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Abstract

Background—Sensory processing alterations are highly prevalent in autism spectrum disorder
(ASD). Neurobiologically-based theories of ASD propose that abnormalities in the processing of
temporal aspects of sensory input could underlie core symptoms of ASD. For example, rapid
auditory temporal processing is critical for speech perception, and language difficulties are central
to the social communication deficits defining the disorder. This study assessed visual and auditory
temporal processing abilities and tested their relation to core ASD symptoms.

Methods—>53 children (26 ASD, 27 TD) completed visual and auditory psychophysical gap
detection tasks to measure gap detection thresholds (i.e., the minimum interval between sequential
stimuli needed for individuals to perceive an interruption between the stimuli) in each domain.
Children were also administered standardized language assessments such that the relation between
individual differences in auditory gap detection thresholds and degree of language and
communication difficulties among children with ASD could be assessed.

Results—Children with ASD had substantially higher auditory gap detection thresholds
compared to children with TD, and auditory gap detection thresholds were correlated significantly
with several measures of language processing in this population. No group differences were
observed in the visual temporal processing.

Conclusions—Results indicate a domain-specific impairment in rapid auditory temporal
processing in ASD that is associated with greater difficulties in language processing. Findings
provide qualified support for temporal processing theories of ASD and highlight the need for
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future research testing the nature, extent, and universality of auditory temporal processing deficits
in this population.

Lay Summary—Sensory symptoms are common in ASD. Temporal processing alterations are
often implicated, but understudied. The ability to process rapid sensory information, particularly
auditory input, is critical for language functioning. This study tested auditory and visual temporal
processing in ASD and controls. Findings suggest that rapid auditory (but not visual) processing is
impaired in ASD and related to language functioning. These results could provide mechanistic
clues to understanding core symptoms and lead to novel intervention targets.
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Autism spectrum disorder (ASD) is characterized by a dyad of symptom clusters including
pervasive deficits in social reciprocity and communication, and behavioral rigidity
(American Psychiatric Association, 2013). Sensory abnormalities span multiple modalities,
including vision, audition, and touch (Dawson & Watling, 2000; Kanner, 1943; O’Neill &
Jones, 1997; Sigman & Capps, 1997). Given their prevalence and impact, these sensory
disturbances are now included in the diagnostic criteria for ASD (Worley & Matson, 2012).
In reviewing the literature on sensory dysfunction in ASD, Rogers and Ozonoff (2005)
concluded that, to elucidate the nature of sensory abnormalities, future research should use
controlled laboratory studies, exploring across multiple sensory modalities in carefully
diagnosed clinical groups and well-matched controls, and combining experimental methods
with psychometrically-valid behavioral measures. The current study addresses this charge by
assessing psychophysical responses to both auditory and visual stimuli in children with and
without ASD and relating them to core clinical symptoms.

Whereas many studies have demonstrated intact or enhanced visual processing when
utilizing low-level stimuli (Simmons et al., 2009), substantial experimental evidence
suggests atypical auditory processing in ASD (Kellerman, Fan, & Gorman, 2005).
Impairments have been found in language processing (Tager-Flushberg & Caronna, 2007),
with deficits extending to syntactic, semantic, and pragmatic aspects of language (Rapin &
Dunn, 2003a). In addition, atypical neural responses to speech sounds are reported
consistently (Jeste and Nelson, 2009; Kujala et al., 2013) and have been related to the extent
of language impairments in children with ASD (Oram Cardy, Flagg, Roberts, & Roberts,
2008; Roberts et al., 2011).

Many studies have reported auditory processing deficits extending to non-speech sounds
(see Foss-Feig, Stone, & Wallace, 2012 for a review of these findings), including changes in
the encoding and perception of timing-related aspects of auditory stimuli such as their
duration and the interval between them (Lepisto et al., 2006; Oram Cardy, Flagg, Roberts,
Brian, & Roberts, 2005; Orekhova et al., 2009). Perceiving rapid (i.e., on the order of
milliseconds) changes in the acoustic signal is fundamental to accurately distinguishing
phonemes and parsing meaningful speech from a stream of complex auditory information
(Poldrack et al., 2001). Likewise, perception of temporal aspects of the speech signal allows
detection of articulatory cues, discrimination of vowels versus consonants, differentiation of
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specific consonants, segmentation of syllables and words, and detection of prosodic cues
(Rosen, 1992). Thus, rapid auditory temporal processing is critical for speech perception.

Studies of other developmental disorders characterized by language impairments, such as
dyslexia (Tallal, 1980) and specific language impairment (SLI; Tallal & Piercy, 1973;
Wright et al., 1997) report auditory temporal processing abnormalities. They go on to
hypothesize that these abnormalities underlie core language-related difficulties, including
phonetic awareness and verbal comprehension (Farmer & Klein, 1995). A similar role for
auditory temporal processing abnormalities can be envisioned in ASD, as communication
deficits are central to the diagnosis. Along these lines, neurobiologically-inspired models of
ASD suggest abnormalities in the “temporal binding” of inputs within and across sensory
modalities (Brock, Brown, Boucher, & Rippon, 2002), and it has been proposed that broad
abnormalities in temporal processing could underlie many core ASD symptoms (Allman,
2011). Given that we live in a dynamic world, impairment in the capacity to resolve and
respond to rapidly presented information could have broad implications not only for sensory
functioning, but also for higher order communication, social, and perceptual functions.
Despite these factors, the capacity to accurately process temporal aspects of sensory
information has received relatively little attention compared to other aspects of sensory and
social processing in ASD.

Those studies that have assessed temporal aspects of auditory processing have identified
deficits both within individual stimuli and between sequential stimuli presented in rapid
succession, using behavioral (Bhatara, Babikian, Laugeson, Tachdjian, & Sininger, 2013b;
Kwakye, Foss-Feig, Cascio, Stone, & Wallace, 2011; Lepisto et al., 2006; Szelag, Kowalska,
Galkowski, & Poppel, 2004) and neuroimaging (Oram Cardy, Flagg, Roberts, & Roberts,
2005) methods. In contrast, studies of visual temporal processing suggest intact abilities in
ASD (Falter, Elliott, & Bailey, 2012; Kwakye et al., 2011). Together, these findings converge
in suggesting modality-specific deficits in rapid auditory temporal processing in children
with ASD. However, much work is needed to clarify the nature and extent of these deficits
and the degree to which are specific to the auditory modality and related to clinical
symptomatology.

The present study followed up on previous findings demonstrating increased temporal order
judgment thresholds for auditory, but not visual, stimuli in children with ASD (Kwakye et
al., 2011). Unlike the earlier study, the present study used a classic gap detection paradigm,
measuring the minimum interval between sequential stimuli needed for individuals to
perceive an interruption between the stimuli (i.e., identify that they are discontinuous, rather
than a single, continuous sound). This paradigm has the advantage of being perceptually
simple and placing few demands on perceptual judgment, language comprehension, or
prolonged sustained attention. In addition, gap detection thresholds are generally on the
order of milliseconds, providing a view into auditory temporal acuity with a resolution more
than an order of magnitude better than temporal order tasks. Finally, gap detection has been
utilized in other clinical populations with language processing deficits and is a robust task
both for detecting differences and for relating low-level processing deficits to clinical
impairments. Using psychophysical procedures, we measured gap detection thresholds in
children with and without ASD, hypothesizing that, relative to children with typical
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development (TD), children with ASD would have larger gap detection thresholds for
auditory, but not visual, stimuli. To test for associations between low-level sensory
processing deficits and higher-order symptom profiles, we also examined the relation
between individual differences in auditory temporal processing and degree of language and
communication difficulties among children with ASD. Here, we predicted greater deficits in
rapid temporal processing, indexed by gap detection thresholds, would relate to greater
impairments in receptive language and phonological processing, indexed by direct clinical
assessment.

This study included 26 children with ASD and 27 children with TD, between 10 and 13
years of age. Of the 26 children with ASD, 20 completed both the visual and auditory tasks,
2 completed only the visual task, and 4 completed only the auditory task. Of the 27 children
with TD, 24 completed both the visual and auditory tasks, while 3 children completed the
auditory task only. An additional four participants with ASD were unable to complete
psychophysical tasks successfully; their data were excluded. Final samples were ASD n=22,
TD n=24 for the visual task and ASD n=24, TD n=27 for the auditory task. All participants
had: (a) normal or corrected-to-normal vision (by parent report) and hearing (confirmed in
the study with pure tone audiometric hearing screenings at 20 dB); (b) intact cognitive skills
(1Q > 70); and (c) absence of genetic or neurological disorders, history of seizures, or past
head injury. Children with ASD had received previous diagnosis of ASD, which was
confirmed with the Autism Diagnostic Observation Schedule (Lord et al., 2000) and Autism
Diagnostic Interview-Revised (Lord, Rutter, & Le Couteur, 1994); all participants in the
ASD group met diagnostic criteria on both measures. Children with TD had no family
history of ASD in first- or second-degree relatives and no current or past diagnosis of
learning or psychological disorder. All scored below the at-risk cutoff on the Social
Communication Questionnaire (SCQ; Rutter, Bailey, & Lord, 2003), a screening
questionnaire for ASD risk. Groups did not differ on age, gender, handedness, and 1Q score,
as measured by the Wechsler Abbreviated Scales of Intelligence (Weschsler, 1999) (Table 1).
Parents of participants gave informed consent, and children gave assent. Procedures were
approved by the Institutional Review Board.

Experimental procedures included children’s completion of psychophysical tasks assessing
visual and auditory gap detection thresholds and a clinical assessment battery evaluating
language functioning.

Psychophysical task

Participants sat in a light- and sound-attenuated room in front of a computer monitor
centered between two speakers. For both auditory and visual experiments, participants
completed four practice trials that provided auditory feedback regarding accuracy, followed
by the full task, which provided no performance feedback. Additional repetition of
instructions and practice trials were provided as needed. Participants were monitored via
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closed-circuit video and, when necessary, a researcher remained in the room to cue on-task
behaviors. The order of completion of auditory and visual tasks was counterbalanced across
participants.

Stimuli—For the auditory task, stimuli were presented via external speakers and children
sat centered between the two speakers to ensure auditory stimuli were of equal binaural
amplitude. Visual fixation and cues regarding task progress were presented in white text
against black background on a PC monitor (NEC Multisync FE992, 22 inch screen, 150 Hz
refresh rate). These cues did not occur concurrent with task stimuli, but rather were used to
focus children’s attention forward, ensuring they were positioned centrally between the
speakers. Auditory stimuli were white noise bursts (20 Hz-20 kHz) created in Adobe
Audition (Adobe Systems, Mountain View, CA, USA) at a sampling rate of 44100 Hz.
White noise stimuli were selected because they are associated with the lowest gap detection
thresholds (Shailer & Moore, 1987) (i.e., between 2 and 3 milliseconds; (Formby & Muir,
1989) and fewer irrelevant auditory cues (e.g., ramping, background masking noise). Volume
of auditory stimuli was 80 dB. Stimuli were presented using PsychToolbox
(www.psychtoolbox.org) within Matlab (MathWorks, Natick MA). For the visual task,
stimuli were both generated and presented using PsychToolbox/Matlab. Visual stimuli
consisted of a flash of light from a 5mm red LED (wavelength = 620nm; luminous intensity
= 150mcd), which was centrally mounted above the computer monitor. In line with previous
studies (Van Ingelghem et al., 2001), an LED stimulus was selected (i.e., as opposed to a
stimulus presented on a computer screen) because monitor refresh rates prohibit presentation
of the smallest gap sizes. For both modalities, stimuli were 1000ms in total duration. Within
stimuli containing gaps, gap intervals ranged from 0.5ms to 100ms (in increments of 0.5ms),
and were centered relative to the overall stimulus duration.

Psychophysical procedure—Psychophysical procedures were used to determine gap
detection thresholds in both auditory and visual modalities. Specifically, the QUEST
Bayesian adaptive psychophysical procedure (Watson & Pelli, 1983) was implemented,
varying the duration of the gap within sequential trials and ultimately converging on a final
performance level (85% accuracy) representing an individual’s psychophysical threshold.
For each task, two blocks of two interleaved staircases, each containing 26 trials, were
administered. The starting gap size for both staircases within the first block was 4.5ms for
both auditory and visual tasks.

A two-interval, forced choice (2IFC) gap detection procedure was used. This method was
selected because it is relatively unbiased compared to yes/no procedures (i.e., where
participants indicate whether or not they perceived a gap in a single auditory stimulus per
trial) (Green & Swets, 1966). Specifically, the use of the 2IFC procedure reduced the
potential effect of response bias, which could theoretically differ by group (Macmillan &
Creelman, 2005). For each trial, participants were presented with a pair of stimuli, one
continuous and one containing a gap. For the auditory task, each trial began with a 1000ms
visual fixation to cue the subject to face forward, ensuring his/her head was centrally located
between bilateral speakers. Fixation was followed by onset of the pair of auditory stimuli,
then by presentation of a visual response cue (i.e., question mark on the computer screen)
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immediately after offset of the second of the two paired stimuli. The response cue remained
on screen for the entirety of a 3000ms response window, unless terminated by a button press
response. If participants did not respond within 3000ms, a trial repeated itself with the same
gap size and interval location. Within trials, paired stimuli were separated by 1000ms. Inter-
trial interval varied randomly between 800 and 1300ms, beginning after the response to the
preceding trial. The visual task was also a 21FC procedure in which each trial consisted of a
pair of stimuli (LED flashes), one containing a gap and one not, followed by a 3000ms
response window. For the visual task, the PC monitor was off such that no visual fixation
cued trial or response window onset. This was done to ensure total darkness, increase
visibility of the LED, and minimize the degree to which participants were asked to shift
visual focus from the LED to the computer screen, which could inadvertently have reduced
their looking toward the stimuli themselves.

For each trial, participants made a forced choice decision regarding which interval contained
the gap (i.e., first or second) using a hand-held button box. Gap presentation occurred in the
first interval on 50% of trials overall, but was randomized across trials. Buttons (i.e., left or
right) corresponding to the first and second interval were counter-balanced across
participants.

Clinical Measures

Language assessments—Children completed all subtests from the Comprehensive Test
of Phonological Processing (CTOPP; Wagner, Torgesen, & Rashotte, 1999) and select
subtests from the Clinical Evaluation of Language Fundamentals, Fourth Edition (CELF-4;
Semel, Wiig, & Secord, 2003) to assess phonological processing abilities and language
comprehension (which demands not only phonological processing, but also understanding
and making meaning of heard speech stimuli), respectively. Both measures are standardized,
norm-referenced assessments that were administered by a trained examiner.

The CTOPP assesses phonological awareness, phonological memory, and rapid naming.
Here, we focus on the Phonological Awareness and Phonological Memory composites,
which are each derived from two related subtests and yield standard scores (Mean = 100, SD
= 15). To reduce the number of comparisons, we did not test relations with the Rapid
Naming composite because quickly naming numbers and letters is less conceptually related
to basic auditory temporal processing.

The CELF-4 subtests administered included Recalling Sentences, Concepts and Following
Directions, and Word Classes — Expressive and Receptive. Because our interest related to
language functioning, analyses focused on the Receptive Language Index (RLI), which is
derived from the Word Classes - Receptive and Concepts and Following Directions subtest
and yields a standard score (Mean = 100, SD = 15). Though subtests were administered to
all children, RLI scores were only available for those ages 12 and under, as norms are
unavailable for the Concepts and Following Directions subtest for the oldest children in our
sample.
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Data analysis

Results

Psychophysical data preparation—For both auditory and visual experiments,
psychophysical procedures yielded four threshold estimates (i.e., one from each of the two
interleaved staircases, in both the first and second blocks), reported in milliseconds. Because
QUEST procedures estimate thresholds in log space, the log of each threshold was computed
and these four values were averaged. For auditory and visual tasks separately, this average
was then transformed back to milliseconds to yield a single value representing the gap
detection threshold for each participant.

Analytic plan—To test for group differences in gap detection thresholds, independent-
sample #tests were computed separately for the auditory and visual modality. To evaluate
whether auditory gap detection abilities related to clinical measures of language functioning,
and to test whether diagnosis moderated these relations, we conducted step-wise linear
regressions using centered variables. Main effects of group and auditory gap detection
threshold were entered in to Step 1, and the interaction between the two was entered into
Step 2. To limit the number of analyses conducted, we ran regressions using only the
relevant composite scores from the CTOPP (Phonological Awareness, Phonological
Memory) and CELF-4 (RLI). Where there was a main effect of auditory gap detection but
no group by auditory gap detection threshold, we followed up with bivariate correlations
between auditory gap detection and the language measure with data collapsed across ASD
and TD groups. Where the interaction between group and auditory gap detection threshold
predicted a language measure (i.e., significant p-value and/or moderate effect size, as index
by the partial correlation), follow-up bivariate correlations were conducted separately for
ASD and TD. We did not correct for multiple comparisons given our modest sample size
and desire to protect against missing potentially clinically meaningful relations; however, we
did examine effect sizes and also conducted additional regressions with visual gap detection
thresholds, group, and language assessment scores where no relations were conceptually
expected in order to test for specificity of any observed effects.

Tests of normality

Gap detection threshold data were tested for normality separately for the ASD and TD
groups using the Kolmogorov-Smirnov Test. Data were found to be normally distributed for
the auditory task (Kolmogorov-Smirnov statistic: ASD=.13, TD=.09). For the visual task,
data were non-normally distributed (Kolmogorov-Smirnov statistic: ASD=.27, TD=.26);
however, since transformations did not significantly improve the normality of the visual task
data and two-sample t-tests are quite robust to non-normality (Lumley, Diehr, Emerson, &
Chen, 2002), parametric tests with raw threshold variables were used. All between-group
(auditory, visual tasks) and regression (auditory task only) results described below also held
with outliers removed.

Psychophysical thresholds

The auditory gap detection threshold was 3.92ms + 1.36 for children with ASD and 3.25ms
+ 0.66 for children with TD (Figure 1). This difference is statistically significant, 449) =
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2.28, p<0.03, Cohen’s d= 0.66, indicating children with ASD have substantially higher
auditory gap detection thresholds (i.e., require significantly longer gaps in noise to reliably
detect gap presence).

In the visual modality, the gap detection threshold was 2.54ms + 0.31 for children with ASD
and 2.64ms £ 0.27 in children with TD (Figure 1). This difference was not statistically
significant, #44) = 0.26, p=0.80, Cohen’s d= 0.34. Thus, whereas children with ASD show
deficits in auditory gap detection, their visual gap detection abilities remain intact.

In the subset of individuals who completed both auditory and visual tasks, thresholds across
modalities were not significantly correlated with one another in either group, ASD: 71(20) =.
21, p=.37, TD: n(24) = .22, p=.30.

Relations with clinical variables

Regressions were conducted with composite scores from the CTOPP and CELF-4. CTOPP
data were missing for one TD participant. The CELF-4 RLI could only be computed for
participants under 13 years of age. Therefore, analyses were computed with a subset of 16
children with ASD and 16 with TD. Means, standard deviations, and ranges for clinical
variables are presented in Table 2, and zero-order correlations are presented both within and
across groups in Table 3.

For the CTOPP Phonological Awareness composite, regression analyses revealed a
significant main effect of auditory gap detection threshold on phonological awareness (f =
-2.95; pr = -.28; p<.05). The interaction between group and auditory gap detection
threshold was not a significant predictor of phonological awareness (f = -1.10; pr = -.09; p
=.55). Across groups, bivariate correlations revealed a trend toward a negative relationship
between gap detection threshold and phonological awareness (r = -0.26, p = .07), indicating
those with better auditory temporal resolution tended to have better phonological awareness.
However, this relation was of a small effect size.

For the CTOPP Phonological Memory composite, regression analyses revealed a significant
main effect of auditory gap detection threshold on phonological memory (p = -4.11; pr=-.
33; p=.02). The effect size of this effect was medium. The interaction between group and
auditory gap detection threshold was not a significant predictor of phonological awareness
(B =-1.06; pr =-.07; p=.63). Across groups, bivariate correlations revealed a significant
negative relationship of medium effect size between gap detection threshold and
phonological awareness (r = —0.36, p=.01), indicating those with better auditory temporal
resolution had better phonological memory.

For the CELF-4 RLI, regression analyses revealed a trend for a main effect of auditory gap
detection threshold on receptive language functioning (B = -4.72; pr = -.33; p<.07), where
the magnitude of the effect was medium despite the lack of statistical significance at the 0.05
level. Analyses also revealed a trend for an interaction between group and auditory gap
detection threshold in predicting receptive language functioning (B = -5.12; pr = -.31; p<.
10). Because the interaction was of a medium effect size (despite trend-level statistical
significance), bivariate correlations were conducted separately by group to explore the
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nature of the interaction effect. In ASD, there was a trend toward a negative relationship
between gap detection threshold and receptive language functioning (r = —-0.50, p = .05),
with a large effect size. This finding indicates that those children with ASD and better
auditory temporal resolution had better receptive language abilities. In TD, however, there
was no relationship between gap detection threshold and receptive language functioning (r =
0.21, p=.41). Thus, whereas auditory temporal resolution appears to predict low-level
phonological language functions across groups, the relation between auditory temporal
resolution and more complex language comprehension appears to be specific to ASD.

When parallel analyses were conducted for visual gap detection thresholds, no main effect of
visual gap detection threshold or interaction between group and visual gap detection
threshold in predicting language function on any CELF-4 or CTOPP composite were
identified (Main Effects: ps > .23; Interactions: ps> .67). These findings provide additional
evidence for the specificity of relations between auditory temporal processing and language
functioning.

Discussion

This study revealed increased auditory, but not visual, gap detection thresholds in high-
functioning children with ASD, relative to those with TD, indicating domain-specific
impairment in rapid auditory temporal processing. Importantly, worse auditory gap detection
abilities were associated with lower phonological processing scores across both ASD and
TD children, consistent with their role in supporting speech sound processing. Among
children with ASD, worse auditory gap detection abilities were also associated with weaker
receptive language skills, suggesting a potential role for low level perceptual abilities
contributing to more complex communication difficulties. Relative deficits in auditory gap
detection are consistent with previous findings from our group, wherein children with ASD
displayed increased auditory, but not visual, temporal order judgment thresholds relative to
their TD peers (Kwakye et al., 2011). The present finding extends the previous one by
revealing similar auditory temporal processing deficits in a simpler task requiring less
complex perceptual judgments and clarifying how auditory temporal processing may relate
to core clinical features of ASD. More broadly, our findings provide new evidence in support
of a domain-specific temporal processing deficit for auditory information in ASD, consistent
with a growing literature reporting abnormalities in the response of individuals with ASD to
rapid temporal changes, both within and between auditory stimuli (Foss-Feig et al., 2012).

Our findings are generally consistent with other studies assessing auditory temporal
processing in ASD. Specifically, for high frequency (4000Hz) stimuli, Bhatara, Babikian,
Laugeson, Tachdjian, and Sininger (2013a) reported increased gap detection thresholds in
high-functioning adolescents with ASD and demonstrated a significant relationship between
auditory gap detection threshold and speech-in-noise perception. However, the magnitude of
difference in gap detection threshold between groups was quite a bit smaller in the present
study than in the Bhatara et al. study (i.e., 20% higher vs. 100% higher in the two studies,
respectively), even when examining results only for white noise stimuli in the latter study.
Methodological differences between our study and that of Bhatara and colleagues may have
affected the magnitude of results. For example, whereas in the current study we used a 2IFC
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procedure, Bhatara and colleagues used a three-alternative forced choice (3AFC) procedure.
While psychometrically, 3AFC procedures may be advantageous in adult populations
(Ennis, 1993) and perhaps in typically developing children (Sutcliffe & Bishop, 2005), they
are also more susceptible to bias (Harvey, 1986) and the number of choices that must be
attended to within each trial (three versus two) before a response can be provided necessarily
places higher demands on working memory and attention. In addition, the paradigm utilized
by Bhatara and colleagues relied on pairing auditory stimuli with visual prompts to cue
responding, provided feedback after each trial, and used large initial gap size (50ms),
whereas our study did not utilize cross-modal pairing, provided feedback only during
practice trials, and used an initial gap size closer to threshold (i.e., 4.5ms). Thus, our study
may reflect gap detection threshold values in ASD that are closer to “true” values, as we
used a simpler task that more directly assessed perception while avoiding extra task
parameters that might tap extraneous cognitive processes (e.g., cross-modal response cueing,
responsiveness to feedback, working memory) and could differentially affect children with
ASD. Nonetheless, the results of our study and that of Bhatara and colleagues are consistent
in their directionality, and concur in revealing impaired auditory gap detection abilities in
ASD.

The correlational finding from Bhatara and colleagues parallels those from our regression
analyses, wherein impaired auditory gap detection was associated with both phonological
processing and language comprehension difficulties in ASD, with some relations reaching
statistical significance thresholds and all having at least medium effect sizes. Together, these
studies provide evidence that rapid auditory temporal processing deficits in ASD could
underlie speech perception difficulties and, as a result, communication difficulties more
broadly. Additionally, converging evidence suggests particular impairments in ASD for
detecting rapid (or brief) timing events within and between auditory stimuli (Kwakye et al.,
2011), consistent with our findings. Finally, based on our findings of a trend-level effect of
medium effect size for auditory gap detection predicting CELF-4 RLI scores across groups,
we build upon Bhatara et al.’s results in showing that auditory temporal resolution is
important not only for basic speech detection and perception, but also for higher level
language perception and comprehension.

Our results suggest temporal processing abnormalities in ASD may be specific to audition,
at least for shorter stimulus durations. Rapid temporal processing in the visual system, on
the other hand, appears to be spared (as reflected in our results), or even enhanced (as
suggested by other studies). Previous research revealed intact visual temporal order
judgment abilities in children with ASD (Kwakye et al., 2011) and enhanced visual
simultaneity judgment thresholds in adolescents and adults with ASD (Falter, Noreika,
Wearden, & Bailey, 2012). Intact or enhanced temporal resolution and accumulation of
information over short time intervals have been reported using other visual tasks as well
(Caron, Mottron, Berthiaume, & Dawson, 2006; Foss-Feig, Tadin, Schauder, & Cascio,
2013; Scheuffgen, Happe, Anderson, & Frith, 2000; Wallace, Anderson, & Happe, 2009).
Contrasted with the literature on rapid auditory temporal processing, these findings converge
with ours in suggesting a modality-specific dissociation in the integrity of rapid processing
of sensory information in ASD, wherein impairments are audition-specific.
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The present findings confirmed our hypotheses that impaired auditory gap detection in ASD
would be associated with lower performance on measures of language functioning. The
capacity to perceive rapid temporal cues is fundamental for the ability to distinguish speech
sounds and accurately parse the speech stream. Indeed, temporal resolution on the order of
milliseconds is necessary for speech perception (Tallal, Miller, & Fitch, 1993), and our
results show that more rapid auditory temporal processing is associated with better
phonological processing skills across both children with ASD and TD. Deficits in processing
of speech sounds and higher-level impairments in language comprehension are among the
most commonly described audition-related findings in ASD (Kellerman et al., 2005). The
present findings revealed a strong (large effect size) correlation between auditory (but not
visual) gap detection performance and clinical assessment of receptive language functioning
that was restricted to our ASD sample and not present in TD. These findings suggest a
possible mechanism by which rapid auditory temporal processing deficits observed in this
study may contribute to language processing impairments salient in the ASD population.
Indeed, language comprehension tends to be more consistently impacted and impaired in
ASD than phonological processing (Rapin & Dunn, 2003b; Tager-Flusberg, 2006; Williams,
Botting, & Boucher, 2008), and the downstream effects of poorer rapid auditory temporal
processing on higher-order receptive language skills were specific to our ASD group. Future
studies should examine the impact of auditory temporal processing on more distal and
complex aspects of language functioning, such as pragmatic language abilities or figurative
language comprehension.

Impaired auditory gap detection abilities have also been reported in individuals with dyslexia
(e.g., Tallal, 1980) and SLI (e.g., Tallal & Piercy, 1973). Interestingly, however, individuals
with dyslexia and SLI have temporal processing deficits that span sensory modalities,
affecting vision and touch, in addition to audition (Farmer & Klein, 1995; Tallal et al.,
1993). If rapid temporal processing difficulties in ASD are indeed isolated to the auditory
modality, this feature may differentiate ASD from other disorders where both language and
temporal processing are affected. Specifically, whereas temporal processing deficits
restricted to the auditory domain may be characteristic of ASD, multimodal temporal
processing deficits may contribute instead to more pervasive language processing deficits,
such as the speech and reading deficits seen in SLI and dyslexia, respectively. This
differentiation, in turn, may indicate that the neural mechanism of temporal processing
deficits in ASD may lie within auditory system-specific circuitry, whereas the brain basis of
temporal processing deficits in pure language and reading disorders may lie elsewhere.

A number of theoretical models speculating about core deficits that might explain the full
spectrum of ASD symptoms emphasize the possibility that diffuse temporal processing and
temporal binding abnormalities may be at the heart of ASD (Allman, 2011; Belmonte, 2004;
Brock, Brown, Boucher, & Rippon, 2002; Just, Cherkassky, Keller, & Minshew, 2004;
Rippon, Brock, Brown, & Boucher, 2007; Wimpory, Nicholas, & Nash, 2002). Our findings
support the notion of timing-related deficits in ASD, albeit not in the domain general way
implied by these theoretical models. Specifically, we found deficits in the detection of silent
gaps within auditory stimuli, a classic index of rapid temporal processing deficits, consistent
with models implicating aberrant perception of timing-related information. However, we
also saw /ntact visual gap detection abilities, consistent with other findings in the visual
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modality but inconsistent with the notion of generalized temporal processing deficits in
ASD. Thus, our findings suggest temporal processing deficits in the auditory domain are
likely not simply a consequence of abnormalities in brain regions responsible for timing in
general (though it cannot be ruled out that audition-specific deficits result from impaired
connectivity between brain regions subserving general temporal processing and auditory
brain regions). It is clear that the specificity and applicability of models positing a central
role for temporal processing abnormalities in ASD remain to be honed, and additional
studies to test directly the degree to which theories fit experimental evidence are critical.

This study has a number of strengths, including a stringently characterized clinical sample, a
well-matched TD control group, and analogous measures of auditory and visual temporal
processing used in parallel within a single participant sample. Additionally, we used a
simple perceptual discrimination paradigm that has shown sensitivity to deficits in clinical
populations characterized by language-related difficulties and required little in terms of
sustained attention, judgment, and higher-order decision-making. Finally, we also included
standardized assessments of language functioning, enabling exploration of relations between
markers of low-level auditory temporal processing and indices of more clinically relevant
functioning. These factors contribute to the confidence with which we conclude that ASD is
characterized by impaired ability to detect minute gaps in auditory, but not visual, stimuli,
and that this low-level sensory processing deficit relates to clinically-relevant language
vulnerabilities. One limitation of the study is that all participants were high functioning, with
the mean 1Q score in the High Average range and intact language scores, on average. Thus,
the presence (and extent) of rapid temporal processing deficits in lower functioning
individuals with ASD was not addressed. However, given the relations we observed between
gap detection thresholds and language processing abilities, one might expect that auditory
temporal processing deficits would hold—or be more pronounced—in lower functioning
children with ASD. A second limitation is our modest sample size, which may have
contributed to several of our detected effects associating gap detection thresholds with
clinical functioning not meeting strict statistical significance threshold despite being of
medium effect size. Though the consistency in direction and presence of detected effects and
the lack of association between visual gap detection thresholds and clinical measures of
language functioning provide support for the likely veracity of our findings, additional
studies are needed to replicate the results we report in new and larger cohorts in order to lend
confidence to the conclusions we propose. Finally, though previous research has identified
delays in more general encoding auditory information in ASD (Edgar et al., 2015; Foss-Feig,
et al., 2012; Roberts et al., 2010), the neural basis of impaired auditory gap detection
abilities in ASD remains to be determined. Research in this area might help differentiate
ASD from other disorders with language-related deficits where more diffuse, multi-modal
temporal processing impairments are reported. It also may offer important clues as to
specific brain regions and cognitive processes impacted in ASD.

Results of this study shed light on low-level differences in sensory processing that: 1) appear
to be modality specific, and 2) are associated with clinically-observable differences in
phonological processing and receptive language skills. The significant relation between
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auditory gap detection thresholds and standardized language assessment scores supports the
possibility that temporal processing impairments may underlie core features of ASD in the
communication domain. A better understanding of the nature, extent, and universality of
auditory temporal processing deficits in ASD may increase our ability to distinguish deficits
that are unique to ASD (or even a subset of individuals with ASD), which could improve
clinicians’ ability to differentiate among developmental disorders, thereby increasing
diagnostic accuracy. This, in turn, might lead to earlier detection of ASD as audition comes
on-line in utero (Busnel, Granier-Deferre, & Lecanuet, 1992) and deficits in auditory
processing may be detectable long before social communication deficits are clearly
observable. In addition, if rapid temporal processing impairments indeed contribute to
language processing difficulties in ASD, translational implications emerge, including
interventions directly targeting auditory temporal processing, as well as modification of how
auditory information is presented to children with ASD to accommodate temporal
processing weaknesses. Finally, capitalizing on aspects of intact visual processing could
have important translational value for psychologists and educators. In sum, increasing our
understanding of auditory temporal processing impairments in ASD may have significant
clinical impact; for this reason, further research clarifying the nature, extent, and specificity
of auditory temporal processing deficits in ASD is warranted.
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Figure 1. Gap Detection Thresholdsin Children with ASD and TD
Children with ASD have significantly higher gap detection thresholds in the auditory

domain (p=0.027). In the visual domain, gap detection thresholds do not differ between
groups (p=0.80).
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Figure 2. Auditory gap detection threshold and language scor e correlations
In a combined sample of ASD and TD participants, higher auditory gap detection thresholds

are associated with weaker performance on tests of Phonological Awareness (2A; p= 0.07;
trend-level association; small effect size) and Phonological Memory (2B; p=0.01;
statistically significant association; moderate effect size) from the CTOPP. In the ASD
group, higher auditory gap detection thresholds were also associated with weaker Receptive
Language (2C; p= 0.05; statistically significant association; large effect size), as indexed by
the CELF-4; however, this association was not present in the TD group (2C; p = 0.42; non-
significant association).
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Table 2

Descriptive Information for Clinical Variables among ASD Participants

Clinical Measure n  Mean SD Study Range

CELF-4 Receptive Language Index
ASD 16 101.81 20.20 70-137
TD 17 11124 1162 90-131
CTOPP Phonological Awareness Composite
ASD 24 108.38 11.22 79-124
TD 26 107.62 10.67 79-124
CTOPP Phonological Memory Composite
ASD 24 100.13 1551 64-127
TD 25 103.84 10.34 82-121
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