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Abstract

Research shows that children with autism spectrum disorder (ASD) differ in their behavioral 

patterns of responding to sensory stimuli (i.e., sensory responsiveness) and in various other aspects 

of sensory functioning relative to typical peers. This study explored relations between measures of 

sensory responsiveness and multisensory speech perception and integration in children with and 

without ASD. Participants were 8–17 year old children, 18 with ASD and 18 matched typically 

developing controls. Participants completed a psychophysical speech perception task, and parents 

reported on children’s sensory responsiveness. Psychophysical measures (e.g., audiovisual 

accuracy, temporal binding window) were associated with patterns of sensory responsiveness (e.g., 

hyporesponsiveness, sensory seeking). Results indicate that differences in multisensory speech 

perception and integration covary with atypical patterns of sensory responsiveness.
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Investigations carried out by clinically-oriented researchers and sensory neuroscientists have 

provided important insights into the nature of sensory differences in children with autism 

spectrum disorder (ASD). This work holds great promise for bridging our understanding of 

the neurobiological bases of sensory function with observed clinical symptomology (Cascio, 

Woynaroski, Baranek, & Wallace, 2016). Clinically-oriented researchers have focused on 

behavioral patterns of responding to sensory stimuli (i.e., sensory responsiveness) in 

children with ASD. Their findings suggest that three atypical patterns of sensory 

responsiveness are prominent: reduced or absent behavioral responses to sensory stimuli 

(i.e., hyporesponsiveness), exaggerated behavioral responses to sensory stimuli (i.e., 

hyperresponsiveness), and/or unusual fascination with or craving of sensory stimuli (i.e., 

sensory seeking; Baranek, David, Poe, Stone, & Watson, 2006; Ben-Sasson et al., 2009; 

Boyd et al., 2010; Liss, Saulnier, Fein, & Kinsbourne, 2006; Miller, Anzalone, Lane, 

Cermak, & Osten, 2007). These atypical patterns of sensory responsiveness have been 

reported for stimuli presented in a number of sensory modalities (e.g., vision, hearing, 

touch).

In a parallel line of research, sensory neuroscientists have examined processing of input to 

multiple sensory modalities. In regards to vision and hearing, individuals with ASD display 

behavioral enhancements in the perception of simple stimuli (e.g., perception of shapes, 

detection of pitch in simple tones) and behavioral deficits in the perception of complex or 

social stimuli (e.g., detection of visual contrasts, detection of pitch in sentences; accuracy in 

the identification of visual speech; see Baum, Stevenson, & Wallace, 2015 for a review). 

More recent work has focused on multisensory integration (i.e., the ability to perceive/

respond to input from multiple modalities at once, such as the auditory and visual 

components of speech; see Stevenson et al., 2014a for a review of neuroscientific 

measurement techniques). Much of this work has focused on the perception of audiovisual 

stimuli in children with ASD (e.g., Bebko, Weiss, Demark, & Gomez, 2006; Iarocci, 
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Rombough, Yager, Weeks, & Chua, 2010; Smith & Bennetto, 2007; see Beker, Foxe, & 

Molholm, 2018 for a recent review). Particular emphasis has been placed on temporal 

binding, defined as the tendency to perceive multisensory stimuli that occur within a 

relatively short window of time as originating from a unitary perceptual event (Meredith, 

Nemitz, & Stein, 1987; Powers, Hillock, & Wallace, 2009). A number of studies have now 

shown that children with ASD bind auditory and visual stimuli over longer periods or “wider 

windows” of time than their typically developing (TD) peers (Foss-Feig et al., 2010; 

Kwakye, Foss-Feig, Cascio, Stone, & Wallace, 2011; Stevenson et al., 2014b; Woynaroski et 

al., 2013). Similar to findings for unisensory processing (i.e., the ability to respond to input 

in one sensory modality, such as audition or vision, alone), this extended window of 

temporal binding may be more pronounced for the integration of more complex audiovisual 

stimuli such as speech (see Stevenson et al., 2016 for a review).

Despite neuroscientists and clinicians having a shared interest in sensory differences in 

children with ASD, there have been surprisingly few studies that relate empirically derived 

measures of sensory and multisensory function to caregiver and clinical reports of sensory 

responsiveness (Cascio et al., 2016). Some work suggests that there are links between these 

aspects of sensory function, but these findings are limited. Associations have been found 

between sensory responsiveness and unisensory perception (i.e., touch and hyper-/

hyporesponsiveness; Cascio, Gu, Schauder, Key, & Yoder, 2015; Foss-Feig, Heacock, & 

Cascio, 2016) and between sensory responsiveness in one sensory domain and multisensory 

perception (i.e., auditory sensory responsiveness and perception of audiovisual illusions; 

Woynaroski et al., 2013). However, no associations were found between integration of 

simple audiovisual stimuli (i.e., flashes and beeps) and a self-report measure of sensory 

responsiveness in one recent study of adults with and without ASD (Poole, Gowen, Warren, 

& Poliakoff, 2017). No study to date has comprehensively evaluated the extent to which 

differences in sensory responsiveness relate to differences in perception of complex auditory, 

visual, and audiovisual stimuli (i.e., speech) in children on the autism spectrum. The present 

study thus explored whether several aspects of speech perception and integration relate to 

patterns of atypical sensory responsiveness (hyporesponsiveness, hyperresponsiveness, and 

sensory seeking), as assessed by clinical measures, in children with ASD and TD controls.

Methods

The Vanderbilt University Institutional Review Board approved recruitment and study 

procedures. Parents provided written informed consent, and participants provided written 

assent prior to participation in the study. All children were compensated for participating.

Participants

Participants included 18 children with ASD and 18 TD controls (partially overlapping with 

the samples from Foss-Feig et al. 2010; Kwakye et al. 2011; entirely overlapping with the 

sample from Woynaroski et al., 2013). Eligibility criteria for inclusion in the study were: (a) 

chronological age between 8 and 17 years; (b) full-scale and verbal IQ standard scores 

greater than or equal to 70 on the Weschler Abbreviated Scale of Intelligence (Wechsler, 

1999); (c) normal hearing and normal or corrected-to-normal vision per parent report; (d) no 
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history of seizure disorders; (e) completion of 80% of trials on multisensory speech 

perception tasks; and (f) susceptibility to the McGurk illusion as demonstrated by report of 

at least one perceived fusion on the McGurk task (see below).

Additional eligibility criteria for children with ASD included: (a) diagnosis of Autistic 

Disorder, Asperger’s Disorder, or Pervasive Developmental Disorder - Not Otherwise 

Specified according to DSM-IV-TR (APA, 2000) criteria, as confirmed by research-reliable 

administrations of the Autism Diagnostic Observation Schedule Module 3 (ADOS; Lord et 

al., 2000) and Autism Diagnostic Interview-Revised (ADI-R; Lord, Rutter, & Le Couteur, 

1994), as well as the clinical judgment of a licensed psychologist and (b) no diagnosed 

genetic disorders (e.g., Fragile X, tuberous sclerosis).

Additional eligibility criteria for TD participants included: (a) parent report of ASD 

symptoms below the screening threshold on the Lifetime Version of the Social 

Communication Questionnaire (SCQ; Rutter, Bailey, & Lord, 2003); (b) no immediate 

family members with diagnoses of ASD; (c) no history of neurological conditions; (d) no 

prior history or present indicators of psychiatric conditions; and (e) no diagnosed learning 

disorders. See Table 1 for descriptive group information. ASD and TD groups did not 

significantly differ in sex, chronological age, or IQ.

Psychophysical Measures of Multisensory Speech Perception and Integration

All participants completed an experimental task that utilized the McGurk illusion to assess 

several aspects of multisensory speech perception and integration (see Woynaroski et al., 

2013 for further detail). Participants viewed video recordings of a young woman saying four 

syllables: “ba,” “da,” “ga,” and “tha.” These video recordings were presented in four 

conditions: as an auditory-only stimulus, as a visual-only stimulus (i.e., lip-reading), as a 

congruent audio-visual stimulus (i.e., same syllable heard and seen spoken), and as an 

incongruent audio-visual stimulus. In the incongruent audio-visual condition, McGurk 

stimuli were created by pairing the auditory stimulus “ba” with the discrepant visual 

stimulus “ga.” This combination facilitates a “fused” percept (i.e., “da” or “tha”; McGurk & 

MacDonald, 1976). The timing of the auditory “ba” and visual “ga” stimuli was manipulated 

to evaluate the effects of temporal asynchrony on integration. In addition to a standard 

synchronous presentation (i.e., 0 ms stimulus onset asynchrony [SOA]), the visual stimulus 

preceded the auditory stimulus at the following SOAs: 33, 66, 100, 166, 233, and 300 ms.

Accuracy (percent correct identification) was calculated for the auditory-only, visualonly 

and congruent audio-visual conditions. For the incongruent audio-visual (i.e., McGurk) 

condition, the individual rates of reported fusion were calculated at each SOA and used to 

derive temporal binding windows. Temporal binding windows were derived for each child 

by fitting the rates of reported fusion across SOAs to a psychometric function using the 

glmfit function in MATLAB (Powers et al., 2009; Wallace & Stevenson, 2014) and 

determining the SOA at which participants fused the auditory and visual stimuli (i.e., 

reported perceiving the McGurk illusion) on 75% or more of the trials, after normalizing the 

data (i.e., setting the maximum value to 100%; see Figure 1).
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Clinical Measures of Sensory Responsiveness

Two parent report measures were utilized to measure children’s sensory responsiveness: (a) 

the Sensory Experiences Questionnaire (Baranek et al., 2006) and (b) the Sensory Profile 

Caregiver Questionnaire (Dunn, 1999). Composite scores of hyporesponsiveness (referred to 

as “poor registration” on the Sensory Profile), hyperresponsiveness (referred to as “sensory 

sensitivity” on the Sensory Profile), and sensory seeking were calculated for each participant 

by averaging z-scores for relevant subtests from the Sensory Experiences Questionnaire and 

the Sensory Profile. Composite scores were used to increase the stability, and thereby to 

potentially boost the predictive validity, of indices of sensory responsiveness (Rushton, 

Brainerd, & Pressley, 1983; Yoder & Symons, 2010). A summary of constructs, measures, 

and metrics used in analyses is provided in Table 2.

Analysis

Multiple imputation was used to handle missing data (ranging from 0 – 27.8% across 

variables used in analysis). Briefly, multiple imputation involved (a) generation of 40 data 

sets with plausible values for missing data points, (b) analysis of each filled-in data set, and 

(c) pooling of the information from the multiple data sets into a single result. Plausible 

values are generated according to the association of variables with missing data to other 

variables with observed scores. This method is preferable to traditional methods for dealing 

with missing data (e.g., listwise deletion, single imputation) because it prevents loss of 

information related to missing data, reduces bias, improves parameter estimates, and 

preserves statistical power to detect effects of interest (Enders, 2013; Enders, Baraldi, & 

Cham, 2014; see Enders, 2010 for additional information regarding this approach). 

Participants with missing data were similar to participants without missing data (e.g., did not 

significantly differ in diagnostic status, chronological age, or verbal IQ; all p values > .1).

In preliminary analyses, independent samples t-tests were conducted to evaluate 

betweengroup differences in sensory responsiveness. A series of regression analyses was 

then carried out to evaluate the nature of the associations between metrics of multisensory 

speech perception and integration and metrics of sensory responsiveness. For each analysis, 

the psychophysic metric of interest (e.g., temporal binding window) was first entered as a 

predictor of the relevant metric of sensory responsiveness (e.g., hyporesponsiveness) to 

evaluate the strength and direction of the association across ASD and TD groups. Then, 

group and the interaction term for the group*psychophysic metric of interest were entered to 

determine whether associations were moderated by (i.e., varied according to) group. Note 

that the aforementioned models accounted/controlled for significant between-diagnostic 

group differences in sensory function, as group was included (along with the psychophysic 

predictor and the group*psychophysic predictor product term) as an independent variable in 

all regression models testing moderated effects. Significance tests were not corrected for 

multiple comparisons, as these analyses were exploratory in nature.
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Results

Preliminary Tests of Between-Diagnostic Group Differences

Between-group comparisons on multisensory metrics have previously been reported for this 

sample ([BLINDED FOR REVIEW]). As detailed in the [BLINDED FOR REVIEW] report, 

children with ASD, on average, showed reduced visual only and congruent audio-visual 

speech perception, as well as wider temporal binding windows for audio-visual speech, in 

comparison to their TD peers. Consistent with the prior literature (see Ben-Sasson et al., 

2009), groups additionally differed in mean levels of sensory responsiveness, with the ASD 

group scoring significantly higher in hyporesponsiveness (t = 6.44, d = 2.15, p < 0.001), 

hyperresponsiveness (t = 7.20, d = 2.40, p < 0.001), and sensory seeking (t = 4.00, d = 1.33, 

p < 0.001) relative to TD controls.

Associations Between Multisensory Speech Perception and Integration and Sensory 
Responsiveness

Many metrics of multisensory speech perception and integration were significantly 

correlated with patterns of sensory responsiveness (see Table 3). None of the associations 

were moderated by group (p values > .4). Effect sizes for significant correlations were 

generally moderate to large in magnitude.

Hyporesponsiveness was negatively correlated with perceptual accuracy for auditoryonly, 

visual-only, and matched audiovisual speech (e.g., Figure 2A). Hyperresponsiveness was 

negatively correlated with accuracy in the visual-only and matched audiovisual conditions, 

and sensory seeking was negatively correlated with accuracy in the matched audiovisual 

condition. Thus, reduced perceptual accuracy for speech stimuli as measured with 

psychophysical tasks was associated with more atypical patterns of sensory responsiveness.

In regard to the measures derived from the incongruent audio-visual condition, audiovisual 

temporal acuity as indexed via the temporal binding window was positively correlated with 

both hyporesponsiveness and sensory seeking (e.g., Figure 2B). Thus, poorer audio-visual 

temporal acuity (i.e., wider temporal binding windows) was associated with more atypical 

patterns of sensory responsiveness, specifically hyporesponsiveness and sensory seeking.

Discussion

The purpose of this study was to investigate whether impaired performance on a task 

indexing the perception and integration of audiovisual speech stimuli is related to atypical 

sensory responsiveness. Results indicate that reduced visual and audio-visual speech 

identification accuracy and poorer temporal acuity for audiovisual speech both are 

associated with more atypical sensory responsiveness. To our knowledge, these results are 

the first to link patterns of sensory responsiveness to psychophysical measures of 

multisensory speech perception and integration. These associations were most frequently 

observed and greatest in magnitude for hyporesponsiveness, the pattern of sensory 

responsiveness that is most prevalent in and specific to ASD (Baranek et al., 2006). Some 

aspects of multisensory speech perception were also correlated with sensory seeking, a 

pattern of sensory responsiveness that frequently cooccurs with hyporesponsiveness 
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(Ausderau et al., 2014; Liss et al., 2006), and hyperresponsiveness; those effect sizes were 

generally smaller in magnitude. None of the observed associations varied according to 

diagnostic status.

There are several limitations to this study. First, our sample was small and largely limited to 

older and relatively higher-functioning children with ASD, who could attend to our 

psychophysical tasks and actively report their perception for an extended period of time. 

Further work is needed to determine to extent to which the present results will generalize to 

the broader population of children with ASD and/or to other clinical populations. 

Additionally, significance tests were not corrected for multiple comparisons, as these 

analyses were exploratory in nature.

Finally, although we have preliminary evidence for an association between atypical 

perception and integration of audiovisual speech and atypical sensory responsiveness, we 

cannot draw any inferences about directionality or causality between these aspects of 

sensory function at this time. We put forth here two different hypotheses relevant to the 

pattern of results that we have observed, specifically in regard to the robust relations 

between hyporesponsiveness and metrics of multisensory speech perception. First, young 

children who have difficulty with the perception and integration of audiovisual stimuli over 

time may orient less to the source of these stimuli, resulting in a behavioral pattern of 

hyporesponsiveness. Alternatively, it is possible that young children who are 

hyporesponsive, by virtue of reduced or absent orienting towards sensory stimuli, over time 

acquire difficulties in integrating and perceiving such stimuli.

The present results extend prior work showing links between indices of sensory functioning 

and broader autism symptomatology (e.g., Patten, Watson, & Baranek, 2014; Righi et al., 

2018; Watson et al., 2011; Woynaroski et al., 2013). Given these observed associations, 

clinically-oriented researchers and sensory neuroscientists have suggested that interventions 

targeting improvements in sensory function may lead to broad improvements in other areas 

of functioning in individuals with ASD (e.g., cognitive, linguistic, social, or adaptive 

abilities; Cascio et al., 2016). Unfortunately, at present there is limited evidence that any 

approach to intervention yields improvements in sensory responsiveness and/or multisensory 

integration, let alone broader ASD symptomatology, in children with ASD (see Barton, 

Reichow, Schnitz, Smith, & Sherlock, 2015 for a review). Further developing our 

understanding of the mechanistic link between temporal acuity of multisensory integration 

and accuracy of speech perception with atypical sensory responsiveness may inform how 

and when we might best intervene upon sensory differences in children with ASD. There is a 

pressing need for further research in this area.

Despite these limitations, the present results advance our understanding of how differences 

in sensory function relate across levels of analysis – between data gathered by clinicians and 

those more commonly gathered by sensory neuroscientists. This study provides preliminary 

evidence that patterns of sensory responsiveness covary with psychophysical measures of 

multisensory perception and integration. Future work is needed to establish causal links and 

to identify best clinical practices for these differences in sensory function in children with 

ASD.
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Figure 1. 
Example temporal binding window (TBW) of a study participant. TBWs were derived by 

fitting the proportion of trials fused across stimulus onset asynchronies (points plotted as 

blue circles) to a psychometric function using the glmfit function in MATLAB (plotted as 

red line). The TBW is the distance between the maximum (100%) value of the curve and 

75% of the maximum (e.g., 179ms).
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Figure 2. 
Associations between hyporesponsiveness and (A) accuracy for identification of visual only 

speech and (B) temporal binding windows for audiovisual speech. Gray circles represent 

participants with autism spectrum disorder. Black circles represent typically developing 

controls. Children who tend to show diminished behavioral responses to sensory stimuli in 

everyday settings also tend to (A) show reduced accuracy in identifying visual only speech 

and (B) bind auditory and visual speech cues over an extended window of time.

Feldman et al. Page 12

J Autism Dev Disord. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Feldman et al. Page 13

Table 1

Means and Standard Deviations of Selected Variables by Group

ASD
M (SD)

TD
M (SD)

Age (Years; Months) 12;5 (31.0 mos) 11;5 (23.8 mos)

Sex 16 male; 2 female 15 male; 3 female

Verbal IQ 109.2 (15.9) 113.8 (9.4)

Performance IQ 110.4 (14.5) 105.4 (9.2)

Full Scale IQ 111.2 (16.3) 111.0 (9.2)

Note. ASD = autism spectrum disorder group, TD = typically developing control group. All group comparisons non-significant, p’s > .05.
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Table 2

Summary of Constructs, Measures, and Metrics Used in Tests of Associations

Construct Metric

Composites of SEQ and SP factors

Hyporeponsiveness Average of z-scores for SEQ Hypo and SP Registration

Hyperresponsiveness Average of z-scores for SEQ Hyper and SP Sensitivity/Reactive

Seeking Average of z-scores for SEQ Seek and SP Seeking

Metrics derived from psychophysical McGurk illusion task (Woynaroski et al., 2013)

AV accuracy Percent correct identification of matched AV syllables

A accuracy Percent correct identification of auditory-only syllables

V accuracy Percent correct identification of visual-only syllables

TBW
Width of normalized curve at which rate of McGurk fusion is ≥75% of

participant’s maximum for percent reported fusion

Note. TBW = temporal binding window for audiovisual speech stimuli, AV = audiovisual condition, A = auditory-only condition, V = visual-only 
condition. SEQ = Sensory Experiences Questionnaire. SP = Sensory Profile Caregiver Questionnaire.
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Table 3

Correlations between Metrics of Multisensory Integration and Sensory Responsiveness

Hypo Hyper Seeking

AV accuracy − .53*** − .34* − .33*

A accuracy − .38* − .14 − .22

V accuracy − .48** − .44** − .25

TBW    .44*    .31    .44*

Note. Hypo = hyporesponsiveness aggregate score, Hyper = hyperresponsiveness aggregate score, Seeking = sensory seeking aggregate score, 
TBW = temporal binding window for audiovisual speech, AV = audiovisual condition, A = auditory-only condition, V = visual-only condition.

*
p < 0.05

**
p < 0.01

***
p < 0.001
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