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Abstract Autism spectrum disorder is typically associ-

ated with social deficits and is often specifically linked to

difficulty with processing faces and other socially relevant

stimuli. Emerging research has suggested that children with

autism might also have deficits in basic perceptual abilities

including multisensory processing (e.g., simultaneously

processing visual and auditory inputs). The current study

examined the relationship between multisensory temporal

processing (assessed via a simultaneity judgment task

wherein participants were to report whether a visual stim-

ulus and an auditory stimulus occurred at the same time or

at different times) and self-reported symptoms of autism

(assessed via the Autism Spectrum Quotient question-

naire). Data from over 100 healthy adults revealed a rela-

tionship between these two factors as multisensory timing

perception correlated with symptoms of autism. Specifi-

cally, a stronger bias to perceive auditory stimuli occurring

before visual stimuli as simultaneous was associated with

greater levels of autistic symptoms. Additional data and

analyses confirm that this relationship is specific to multi-

sensory processing and symptoms of autism. These results

provide insight into the nature of multisensory processing

while also revealing a continuum over which perceptual

abilities correlate with symptoms of autism and that this

continuum is not just specific to clinical populations but is

present within the general population.
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Introduction

According to the Centers for Disease Control (2012), one

in every 88 children in the US is diagnosed with autism

spectrum disorder. With such a broad prevalence in the

population, numerous efforts have focused on identifying

the underlying nature of the disorder. While some progress

has been made in this area and emerging results suggest

that there may be genetic makers (e.g., Xiong et al. 2012),

electrophysiological predictors (e.g., Elsabbagh et al.

2012), and potential treatments (see Modi and Young

2012) for autism, there are still many aspects of autism

spectrum disorder that are unknown. Moreover, studying

autism is not an easy task, given the vast heterogeneity of

autistic symptoms and of the severity of the symptoms

(e.g., see Miles 2011). Despite this, one direction that has

been quite fruitful has been to examine links between

autism and specific cognitive processes (see Charman et al.

2011 for a recent discussion). One such link between

cognition and autism is that individuals with autism pro-

cess faces differently (e.g., Dalton et al. 2005; Grelotti

et al. 2002; Osterling and Dawson 1994). Specifically,

autistic individuals generally have deficits in processing

affective content of faces (e.g., Adolphs et al. 2001; Harms

et al. 2010 for review), using eye gaze cues to understand

what another individual might be thinking or feeling (e.g.,

Baron-Cohen et al. 1999) and recognizing emotion through
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vocal cues and body movements (Philip et al. 2010).

Drawing links between cognition and autism provides

exciting possibilities for both cognitive and clinical realms;

such research can provide insight into the mechanisms of

normal cognitive function and can shed light on the specific

deficits that are occurring in disorders so that they might be

treated.

While affective and facial deficits have become signature

markers of autism, they are not the only cognitive differ-

ences that exist between individuals with and without aut-

ism. Face perception is a relatively ‘high-level’ cognitive

process that entails several components of ‘low-level’

processing.1 Research has found a link between autism and

low-level perceptual processing (see Marco et al. 2011 for

review); for example, several recent studies have found

differences between individuals with and without autism in

how their brains respond to stimuli—early evoked respon-

ses recorded with electroencephalography (EEG) suggest

differences in how low-level visual and/or auditory stimuli are

processed (Batty et al. 2011; Hileman et al. 2011; Kwon et al.

2007; Roth et al. 2012). Finding deficits in sensory perception

that are tied to autism is potentially very telling given that

most ‘higher level’ forms of cognition rely upon these basic

‘low-level’ perceptual processes. Further exploring these

links may help to ultimately explain some of the other deficits

that are typically found with autism, including communica-

tion and social cognition difficulties.

One particularly fruitful area to further explore is that of

multisensory perception. A fundamental aspect of percep-

tion is the ability to bind together information from across

multiple modalities (see Alais et al. 2010; Driver and

Noesselt 2008 for reviews). Such processing serves as the

core means of binding together spatially and temporally

coincident information into separable, distinct objects. The

integration of multisensory stimuli into objects allows us to

not be overwhelmed by the constant input of auditory and

visual information and allows us to focus on and selectively

attending to a specific object in a noisy environment. For

example, when trying to hold a conversation with a specific

friend at a noisy party, that friend’s speech is identified as

unique and belonging to him (as opposed to belonging to the

other people talking) through the relationship between the

sound of his speech and the movement of his mouth.

Moreover, multisensory integration can be crucial for sur-

vival; imagine you are trying to cross a street and hear a car

horn—being able to bind together the sound of the horn

with the appropriate car is nontrivial and can be quite

important for your ability to successfully cross the street.

One factor that influences whether or not multisensory

stimuli will be bound together into a unified object is

whether or not the stimuli occur in close temporal prox-

imity. That is, stimuli presented within a short time frame

are more likely to be bound into a multisensory object than

stimuli that are far apart in time. Typically, multisensory

stimuli will be temporally linked together if they occur

within about 150 ms of each other, and this time frame is

referred to as the ‘temporal window of integration’ (see

Donohue et al. 2010; Powers et al. 2009; Stein and Stan-

ford 2008; Stone et al. 2001; Zampini et al. 2005). Recent

evidence suggests that individuals with and without autism

might differ in how they bind together multisensory

information. Interestingly, in a study looking at differences

in multisensory temporal processing between children with

autism and typically developing children, the children with

autism were found to have a larger temporal window of

integration. Such a broad temporal window would likely

produce abnormal binding of multisensory stimuli, with

stimuli being linked in time that may not have originated

from the same source (Foss-Feig et al. 2010).

In addition to behavioral differences in multisensory

processing, neural differences in multisensory processing

between children with autism and typically developing

children have been observed (Russo et al. 2010). While

typically developing children had an enhanced neural

response (i.e., an enhanced event-related potential) to the

combination of auditory and tactile stimuli, this multisensory

neural enhancement was not present in the children with

autism (Russo et al. 2010). These results suggest that even

with simple stimuli, children with autism are not integrating

multisensory information in a typical way and that this lack

of neural integration could underlie some of the social-cog-

nitive deficits often observed in children with autism.

One experimental task typically used to examine the

dynamics of multisensory temporal integration is a simul-

taneity judgment task (e.g., Donohue et al. 2010; Powers

et al. 2009; Zampini et al. 2005). In this task, multisensory

stimuli (e.g., an auditory beep and a visual pattern) are

presented over a broad range of stimulus onset asynchronies

(SOAs; i.e., different delays between the onset of an auditory

stimulus and a visual stimulus). Participants are asked to

determine if the auditory and visual stimuli occur at the same

time or at different times. This task is designed to yield a

point of subjective simultaneity (PSS), which reveals the

specific SOA at which participants are most likely perceiv-

ing the auditory and visual stimuli as occurring simulta-

neously. For most people, the PSS is not when the stimuli are

physically simultaneous, but rather when the visual stimulus

comes slightly (typically less than 50 ms) before the audi-

tory stimulus (Stone et al. 2001; van Eijk et al. 2008).

The newly found link between multisensory processing

and autism (reviewed in Marco et al. 2011) opens the door

1 We define ‘low-level’ visual processes as the basic, first steps of

perception such as discriminating the orientation of visual stimuli or

determining the frequency of an auditory sound, and ‘high-level’

processing as the identification of a face or speech, or any complex

object consisting of multiple types of ‘low-level’ stimuli.
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for much more to be explored. By better understanding the

nature of this link, it should be possible to inform both the

study of autism and the study of cognition. Here, we pursue

this avenue of research and do so with an experimental

procedure that has some potential benefits. Specifically, we

examine the links between symptoms of autism and the

temporal aspects of multisensory processing with an adult

population that was not selectively chosen for having, or not

having, symptoms of autism. The majority of previous work

on multisensory processing in autism has focused on children

diagnosed with autism (e.g., Kwakye et al. 2011), which is

entirely appropriate given that the earlier the symptoms and

deficits appear to emerge, the earlier potential interventions

can be performed. Here, though we focus on adult partici-

pants that vary along a continuum of the autism spectrum

rather than contrasting extreme groups. Although studying

group differences is extremely informative (e.g., Baron-

Cohen et al. 1999), such designs, by definition, leave out the

variability present across the entire population. Because

autism is a spectrum disorder with immense variability both

within the general population and within those diagnosed

with autism, it is worth considering how varying levels of

symptoms relate to multisensory processing.

The current goal is to examine variation in multisensory

processing in relation to varying levels of symptoms of

autism in a relatively large, non-clinical population. To

accomplish this goal, we took advantage of an existing

experimental protocol in our research laboratory at Duke

University. Specifically, as part of this protocol, members of

the Duke community are recruited to participate in two

experimental phases: an individual differences assessment

phase and a behavioral testing phase. We obtained the

measures of autism for the current study from the individual

differences assessment phase (always conducted on the first

visit to the laboratory). This phase consisted of a larger

battery of surveys and questionnaires (see ‘‘Methods’’ sec-

tion and ‘‘Appendix’’). Our primary dependent measure, a

simultaneity judgment task to assess multisensory process-

ing, was obtained from the behavioral testing phase (see

‘‘Methods’’). As will be discussed below, this experimental

protocol provides additional assessments (e.g., measures of

video game playing habits and symptoms of ADHD) and

additional behavioral tests (e.g., a visual–visual temporal-

order judgment task) that we can use to further determine the

specificity of our autism and multisensory findings.

Methods

Participants

Data from 101 participants (54 female) from the Duke

University community were included in this study (mean

age = 21.4 years, SD = 5.28). An additional 16 partici-

pants completed the study but were excluded from analy-

sis; 13 due to having an outlying point of subjective

simultaneity (see below), and 3 due to not having com-

pleted the survey portion of the experiment. All methods

and procedures were approved by Duke University’s

Institutional Review Board. Participants received either

course credit or monetary compensation.

General procedure

This experiment stemmed from a larger project conducted

in the Duke Visual Cognition Laboratory. On the partici-

pants’ first visit to the laboratory, they completed an hour-

and-a-half long battery of assessments that was primar-

ily composed of self-report questionnaires. One of the

assessments was the Autism Spectrum Quotient question-

naire (ASQ; Baron-Cohen et al. 2001). The ASQ is a self-

report questionnaire that is commonly used in research as a

screening measure for symptoms of autism. The ASQ

contains 50 individual questions that make up five sub-

categories: social skill, attention switching, attention to

detail, communication, and imagination. Scores can range

from 0 to 50, with higher scores suggesting more symp-

toms of autism. A score of 32 or more is considered

indicative of substantial symptoms, and consultation with a

doctor may be suggested (Baron-Cohen et al. 2001). Our

a priori hypothesis was that symptoms of autism would

correlate with multisensory processing, so, while we had

several potential measures available for comparison, we

restricted our analyses to this particular scale. The other

measures that were obtained from participants are reported

in the ‘‘Appendix’’, but note that we only examined the

specific measures for which we had a priori hypotheses.

The other measures are provided for completeness, but they

were not assessed.

In a subsequent visit to the laboratory, participants

completed a multisensory simultaneity judgment task that

was the primary measure of interest for the current study

(described in detail below). This multiple-visit design

afforded us two advantages. First, it allowed us to compare

symptoms of autism to multisensory processing without the

participants knowing that we were directly comparing

these two factors; since the participants completed nearly

20 assessments (see ‘‘Appendix’’) in their first visit to the

laboratory, there was no means for them to know which

specific measures (if any) were of interest on their sub-

sequent visits. Second, this design provided additional

assessments that could be used to ensure that any found

relationship between autism and multisensory processing is

related to autism per se and not mediated by another factor

(e.g., video game experience; Donohue et al. 2010). Some

of the participants made additional visits to the laboratory
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to take part in other experiments such as the visual–visual

temporal-order judgment task, described below.

Stimuli and task

The current experiment is an exact replication of the cen-

tral presentation simultaneity judgment task of Donohue

et al. (2010). Auditory and visual stimuli were presented

using Presentation (Neurobehavioral Systems) at thirteen

stimulus onset asynchronies (SOAs in ms: -300, -250,

-200, -150, -100, -50, 0, 50, 100, 150, 200, 250, 300)

where negative SOAs represent the auditory stimulus

appearing first and positive SOAs represent the visual

stimulus appearing first, and 0 represents physical simul-

taneity. Note that a typical window of integration ranges

from -150 to 150 ms so, subjectively, approximately half

of the SOAs should be perceived as simultaneous presen-

tations even though only one is objectively simultaneous.

The auditory and visual stimuli were both presented for

33 ms. The auditory stimulus was a 1,200 Hz tone, 5 ms

rise-and-fall time, the volume of which was titrated to be

60 dB above each participant’s hearing threshold, and it

was presented centrally through two speakers on either side

of the monitor. The visual stimulus consisted of a black-

and-white square checkerboard pattern (5� 9 5�, centered

3.4� below fixation, with participants seated *57 cm from

the monitor; see Fig. 1). On each trial, the participants

were to judge the temporal simultaneity of the auditory and

visual stimuli. They made a self-paced key-press response

to report whether the presentation was ‘simultaneous’ or

‘not simultaneous.’ After a practice block of 26 trials, they

completed 312 test trials (24 trials for each of the 13 SOAs)

with a different random trial order presented to each

participant.

Data fitting

The primary measure of interest was the proportion of trials

reported as ‘simultaneous’ at each SOA. These data were fit

for each participant to a Gaussian function using a nonlinear

least-squares fit using MATLAB (MATLAB Optimization

Toolbox, Mathworks, Natick, MA, USA), and from these

fits, we obtained the mean and standard deviation for each

participant’s function (see Donohue et al. 2010; Zampini

et al. 2005). The mean corresponds to the point of subjective

simultaneity (PSS), or the SOA at which participants are

most likely to judge the audio–visual pair as simultaneous.

An ideal participant would have a mean, or PSS, at the 0

SOA. A participant with a bias to perceive auditory infor-

mation before visual would have a negative mean, and a

participant with a visual first bias would have a positive

mean. Data from 13 participants were excluded from the

analyses because their calculated PSS exceeded the SOAs

tested, suggesting that they were unable to (or refused to)

follow the task instructions and perform the task correctly

(Donohue et al. 2010). The standard deviation corresponds

to the spread of the participants’ distribution. A broader

spread (i.e., higher standard deviation) represents poorer

precision as is corresponds to participants judging more of

the temporally offset stimuli as occurring simultaneously.

Results

Autism spectrum quotient questionnaire (ASQ)

The individual scores on the ASQ ranged from 2 to 33 with

a mean of 18.39 (SD = 5.72). The higher the score, the

more autistic symptoms an individual reported.

Simultaneity judgment task

The points of subjective simultaneity (PSS) ranged from

-64.28 to 128.86 ms, with a mean of 41.27 ms (SD =

44.24 ms). Negative values indicate that the participant was

more likely to perceive the stimuli as simultaneous when the

auditory stimulus came before the visual, and positive val-

ues indicate that the stimuli were perceived as simultaneous

when the auditory stimulus came after the visual. The

standard deviations for each participant (i.e., the spread of

their judgment curve) ranged from 56.00 to 328 ms, with a

mean of 174.61 ms (SD = 55.82 ms). For the participants

tested here, these data suggest (as observed in Donohue et al.

2010) that participants are more likely to perceive audio–

visual stimuli as occurring simultaneously when the visual

stimulus comes before the auditory stimulus. Further, there

is a broad temporal window over which participants will

temporally link multisensory information.

Fig. 1 Simultaneity Judgment Task. Participants attended to auditory

tones and visual checkerboards, both presented centrally, to determine

if the auditory and visual stimuli occurred simultaneously or were

offset in time
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Multisensory processing and autistic symptoms

The PSS for the multisensory simultaneity judgments sig-

nificantly correlated with the scores on the ASQ (see

Fig. 2; R = -0.30, p = 0.0022). Specifically, as partici-

pants’ scores on the ASQ increased (signifying more self-

reported symptoms of autism), their PSS shifted leftward

(representing a bias to report auditory-first presentations as

simultaneous). The standard deviation was not significantly

correlated with the ASQ across participants (R = -0.12,

p = 0.23).

The ASQ contains five subscales, and to further examine

the relationship between symptoms of autism and multi-

sensory processing, we correlated each subscale with the

PSS and the standard deviation. Social skill (R = -0.29,

p = 0.003), attention switching (R = -0.22, p = 0.03),

communication (R = -0.26, p = 0.01), and imagination

(R = -0.23, p = 0.02) were all significantly correlated

with the PSS, while attention to detail was not significantly

correlate with the PSS (R = 0.11, p = 0.29). When all of

the subscales were entered into a multiple regression to

determine which of these subscales best predicted the PSS,

only attention switching emerged as a significant predictor

(Beta = -0.21, t(100) = -2.21, p = 0.03). The standard

deviation did not significantly correlate with any of the

subscales (all p’s [ 0.1), and none of the subscales emerged

as significant predictors of standard deviation when entered

into a multiple regression analysis (all p’s [ 0.2).

Additional analyses

In the primary analyses, we demonstrated that the PSS in a

simultaneity judgment task significantly correlated with

ASQ scores. This is an intriguing result, but before dis-

cussing the implications, it is important to first address

possible alternative accounts. Below we address two con-

cerns—one for the multisensory aspect of the results and

one for the autism aspect of the results. First, one could

argue that the found relationship may be related to tem-

poral processing in general and not to multisensory pro-

cessing per se. To address this concern, we present data

from participants in an additional visual–visual temporal-

order judgment task wherein there was no correlation

between task performance and the ASQ. Second, it is

important to establish the specificity of this found effect to

autism symptoms per se. To address this, we present data

from multiple regression models that demonstrate that

while video game playing and symptoms of ADHD both

correlate with the PSS, neither accounts for the found

relationship between the PSS and the ASQ.

Confirming the multisensory aspect of the found link

between autism and multisensory processing

It is possible that the primary results presented above, that

the PSS in a multisensory simultaneity judgment task

correlates with symptoms of autism, could represent hin-

dered temporal processing for individuals with higher

symptoms of autism, and the multisensory aspect is inci-

dental. That is, does the found relationship speak to the

nature of temporal processing or to the nature of multi-

sensory temporal processing? Previous evidence strongly

suggests that autism is linked to abnormal multisensory

processing (Kwakye et al. 2011) so this concern is not
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Fig. 2 a Significant correlation between the multisensory task PSS

and the autism spectrum questionnaire (ASQ), wherein the PSS

shifted to the left (toward an auditory-first bias) as ASQ scores

increased. b Correlation between the width of the standard deviation

in ms obtained from the fit multisensory data, and the ASQ was not

significant, suggesting that the shape of the temporal window of

integration, while variable across the population, did not relate to the

ASQ

2 No data were removed from this correlation as outliers since data

were already removed from participants who had a PSS outside the

range of SOAs tested (i.e., those who were unable/refused to do the

task). As seen in Fig. 2a, one participant scored low on the ASQ.

However, with this data point removed, the correlation is still highly

significant (R = -0.26, p = 0.008).

Exp Brain Res

123



overly strong. Nevertheless, here, we present additional

data that is consistent with a multisensory interpretation.

Specifically, we compare performance from a visual–visual

temporal-order judgment task to symptoms of autism; if the

primary results are specific to multisensory processing, no

relationship should arise from this visual–visual task.

Eighty-two participants (mean age = 20.7 years,

SD = 6.22; 54 female, 23 of whom were also participants

in our multisensory simultaneity judgment task) completed

a visual–visual temporal-order judgment task and also

completed the ASQ questionnaire (the questionnaire was

completed as part of the same process as described above).

In this task, two visual stimuli (red boxes, 2.7 9 2.7�,

1.85� below fixation) were presented to the left side and to

the right side of the screen, respectively, in two arrange-

ments. In the near condition, the boxes were 8.2� apart (in

the horizontal direction), and in the far condition, the boxes

were 16.4� apart horizontally, with the fixation cross

always being central to the two boxes. These boxes were

presented at 13 SOAs (-96, -60, -48, -36, -24, -12, 0,

12, 24, 36, 48, 60, 96) where negative SOAs indicate the

left visual stimulus came first and positive SOAs indicate

the right stimulus came first. Participants were asked to

report whether the left or right stimulus appeared first via

button-press, and the proportion of each type of response

was obtained across the SOAs.

The primary analyses reported above focused on biases in

the temporal perception of auditory and visual stimuli.

A visual–visual judgment task does not present meaningful

temporal biases, but rather provides metrics of absolute

accuracy. Accuracy was assessed in two separate analyses

for this task, conducted separately for the near and far

conditions. Accuracy was calculated as the percentage of

trials in which the left square was reported as appearing first

(ideal performance would be a square function with 100 %

for the negative SOAs, chance performance at the 0 SOA,

and 0 % for the positive SOAs). First, the data from the

middle SOAs (-12, 0, 12) were fit to a linear function; more

accurate participants will have a steep, negative slope since

an ideal observer would report the left square appearing first

100 % of the time at the -12 SOA, 50 % at the 0 SOA

(chance), and 0 % at the ?12 SOA (this would be a slope

value of -4.2). The values of the slopes (Near: M = -0. 69,

SD = 0. 77; Far: M = -0. 42, SD = 0. 75) were correlated

with the ASQ scores (M = 16.80, SD = 6.40) which pro-

duced no significant relationship3 (Near: R = -0.19,

p = 0.09; Far: R = -0.06, p = 0.62). Second, accuracy

was collapsed across the first five SOAs (-96, -60, -48,

-36, -24) and the last five SOAs (24, 36, 48, 60, 96); ideal

performance would be a response of ‘left first’ 100 % of the

time at the first five SOAs and 0 % of the time at the last five

SOAs. Proportion correct data were averaged for the first

five SOAs and the last five SOAs (transformed for the last

five so that the 0 % would be 100 %). These data (Near:

M = 90 %, SD = 7 %, Far: M = 82 %, SD = 8 %) were

correlated with the ASQ data. Again, no significant rela-

tionship between ASQ and accuracy was observed (Near:

R = -0.08, p = 0.50; Far: R = -0.17, p = 0.13).

Confirming the autism aspect of the found link

between autism and multisensory processing

How do we know that the found relationship is driven by

symptoms of autism and not some other individual differ-

ence measure? By the design of the study, participants

completed not only the ASQ survey, but also a wide array

of other measures. Our targeted focus here was on symp-

toms of autism, but this design allows us to determine if

other factors contributed to the relationship.

In our previous work, we had observed a significant

relationship between video game expertise and multisen-

sory PSS and standard deviation (Donohue et al. 2010).

This, therefore, was an important factor to rule out as it

could possibly account for a portion of the variance

between the PSS and the ASQ. Likewise, we felt it was

important to account for any possible contribution from

symptoms of ADHD. ADHD has been linked to broad

attentional and perceptual deficits and has often been found

to be present in individuals with autism (e.g., Leyfer et al.

2006). Our collection of questionnaires, included a labo-

ratory-created assessment of video game playing habits and

experiences (see Clark et al. 2011; Donohue et al. 2010)

and the Jasper/Goldberg Adult ADHD Questionnaire

(Jasper and Goldberg 1993). We conducted a regression

analysis including these measures to directly rule out

contributions of action video game experiences and

symptoms of ADHD.4

Point of subjective simultaneity (PSS)

To determine if variability in the ASQ continued to predict

performance on the multisensory simultaneity judgment

task when accounting for video game expertise and ADHD

symptoms, we used a multiple regression model technique.

We computed three models (see Table 1): Model 1: action

video game expertise, Model 2: video game expertise and

ADHD scores, and Model 3: video game expertise, ADHD,

3 The alpha level necessary to reach significance here is 0.025 via

Bonferroni correction for multiple comparisons since two different

analyses are being run on both the near and the far data.

4 There were several other assessments obtained from our partici-

pants in their first visit; however, we are only analyzing (and reporting

here) the tests conducted based on a priori predictions about the

relationships between video game play, ADHD, and multisensory

processing.
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and ASQ scores. The critical question is whether Model 3

accounts for any of the variability in performance above

and beyond Models 1 and 2. As predicted, all three factors

(video game experience, ADHD, and autism) significantly

contributed to performance. Importantly though, when

taking into consideration both video game expertise and

ADHD scores (Models 1 and 2), participants’ scores on the

ASQ still significantly predicted their PSS for the multi-

sensory simultaneity judgment task (Model 3; beta =

-0.22, t(100) = 2.14, p = 0.035).

Standard deviation

While there was no significant relationship found between

the ASQ and the standard deviation in the current experi-

ment, our previous work did find a relationship between

video game playing experiences and the standard deviation

(Donohue et al. 2010). For completeness, we used the same

model logic described above to examine how video game

experience, ADHD, and autism related to variability in the

standard deviation. The only significant predictor was

video game playing expertise, which held even when tak-

ing into consideration the ADHD and ASQ scores

(beta = -0.271, t(100) = 2.52, p = 0.013). Collectively,

these analyses replicate of our previous results (Donohue

et al. 2010) for both the PSS and standard deviation and

video game playing expertise, showing a shifted PSS

toward a bias of reporting auditory-first stimuli as simul-

taneous and a narrower temporal window of integration for

video game players.

Discussion

Autism is a complicated disorder that lacks uniformity.

Diagnosed individuals can be high-functioning with mini-

mal or highly focused symptoms, can be low-functioning

with severe and debilitating symptoms, or can be anywhere

in between. Moreover, non-diagnosed individuals from the

general population can suffer from a wide range of autistic

symptoms. This natural variation has made autism a diffi-

cult disorder to classify and understand, but it has also

made it a highly fruitful research realm. As more and more

research is done in relationship to autism, we are able to

learn more about the disorder itself and about general

cognitive and social processing. The current study took a

non-traditional approach to examining relationships

between cognition and clinical disorders; rather than test-

ing group differences between clinical and non-clinical

populations, here, the focus was on a continuum of

symptoms within a ‘healthy’ population. This approach

proved fruitful as it was found that the temporal aspects of

multisensory processing correlated with symptoms of

autism.

The nature of the current experimental design provided a

means to rule out potential confounds. First, it was theo-

retically possible that the relationship between temporal

multisensory processing and symptoms of autism was not

unique to multisensory processing, but rather was an

instantiation of a broader link between temporal processing

in general and autism. This alternative account is dimin-

ished by the fact that a visual–visual temporal-order

judgment task (i.e., a non-multisensory measure of tem-

poral processing) did not related to autism. This account is

further diminished by recent work that found that, com-

pared to typically developing children, children with aut-

ism had a broader temporal window of integration for

multisensory stimuli but not for visual stimuli (Kwakye

et al. 2011). Interestingly, Kwakye et al. (2011) also found

altered temporal processing for auditory stimuli in children

with autism as compared to typically developing children.

Indeed, it is possible that the results reported here of a shift

in multisensory processing abilities could be the result of

altered auditory temporal processing. Without an auditory

task to rule out this possibility, our data can only speak to

the fact that these differences ramify as differences in

multisensory processing; regardless of the origin, it is the

temporal binding of multisensory stimuli that is affected

with increasing ASQ scores. And, importantly, it is this

binding that allows one to accurately integrate together the

multisensory objects in the surrounding environment.

Moreover, the visual–visual temporal-order judgment task

does suggest that the results here are not merely due to

global differences in the temporal processing of stimuli.

Second, it was possible that the current results may have

manifested from another factor (such as video game play-

ing), rather than from a relationship with autism per se.

Video game playing experience represented a legitimate

alternative, given it has previously been linked to multi-

sensory processing on the task employed here (Donohue

et al. 2010). Likewise, ADHD served as another possible

Table 1 Multiple regression models to examine the relationship

between the multisensory PSS and video game playing, ADHD, and

ASQ scores

Model Adjusted R2 Standard error

of the estimate

F change Sig. change

1 0.032 43.53 4.28 0.041

2 0.079 42.46 6.04 0.016

3 0.111 41.71 4.58 0.035

Model 1: Constant and video game playing expertise. Model 2:

Constant, video game playing expertise, and ADHD scores. Model 3:

Constant, video game playing expertise, ADHD scores, and ASQ

scores. Model 3 significantly improved upon the first two, highlight-

ing that, even when taking these other factors into account, the rela-

tionship between the multisensory PSS and ASQ scores still held
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alternative factor given that ADHD is often found to be

comorbid with autism. While both video game playing

experience and ADHD symptoms were significantly cor-

related with multisensory processing, autism still signifi-

cantly correlated with multisensory processing when both

of these factors were taken into account.

The process of eliminating alternative accounts to our

primary result that multisensory processing is related to

symptoms of autism produced additional findings of note.

First, the current study replicated our previous work dem-

onstrating a relationship between multisensory processing

and video game playing experiences (Donohue et al. 2010).

Moreover, this replication comes from a broader popula-

tion (e.g., our earlier study focused exclusively on male

participants). Second, we demonstrated that multisensory

processing correlated with symptoms of ADHD. The

individuals in our sample with higher symptoms of ADHD

likely had trouble sustaining focus during the task. As such,

the particular trials in which the stimulus order would have

provided the most attentional capture (i.e., those with the

auditory stimuli coming first) would have likely been the

ones to which the participants with the higher ADHD

scores would have paid the most attention, and therefore

likely integrated the most if the stimuli were occurring

close together in time. Regardless of the explanation, fur-

ther work should be done to examine the links between

ADHD and multisensory temporal processing.

Having addressed alternative explanations for our pri-

mary result, additional questions then arose. Specifically, it

is worth considering why participants with higher levels of

autism symptoms would be more likely to perceive the

presentation as simultaneous when the auditory stimulus

came first. On average, the current participant population

had a point of subjective simultaneity (PSS) that repre-

sented perceiving simultaneity when the visual stimulus

came first. This is in line with past findings as well (e.g.,

Donohue et al. 2010; van Wassenhove et al. 2007; Zampini

et al. 2005), and an ecologically valid bias; light travels

faster than sound, and so sources from the same (distant)

event would reach the sensory organs at different times,

with the visual arriving first. While the current correla-

tional data cannot speak to a causal relationship, it would

appear that with increasing symptoms of autism, the PSS

shifts toward a point that is less ecologically valid. When

considering why this might be, some potential evidence

from both research (Dahlgren and Gillberg 1989; Tomchek

and Dunn 2007) and anecdotes (Cesaroni and Garber 1991)

point to a greater sensitivity for auditory stimuli in indi-

viduals with autism. It is possible therefore that the audi-

tory stimuli received ‘priority’ within these individuals and

therefore were more salient (potentially capturing atten-

tion) and were processed for a longer period of time. This

could indeed result in the pattern of findings observed here,

and further studies, perhaps using electrophysiological

measures could confirm this.

Further, it is worth noting that the present study found a

relationship between symptoms of autism and the PSS but

not the standard deviation, while Kwakye et al. (2011)

found that children with autism had a broadened temporal

window of integration (an effect that would manifest in the

standard deviation). Kwakye et al. (2011) tested children

with and without autism and the current study tested adults

from the general population, and it is possible that these

experimental differences may underlie the differences in

results. It is also possible that the broadening of the tem-

poral window does not occur to a measurable extent within

the general population. Likewise, it is unclear if adults with

autism would also have a broadened temporal window of

integration, or if this would change over development.

Finally, the assessment of which specific subscales

within the ASQ correlated with multisensory temporal

processing provided further insight into which particular

cognitive functions within autism may be directly related to

multisensory processing. We found that communication,

imagination, attention switching, and social skill all cor-

related with the PSS, while attention to detail did not.

Further, when analyzed with a multiple regression, atten-

tion switching was the only subscale that predicted the

PSS. It is likely that those participants who had deficits in

the ability to switch attention may have had an altered PSS

due to perseveration on a specific modality. As multisen-

sory processing is also highly important for cognitive and

social processes such as ‘communication’ and ‘social skill,’

it is not surprising that these were correlated with the PSS.

Future work could build off of the current findings with a

healthy adult population to tease apart the specific facets of

autism that are the most directly related to multisensory

processing at the clinical level.

An overarching goal of the current project was to

simultaneously inform both the study of autism and the

study of multisensory processing by exploring them in

tandem. For the field of autism research, the current results

demonstrate that meaningful findings can come from

studying a range of autistic symptoms in a general adult

population. This is informative as it suggests cognitive

deficits linked to autism can be explored without requiring

clinical populations. More specific to the current multi-

sensory focus, these results supports recent findings

(Megnin et al. 2012) to further strengthen the curious

finding that those who suffer from autism may have diffi-

culty with perceptual binding. For the study of multisen-

sory processing, the current study demonstrated

widespread individual differences in temporal processing

abilities across a young adult population. This highlights

that individual variability should be taken into consider-

ation when studying the binding of multisensory stimuli.
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Further, not only do the current results reveal variability

across individuals, but they also provide specific predictors

of performance; autism, video game playing, and ADHD

all correlated with multisensory processing abilities.
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Appendix for Donohue, Darling, and Mitroff

The Duke Visual Cognition Laboratory administers a

‘battery’ of individual differences assessments as part of an

experimental protocol to understand how cognitive abilities

vary across participants. Below we provide the self-report

questionnaires that were administered at the time of testing

for this study’s participants.

Self-report questionnaires examined for the current

study

• Autism Spectrum Quotient (ASQ; Baron-Cohen et al.

2001)

• Attention deficit hyperactivity disorder (ADHD; Jasper

and Goldberg 1993)

• Video game playing questionnaire (designed in

laboratory)

Questionnaires administered to participants

but not examined for the current study

• Race/Ethnicity

• Society Works Best (Smith et al. 2011)

• Language Experience and Proficiency Questionnaire

(LEAPQ; Marian et al. 2007)

• General pastimes questionnaire (designed in laboratory)

• Maximization scale (Schwartz et al. 2002)

• Eating Attitudes Test (EAT; Garner and Garfinkel 1979)

• Media Multitasking questionnaire (MMI; Ophir et al.

2009), 101 participants

• Wilson and Patterson (1968)

• Edinburgh Handedness Inventory (EHI; Oldfield 1971)

• Positive and Negative Affect Schedule (PANAS;

Watson et al. 1988)

• NEO Personality Inventory (NEO-PI-R; Costa and

McCrae 1992)

• Religious Beliefs (designed in laboratory)

• Trait Anxiety (Taken from State-Trait Anxiety Inven-

tory; Spielberger et al. 1983)

• Regulatory Focus (Higgins et al. 2001)

References

Adolphs R, Sears L, Piven J (2001) Abnormal processing of social

information from faces in autism. J Cogn Neurosci 13(2):

232–240. doi:10.1162/089892901564289

Alais D, Newell FN, Mamassian P (2010) Multisensory processing in

review: from physiology to behaviour. See Perceiving 23(1):

3–38. doi:10.1163/187847510x488603

Baron-Cohen S, Ring HA, Wheelwright S, Bullmore ET, Brammer

MJ, Simmons A, Williams SCR (1999) Social intelligence in the

normal and autistic brain: an fMRI study. Eur J Neurosci

11(6):1891–1898. doi:10.1046/j.1460-9568.1999.00621.x

Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E

(2001) The autism-spectrum quotient (AQ): evidence from

Asperger syndrome/high-functioning autism, males and females,

scientists and mathematicians (vol 31, pg 5, 2001). J Autism Dev

Disord 31(6):603–603

Batty M, Meaux E, Wittemeyer K, Roge B, Taylor MJ (2011) Early

processing of emotional faces in children with autism: an event-

related potential study. J Exp Child Psychol 109(4):430–444.

doi:10.1016/j.jecp.2011.02.001

Centers for Disease Control and Prevention (2012) Prevalence of

autism spectrum disorders- autism and developmental disabili-

ties monitoring network, United States, 2008. Morb Mortal Wkly

Report 61(3):1–24

Cesaroni L, Garber M (1991) Exploring the experience of autism

through firsthand accounts. J Autism Dev Disord 21(3):303–313.

doi:10.1007/bf02207327

Charman T, Jones CRG, Pickles A, Simonoff E, Baird G, Happe F

(2011) Defining the cognitive phenotype of autism. Brain Res

1380:10–21. doi:10.1016/j.brainres.2010.10.075

Clark K, Fleck MS, Mitroff SR (2011) Enhanced change detection

performance reveals improved strategy use in avid action video

game players. Acta Psychol 136(1):67–72. doi:10.1016/j.actpsy.

2010.10.003

Dahlgren SO, Gillberg C (1989) Symptoms in the 1st 2 years of life—

a preliminary population study of infantile-autism. Eur Arch

Psychiatry Clin Neurosci 238(3):169–174

Dalton KM, Nacewicz BM, Johnstone T, Schaefer HS, Gernsbacher

MA, Goldsmith HH, Alexander AL, Davidson RJ (2005) Gaze

fixation and the neural circuitry of face processing in autism. Nat

Neurosci 8(4):519–526. doi:10.1038/nn1421

Donohue SE, Woldorff MG, Mitroff SR (2010) Video game players

show more precise multisensory temporal processing abilities.

Attent Percept Psychophys 72(4):1120–1129. doi:10.3758/app.

72.4.1120

Driver J, Noesselt T (2008) Multisensory interplay reveals crossmodal

influences on ‘sensory-specific’ brain regions, neural responses,

and judgments. Neuron 57(1):11–23. doi:10.1016/j.neuron.2007.

12.013

Exp Brain Res

123

http://dx.doi.org/10.1162/089892901564289
http://dx.doi.org/10.1163/187847510x488603
http://dx.doi.org/10.1046/j.1460-9568.1999.00621.x
http://dx.doi.org/10.1016/j.jecp.2011.02.001
http://dx.doi.org/10.1007/bf02207327
http://dx.doi.org/10.1016/j.brainres.2010.10.075
http://dx.doi.org/10.1016/j.actpsy.2010.10.003
http://dx.doi.org/10.1016/j.actpsy.2010.10.003
http://dx.doi.org/10.1038/nn1421
http://dx.doi.org/10.3758/app.72.4.1120
http://dx.doi.org/10.3758/app.72.4.1120
http://dx.doi.org/10.1016/j.neuron.2007.12.013
http://dx.doi.org/10.1016/j.neuron.2007.12.013


Elsabbagh M, Mercure E, Hudry K, Chandler S, Pasco G, Charman T,

Pickles A, Baron-Cohen S, Bolton P, Johnson MH, Team B

(2012) Infant neural sensitivity to dynamic eye gaze is associated

with later emerging autism. Curr Biol 22(4):338–342. doi:

10.1016/j.cub.2011.12.056

Foss-Feig JH, Kwakye LD, Cascio CJ, Burnette CP, Kadivar H, Stone

WL, Wallace MT (2010) An extended multisensory temporal

binding window in autism spectrum disorders. Exp Brain Res

203(2):381–389. doi:10.1007/s00221-010-2240-4

Grelotti DJ, Gauthier I, Schultz RT (2002) Social interest and the

development of cortical face specialization: what autism teaches

us about face processing. Dev Psychobiol 40(3):213–225. doi:

10.1002/dev.10028

Harms MB, Martin A, Wallace GL (2010) Facial emotion recognition

in autism spectrum disorders: a review of behavioral and

neuroimaging studies. Neuropsychol Rev 20(3):290–322. doi:

10.1007/s11065-010-9138-6

Hileman CM, Henderson H, Mundy P, Newell L, Jaime M (2011)

Developmental and individual differences on the P1 and N170

ERP components in children with and without autism. Dev

Neuropsychol 36(2):214–236. doi:10.1080/87565641.2010.5498

70

Jasper L, Goldberg I (1993) Jasper/Goldberg adult ADD question-

naire. Retrieved 1 Oct 2009, from http://www.mentalhelp.net/

poc/view_doc.php?id=974&type=doc&cn=ADHD

Kwakye LD, Foss-Feig JH, Cascio CJ, Stone WL, Wallace MT

(2011) Altered auditory and multisensory temporal processing in

autism spectrum disorders. Front Integr Neurosci 5(4):129

Kwon S, Kim J, Choe BH, Ko C, Park S (2007) Electrophysiologic

assessment of central auditory processing by auditory brainstem

responses in children with autism spectrum disorders. J Korean

Med Sci 22(4):656–659

Leyfer OT, Folstein SE, Bacalman S, Davis NO, Dinh E, Morgan J,

Tager-Flusberg H, Lainhart JE (2006) Comorbid psychiatric

disorders in children with autism: interview development and

rates of disorders. J Autism Dev Disord 36(7):849–861. doi:

10.1007/s10803-006-0123-0

Marco EJ, Hinkley LBN, Hill SS, Nagarajan SS (2011) Sensory

processing in autism: a review of neurophysiologic find-

ings. Pediatr Res 69(5):48R–54R. doi:10.1203/PDR.0b013e31821

30c54

Megnin O, Flitton A, Jones CRG, de Haan M, Baldeweg T, Charman

T (2012) Audiovisual speech integration in autism spectrum

disorders: ERP evidence for atypicalities in lexical-semantic

processing. Autism Res 5(1):39–48. doi:10.1002/aur.231

Miles JH (2011) Autism spectrum disorders-a genetics review. Genet

Med 13(4):278–294. doi:10.1097/GIM.0b013e3181ff67ba

Modi ME, Young LJ (2012) The oxytocin system in drug discovery

for autism: animal models and novel therapeutic strategies.

Horm Behav 61(3):340–350. doi:10.1016/j.yhbeh.2011.12.010

Osterling J, Dawson G (1994) Early recognition of children with

autism = a study of 1st birthday home videotapes. J Autism Dev

Disord 24(3):247–257. doi:10.1007/bf02172225

Philip RCM, Whalley HC, Stanfield AC, Sprengelmeyer R, Santos

IM, Young AW, Atkinson AP, Calder AJ, Johnstone EC, Lawrie

SM, Hall J (2010) Deficits in facial, body movement and vocal

emotional processing in autism spectrum disorders. Psychol Med

40(11):1919–1929. doi:10.1017/s0033291709992364

Powers AR 3rd, Hillock AR, Wallace MT (2009) Perceptual training

narrows the temporal window of multisensory binding. J Neurosci

29(39):12265–12274. doi:10.1523/JNEUROSCI.3501-09.2009

Roth DAE, Muchnik C, Shabtai E, Hildesheimer M, Henkin Y (2012)

Evidence for atypical auditory brainstem responses in young

children with suspected autism spectrum disorders. Dev Med

Child Neurol 54(1):23–29. doi:10.1111/j.1469-8749.2011.0414

9.x

Russo N, Foxe JJ, Brandwein AB, Altschuler T, Gomes H, Molholm

S (2010) Multisensory processing in children with autism: high-

density electrical mapping of auditory somatosensory Integra-

tion. Autism Res 3(5):253–267. doi:10.1002/aur.152

Stein BE, Stanford TR (2008) Multisensory integration: current issues

from the perspective of the single neuron. Nat Rev Neurosci

9(4):255–266. doi:10.1038/nrn2331

Stone JV, Hunkin NM, Porrill J, Wood R, Keeler V, Beanland M, Port

M, Porter NR (2001) When is now? Perception of simultaneity.

Proc R Soc Lond Ser B Biol Sci 268(1462):31–38

Tomchek SD, Dunn W (2007) Sensory processing in children with

and without autism: a comparative study using the short sensory

profile. Am J Occup Ther 61(2):190–200

van Eijk RLJ, Kohlrausch A, Juola JF, van de Par S (2008)

Audiovisual synchrony and temporal order judgments: effects of

experimental method and stimulus type. Percept Psychophys

70(6):955–968. doi:10.3758/pp.70.6.955

van Wassenhove V, Grant KW, Poeppel D (2007) Temporal window

of integration in auditory-visual speech perception. Neuropsych-

ologia 45(3):598–607. doi:10.1016/j.neuropsychologia.2006.01.

001

Xiong QJ, Oviedo HV, Trotman LC, Zador AM (2012) PTEN

regulation of local and long-range connections in mouse auditory

cortex. J Neurosci 32(5):1643–1652. doi:10.1523/jneurosci.

4480-11.2012

Zampini M, Guest S, Shore DI (2005) Audio-visual simultaneity

judgments. Percept Psychophys 67(3):531–544

References for battery questionnaires

Baron-Cohen S, Wheelwright S, Skinner R, Martin J, Clubley E

(2001) The autism-spectrum quotient (AQ): evidence from

Asperger syndrome/high-functioning autism, males and females,

scientists and mathematicians. J Autism Dev Disorders 31:5–17

Costa PT Jr, McCrae RR (1992) Revised NEO personality inventory

(NEO-PI-R) and NEO five-factor inventory (NEO-FFI) profes-

sional manual. Odessa, Florida

Garner DM, Garfinkel PE (1979) The eating attitudes test: an index of

the symptoms of anorexia nervosa. Psychol Med 9:273–279

Higgins ET, Friedman RS, Harlow RE, Idson LC, Ayduk ON, Taylor

A (2001) Achievement orientations from subjective histories of

success: promotion pride versus prevention pride. Euro J Soc

Psychol 31:3–23

Jasper L, Goldberg I (1993) Jasper/Goldberg adult ADD question-

naire. http://www.mentalhelp.net/poc/view_doc.php?id=974

&type=doc&cn=ADHD. Accessed 1 Oct 2009

Ophir E, Nass C, WagnerAD (2009) Cognitive control in media

multitaskers. Proceedings of the national academy of sciences of

the United States of America, doi:10.1073/pnas.0903620106

Oldfield RC (1971) The assessment and analysis of handedness: the

Edinburgh inventory. Neuropsychologia 9:97–113

Marian V, Blumenfeld HK, Kaushanskaya M (2007) The language

experience and proficiency questionnaire (LEAP-Q): assessing

language profiles in bilinguals and multilinguals. J Speech Lang

Hear Res 50:940–967

Schwartz B, Ward A, Lyubomirsky S, Monterosso J, White K,

Lehman DR (2002) Maximizing versus satisfying: happiness is a

matter of choice. J Pers Soc Psychol 83:1178–1197

Exp Brain Res

123

http://dx.doi.org/10.1016/j.cub.2011.12.056
http://dx.doi.org/10.1007/s00221-010-2240-4
http://dx.doi.org/10.1002/dev.10028
http://dx.doi.org/10.1007/s11065-010-9138-6
http://dx.doi.org/10.1080/87565641.2010.549870
http://dx.doi.org/10.1080/87565641.2010.549870
http://www.mentalhelp.net/poc/view_doc.php?id=974&type=doc&cn=ADHD
http://www.mentalhelp.net/poc/view_doc.php?id=974&type=doc&cn=ADHD
http://dx.doi.org/10.1007/s10803-006-0123-0
http://dx.doi.org/10.1203/PDR.0b013e3182130c54
http://dx.doi.org/10.1203/PDR.0b013e3182130c54
http://dx.doi.org/10.1002/aur.231
http://dx.doi.org/10.1097/GIM.0b013e3181ff67ba
http://dx.doi.org/10.1016/j.yhbeh.2011.12.010
http://dx.doi.org/10.1007/bf02172225
http://dx.doi.org/10.1017/s0033291709992364
http://dx.doi.org/10.1523/JNEUROSCI.3501-09.2009
http://dx.doi.org/10.1111/j.1469-8749.2011.04149.x
http://dx.doi.org/10.1111/j.1469-8749.2011.04149.x
http://dx.doi.org/10.1002/aur.152
http://dx.doi.org/10.1038/nrn2331
http://dx.doi.org/10.3758/pp.70.6.955
http://dx.doi.org/10.1016/j.neuropsychologia.2006.01.001
http://dx.doi.org/10.1016/j.neuropsychologia.2006.01.001
http://dx.doi.org/10.1523/jneurosci.4480-11.2012
http://dx.doi.org/10.1523/jneurosci.4480-11.2012
http://www.mentalhelp.net/poc/view_doc.php?id=974&type=doc&cn=ADHD
http://www.mentalhelp.net/poc/view_doc.php?id=974&type=doc&cn=ADHD
http://dx.doi.org/10.1073/pnas.0903620106


Smith KB, Oxley DR, Hibbing MV, Alford JR, Hibbing JR

(2011) Linking genetics and political attitudes: reconceptualiz-

ing political ideology. Polit Psychol 32:369–397

Spielberger CD, Gorssuch RL, Lushene PR, Vagg PR, Jacobs GA

(1983) Manual for the state-trait anxiety inventory. Palo Alto,

California

Watson D, Clark LA, Tellegen A (1988) Development and validation

of brief measures of positive and negative affect: The PANAS

scales. J Pers Soc Psychol 54:1063–1070

Wilson GD, Patterson JR (1968) A new measure of conservatism. Br J

Soc Clin Psychol 7:264–269

Exp Brain Res

123


	Links between multisensory processing and autism
	Abstract
	Introduction
	Methods
	Participants
	General procedure
	Stimuli and task
	Data fitting

	Results
	Autism spectrum quotient questionnaire (ASQ)
	Simultaneity judgment task
	Multisensory processing and autistic symptoms
	Additional analyses
	Confirming the multisensory aspect of the found link between autism and multisensory processing
	Confirming the autism aspect of the found link between autism and multisensory processing
	Point of subjective simultaneity (PSS)
	Standard deviation


	Discussion
	Acknowledgments
	Appendix for Donohue, Darling, and Mitroff
	Self-report questionnaires examined for the current study
	Questionnaires administered to participants but not examined for the current study

	References


