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The new DSM-5 diagnostic criteria for autism spectrum disorders (ASDs) include sensory disturbances in addition to the well-established
language, communication, and social deficits. One sensory disturbance seen in ASD is an impaired ability to integrate multisensory
information into a unified percept. This may arise from an underlying impairment in which individuals with ASD have difficulty
perceiving the temporal relationship between cross-modal inputs, an important cue for multisensory integration. Such impairments in
multisensory processing may cascade into higher-level deficits, impairing day-to-day functioning on tasks, such as speech perception. To
investigate multisensory temporal processing deficits in ASD and their links to speech processing, the current study mapped perfor-
mance on a number of multisensory temporal tasks (with both simple and complex stimuli) onto the ability of individuals with ASD to
perceptually bind audiovisual speech signals. High-functioning children with ASD were compared with a group of typically developing
children. Performance on the multisensory temporal tasks varied with stimulus complexity for both groups; less precise temporal
processing was observed with increasing stimulus complexity. Notably, individuals with ASD showed a speech-specific deficit in multi-
sensory temporal processing. Most importantly, the strength of perceptual binding of audiovisual speech observed in individuals with
ASD was strongly related to their low-level multisensory temporal processing abilities. Collectively, the results represent the first to
illustrate links between multisensory temporal function and speech processing in ASD, strongly suggesting that deficits in low-level
sensory processing may cascade into higher-order domains, such as language and communication.
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Introduction
Autism spectrum disorders (ASDs) are associated with atypical
communication, deficits in social reciprocity, and restricted in-
terests/repetitive behaviors. Individuals with ASD also exhibit
atypical sensory processing. Since Kanner’s original description
of autism, which references a number of sensory disturbances
(Kanner, 1943), atypical sensory processing has been reported in
a number of different sensory modalities (for review, see Marco et
al., 2011). Much of this evidence has come through caregiver

reports and questionnaires, with a relative paucity of empirical
work examining sensory function in ASD.

One consistent finding (though not universal) is unimpaired
or enhanced processing of simple sensory stimuli contrasted
against impaired processing of complex stimuli (e.g., Bertone et
al., 2003). Such evidence supports several of the more prominent
theories of autism, including weak central coherence, which pro-
poses that a core difference in ASD is the ability to combine pieces
of information into a unified perceptual whole (Frith and Happe,
1994). One example of this is the “binding” of information from
multiple sensory modalities that specify a single object or event,
such as that seen with the auditory and visual components of a
speech signal. Multisensory binding and integration convey a
host of behavioral gains, including substantial benefits in speech
comprehension (Sumby and Pollack, 1954). Recently, research
has revealed changes in the manner in which individuals with
ASDs combine information across the different sensory modali-
ties. One example of this altered multisensory processing is a
reduced susceptibility to the McGurk effect (Gelder et al., 1991;
Smith and Bennetto, 2007), where pairing discordant visual and
auditory speech-related cues typically results in reports of a novel
percept reflecting the synthesis of the two sensory channels
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(McGurk and MacDonald, 1976). Individuals with ASDs also
show less efficient integration with non-language stimuli, both
behaviorally and neurally (Brandwein et al., 2013).

Many factors impact how sensory signals are integrated across
the different modalities, with one of the strongest of these being
the temporal relationship between the sensory inputs. Thus, the
behavioral and perceptual gains derived from multisensory bind-
ing depend upon the temporal relationship of the paired stimuli,
with gains typically being observed only within a “window” of
temporal offsets between inputs. Impairments in temporal pro-
cessing are well documented in ASDs (Brock et al., 2002; Oram
Cardy et al., 2005), including impairments in multisensory tem-
poral function, suggesting that individuals with ASDs are more
likely to perceive highly asynchronous stimuli as synchronous
relative to typically developing (TD) peers (Foss-Feig et al., 2010;
Kwakye et al., 2011). However, despite evidence for deficits in
both temporal processing and audiovisual perceptual binding,
the relationship between them in ASDs remains unclear. Work in
TD populations has shown that individuals with lower multisen-
sory temporal acuity (and thus the less reliable temporal syn-
chrony is as a cue to determine which sensory inputs should be
perceptually bound) exhibit weaker integration (Stevenson et al.,
2012). Here, we explored the hypothesis that alterations in mul-
tisensory temporal processing may be related to deficits in audio-
visual speech integration in individuals with ASDs.

Materials and Methods
Participants. Participants included 32 ASD and 32 TD age-matched in-
dividuals from 6 to 18 years old (ASD � 11.8 � 3.2, TD � 12.3 � 2.3),
and matched on the matrix reasoning subtest Wechsler Abbreviated
Scale of Intelligence, Second Edition (WASI-2) (Wechsler, 1999) (T-
scores: ASD � 57.5 � 8.4, TD � 53.7 � 8.0). Individuals with ASDs were
predominantly male (ASD � 29, TD � 19), and had lower scores on the
vocabulary subtest WASI-2 (T-scores: ASD � 53.6 � 10.6, TD � 61.9 �
8.7). Participants with ASDs were classified as high functioning based on
WASI component scores. Participants with ASDs were diagnosed by
research-reliable experimenters with either autistic disorder (25%),
Asperger’s syndrome (66%), or pervasive developmental disorder not
otherwise specified (9%) using Autism Diagnosis Observation Schedules
(Lord et al., 2000) and/or Autism Diagnostic Interview-Revised (Lord et
al., 1994), and a diagnosis by a practitioner familiar with ASD according
to the DSM-IV (American Psychological Association, 2000). Individuals
in the TD group had no diagnoses of ASD or any other psychiatric dis-
order. All participants had normal visual and auditory acuity as charac-
terized in self-reports. Experimental protocols were approved by
Vanderbilt University Medical Center’s Institutional Review Board.

Stimuli. Visual stimuli were presented 60 cm from participants, and
auditory stimuli were presented through centrally aligned speakers.
Three categories of stimuli were presented (Fig. 1): simple flashes and
beeps, dynamic handheld tools, and single syllable utterances (“ba” and
“ga”).

Procedures. Experiments took place in a dimly lit, sound-controlled
room. Tasks and trials were randomized in all cases. For all tasks, partic-
ipants were asked to fixate toward a cross and were actively monitored for
compliance by a researcher sitting next to the participant. Participants
completed an audiovisual simultaneity judgment (SJ) task with each
stimulus type, a McGurk task, and auditory and visual temporal-order
judgment tasks.

The audiovisual SJ tasks included presentations of a single stimulus
type per run at parametrically varied stimulus onset asynchronies
(SOAs), including audio-leading and visual-leading stimuli. For simple
flashes and beeps, SOAs included 0, �10, �20, �50, �80, and �100 –
300 ms in 50 ms intervals. For tool stimuli, SOAs included 0 to �300 ms
in 50 ms intervals. For speech stimuli, SOAs included 0 to �300 ms in 50

Figure 1. Stimulus types and trial format. A, Trial format. B, Tool stimuli. C, D, Speech
stimuli. B–D, top to bottom, Individual frames from dynamic visual stimuli, the auditory wave-
form, and the auditory spectrogram. Trials began with a 500 –1500 ms intertrial interval, fol-
lowed by a stimulus presentation. After the stimulus presentation, a response screen appeared,
and the next trail began after participants responded.
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ms intervals and �400 ms. Participants reported whether stimuli were
temporally aligned and completed 20 trials per SOA.

For the McGurk task, trials included visual-only, auditory-only, and
congruent audiovisual presentations of the phoneme “ba” or “ga,” and
the McGurk stimuli, a visual “ga” presented with an auditory “ba”. All
presentations were temporally synchronous. Participants reported what
the speaker said by pressing one of four keys, “b,” “g,” “d,” or “t.” Twenty
trials of each condition were presented.

Temporal-order judgment tasks were run with auditory and visual
stimuli to control for unisensory temporal processing (SJ tasks were not
used as the high acuity of unisensory simultaneity judgments often leads
to a ceiling effect). Participants were presented with auditory or visual
stimulus pairs in separate runs. Visual stimuli consisted of two white
circles on a black background, above and below the fixation cross (dura-
tion � 10 ms). Auditory stimuli consisted of a high- and low-pitch (100
and 500 Hz) pair of beeps. Participants reported which came first. Uni-
sensory SOAs ranged from 10 to 150 ms for visual stimuli and 10 –250 ms
for auditory stimuli.

Participants completed a two-subtest evaluation of the WASI-2, in-
cluding the vocabulary and matrix reasoning subtests (Wechsler, 1999), a
well-established measure of intelligence that has been commonly used
with clinical and nonclinical samples.

Analysis. Mean responses from SJ tasks were used to calculate a tem-
poral binding window (TBW) for each subject and stimulus category.
Two psychometric sigmoid functions were fit to rates of perceived syn-
chrony across SOAs: one to the audio-first (left) presentations and a
second to the visual-first presentations (right). To account for non-zero
points of subjective simultaneity, the SOA at which these two sigmoid
functions crossed was extracted. If this point was greater or less than the
next closest data point, two new sigmoid functions were fit splitting the
data at the SOA at which the original sigmoid functions crossed. This
process was continued in an iterative manner until the SOA at which
best-fit sigmoid functions crossed fell between the two data points at
which the data were split (Stevenson and Wallace, 2013).

Individuals’ strength of McGurk effect was calculated as the percent-
age of multisensory trials in which he/she reported the fused (i.e.,

McGurk) percept relative to the percentage of
trials in which they perceived an auditory-only
“ba” or a visual-only “ga” as “da” or “tha,” or:

p(AV McGurk) � [1 � p(Unisensory “da”)],

where p(AV McGurk) is the individual’s rate of
McGurk percepts with audiovisual McGurk
stimuli, and p(Unisensory “da”) is the rate at
which the individual reported perceiving “da”
with unisensory “ba” and “ga” stimuli (Fig. 1B).

Results
Multisensory temporal function differs
in participants with ASD for
speech-related stimuli
Multisensory temporal acuity was calcu-
lated for ASD and TD participants via the
TBW using simple (flashes and beeps),
complex non-speech (dynamic tools),
and speech audiovisual stimuli. A 2 � 3
ANOVA revealed a significant main effect
of stimulus type (F(63,1) � 80.2, p � 0.001,
partial � 2 � 0.56), a marginal main effect
of diagnosis (F(63,1) � 3.26, p � 0.076,
partial � 2 � 0.05), and a significant inter-
action (F(63,1) � 5.22, p � 0.026, partial
� 2 � 0.08). Subsequent to the significant
interaction effect, follow-up t tests re-
vealed that individuals with ASDs showed
decreased multisensory temporal acuity
compared with TD individuals with speech

stimuli (t(31) � 3.49, p � 0.05, d � 0.83). In contrast, no difference
was found with simple (t(31)�1.25, p � 0.22, d � 0.31) or complex
(t(31)�0.98, p � 0.34, d � 0.25) non-speech stimuli (Fig. 2).

The McGurk effect reveals weaknesses in multisensory
binding in ASD
Individuals’ rates of responses to the McGurk effect (a proxy
measure for binding strength) were calculated. The pattern of
responses to incongruent audiovisual (i.e., McGurk) stimuli dif-
fered between the ASD and TD groups (Fig. 3A). Individuals with
ASDs were less likely to report the bound percepts (61% vs 79%;
t(31) � 2.17, p � 0.05, d � 0.54) and more likely to report the
auditory token (33% vs 13%; t(31) � 2.96, p � 0.05, d � 0.74)
relative to the TD group. There was no difference between the
report of the visual “ga” percept between the ASD and TD groups
(6% vs 9%; t(31) � 0.74, p � 0.46, d � 0.19). Additionally, par-
ticipants’ perceptions with visual-only, auditory-only, and con-
gruent multisensory were measured. No significant differences
between groups were seen on these control conditions, including
to audiovisual “ba” (t(31) � 0.74, p � 0.52, d � 0.19) and “ga”
(t(31) � 0.69, p � 0.41, d � 0.17) presentations, to auditory-only
“ba” (t(31) � 0.02, p � 0.99, d � 0.01) and “ga” (t(31) � 0.76,
p � 0.31, d � 0.19) presentations, and to visual-only “ba” (t(31) �
0.82, p � 0.23, d � 0.21) and “ga” (t(31) � 0.86, p � 0.18, d � 0.22)
presentations (Fig. 3B–D). The lack of difference in the visual-only
control conditions between-group differences suggests that differ-
ences in multisensory binding of speech signals are not attributable
to face-processing or lip-reading differences between groups.

Multisensory temporal function and the magnitude of the
McGurk effect are strongly related in ASD
The relationships between individuals’ TBWs and their rates of
McGurk perceptions were analyzed. The ASD group showed sig-

Figure 2. Mean individual multisensory temporal binding windows were calculated as depicted in A and averaged together for
ASD (red) and TD (black) groups (B). Significant differences across diagnostic groups were seen only with speech stimuli. No
significant differences were seen between ASD and TD groups with either unisensory-auditory (C) or unisensory-visual (D) pre-
sentations. Error bars indicate SE. *p � 0.05.
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nificant correlations between the strength
of the McGurk effect and the width of the
TBW measured using the flash-beep (r �
0.46, p � 0.05), tool (r � 0.51, p � 0.03),
and speech (r � 0.67, p � 0.001) stimuli,
with the strength of the correlation in-
creasing systematically from simple
through speech stimuli (Fig. 4B). In con-
trast, the TD group showed no such cor-
relations when using flash-beep (r �
0.04), tool (r � 0.04), or speech (r � 0.16)
stimuli (Fig. 4B).

Differences in multisensory temporal
function cannot be attributed to
unisensory performance, sex, or
vocabulary
Participants were tested on temporally
based, unisensory control tasks. Perfor-
mance on these visual- and auditory-only
tasks failed to reveal any differences
between the groups (� � 0.05; Fig. 2).
ANOVAs confirmed that sex showed no
significant relation to TBWs associated with
flashbeep (F(63,1) � 0.44), tool (F(63,1) �
2.24), or speech (F(63,1) � 0.42) stimuli, or
with McGurk effect scores (F(63,1) � 0.17).
Scores on the vocabulary component of
the WASI were incorporated as covariates
into the ANOVAs comparing the TBWs
and McGurk effect rates across diagnostic
groups. Vocabulary scores had no signifi-
cant effect on TBWs with flashbeep
(F(63,1) � 0.08), tool (F(63,1) � 0.81), or
speech stimuli (F(63,1) � 1.27), or on
McGurk scores (F(63,1) � 0.37).

Discussion
One of the core impairments in autism is a
deficit in communicative ability, includ-
ing speech perception and comprehen-
sion. Additionally, ASD has been linked to
alterations in sensory processing, with an
emphasis on the temporal aspects of such
processing and a growing interest in un-
derstanding how changes in sensory func-
tion may result in changes in higher-order
processes. The data presented here serve
to bridge between these observations by
showing strong links between multisen-
sory temporal function and speech per-
ception in ASDs. Specifically, the poorer
an individual’s temporal acuity across vi-
sion and audition (i.e., the larger their
temporal binding window) even with
simple flashes and beeps, the weaker their ability to bind auditory
and visual speech to create a robust McGurk percept. The higher
an individual’s multisensory temporal acuity, the more reliable
perceived synchrony is as a predictor of whether or not two sen-
sory signals originated from a single external event as synchro-
nous and should thus be perceptually bound. When an individual
has low multisensory temporal acuity, the reliability of temporal
information as a cue to determine which sensory signals should

be integrated is greatly reduced, resulting in less efficient and
weaker perceptual binding overall.

Multisensory temporal processing was indexed via the TBW, a
probabilistic construct measuring the epoch of time within which
multisensory inputs interact and are highly likely to be perceptu-
ally bound. The narrower the TBW, the more acute an individu-
al’s temporal perception in binding elements across audition and
vision. Rather than being a static construct, the TBW appears to

Figure 3. Rates of perceived syllables with audiovisual, incongruent McGurk trials are depicted for the ASD (red) and TD (black)
groups in A. Individuals with ASD perceived the bound “da” percept less frequently and the auditory “ba” percept more frequently
than TD controls. No significant differences were found in congruent audiovisual (B), unisensory-auditory (C), or unisensory-visual
(D) presentations. Error bars indicate SE. *p � 0.05.
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be highly dynamic, being malleable dependent upon prior history
and task demands (Powers et al., 2009; Mégevand et al., 2013). In
the current study, the size of the TBW for both the ASD and TD
groups was found to also be dependent upon the complexity of
the stimuli that were used in the assessment, with the largest
windows being seen for stimuli of highest complexity (i.e.,
speech). A preferential enlargement of the TBW was seen in the
ASD group, and this difference appeared to be specific for speech
stimuli. However, we did find a marginal effect of diagnosis col-
lapsed across stimulus types, in line with previous research sug-
gesting that individuals with ASD may also show temporal
processing deficits with simpler stimuli (Foss-Feig et al., 2010;
Kwakye et al., 2011; de Boer-Schellekens et al., 2013).

A wider TBW with speech-related stimuli fits with previous
lines of work evidencing differential narrowing in the develop-
ment of the TBW dependent upon the nature of the stimuli used
(Hillock et al., 2011), as well as with previous evidence that the
synchrony-detection impairments seen in ASD are specific to
speech (Bebko et al., 2006). A plausible explanation of the differ-
ential width of the TBW based on stimulus type is that more
complex stimuli may require additional and/or more variable
processing within modality before, or concurrent with, integra-
tion across modalities; thus, the multisensory process may be
optimized with more tolerance for temporal offset as stimulus
complexity increases. Speech-specific differences in multisensory
temporal binding provide evidence that speech-processing times
may be extended in ASDs (Oram Cardy et al., 2005), or there may
be increased variance of the within-modality processing time for
speech stimuli in either or both modalities. These findings are
consistent with the temporal binding hypothesis of autism, which
posits that the impairments in integrating information in ASDs
result from decreased neural synchronization across neural net-
works (Brock et al., 2002).

Recent work in typical populations has illustrated that indi-
viduals exhibiting more acute temporal multisensory processing
(i.e., narrower multisensory TBWs) also exhibit increased rates of

audiovisual speech integration (Steven-
son et al., 2012). This would suggest that
atypical multisensory temporal process-
ing in ASDs may be associated with
concurrent impairments in audiovisual
speech perception that extend beyond the
simple characterization of the window. To
test this, we also measured the ability of
individuals with and without ASDs to
integrate audiovisual speech into a single
perceptual gestalt, using the McGurk ef-
fect. Individuals with ASDs were less likely
to report McGurk fusions, a finding that
has been reported in some prior work in
autism (Smith and Bennetto, 2007; Mon-
gillo et al., 2008). As opposed to reporting
the fused percept, participants with ASDs
more often reported the auditory token
(compared with TD individuals), a find-
ing also consistent with prior work (Mon-
gillo et al., 2008; Irwin et al., 2011). It is
important to note here that differences in
illusory McGurk percepts between indi-
viduals with and without ASDs could be
attributable to differences is either lip
reading or impaired face processing, char-
acteristics that have been associated with

ASDs (Gelder et al., 1991; Deruelle et al., 2004; Smith and Ben-
netto, 2007). However, in the current data, such differences
would also be seen in visual-only conditions in which the partic-
ipants are required to both attend faces and read lips, and results
from these conditions showed striking similarities across diag-
nostic groups, reinforcing that the differences are likely the result
of atypical multisensory processing.

Perhaps of greatest interest here was the strong association in
ASD between individuals’ TBWs and the strength of their
McGurk effect. Simply stated, those with wider TBWs were less
likely to perceptually bind audiovisual speech. That this relation-
ship between audiovisual speech binding and temporal process-
ing was indexed using even very simple stimuli (i.e., flashes and
beeps) suggests that impairments in low-level temporal sensory
processing may possibly cascade into higher-order domains, such
as speech perception in ASDs. Indeed, future longitudinal work
tracking the developmental trajectory of these features needs to
extend these relationships to those more tightly tied to functional
language scores.

The link between temporal processing and audiovisual speech
integration can also be seen in their underlying neural correlates,
where similar substrates have been implicated in the processing
of audiovisual stimuli and the fine temporal structure of sensory
stimuli (Miller and D’Esposito, 2005; Stevenson et al., 2010), as
well as in the integration of audiovisual speech stimuli (Stevenson
et al., 2011; Nath and Beauchamp, 2012). These studies have
converged on the cortex of the posterior superior temporal sulcus
(pSTS) as a major node in these processes. Furthermore, the pSTS
has been shown to exhibit both anatomical (e.g., Levitt et al.,
2003) and functional (e.g., Pelphrey and Carter, 2008) differences
in individuals with ASDs, reinforcing its role as a major hub for
the integration of audiovisual speech stimuli.

This strong relationship between low-level multisensory tem-
poral function and speech perception in ASDs also provides a
possible avenue for intervention, as perceptual training para-
digms have been shown to be effective in narrowing the TBW

Figure 4. Individuals with ASD (red, A) showed significant negative correlations between the width of their TBW and their rate
of binding audiovisual speech. Individuals with TD (black, B) showed no such relationship.
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(Powers et al., 2009; Stevenson et al., 2013). Most encouragingly,
these prior studies, conducted in typical adults, showed that those
with the widest TBWs were those to exhibit the greatest narrow-
ing after training. Reinforcing the role of the pSTS in these pro-
cesses, a neuroimaging follow-up to these training studies
showed the neural correlates of these effects to be centered on a
network of cortical regions in which pSTS was the locus of the
training-related changes (Powers et al., 2012).

The current study is the first to establish significant links be-
tween aspects of sensory function, specifically multisensory tem-
poral function, and the higher-order domain of speech
perception, long known to represent a core weakness in autism.
Such a relationship makes a great deal of intuitive sense, in that
sensory and multisensory representations make up the “building
blocks” upon which higher-order representations, such as those
responsible for communication and social function, are built.
However, despite this intuition, and the wealth of evidence for
sensory, communication, and social dysfunction on autism, no
work before this has empirically explored these intersections, in-
tersections likely to reveal important insights into the autistic
brain and how sensory plasticity may be engaged to improve
functional outcomes.

These results suggest prospective avenues for future work.
First, these findings may be applicable in other populations that
show atypical temporal processing and multisensory integration,
including developmental dyslexia (Hairston et al., 2005; Bastien-
Toniazzo et al., 2009) and schizophrenia (Davalos et al., 2002; de
Gelder et al., 2003). Second, the link between multisensory tem-
poral processing and multisensory perceptual binding in TD can
be seen across but not within studies. Uncorrelated TBWs and
McGurk scores in the TD group were surprising given similar
developmental time courses and that such a correlation has been
found in TD adults (Stevenson et al., 2012). Third, to our knowl-
edge, development of multisensory temporal processing in ASDs
has not been investigated in any way, despite a growing literature
on multisensory temporal deficits in ASDs. Studies examining
the developmental trajectory of multisensory temporal process-
ing, specifically using longitudinal designs, have the potential to
make a tremendous impact in the field and could identify key ages
at which sensory-based remediation approaches may be most
successful. Finally, although temporal cues are one powerful fac-
tor in multisensory integration and binding, other stimulus-
related factors also play an integral role in the construction of an
integrated perceptual gestalt. Recent work has focused on one of
these factors, stimulus effectiveness (as evaluated by signal-to-
noise ratio), and has shown there to be interesting differences
between ASD and TD children in how multisensory processing
changes as a function of changes in effectiveness (Foxe et al.,
2013).
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