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Chapter 1

Introduction

Evidence for Altered Temporal Binding of Audiovisual Speech in Autism

Disruptions in sensory functioning are commonly observed in individuals with autism'.
These differences have been observed via a broad range of measurement techniques and across
all sensory modalities (Baum et al., 2015; Schaaf & Lane, 2015; Schauder & Bennetto, 2016).
Audiovisual integration, or the ability to combine information from auditory and visual sensory
inputs, has been particularly well studied in this population (Soto-Faraco et al., 2012; see
Feldman et al., 2018 for a review). For example, researchers have investigated temporal binding
of audiovisual stimuli in autistic individuals. In one frequently replicated finding, (e.g., Noel et
al., 2017; Stevenson et al., 2014; Woynaroski et al., 2013), autistic individuals tend to present
with enlarged temporal binding windows (TBWs; the period of time over which individuals tend
to integrate related sensory information from multiple modalities) relative to typically
developing (TD) individuals.

The ability to integrate the visual and auditory components of social stimuli, such as

speech, is theorized to be particularly critical to developing accurate, unified representations of

! There are currently ongoing, complex discussions regarding the use of person-first language
(e.g., individuals with autism, individuals with ASD) versus identity-first language (e.g., autistic
individuals; see Robison, 2019). Clinicians and researchers tend to prefer person-first language,
while many autistic individuals and their allies prefer and advocate for identity-first language
(e.g., Gernsbacher, 2017; Kenny et al., 2016). In this dissertation, I will primarily refer to youth
using person-first language and adults using identity-first language. Though this decision may
not satisfy all readers and stakeholders, and is unlikely to stand the test of time, I look forward to
watching this dialogue between researchers and the autistic community continue to unfold.
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the sensory world and foundational to the development of higher-order social, communication,
and cognitive skills (Wallace & Stevenson, 2014). Enlarged TBWs in children with autism have
thus been interpreted as maladaptive and hypothesized to produce cascading effects on
development in a number of domains in this clinical population (Bahrick & Todd, 2012; Cascio
et al., 2016). Larger TBWs for speech stimuli have been associated with increased autism
symptoms and decreased language abilities (Feldman et al., 2019a; Smith et al., 2017), lending

some empirical support to this theory.

Perceptual Training of Temporal Binding of Audiovisual Stimuli

The substantial evidence for altered audiovisual temporal binding in children with autism,
as well as observed relations between TBWs for audiovisual speech and other domains of
functioning in children with autism, has engendered increasing interest in the possibility of
training audiovisual integration in children with autism (e.g., Bahrick & Todd, 2012; Cascio et
al., 2016; Feldman et al., 2018; Zhou et al., 2020). A number of training studies targeting
audiovisual temporal binding have been conducted in TD adults, and have been shown to narrow
TBWs in a relatively short period of time (i.e., 3-5 sessions; De Niear et al., 2016, 2018;
McGovern et al., 2016; Powers et al., 2009; Setti et al., 2014; Siirig et al., 2018; Zerr et al.,
2019). These training paradigms provide automated feedback after each trial of a computerized
task wherein participants must make judgements about the synchrony or temporal order of
audiovisual stimuli, such as flashes and beeps (e.g., Powers et al., 2009; Setti et al., 2014; Siirig

et al., 2018) and audiovisual speech (De Niear et al., 2018).

Limitations of this Literature



There are several limitations to the literature on perceptual trainings for audiovisual
stimuli in TD adults. First, the vast majority of perceptual training studies on TD adults have
found no evidence for generalization to untrained multisensory tasks (De Niear et al., 2018;
Powers et al., 2016; Setti et al., 2014) or very limited evidence for generalization (Zerr et al.,
2019). Siirig et al. (2018) found strong evidence for generalization; they hypothesized that the
adaptive difficulty in their simultaneity judgment (SJ) training, wherein the task was designed to
be challenging for each participant rather than utilizing consistent difficulty, resulted in strong
learning, enabling gains made on their SJ task to generalize to an audiovisual localization task.
Though other perceptual training studies provide evidence that increasing difficulty does
increase learning (De Niear et al., 2016), no other study has evaluated whether adaptive
difficulty results in generalization following a perceptual training for temporal binding of
audiovisual stimuli.

The intervention literature may provide additional explanations for the lack of
generalization in previous studies. First, prior studies may not have found evidence for
generalization because they were evaluating effects on outcomes that were very distal to their
training paradigms (i.e., those that were too far beyond what was directly taught in their training;
Yoder et al., 2013). In order to best detect distal or generalized outcomes of perceptual trainings,
it may be necessary to assess a variety of outcomes that differ in various degrees from the stimuli
and/or the task trained. For example, a perceptual training in the context of an SJ task for
audiovisual speech may be more likely to generalize another task utilizing the same instructions
with slightly different stimuli (e.g., an SJ task with different stimuli than those utilized in
training) than to another task that utilizes different instructions (e.g., a task measuring perception

of the McGurk effect, when incongruent audiovisual stimuli induces a fused percept; McGurk &



Macdonald, 1976)

Additionally, the intervention literature recommends training with diverse stimuli, which
leads to greater generalization (Stokes & Osnes, 1989; Swan et al., 2016). Though using the
same stimuli (i.e., the same auditory tones, the same visual flashes, the same speaker) across all
trials in an experiment allowed previous researchers to maintain a very high degree of

experimental control, it may have been at the expense of generalization.

Perceptual Training of Temporal Binding of Audiovisual Stimuli in Autism

To date there have been very few studies on training audiovisual speech perception in
children with autism. Two studies (Irwin et al., 2015; Williams et al., 2004) have utilized quasi-
experimental designs and found that children with autism improved their audiovisual speech
perception following brief computerized training. However, due to the small sample sizes and
the nature of the quasi-experimental designs, it is difficult to make conclusions about the
effectiveness of those training programs.

One additional study (Feldman et al., 2020) adapted the procedures utilized in some of
the previously discussed perceptual training studies (e.g., De Niear et al., 2018; Powers et al.,
2009) for children with autism. This study utilized a multiple baseline across participants design,
a single-case experimental research design (see Ledford et al., 2019) wherein participants
complete an extended baseline condition in order to (a) serve as their own control and (b) serve
as a control for other participants via staggered introduction of the experimental condition (Gast
& Ledford, 2014). All three of the trained subjects in this experiment demonstrated extreme
widening of their TBWs during the extended baseline condition and subsequently exhibited

highly variable responses to the perceptual training (see Figure 1).



Figure 1

Results from Feldman et al. (2020)
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Note. Figure adapted from Feldman et al. (2020) depicts temporal binding windows (TBWs) for
trained participants during baseline, perceptual training, and maintenance phases. X represents
TBWs that could not be derived. “Nick” showed a clear and immediate response to the
perceptual training. “Jay” showed a delayed response to the perceptual training. Though
“Nelson” showed the most immediate response to the perceptual training, this effect is
confounded due to the lack of independence between his response and “Jay’s” response. Data

collection was terminated earlier for “Nick” than for others based on school calendars/start dates.
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There are a few limitations to this previous study based on the study design. First, it was
difficult maintain adequate experimental control in the context of a single-case experimental
research design. As a result, Feldman et al. (2020) were unable to detect a functional relation
(i.e., an effect of the training condition). This limitation can only be addressed by follow-up
research utilizing group treatment designs.

Additionally, though the differential responses to the perceptual training condition (see
Figure 1; Feldman et al., 2020) were somewhat expected given the high degree of heterogeneity
in both presentations of autism and responses to intervention exhibited by children with autism
(e.g., Marcus et al., 2001; Vismara & Rogers, 2010), single-case experimental research designs
are unable to determine whether individual characteristics may have influenced the differential
responses. The authors speculated that chronological age may have influenced treatment
responses, as the older participants demonstrated more immediate and pronounced responses to
the perceptual training. Similarly, it has been frequently noted that psychophysical tasks
assessing audiovisual integration require a relatively high degree of cognitive and language skills
in order to understand the task and directions (e.g., Cascio et al., 2016; Feldman et al., 2018,
2019b; Woynaroski et al., 2013). Hypotheses about factors that might influence treatment effects
are best evaluated by measuring and testing putative moderators in the context of group designs
(Hayes, 2017).

One final limitation of the extant literature is the lack of data collected on participants’
(and their parents’, in the case of children) thoughts and experiences related to treatment goals,
procedures, and outcomes. The collection of this data, referred to as social validity in the
intervention literature, is critical for assessing the acceptability and importance of novel

interventions (Foster & Mash, 1999; Gast & Ledford, 2014). Autistic self-advocates have pushed



researchers to engage in participatory research (e.g., Raymaker & Nicolaidis, 2013; Warner et
al., 2018), with the goal of creating interventions that improve quality of life and key outcomes
rather than cures for autistic traits (Raymaker, 2019). To date, only one study (i.e., Feldman et
al., 2020) collected social validity data, and the authors noted that participants did not
consistently rate the perceptual training paradigm as helpful or report that they would utilize the
training (i.e., “play the game”) in their free time. Additionally, two participants commented that
they were confused about the automated feedback from the computer, perhaps indicating that
participants required greater scaffolding to be successful at the task. The authors suggested that
future studies should try to increase the perceived helpfulness of the training and also make the
training more game-like in order to increase positive perceptions about the procedures and goals

of the training.

Purpose

The purpose of this study was to conduct a randomized controlled trial testing the short-
term effects of computer-based perceptual training utilizing adaptive difficulty in children with
autism. To address limitations in the extant literature, several changes were made to the
perceptual training paradigm utilized in previous research including: (a) implementing a game-
like scoring system, (b) providing explicit feedback to incorrect answers, (d) utilizing diverse
stimuli during the training, and (e) measuring several outcomes intended to index varying
degrees of generalization and distality relative to the training stimuli and task.

The following research questions were posed:

a) Do children with autism assigned to the perceptual training experience perceptual

narrowing within the context of the training?



b)

d)

Do children with autism assigned to the perceptual training experience greater narrowing
of their TBW for audiovisual speech compared to children with autism assigned to a
control group?

Does the effect of the perceptual training on TBWs generalize to untrained speech stimuli
and/or untrained speakers?

Does the effect of the perceptual training translate to broader multisensory integration,
specifically perception of the McGurk illusion?

Does the effect of the perceptual training vary according to individual factors,

specifically chronological age, nonverbal cognitive ability, and language ability?



Chapter 2

Method

This study was completed at Vanderbilt University Medical Center with procedures

approved by the Vanderbilt University Institutional Review Board.

Study Design

To answer these research questions, a randomized controlled trial was conducted with 30
youth with autism (see Participants). After participants consented to participate in the study, they
were randomized in pairs (or groups of four, in the case of siblings and individuals who traveled
to Vanderbilt together) matched on chronological age and biological sex to either the perceptual
training condition or the control condition using a random number generator by a naive member
of the study team.

Participants assigned to both groups visited the laboratory for a research camp that ran for
four consecutive weekdays over the course of two weeks for a total of eight sessions. When
participants were not completing research activities (see Perceptual Training and Camp Only
Control Condition), they had access to a variety of preferred activities (e.g., board and video
games, toys, music) and completed organized activities in small groups daily. No other therapies
or interventions were provided by the study team during the research camp, and parents were
asked to report whether their children participated in any outside interventions (e.g., speech-
language therapy, occupational therapy, applied behavior analysis consultation or therapy)

during the timeframe for the research camp on the last day of the study via REDCap (Harris et



al., 2009).

Participants completed all of the pre-test measures one to three days prior to the research
camp and all of the post-test measures one to three days following the research camp. Pre- and
post-test measures were collected at the same time of the day for each participant.

The final four participants in this study completed the research camp in June 2020, and
thus several modifications to the study protocol were made due to COVID-19 to increase
participant safety and reduce the likelihood of virus transmission; the core components of the
research camp and both treatment conditions were not impacted by any of the changes. For a list

of modifications, see Appendix.

Participants

Thirty participants aged 8-21 were recruited from a larger ongoing research project (see
Figure 2 for a flowchart of participant recruitment and Table 1 for participant demographics).
Inclusion criteria were: (a) diagnosis of autism spectrum disorder according to DSM-5 criteria
(APA, 2013) as independently confirmed by a research-reliable administration of the Autism
Diagnostic Observation Schedule 2 (Lord et al., 2012) and clinical judgment of a licensed
clinician on the research team, (b) normal hearing and normal or corrected-to-normal vision per
screening and parent report, (¢) no history of seizure disorders, (d) no diagnosed genetic
disorders (e.g., Down syndrome, Fragile X), and (e) demonstrated ability to complete an SJ task.
Study eligibility was confirmed by members of the research team (i.e., clinical psychologists and
speech-language pathologists) during study visits that occurred 0-30 months prior to the

beginning of this study as a part of the larger project. Exclusion criteria were medication changes
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during the perceptual training study. No exclusion criterion based on cognitive ability was

imposed.

Figure 2

Diagram of Participant Recruitment
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Table 1

Participant Characteristics

Perceptual Training Condition

Camp Only Control Condition

(n=15) (n=15)
M (SD) M (SD)
Characteristic Min — Max Min — Max
14.2 (4.0) 14.0 (3.6)
Age (Years) 8.1-21.3 8.4-19.2
Biological Sex 11 male, 4 female 10 male, 5 female
Race 12 White 13 White
3 Black or African American 2 Multiple Races
Ethnicit 14 Not Hispanic or Latino 14 Not Hispanic or Latino
y 1 Not Reported 1 Not Reported
113.2 (12.14) 108.7 (24.6)
Nonverbal IQ 93 — 139 45— 147
Core Language 92.5 (20.3) 92.0 (25.9)
Standard Scores 48 - 118 40 -120
' 533.0 (213.0) 498.8 (257.1)
TBWirsined 173.4 - 850.0 191.7-1110.6

Note. TBWained = Temporal binding window for a speaker from the training saying “ba.”
Nonverbal 1Q measured by the Leiter International Performance Scale, third edition (Roid
et al., 2013). Core Language Standard Scores measured by the Clinical Evaluation of
Language Fundamentals, fourth edition (Semel et al., 2004) or the Preschool Language
Scale, fourth edition (Zimmerman et al., 2011). All standardized language assessments
collected 1-33 months prior to the beginning of this study as a part of the larger project.
Groups did not differ on any of the above characteristics, p > 0.5.

Materials

The perceptual training, as well as all of the psychophysical data collection (see Pre- and
Post-Test Outcomes) occurred in a light- and sound-attenuated booth (WhisperRoom Inc.,
Morristown, TN, USA) with visual stimuli presented on a Samsung Syncmaster 2233RZ 22-inch
PC monitor and auditory stimuli presented binaurally via Sennheiser HD550 series supra-aural
headphones.

Monosyllabic speech stimuli used in the perceptual training and SJ tasks (see Temporal

12



binding window for audiovisual speech) were obtained from Basu Mallick et al. (2015). For the
perceptual training task, stimuli were videos of six individuals (labeled 4.1, 4.2, 4.3, 4.5, 4.6, and
4.7 by Basu Mallick et al., 2015; three male and three female speakers) saying “ba” in front of a
blank (i.e., gray) background with neutral affect. For the pre- and post-test SJ tasks (see
Temporal binding window for audiovisual speech), stimuli were videos of one trained speaker
(i.e., 4.6) saying the trained syllable “ba” and the untrained syllable “pa”, and a video of a female
speaker not included in the perceptual training (i.e., 4.8) saying the trained syllable “ba.”

For the McGurk illusion task, stimuli were videos of a different female speaker saying
“pa” and “ka” in front of a neutral background with neutral affect. These stimuli have been
utilized in several previous experiments (e.g., Dunham et al., 2020; Feldman et al., 2019a, 2020,
Simon & Wallace, 2018).

All video stimuli were edited in Adobe Premiere to create asynchronous stimuli for the
perceptual training and SJ tasks, and incongruent audiovisual stimuli, auditory-only stimuli, and

visual-only stimuli for the McGurk illusion task.

Perceptual Training

The perceptual training was a modified SJ task that took approximately an hour to
complete. During each trial, participants were asked to indicate whether they perceived the
auditory and visual information to have occurred at the same time or at a different time via a
serial-response box. Following the trial, participants received computer-delivered feedback (see
Figure 3). Following correct responses, a blue check mark appeared on the screen, accompanied
by a non-synchronous sound effect (i.e., a sound effect from the Mario series). Following

incorrect responses, participants saw a red X on the screen, and received corrective feedback
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(i.e., “That was same time,” “You SAW ba first,” and “You HEARD ba first”). Participants were
given the choice between visual feedback (i.e., text written below the red X) and auditory
feedback (i.e., a recording of a spoken voice) unless participants presented with reduced reading
comprehension during the study visits that occurred as a part of the larger project (i.e., standard
scores on an age-appropriate reading measure were 1.5 or more standard deviations below the
mean; e.g., Reid et al., 2001; Wiederholt & Bryant, 2012; these participants always received

auditory feedback).

Figure 3

Depiction of the Perceptual Training

Asynchronous
(e.g., auditory-leading visual)

Synchronous AV

Respond
Synchronous
(“same time”)

Corrective
+ ‘))) == Score —b. =+ Score o [ ack

Respond
Synchronous
(“same time”)

Note. AV = audiovisual.

During each day in the training, participants completed seven rounds of the training. Each
round consisted of 48 trials, 50% of which were synchronous. In order to increase the likelihood
of generalization, videos of six different speakers saying “ba” were utilized (see Materials). Each

speaker was presented equally across synchronous and asynchronous trials, such that each
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speaker was utilized four times in synchronous trials and four times in asynchronous trials.

The seven rounds were divided into three levels difficulties: one round of “easy”
difficulty, two rounds of “medium” difficulty, and four rounds of “hard” difficulty (see Table 2).
The specific stimulus onset asynchronies (SOAs; i.e., the period of time between the onset of the
visual and auditory stimulus; negative SOAs represent auditory-first stimuli and positive SOAs
represent visual-first stimuli) at each difficulty level were based on each participants’
performance during the previous study day; thus, adaptive in nature. For the first day of the
training, participants’ performance on the pre-test SJ task utilizing speech stimuli on which the
participants were trained (TBWiuained; see Temporal Binding Window for Audiovisual Speech);
on subsequent days, the participants’ accuracy on the previous day’s training task was used. In
the easy condition, the training SOAs were the points wherein the psychometric curves fit to the
previous day’s performance (see Derivation of TBWs) crossed 10%, 20%, and 30% report of
synchrony, with a minimum SOA of 133 ms and a maximum SOA of 500 ms (see Figure 4). In
the medium condition, the SOAs were the points that crossed 40%, 50%, and 60% report of
synchrony, with a minimum SOA of 133 ms and a maximum SOA of 400 ms. In the difficult
condition, the SOAs were the points that crossed 65%, 75%, and 85% report of synchrony, with
a minimum SOA of 133 ms and a maximum SOA of 300 ms. All training SOAs were rounded to
the nearest 50 ms or 16.7 ms (i.e., one frame difference between the visual and auditory stimuli).
Additionally, all training SOAs were presented equally in both auditory-first (negative) and
visual-first (positive) trials so the average of all asynchronous trials equaled 0 ms (i.e., true

synchrony).
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Table 2

Difficulty Levels Utilized in the Perceptual Training Paradigm

Number of % Reported

Difficulty Levels Synchronous Min SOA Max SOA
Easy 1 10%, 20%, 30% 133 ms 500 ms

Medium 2 40%, 50%, 60% 133 ms 400 ms
Hard 4 65%, 75%, 85% 133 ms 300 ms

Note. Number of Levels = the number of times that this condition was presented in each
training session; SOA = Stimulus onset asynchrony; % Reported Synchronous = the level of
reported synchrony on psychometric curves fit to participant data and used to derive training
SOAs (Note that a small % reported synchronous at non-zero SOAs represents accurate
perception of asynchrony). Training SOAs were derived as the percent perceived synchronous,
rounded to the nearest multiple of 50 ms or 16.7 ms (i.e., frame) or to the minimum or
maximum values set for that difficulty level. Table originally published in Feldman et al.

(2020).

Participants completed a comprehension check at the start of each day of training.
Participants were also able to select images of preferred media or interests (e.g., Mario,
Minecraft, trains, vacuums) that randomly appeared during the training to increase motivation
and reinforce on-task behavior.

To make the training feel more game-like, an automated scoring system credited
participants’ correct answers and their number of correct answers in a row. Participants were
shown their scores following each response, and at the end of each round of the training

participants were shown their total score for the round and an updated overall total.
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Figure 4

Example Training Stimulus Onset Asynchronies (SOAs)

Easy
]

0.9
0.8
0.7 -
0.6 -
0.5
0.4
0.3

0.2

0.1 ?
V(o .
= ‘ s ‘ , ‘ ‘ ‘ ‘ s ‘

-500 -400 -300 -200 -100 O 100 200 300 400 500
Stimulus Onset Asynchrony (ms)

Proportion Reported Synchronous

Medium

Proportion Reported Synchronous

-500 -400 -300 -200 -100 O 100 200 300 400 500
Stimulus Onset Asynchrony (ms)

Hard

Proportion Reported Synchronous

-500 -400 -300 -200 -100 O 100 200 300 400 500
Stimulus Onset Asynchrony (ms)

17



Note. In each graph, the proportion of perceived synchrony from a non-training simultaneity
judgment task is plotted against each SOA. The blue line represents the psychometric function fit
to the right data points (visual first trials). The red line represents the psychometric function fit to
the left data points (auditory first trials). The temporal binding window (TBW) is derived from
the points at which these psychometric functions cross 0.75.

In the easy condition, the training SOAs would be +433 ms, £466 ms, and £500 ms based
on the right curve (blue; based on visual-first trials; note the original value of 516 ms was
rounded down to the maximum value of 500 ms) and £183 ms, £283 ms and £366 ms based on
the left curve (red; based on auditory first-trials). In the medium condition, the training SOAs
would be £350 ms, £366 ms, and £400 ms based on the right curve and £133 ms, £150 ms and
+183 ms based on the left curve (note the original value of 100 ms was rounded up to the
minimum value of 133 ms). In the hard condition, the training SOAs would be £250 ms, £299
ms, and £300 ms based on the right curve (note the original value of 350 ms was rounded down
to the maximum value of 300 ms) and =133 ms based on the left curve (note the original values
of 33 ms and 83 ms were rounded up to the minimum value of 133 ms).

Figure originally published in Feldman et al. (2020).
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Camp Only Control Condition

Participants in the camp only condition engaged in quiet activities in the WhisperRoom
(i.e., listening to music; simple computer games such as Tetris, snake, solitaire, and
minesweeper; card games such as war, Uno, or memory; reading a book to him/herself; puzzles,
coloring, napping) for approximately one hour during each of the eight days of the study.
Activities were specifically chosen to be unisensory (i.e., auditory-only or visual-only) and
minimally-social. Participants completed these activities in the WhisperRoom in order to keep

other members of the research team and the other participants naive to condition assignment.

Pre- and Post-Test Outcomes
All pre-and post-test outcomes were collected by experimenters on the research team

naive to group assignment.

Temporal Binding Window for Audiovisual Speech

The primary outcome was the TBW for audiovisual speech stimuli on which the
participants were trained (TBWiained; 1.€., TBW for a female speaker included in the perceptual
training saying “ba”; see Materials). Two types of generalization data were obtained for TBWs
utilizing untrained stimuli: one using stimuli featuring a different speaker saying the same
syllable (TBWhovel speaker; 1.€., @ female speaker not included in the perceptual training saying
“ba”; labeled 4.8 by Basu Mallick et al., 2015) and one using the trained speaker saying a
different syllable (TBWnovel syiable; 1.€., the same female speaker mentioned above from the
perceptual training saying “pa’”; see Figure 5). These TBWs were measured via three different SJ

tasks in order to evaluate the extent to which training effects were specific to the trained stimuli
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versus more generalized in nature, in the context of the trained task.

Figure 5

Stimuli Used in the Simultaneity Judgement (SJ) Tasks

TBWhrained TBWhovel speaker TBWhovel syllable

Speaker included in the Speaker not included in the Speaker included in the
training saying “ba” training saying “ba” training saying “pa”

Note. TBW = Temporal binding window.

During each SJ task, participants were presented with trials at 15 different SOAs:
synchronous (0 ms), £500 ms, =400 ms, £350 ms, 300 ms, £250 ms, +150 ms, and =100 ms.
During each run of the task, each trial was presented two times in random order (total of 30 trials
per run). Based on the findings of a stability study and follow-up analyses (Dunham et al., 2020),
participants completed ten runs of each SJ task (total of 300 trials, 20 at each SOA) so these
variables would be acceptably stable (see Cronbach et al., 1963; Sandbank & Yoder, 2014).

For each trial in each SJ task, participants were instructed to report whether they
perceived the auditory and visual stimuli as having occurred at the same time or at different
times by pressing “1” and “2,” respectively, on the keyboard. To ensure comprehension of the
task, each run of each task was preceded by a practice round, consisting of two trials of stimuli
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presented synchronously and two trials of stimuli presented at an SOA of £900 ms. Participants
were required to correctly respond to all trials of the practice round prior to starting each run.
Derivation of TBWs. To derive TBWs, the data from each SJ task were processed in
MATLAB. The rate of perceived synchrony across SOAs (i.e., the number of times that the child
indicated that he/she perceived the stimuli to have occurred at the same time over the total
number of trials presented for each SOA) was calculated in MATLAB using an adaptive fit
script. The best fit (i.e., the one that resulted in the lowest error term) was chosen between two
psychometric functions fit using the g/mfit function (one for auditory-leading/left trials and one
for visual-leading/right trials) and a single Gaussian curve fit using the fit function, after
normalizing the data (i.e., setting the data to 100%; see Figure 4 for an example). This approach
1s consistent with previous perceptual-based training studies targeting temporal binding of
audiovisual stimuli (e.g., De Niear et al., 2016; 2018; Feldman et al., 2020; Powers et al., 2009).
The TBW for auditory- and visual-leading stimuli were the points at which the curve(s) crossed
75% perceived synchrony, with the overall TBW being the difference between those values.
Data from the perceptual training task was processed in the same manner as described
above in order to (a) estimate the effect of the perceptual training on changing the TBW within
the context of the training task and (b) calculate the next day’s training SOAs for the adaptive
nature of the training task. Performance in the training task represents an estimated or pseudo

TBW.

McGurk Illusion
To assess whether gains made in the context of the training translated to untrained tasks

that measure broader responses to and integration of audiovisual speech, an additional
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multisensory task utilizing different task instructions and stimuli than the training was collected.
Perception of the McGurk illusion is purported to index the influence of vision on auditory
speech, and can thus be considered a measure of multisensory speech perception (McGurk &
Macdonald, 1976). Past work suggests that children who more accurately judge synchronous
versus asynchronous audiovisual speech (i.e., those with narrower TBWs) may experience
greater perception of the McGurk illusion (Stevenson et al., 2014; 2018); however, it remains to
be seen whether training will induce increases in perceptions of the illusion via distal effects on
enhanced multisensory integration.

Participants completed a psychophysical task indexing perception of the McGurk illusion
with the syllables “pa” and “ka” presented as auditory-only syllables, visual-only syllables,
congruent audiovisual syllables, and incongruent audiovisual syllables (i.e., auditory “pa’ and
visual “ka," which frequently induces an illusory percept of "ta" or "ha"; see Woynaroski et al.,
2013 for more information regarding this approach). During each run of the task, participants
were presented with 10 trials of each syllable in the auditory-only, visual-only, and matched
audiovisual conditions and 10 trials of the incongruent audiovisual (McGurk) stimuli in a
randomized order (70 trials per run). Participants completed two runs of the task (i.e., 140 trials
total, 20 of each trial type) in order to yield an acceptably stable metric of the perception of the
McGurk illusion (Dunham et al., 2020). After each trial, participants reported what syllable they
perceived using a 4-button serial-response box. Prior to each run of the task, participants
completed a comprehension check wherein they were prompted to press the designated button
for each syllable in a random order. Data from this task were processed in MATLAB to obtain

the percent of trials for which the participants reported the illusory percept.
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Putative Moderators of Training Effects on Outcomes

As a part of the larger project, participants completed cognitive and language testing 0-30
months (M = 13.6 months) prior to their participation in this study. Nonverbal cognitive abilities
were assessed using the Leiter International Performance Scale, third edition (Leiter-3; Roid et
al., 2013). Language abilities were assessed using the Clinical Evaluation of Language
Fundamentals, fourth edition (CELF-4; Semel et al., 2004) for participants who were aged 8-21
years at the time of their assessment (n = 25; one participant did not complete the CELF) and the
Preschool Language Scale, fourth edition (PLS-5; Zimmerman et al., 2011) for participants who
were younger than eight at the time of their assessment (n = 4). The core language index score
from the CELF-4 and the total language standard score from the PLS-5 were combined to form a
single variable of core language ability. Given that standard scores tend to be stable for both
language (e.g., Bornstein et al., 2014, 2016a, 2016b; Norbury et al., 2017; Pickles et al., 2014)
and cognitive abilities (e.g., Eaves & Ho, 1996; Lord & Schopler, 1989; Schneider et al., 2014)
over the developmental period of interest to the present study, these scores were considered a

suitable proxy for current abilities.

Social Validity

At the end of the final training session, participants completed a questionnaire using
REDCap (Harris et al., 2009). This questionnaire was identical to the one used in Feldman et al.
(2020). The survey had three questions on a 5-point Likert scale (i.e., “Did you think the game
was easy?”, “Did you think this game was fun?”, and “Did you think this game was helpful?”;
pictures of faces were utilized along with the numbers to facilitate comprehension), one yes/no

question (i.e., “Would you play this game in your free time?”’), and one open-ended question
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(i.e., “Is there anything else you want to tell us about this game?”).

When parent report was available, parents were asked similar questions about their
thoughts and experiences. This survey, also administered via REDCap, included four questions
that used a 5-point Likert scale (i.e., “Did you notice any change in the way your child interacted
with others?”, “Did you notice any change in your child's use of language?”, “Did you notice any
change in your child's communication abilities?”, and “Did you notice any change in your child's
behavior?”). Each of these Likert questions was accompanied by an open field where parents
could describe any changes they saw. One final open-ended question asked parents to describe,
“any other changes in your child during sensory camp, either positive or negative, that we have

not asked about.”

Procedural Fidelity

Procedural fidelity was evaluated for the examiners collecting pre- and post-test data and
for the examiners providing the perceptual training and the camp only condition using previously
developed checklists of expected behaviors (see Feldman et al., 2020). For the pre- and post-test
data collection, expected behaviors included the child looking at the computer and wearing
headphones set to the proper volume, the examiner not providing feedback based on correctness
of child response, and the minimization of potential distractors. For the perceptual training,
expected behaviors included the child looking at the computer and wearing headphones set to the
correct volume, the examiner setting up the task correctly, and the examiner not providing
additional corrective feedback to the child (i.e., no feedback beyond what was provided by the
computer was given). For the camp only condition, expected behaviors included the participant

only engaging in allowed activities, the examiner not providing the training, and the examiner
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not initiating social interactions with the child.

Procedural fidelity was evaluated by members of the research team naive to study
hypotheses. For the pre- and post-test data, these data were collected on 20% of all data
collection sessions across all examiners and conditions. For the perceptual training and the camp-
only condition, these data were collected on 20% of the sessions across all examiners and
participants. Sessions checked for procedural fidelity were chosen by random number generators
after the training was concluded; thus, the examiners were unaware of which sessions would be

selected for procedural fidelity.

Analytic Plan

To answer the first research question (i.e., regarding the effect of the perceptual training
within the context of the training task), each day of the training was compared with the previous
day using paired samples t-tests. TBWained from pre-test and post-test was used to compare the
training to the first and final days of training, respectively. Pairwise deletion was used to handle
missing data for these analyses.

To answer the remaining research questions, a series of regression analyses was run to
test: (a) the main effects of the perceptual training on post-test outcomes and (b) the effects of
the training on outcomes of interest according to the putative moderators. Prior to conducting
these multiple regression analyses, variables that were not normally distributed were transformed
in R (R Core Team, 2017). In keeping with current recommendations regarding missing data in
moderation analyses (Enders et al., 2014; Zhang & Wang, 2017), product terms were calculated
prior to imputing the missing data using the missForest package (Stekhoven & Biihlmann, 2012).

Training and control groups were then compared on all pre-test metrics using independent
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samples t-tests; any analyses involving variables that were significantly different at pre-test
included the pre-test performance as a covariate. All regression analyses were completed in in
SPSS; moderated multiple regression models were specifically analyzed using the PROCESS
macro (Hayes, 2017). Cook’s D was calculated for all regression analyses to monitor outliers.
Additionally, Hedge’s g was calculated for each dependent variable to measure the magnitude of

the effects of the perceptual training.
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Chapter 3

Results

Preliminary Analyses

Adherence to the assigned condition was very high in both conditions. One participant in
the perceptual training condition missed one day of the training (i.e., Day 7) due to a family
emergency. One participant in the camp only condition missed two days (i.e., Days 5 and 7) due
to parent illness and car troubles, respectively. Attrition was also very low in both conditions;
only one participant did not complete their post-testing due to a medical emergency resulting in

hospitalization.

Missing Data

Six participants (two perceptual training and four camp only) were missing discrete data
points at either pretest or posttest. Three of the six participants were missing some pre-test data,
while all six were missing some post-test data. At pre-test, two participants ran out of time
during the testing session, and one participant declined to do one task (TBWiovel syliable);
additionally, two of these participants did not produce a TBW during one SJ task due to
(apparent) excessive guessing. As previously mentioned, one participant did not complete any
post-testing due to a medical emergency; additionally, one participant ran out of time during the
testing session, and four participants did not produce a TBW during at least one SJ task.
Participants with missing data did not significantly differ from participants with complete data in

age (1 =0.81, p = 0.446), nonverbal 1Q (= 0.85, p = 0.423), language (¢ = 1.63, p = 0.150), or
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biological sex (y? = 0.09, p = 0.765). Given the varied reasons for missing data and lack of
systematic differences among participants with and without missing data, these data can be
considered missing at random (a core assumption of multiple imputation methods; Enders, 2010;
Enders et al., 2014). Missingness ranged from 0% - 17% across all variables. Of note, there were
no missing data for the primary dependent variable, TBWiained, at pre-test and only one discrete

missing data point at post-test (i.e., the participant in training with a medical emergency).

Transformation of Variables
Prior to imputing missing data, all variables of interest were evaluated for normality,
specifically for skewness > |1.0| and kurtosis > |3.0|. Three variables (i.e., nonverbal IQ, pre- and

post-test McGurk fusion) were corrected for negative skew with a square transformation.

Change within Perceptual Training

Participants’ performance in the perceptual training are plotted in Figure 6. On the first
day of the training, participants significantly lowered their TBW compared to the TBW gained
collected at pre-test, # (14) =—-5.86, p < 0.001. Participants’ performance did not change between
any of the remaining days in the training, p values for the contrast of current versus immediately
preceding day > 0.1. However, participants’ TBW as measured during the last day of the training

was significantly lower than the TBW ineq collected at post-test, ¢ (14) =2.81, p = 0.015.
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Figure 6

Participants’ Performance in the Perceptual Training
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Note. At pre- and post-test (white boxes), participants’ temporal binding windows (TBW)
derived from the simultaneity judgement task of the speaker included in the training saying “ba”
(TBW ained) are plotted. The days in training (light blue boxes) represent estimated TBWs from

performance in the training task. Each participant’s individual performance is plotted in a

different color. A longer break (i.e., a weekend) did occur between Days 4 and 5 of the training.
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Differences Between Groups

Pre- and post-test means and standard deviations for all three TBWs (i.e., trained, novel
speaker, and novel syllable) and the proportion of reported McGurk illusions according to group
are displayed in Table 3. Unconditional effects of the training on TBWinined (#= 148.0, p = 0.19,
Hedge’s g = 0.47) and TBWiovel syttavte (= 178.1, p = 0.19, Hedge’s g = 0.47) trended in the
anticipated direction, but did not reach statistical significance. These effect sizes were small in
magnitude, and appeared to be largely driven by widening of the TBW in the camp only
condition rather than narrowing of the TBW in the perceptual training condition. There were
additionally no significant unconditional effects of the training on TBWnovel speaker (£ = 84.4,
p =0.54, Hedge’s g = 0.22) or perception of the McGurk illusion (= 0.047, p = 0.72, Hedge’s

g=0.13).
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Table 3

Pre- and Post-Test Outcomes by Group

Perceptual Training Condition

Camp Only Control Condition

(n=15) (n=15)
Dependent Pre-Test Post-Test Pre-Test Post-Test
Variable M (SD) M (SD) M (SD) M (SD) Hedge’s g
TBWhained 533.0 (213.0) 484.2 (295.8) 498.8 (257.1) 632.2 (311.9) 0.47
TBWhovelspeaker ~ 559.0 (348.4)  551.2 (402.1) 522.5(291.7) 635.6 (347.9) 0.22
TBWhoversyliabte ~ 539.0 (253.3)  557.3 (379.3) 562.4 (251.7) 735.6 (351.6) 0.47
McGurk 0.65 (0.41) 0.66 (0.38) 0.70 (0.28) 0.71 (0.32) 0.13

Note. TBW = Temporal binding window, trained = stimuli were of a speaker included in the

training saying the trained syllable (i.e., “ba”), novel speaker = stimuli were of a speaker not

included in the training saying the trained syllable (i.e., “ba”), novel syllable = stimuli were of a

speaker included in the training saying a novel syllable (i.e., “pa’), McGurk = proportion of trials

wherein participants reported perception of the fused percept (i.e., “ta” or “ha”). Imputed data are

presented.

Moderated Effects of Perceptual Training

Effects of the perceptual training, however, varied according to several participant

characteristics. Results from all moderated multiple regression models are presented in Table 4.
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Age did not moderate the effect of training on any of the outcomes of interest (p values

for interaction term in the multiple regression models > 0.3).

Nonverbal 10

Nonverbal 1Q significantly moderated the effect of the perceptual training on all of the
TBW outcomes (p values for interaction term in the multiple regression models < 0.05; see Table
4). For TBWiained, Johnson-Neyman tests utilized to derive precise cut points along the
continuous moderator of squared nonverbal IQ scores indicated that the training resulted in a
significant reduction in TBWininea for individuals with nonverbal 1Q scores above 117 and that
there was a significant iatrogenic effect for individuals with nonverbal 1Q scores below 54.
Similar results were also found for TBWhovel speaker, Wherein a benefit of training was observed for
individuals with nonverbal 1Q scores above 123, and a significant iatrogenic effect was observed
for individuals with nonverbal IQ scores below 80. For TBWhovel syliable, results of the Johnson-
Neyman tests indicated a significant benefit of training for individuals with nonverbal IQs above
118. Nonverbal I1Q did not moderate the effect of the perceptual training on report of the McGurk

illusion.
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Language

Language scores also significantly moderated the effect of the perceptual training on
TBWirained and TBWiovel speaker OUtcomes (p values for interaction terms in the multiple regression
models < 0.05; see Table 4). Johnson-Neyman tests indicated that the training resulted in a
significant reduction in TBW ained for individuals with language standard scores above 98 and a
significant reduction in TBWhovel speaker for individuals with language standard scores above 114
(see Figure 8). Language did not moderate the effect of the perceptual training on either

TBWiovel syliable Or report of the McGurk illusion.
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Figure 8

Moderated Effect of Language Ability on Perceptual Training Outcomes

Trained Stimuli Novel Speaker

(ms)

1500 1

1000 A

500 A

40 60 80 100 120 40 60 80 100 120
Core Language Standard Score

Post-Test Temporal Binding Window

Condition — Camp only control — Perceptual training

Note. Core Language Standard Scores were derived from the Clinical Evaluation of Language
Fundamentals, fourth edition (Semel et al., 2004) or the Preschool Language Scale, fourth
edition (Zimmerman et al., 2011). Dotted lines represent the cut points identified by the Johnson-
Neyman tests (standard scores = 98 and 114, respectively); above those points along the
continuous moderator, the perceptual training causes a significant reduction in temporal binding

window.

Procedural Fidelity

Procedural fidelity was checked for 20% of WhisperRoom sessions for both groups who

completed the study in 2019 (n = 26). The perceptual training was administered with 98.6%
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fidelity, and the camp-only session was administered with 100% fidelity. The average fidelity
was very high for all three of the examiners who administered these sessions (98.7% — 99.6%).
Procedural fidelity was also checked for 20% of the testing sessions that occurred in
2019. The average fidelity was very high overall at 98.2%. Fidelity was very high across all five
assessors (range = 97.7% — 100%) and did not differ according to condition (p = 0.70; 98.0% for
perceptual training versus 98.4% for camp-only control) or timepoint (p = 0.37; 97.7% at pre-test

versus 98.6% at post-test).

Social Validity

Participants who completed the perceptual training on average reported that the training
was neither easy nor hard (M = 2.8) and neither fun nor boring (M = 2.9). Most of the
participants also rated the training as “kind of helpful” (M = 2.2), though three participants
responded that they weren’t sure how helpful the activity was. None of the participants reported
that they would do the training in their free time, though three were unsure.

The parent report survey was collected from 19 parents (8 perceptual training, 11 camp
only). Parents in both groups reported on average that they noticed between no change and a
slight positive change in their children’s social interactions (M = 2.6 and 2.3 for perceptual
training and camp only, respectively), language (M = 2.5 for both groups), and communication
(M = 2.5 for both groups). In regards to their children’s behavior, parents in the camp only
condition on average reported a slight positive change (M = 2.1) while parents in the perceptual

training reported somewhere between no change and a slight positive change (M = 2.6).
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Chapter 4

Discussion

The purpose of the present study was to assess a computer-based perceptual training
program designed to narrow TBWs for audiovisual speech in children with autism. On average,
participants assigned to the perceptual training appeared to display a significant decrease in
TBW size over pre-treatment measures that was detectable immediately following the onset of
training and maintained over the course of the training period. At post-test, however, there were
no significant effects of the training on TBWs in the perceptual training group, on average,
compared to the control group. Importantly, though, effects of the training varied according to
participant characteristics, such that children who had average to above average language and
cognitive ability appeared to benefit from the perceptual training paradigm, but children who
were less cognitively or linguistically able displayed lesser benefit and/or even adverse effects

when assigned to the perceptual training condition.

Unconditional Effects of Perceptual Training Were Small and Non-significant
Unconditional effects of the perceptual training versus control condition were non-
significant. Notably, even the few small effect sizes trending in favor of the perceptual training
program in the data across all participants appeared to be driven largely by an increase in TBW
in the camp only control group: though participants in the perceptual training condition
decreased in TBWinainea by 49.3 ms on average, participants in the camp only condition on

average increased their TBWinined by 133.4 ms. Previous studies have reported a similar increase
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in TBW following exposure to asynchronous speech and SJ tasks (e.g., Feldman et al., 2020;
Powers et al., 2009), and participants in both conditions completed over 1,000 SJ trials as part of
the testing procedure. These results suggest that the tested perceptual training paradigm does not
yield favorable effects on temporal binding of audiovisual speech across all children on the

autism spectrum.

Outcomes are Moderated by Nonverbal IQ and Language Ability

Results from multiple regression models indicated, however, that the perceptual training
paradigm narrowed TBWs on trained stimuli in some individuals with autism, specifically those
with above average nonverbal IQ and average language abilities. Equally importantly for
intervention sciences, this study also indicated individuals who are unlikely to derive benefit
from the perceptual training (i.e., individuals with nonverbal I1Qs between 55 and 116 and
language standard scores below 98) and a subset of individuals who are likely to experience
iatrogenic effects as a result of this training paradigm (i.e., individuals with nonverbal IQs below
55).

Feldman et al. (2020) previously observed highly variable responses to a similar
intervention in children with autism and hypothesized that some individual differences might
have contributed to these differential responses, but this study is the first to statistically test child
factors that moderate the effects of perceptual training on TBWs. Notably, all of the participants
in the prior study had nonverbal 1Qs that were between 93 — 108 (i.e., within the range where
individuals would be unlikely to benefit from the perceptual training), possibly explaining why a
functional relation (i.e., a clear effect of the intervention) was not observed in the previous

investigation of this perceptual training.
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Given the heterogeneous nature of autism, it is necessary for practitioners to understand
for whom interventions may be most effective. This study critically adds to a growing body of
literature suggesting that interventions for individuals with autism may be most effective for
subsets of the population with certain characteristics (e.g., Carter et al., 2011; Ledford et al.,
2016; Marcus et al., 2001; Sandbank et al., 2020; Vismara & Rogers, 2010; Yoder & Compton,
2004). Though previous reviews of technology-based interventions have largely failed to find
effects on core and related features of autism, it is notable that prior research on interventions
mediated through technology have generally not targeted or measured effects on sensory
function (i.e., have focused on social communication targets such as social skills or emotion
recognition; Barton et al., 2017; Fletcher-Watson, 2014; Grynszpan et al., 2013) and have not
considered individual characteristics that may moderate the effects of such intervention. The
present findings underscore the need for future trials of candidate interventions geared towards
children with autism to consider the phenotypic variation that may lead to differential response to
treatment, and to employ study designs and analytic approaches that allow for such moderated

effects to be evaluated.

Some Evidence for Generalization in Individuals with Higher Nonverbal 1Q and Language
Ability

Moderation models also indicated that there was some generalization to untrained stimuli
in individuals with above average nonverbal IQ and language abilities. This study is the first to
indicate that perceptual trainings for audiovisual speech stimuli can generalize to untrained
speakers and untrained syllables. Importantly, the language standard score identified as a cut-off

by the Johnson-Neyman test for TBWiovel speaker (114) was one standard deviation higher than the
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cut-off score for TBW ained (98). A similar pattern was also observed for nonverbal IQ scores, as
the cutoff score for likely benefit for TBWnovel speaker (123) was half a standard deviation higher
than the cut-off score for TBWiuainea (117). Thus, generalization to untrained stimuli, specifically
untrained speakers, requires even higher language and cognitive abilities than required to derive
any benefit from the training. Additionally, the perceptual training appeared to be more likely to
induce widening (i.e., iatrogenic effects) on untrained speakers for individuals with below
average nonverbal 1Qs, further limiting the profile of individuals likely to benefit from the
perceptual training. It is not surprising that this perceptual training paradigm requires high
nonverbal 1Q and average language ability in order for participants to improve their temporal
binding of audiovisual speech, given the complexity inherent to the task (e.g., Cascio et al.,
2016; Feldman et al., 2018, 2019b; Woynaroski et al., 2013).

In the present study, generalization was limited to SJ tasks, as no effect of the perceptual
training was observed for the McGurk effect on any subset of the participants. This finding
accords with previous studies of TD adults that found limited to no evidence for generalization to
untrained multisensory tasks (e.g., De Niear et al., 2018; Powers et al., 2016; Setti et al., 2014;
Zerr et al., 2019). Notably, this task differed in both the instructions given to participants and
stimuli, whereas the generalization task utilized in the previous training study reporting
generalized effects utilized a task that differed only in the instructions given to participants (i.e.,
Stirig et al., 2018). Given that the McGurk task as employed here did not measure temporal
properties of multisensory integration, it is difficult to conclude from the present study whether
the candidate perceptual training improved temporal aspects of audiovisual integration that could
be detected beyond the specific task (i.e., simultaneity judgements) utilized in the context of

training and outcome measurement. Future studies may wish to assess effects of perceptual
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training on temporal processing of multisensory information utilizing other stimuli (e.g., an SJ
task with flash and beep stimuli) and other tasks (e.g., temporal order judgment tasks) or to
evaluate effects of the training on broader multisensory integration (e.g., inverse effectiveness
via listening in noise; Foxe et al., 2015; Ross et al., 2006; spatial localization; Siirig et al., 2018).
Such work would advance our understanding of the degree to which this training has the
potential to yield more distal and generalized effects for the subgroup of children who appear,

based on the present results, to derive some benefit.

Social Validity Data Suggest Largely Neutral Impressions Regarding Perceptual Training

On average, participants in the perceptual training reported that the training was neither
easy nor hard, neither fun nor boring, and kind of helpful. Though none of the participants
reported that they wanted to “play the game” in their free time, several participants did note that
they liked how they could “set a goal” for themselves using the scoring system. Additionally,
none of the participants reported being confused or frustrated by the training, indicating that the
explicit feedback provided in this new instantiation may have improved the training at least to
some degree over the previous iteration, though anecdotally several participants did still appear
frustrated or confused during the latter days of the training.

Parents reported roughly equal changes in their children’s behavior in both groups.
Though parents’ positive perceptions of both conditions likely had more to do with the activities
done outside the context of the study as a part of the larger research camp, is important that
parents reported on average no or slightly positive changes in their children, given that there
were some iatrogenic effects of the training and widening of TBWs in the camp only

participants.
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Although perceptions of the training largely represent an improvement from the pilot
study (Feldman et al., 2020), participants and their parents still did not report that the goals and
outcomes of the training are meaningful. Future studies should evaluate the attitudes and
perceptions of autistic self-advocates, particularly those with higher cognitive and language
abilities, towards the perceptual training and evaluate how the perceptual training might be

further modified to better meet the needs of this community.

Limitations and Future Directions

There are several limitations of the present study. First, the sample size of this study was
small, which may have limited our ability to detect effects of interest. The study was further
limited by the use of non-concurrent language and cognitive testing, and the concatenation of
language scores from multiple measures (i.e., four participants were administered the PLS-5; 25
participants were administered the CELF-4). However, this limitation is mitigated by the
previously demonstrated stability of language and cognitive abilities in this age-span (e.g.,
Bornstein et al., 2014, 2016a, 2016b; Eaves & Ho, 1996; Lord & Schopler, 1989; Norbury et al.,
2017; Pickles et al., 2014; Schneider et al., 2014). Additionally, the pre- and post-test data
collection required rather long testing sessions in order to obtain stable estimates for TBW
variables, which perhaps caused testing, fatigue, and/or exposure effects in at least some
participants.

Though the present study does demonstrate some moderated effects of the training, it is
unclear whether there are any factors that mediate the effect of the training. The cascading
effects hypothesis posits that sensory interventions may improve behavior via altered neural

processing (Cascio et al., 2016), and while perceptual training has been shown to alter neural
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function in TD adults (La Rocca et al., 2020; Powers et al., 2012), no study to date has assessed
whether altered neural function is the mechanism by which the training alters perceptual abilities.
Theory would also suggest that audiovisual speech trainings may also be mediated by altered
patterns of looking during audiovisual speech processing. One might expect training paradigms
to narrow TBWs for audiovisual speech via increased attention to the mouth, the source of
multisensory redundancy; increased looking to the mouth has been linked to increased language
and prelinguistic communication in children with or at high-familial risk for autism (Santapuram
et al., 2019; Woynaroski et al., 2019). Alternatively, these training paradigms may facilitate
increased looking to the eyes, which is a sign of mature audiovisual processing (Lewkowicz &
Hansen-Tift, 2012; Soto-Faraco et al., 2012) and is associated with narrower TBWs in children
with autism and TD peers (Liu et al., 2020). No study to date has assessed whether looking
patterns during audiovisual speech are modified by audiovisual training for speech stimuli.
Participants in the present study did complete an event-related potential task to index neural
processing of audiovisual speech in the context of an SJ task (Simon, 2018; Simon et al., 2017,
2018; Simon & Wallace, 2018) and an eye tracking task to index attention to audiovisual speech
(Dunham et al., 2020; Lewkowicz & Hansen-Tift, 2012) at the midpoint of the intervention.
Thus, future work may evaluate whether neural processing of audiovisual speech (e.g., the P3B
waveform, believed to represent evidence accumulation in the context of decision making;
Twomey et al., 2015) or attention to the regions of the face during audiovisual speech mediates
intervention outcomes.

The evidence here for moderated effects suggest two divergent paths for further research
into perceptual trainings for temporal binding of audiovisual speech. First, future work must

further evaluate whether such perceptual trainings yield more distal effects for youth with autism
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with high nonverbal 1Q and average language ability. Though results of this study indicate that
this perceptual training results in improvements in TBWs for trained stimuli that may generalize
to at least some untrained stimuli in this population, these perceptual trainings must result in at
least some gains in distal outcomes deemed critical by the autistic community (e.g.,
improvements on language, social communication, or behavioral responses to sensory stimuli) in
order to maximize their utility. Evidence of generalization to distal effects such as language or
social communication would provide increased support for “sensory-first” hypotheses of autism,
which posit that sensory differences emerge early and contribute to or cause the core differences
observed in autism (Cascio et al., 2016; Robertson & Baron-Cohen, 2017; Wallace et al., 2020).
Although it is unlikely that the brief perceptual training would result in significant improvements
in broader autism symptomatology, it is possible that the training may result in slight
improvements in some aspects of language and communication. Thus, future studies should
endeavor to assess effects of perceptual training on language and communication changes via
standardized behavioral samples at post-test.

Future work must also evaluate treatment approaches for audiovisual speech perception
for children with autism with below average language and cognitive ability. For example, future
research could work to reduce the language and cognitive requirements of extant perceptual
training paradigms to best reach these children, who are arguably most likely to benefit from or
need these types of interventions. Alternatively, future research could develop and assess novel
approaches to treatment that may improve audiovisual speech perception (e.g., Tenenbaum et al.,

2017).
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Summary

The brief computer-based perceptual training for temporal binding of asynchronous
audiovisual speech resulted in small but non-significant changes in the TBW in children with
autism on average compared to a group of participants assigned to a camp-only control
condition. Effects of the training program varied according to participant profiles, however, with
significant effects in favor of the training apparent for participants with nonverbal 1Qs above 117
and language standard scores above 98. There was also evidence for generalization to untrained
stimuli in the subgroup of participants with above average language and nonverbal 1Q scores.
However, participants with nonverbal IQs below 54 were likely to experience widening of their
TBW on trained stimuli, and participants with nonverbal 1Qs below 80 were likely to experience
widening of their TBW on untrained stimuli. Thus, the candidate training paradigm is
contraindicated for children with autism and co-morbid intellectual impairments. Future studies
should evaluate (a) whether factors such as neural processing of audiovisual speech and/or
attention to regions of the face during audiovisual speech mediate outcomes of the perceptual
training, (b) whether perceptual trainings can improve more distal outcomes in children with
autism with higher cognitive and language ability, and (c) novel approaches to improving

audiovisual speech perception in children with autism with lower cognitive and language ability.
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Appendix

Changes to the Research Camp Protocol in 2020 due to COVID-19

2019

2020

There were three sessions of the research
camp. During each session, 4-5 participants
came into the lab in the morning and

afternoon each day of the training.

There was one session of the research camp.
Only two participants came into the lab in the
morning and afternoon each day of the

training.

Participants were in the lab for 3 hours during
each training day. During that time,
participants did about 1 hour of
WhisperRoom activities, 1 hour of arts and
crafts, and 30 minutes of organized group

activities.

Participants were in the lab for 2.5 hours
during each training day. During that time,
participants did about 1 hour of
WhisperRoom activities and 1.25 hours of
group activities, including games and arts and

crafts.

Participants did their WhisperRoom activities
with the door shut and the examiner in the
room with them. Both WhisperRooms were

located in one larger room.

Participants did their WhisperRoom activities
with the door open and the examiner seated
outside the room at least six feet away. Each
WhisperRoom was located in a separate

room.

Each day, participants would interact with 3-5

trained research assistants.

Each day, participants would interact with up

to 2 trained research assistants.

Participants wore masks during all activities.
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2019

2020

Every day, participants had their temperatures
checked and their parents were asked about
their symptoms of, travel related to, and

exposure to COVID-19.
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