,
& Gielen, 1996; Schöner, 1991).
The BS of the adult group at 0.5 Hz was clearly lower

compared to the BS for the two other frequencies. This is
in agreement with evidence from Stoffregen (1986) who
found that when exposing adults to an oscillating room, a
weaker correlation was observed between room move-
ment and postural sway at higher frequencies compared to
lower frequencies (frequency range: 0.2–0.8 Hz). Sim-
ilarly, van Asten, Gielen, and van der Gon (1988) found
that when adults were exposed to a rotating display above
a 0.3-Hz frequency, compensatory lateral sway did not
occur. In addition, when exposed to frequencies higher
than 0.3 Hz, postural sway equaled that observed when
participants had their eyes closed. In contrast to adults,
infants and young children seem to use both high and low
frequencies for postural control. Delorme, Frigon, and
Lagacé (1989) found that 7- to 48-month-old infants that
were exposed to an oscillating swinging room responded
to a frequency as high as 0.52 Hz, as illustrated by the
synchronicity of their postural sway with the room’s
oscillation frequency. Similarly, Bai (1991) found that
infants aged between 5 and 13 months exposed to an
oscillating room responded to frequencies in the 0.3-Hz to
0.6-Hz range. Finally, Schmuckler (1997) found that
children between the ages of 3–6 years reacted to a range
of 0.2–0.8 Hz swinging room oscillation frequencies but
adults did not.
Similar to the BS findings, results from the present

study clearly demonstrate a significant decrease in vRMS
(or increase in stability) with age. For the 8- to 15-year-old
group, there was an effect of frequency where the greatest

Figure 5. vRMS in log (cm/s) as a function of age and oscillation
frequency. SEM are shown for each age group.
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Abstract Although atypical motor behaviors have been
associated with autism, investigations regarding their pos-

sible origins are scarce. This study assessed the visual and

vestibular components involved in atypical postural reac-
tivity in autism. Postural reactivity and stability were

measured for younger (12–15 years) and older (16–33

years) autistic participants in response to a virtual tunnel
oscillating at different frequencies. At the highest oscilla-

tion frequency, younger autistic participants showed

significantly less instability compared to younger typically-
developing participants; no such group differences were

evidenced for older participants. Additionally, no signifi-

cant differences in postural behavior were found between
all 4 groups when presented with static or without visual

information. Results confirm that postural hypo-reactivity

to visual information is present in autism, but is contingent
on both visual environment and development.

Keywords Autism ! Posture ! Development !
Sensorimotor ! Virtual reality ! Motion perception
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altered MSI should not be considered an ability that is simply 
“impaired or absent” in autism 
• findings provide a more nuanced view of MSI in autism as influenced by 

multiple factors : age and type of task / stimuli

• low-level, non-social info : ↓ efficient MSI for younger autistic 
participants  (13 years and younger)

• higher-level, social info : ↓ efficient MSI in autism across ages

• Results are consistent with reviews/meta-analyses = group MSI differences 
more evidenced earlier in life  (Feldman et al., 2019; +++)

altered MSI in autism not specific to audio-visual (AV) information
• atypical MSI also exist for other modalities : visuo-motor & visuo-tactile 

(Greffou et al., 2011; Charbonneau et a., 2020)

• common mechanisms? – can proposed framework/theories be applied to 
other modalities

clinical implications
• communication between research and clinical domains (Foxe & Molholm, 2009)

§ accommodating differences specific to situation and age

• bottom-up approach to developing interventions ? (Cascio et al., 206; 

§ perceptual training paradigms to narrow TBWs ... (Powers et al., 2016) 

• do we or don’t we intervene ?  at what age .. 
§ often superior unimodal abilities demonstrated in autism

conclusions

Van der Burg et al., JEP, 2008. 

BUT enhanced unimodal (visual) abilities
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Although the literature concerning auditory and visual perceptual capabilities in the

autism spectrum is growing, our understanding of multisensory integration (MSI) is rather

limited. In the present study, we assessed MSI in autism by measuring whether partici-

pants benefited from an auditory cue presented in synchrony with the color change of

a target during a complex visual search task. The synchronous auditory pip typically

increases search efficacy ( pip and pop effect), indicative of the beneficial use of sensory input

from both modalities. We found that for conditions without auditory information, autistic

participants were better at visual search compared to neurotypical participants. Impor-

tantly, search efficiency was increased by the presence of auditory pip for neurotypical

participants only. The simultaneous occurrence of superior unimodal performance with

altered audioevisual integration in autism suggests autonomous sensory processing in this

population.

ª 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Our perceptual world is made up of events that usually
stimulatemore than one sense at a given time. The brainmust
therefore integrate sources of information originating from
multiple sensory modalities in order to create a unified and
coherent internal representation of our external environment
(Stein and Meredith, 1993). This process, referred to as
multisensory integration (MSI), ultimately allows us to

interact with our surroundings and others in an adaptive
manner. It has been previously suggested that atypical MSI

may plausibly be the origin for certain characteristic behav-
iors in autism (Iarocci and McDonald, 2006; Marco et al., 2011),
including the avoidance of overstimulating environments and
the focus on repetitive sensory attributes (Lovaas et al., 1979).
Major cognitive theories in autism such as the Weak Central
Coherence (WCC) theory (Frith and Happe, 1994), the temporal
binding deficit hypothesis (Brock et al., 2002) and the
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cCentre for Mind/Brain Sciences, University of Trento, Italy
dCentre de Recherche de l’Institut Universitaire de Gériatrie de Montréal, Montréal, QC, Canada
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f School/Applied Child Psychology, Department of Education and Counseling Psychology, McGill University, Montréal, QC, Canada
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current : 
• defining MSI ability across different periods of 

typical and atypical development with different 
tasks concurrently (low and high-levels)

• assessing if altered low-level MSI is associated with 
altered high-level MSI

• assessing if altered MSI (low- or high-level) related 
to sensory behaviours or core symptoms ?

future 
• longitudinal assessment of MSI using different 

tasks (levels) - compare typical trajectories to 
assess delayed vs disrupted MSI development ?

• lower-functioning person w autism?
• are attentional abilities related to performance
• assessing the neural correlates of altered MSI in 

autism using brain imaging (EEG / fMRI)

collaborations - www.summit-scert.com

current / future directions

Bertone et al.  Assessing the development of elementary and 152 687 $ 
 social perception in autism using behavioural and imaging approaches  
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 APPENDIX IV. Research Design 
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