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Abstract

Lay Abstract—One of the earliest “red flags” for autism spectrum disorder (ASD) is the child
not turning towards social sounds (e.g., caregiver calling their name). A key component of turning
attention to sounds is auditory spatial attention, or the ability to pay attention to sounds at a
specific location in space while ignoring nearby sounds. We examined auditory spatial attention in
children with ASD and neurotypical children by playing sounds from an arrangement of speakers
placed in front of the child and spanning to the side. Children were asked to attend to a particular
location and press a button whenever they heard a target sound coming from that location, while
ignoring all other sounds. Additionally, to explore whether the acoustic complexity of speech
sounds (e.g., variability in pitch and timing of sound waves) makes it particularly difficult for
children with ASD to locate and pay attention to speech, we tested simple tones, speech sounds
(vowels), and complex non-speech sounds. Children with ASD had less finely-tuned (i.e., more
diffuse) auditory spatial attention than neurotypical children when attending to sounds in front of
them. In other words, they were more likely to also pay attention to distracting sounds near the
target. Their spatial attention was more diffuse for speech and for non-speech sounds. Children
with ASD with more diffuse spatial attention also had more severe ASD symptoms. This general
difficulty with auditory spatial attention may help explain why children with ASD have difficulty
directing attention to important sounds, particularly in noisy environments.

Scientific Abstract—One of the earliest observable impairments in autism spectrum disorder
(ASD) is a failure to orient to speech and other social stimuli. Auditory spatial attention, a key
component of orienting to sounds in the environment, has been shown to be impaired in adults
with ASD. Additionally, specific deficits in orienting to social sounds could be related to increased
acoustic complexity of speech. We aimed to characterize auditory spatial attention in children with
ASD and neurotypical controls, and to determine the effect of auditory stimulus complexity on
spatial attention. In a spatial attention task, target and distractor sounds were played randomly in
rapid succession from speakers in a free-field array. Participants attended to a central or peripheral
location, and were instructed to respond to target sounds at the attended location while ignoring
nearby sounds. Stimulus-specific blocks evaluated spatial attention for simple non-speech tones,
speech sounds (vowels), and complex non-speech sounds matched to vowels on key acoustic
properties. Children with ASD had significantly more diffuse auditory spatial attention than
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neurotypical children when attending front, indicated by increased responding to sounds at
adjacent non-target locations. No significant differences in spatial attention emerged based on
stimulus complexity. Additionally, in the ASD group, more diffuse spatial attention was associated
with more severe ASD symptoms but not with general inattention symptoms. Spatial attention
deficits have important implications for understanding social orienting deficits and atypical
attentional processes that contribute to core deficits of ASD.
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Introduction

One of the earliest observable deficits in children with autism spectrum disorder (ASD) is
the failure to reliably orient spontaneously to social stimuli in their environment (e.g.,
human speech, facial expressions, and gestures), called the social orienting deficit (Baranek,
1999; Dawson, Meltzoff, Osterling, Rinaldi, & Brown, 1998; Maestro et al., 2002;
Zwaigenbaum et al., 2005). Early social attention deficits may deprive children with ASD of
learning opportunities in social interactions, with deleterious effects on subsequent social
learning and development (Mundy & Neal, 2001), and have been linked to later impairments
in joint attention and language (Dawson et al., 2004). Understanding mechanisms
underlying this social orienting deficit will allow for earlier identification and aid in
developing targeted interventions, and may also provide insight into the neural
underpinnings of ASD.

Auditory Spatial Attention

A key component of the ability to successfully orient to social information is auditory spatial
attention, the ability to focus auditory perception on the specific location of a sound source
in the environment. There has been little work on children’s auditory spatial attention;
however, there has been more work characterizing children’s ability to localize sounds.
Studies of auditory localization frequently examine the minimum audible angle (MAA), the
minimum distance between two sounds that is necessary for them to be perceived as coming
from different locations (Mills, 1958). In typically developing (TD) children, the ability to
localize sounds presented directly ahead improves significantly between infancy and age
five; the MAA for sounds presented centrally is about 19° in 26- to 30-weeks-old infants
(Ashmead, Clifton, & Perris, 1987), 5.7° in 18-month-old toddlers, and 1.5° in 5-year-old
children, when it becomes comparable to adult MAA of approximately 1° (Litovsky, 1997).
This rapid development of auditory localization abilities coincides with critical periods for
other key developmental processes, including acquisition of language and social
communication skills. Additionally, there is evidence that localization abilities diminish
significantly for sounds that are further from center; when 12-15 year-olds were asked to
localize sounds presented 45° horizontally from center, their MAA was about 4-5°
(Ashmead et al., 1998). For adults, for sounds heard between 75° and 90° from center, the
MAA was estimated to be 8° or more (Grantham, 1995).
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Orienting is impacted not only by sound localization abilities, but also by the distribution of
auditory attention in space. Evidence from free-field studies with adults shows that auditory
spatial attention is distributed in a gradient, where processing efficiency declines with
distance from the attended location (Mondor & Zatorre, 1995). Teder-Sélejérvi, Hillyard,
Rdder, and Neville (1999) examined how diffusion of spatial attention varied based on
where participants directed their attention, and found that spatial attention was more finely-
tuned when participants were attending to target sounds directly in front compared to the
periphery.

Teder-Salejarvi and colleagues also investigated auditory spatial attention in adults with
ASD (Teder-Sélejarvi, Pierce, Courchesne, & Hillyard, 2005). Both adults with ASD and
controls showed more finely-tuned spatial attention gradients when attending to sounds at
the front than at the periphery. However, adults with ASD had more diffuse auditory spatial
attention gradients than controls, and were slower and less accurate in identifying the target
sound both at the front and the periphery. This ability to focus on auditory information at a
single location in space (e.g., someone calling your name) while ignoring nearby sounds
(e.g., others talking nearby) is critical in most environments encountered in daily life, and
particularly in social situations. Impairments in auditory spatial attention in ASD may have a
significant impact on social functioning across the lifespan.

Stimulus Complexity

Characteristics of the auditory stimulus may also impact an individual’s ability to orient to
that sound. There is evidence that children with ASD are more impaired in orienting to
speech than to nonsocial stimuli. For example, Dawson and colleagues found that children
with ASD have impairments in orienting both to social and nonsocial auditory stimuli
compared to both control groups, but this impairment was more pronounced for social
compared to nonsocial stimuli (Dawson et al., 1998; Dawson et al., 2004). Research
examining processing of auditory stimulus properties has shown that while children with
ASD are able to discriminate changes in pitch in both speech and non-speech sounds as well
or better than TD controls (Ceponiené et al., 2003), they have more difficulty than controls
discriminating changes in the duration of sounds (Lepisto et al., 2005; Lepisto et al., 2006)
and changes in consonant-vowel combinations (Kuhl, Coffey-Corina, Padden, & Dawson,
2005). These temporal acoustic cues are key components of speech processing (Shannon,
Zeng, Kamath, Wygonski, & Ekelid, 1995). It has been hypothesized that difficulty
processing more complex acoustic stimuli may help explain observed speech processing
deficits in ASD (Mottron, Dawson, Souliéres, Hubert, & Burack, 2006; Samson, Mottron,
Jemel, Belin, & Ciocca, 2006).

Children with ASD have also been shown to have impaired pre-attentive involuntary
orienting to speech sounds, but not to non-speech sounds (Lepistd et al., 2005; Lepisto et al.,
2006). Ceponiené et al. (2003) used event related potentials to examine basic sensory
processing and involuntary attentional orienting by comparing neural responses to vowel
sounds, acoustically-matched complex sounds, and simple tones. Compared to TD children,
children with ASD showed similar neural responses at sensory processing stages, while the
ASD group showed a diminished neural response to vowel sounds but not simple tones at
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the involuntary attentional orienting stage, with no significant group difference in
involuntary attentional orienting to the complex non-speech sound. Their results suggested
that children with ASD have impairments in pre-attentive processing of complex speech
stimuli; however, the impact of the acoustic complexity of speech at later stages of
attentional processing is still unknown. A critical area for further study identified in the field
is to investigate the role of acoustic complexity in observed processing differences for social
stimuli in ASD (O’Connor, 2012).

The present study

We aimed to characterize auditory spatial attention in children with ASD and TD controls,
and to determine the effect of auditory stimulus complexity on spatial attention using speech
sounds, simple non-speech sounds, and complex non-speech sounds matched to the speech
sounds on key acoustic properties. We hypothesized that children with ASD would show
more diffuse spatial attention compared to TD controls, and that auditory spatial attention
for both groups would be more finely-tuned when attending front than when attending to the
side. Based on previous studies of speech and non-speech orienting, we predicted that
children with ASD would show differentially more diffuse spatial attention than controls in
the vowel condition compared to the simple tone. Additionally, by examining spatial
attention to complex non-speech sounds, we could also explore whether any differences in
spatial attention to speech were related to acoustic complexity.

Method

Participants

Thirty-nine children and adolescents ages 10 to 17 were recruited for this study, including 21
participants with high functioning ASD and 18 TD controls. Three participants had
significant difficulty understanding verbal directions throughout the study, and therefore did
not complete study tasks. Data from one participant was unusable due to equipment failure.
Additionally, data from one participant who completed the task strongly indicated that he
was not performing the task (i.e., pressing the response button continuously throughout the
tasks). Specifically, inspection of his data indicated that his total number of button presses
was approximately 4.5 SDs above the mean rate across task conditions. Therefore, the final
sample included 16 participants with ASD and 18 TD controls.

All participants were male in order to control for potential gender differences in brain
lateralization of auditory processing, particularly for complex and speech sounds (Obleser,
Eulitz, Lahiri, & Elbert, 2001). Participants were matched on age (see Table 1 for participant
characteristics). Written consent was obtained from parents, and assent was obtained from
participants. This study was approved by the Institutional Review Board.

Exclusion criteria for both groups included any known auditory impairment, genetic
disorder, neurological or structural brain abnormality or injury as reported by parents, or lab-
measured audiometric thresholds in either ear of = 20 dB HL for 250, 500, 1000, 2000, and
4000 Hz tones, and = 25 dB HL for 8000 Hz tones (measured via audiometry). Additional
exclusion criteria for the TD group included a diagnosis of a psychiatric, learning, or
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behavioral disorder, based on parent-reported history and scores on the Child Behavior
Checklist (Achenbach & Rescorla, 2001), or a first- or second-degree relative with ASD. All
participants were native English speakers and were right-handed.

Presence or absence of ASD was confirmed using a combination of the Autism Diagnostic
Observation Schedule (ADOS; Lord, Rutter, DiLavore, & Risi, 1999), Autism Diagnostic
Interview-Revised (Lord, Rutter, & Le Couteur, 1994), and clinician judgment. Intellectual
ability was assessed using abbreviated versions of the Wechsler scales (WISC-1V; Wechsler,
2003; WAIS-IV; Wechsler, 2008). Receptive vocabulary skills were assessed with the
Peabody Picture Vocabulary Test, 4th edition (Dunn & Dunn, 2007). The groups did not
differ on Full Scale 1Q or receptive vocabulary (see Table 1).

Symptom Measures

Stimuli

Participants’ parents completed two standardized measures regarding their children’s
behavioral symptoms related to ASD and inattention/hyperactivity (see Table 1).

Social Responsiveness Scale-2 (SRS-2, Constantino & Gruber, 2012)—The
SRS-2 is a widely used parent-report measure of ASD symptoms. The SRS-2 is comprised
of 65 items scored on a 4-point scale. It yields a total T-score that provides a measure of
overall ASD symptom severity, with higher scores indicating more severe ASD symptoms.
Total T-scores of 60 and above indicate symptoms consistent with ASD, while scores of 59
and below are considered to be in the typical range.

Swanson, Nolan, and Pelham Questionnaire, revised (SNAP-IV, Bussing et al.,
2008)—~Parents also completed the SNAP-1V Inattention and Hyperactivity subscales
measuring symptoms of ADHD based on the DSM-IV (American Psychiatric Association,
2000). Each subscale has 9 items rated on a 4-point scale. Average scores are computed for
each subscale, with higher scores indicating more severe symptoms. Scores > 1.2 on either
subscale indicate potential clinical concern, while an Inattention score > 1.8 and a
Hyperactivity score > 2.4 indicate a higher likelihood of ADHD diagnosis (Bussing et al.,
2008).

Auditory stimuli consisted of three classes of sounds: natural spoken vowel, synthetic
complex sound, and pure tone. Each of these sounds classes had a “standard” version (85%
of trials) and a higher-pitched “oddball” version (15% of trials). All sounds were of equal
duration (250 ms) and intensity (60 dBA).

Stimuli were recorded or produced and edited using Praat speech editing software (Boersma
& Weenink, 2013). The standard vowel stimulus /a/was recorded from a female speaker in a
quiet room at a sampling frequency of 44100 Hz. The oddball vowel stimulus was created
by raising the fundamental frequency of the standard vowel stimulus by 20% (using Praat’s
PSOLA algorithm), so that it would have a noticeably higher pitch.

The standard complex sound was produced by first creating a broadband harmonic tone
complex with a fundamental frequency equal to that of the standard spoken vowel stimulus
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(Fo = 223 Hz). The sound complex was then filtered to have a single formant matching the
standard vowel’s first formant (F; = 870 Hz) and a bandwidth setting of 100 Hz (Boersma &
Weenink, 2013). The oddball complex sound was created by increasing the fundamental
frequency by 20%.

The frequency of the standard pure tone was matched to the 4th harmonic of the standard
complex sound, and the frequency of the oddball pure tone was matched to the 4th harmonic
of the oddball complex sound, causing the standard and oddball pure tones to have the same
pitch difference as the complex and vowel sounds. The 4th harmonic was selected because
the frequency of this component fell near the first formant of the vowel. The pure tone
stimuli had 10 ms cosine-squared onset and offset ramps.

Participants were seated in a sound-attenuated booth. Stimuli were presented through two
arrays composed of three speakers each (see Figure 1a). Speakers were placed along a
horizontal arc spanning from directly in front (S1) to directly to the right of the participant’s
head (S6), at a distance of 1.2 meters. The speaker positions on the arc in relation to the
central speaker (S1, 0°) were: S2 at 6°, S3 at 15°, S4 at 75°, S5 at 84°, and S6 at 90°. These
speaker locations were chosen based on speaker locations used by Teder-Salejérvi and
colleagues (1999, 2005); however, as they found no differences in response rates between
speakers at 12° and 15° (Attend Front) and 78° and 72° (Attend Right) we selected the
midpoint locations for the current study. Speaker locations only spanned the right hemi-field
of auditory space, similar to the apparatus used by Teder-Salejarvi and colleagues (1999,
2005), due to space constraints of the sound-attenuated booth. The height of the arrays was
adjusted to participant’s height while seated such that speakers were at ear level.

Pitch and Location Discrimination Testing—~Prior to the main experimental task, a
brief pitch discrimination task was used to confirm participants’ ability to discriminate
between our standard and oddball stimuli in the absence of high attentional and spatial
discrimination demands. Pairs of stimuli were presented from either the front (S1) or the
right speaker (S6), in two separate blocks for each of the three stimulus classes. The sounds
in the pair were either the same pitch (both standard stimuli or both oddball) or different
pitches (one standard and one oddball). The SOA between the two sounds was 1 second, and
the time between the start of the second sound in the pair and the start of the first sound in
the next pair was 3 seconds. In this go/no-go task, participants were instructed to press a
button only when the sounds in the pair were of different pitch. Signal detection theory
(Green & Swets, 1966) was used to determine participants’ ability to differentiate between
pitches, where d“was calculated using hit rate (proportion responses to stimulus pairs of
different pitch) and false alarm rate (proportion responses to stimulus pairs of same pitch). A
d”>1is typically considered adequate sensitivity. All participants in both groups had o~
scores = 1 for all stimulus types (simple, complex, and vowel) at both attended locations
(front and right), meaning they were adequately able to discriminate between the pitches of
the standard and oddball sounds for each stimulus type.
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A similar location discrimination task assessed participants’ ability to differentiate between
speakers in close proximity without pitch discrimination demands and with significantly
reduced attentional demands. Pairs of stimuli were presented from S1 and S2 in the Attend
Front condition, and S5 and S6 in the Attend Right condition, in two separate blocks for
each of the three stimulus classes. In each pair, both stimuli were either played consecutively
from the same speaker, or consecutively from different speakers, with the same timing
between sounds as in the pitch discrimination task. Participants were instructed to press the
button when the two sounds were played from different speakers. Again, ¢ was calculated
to determine whether participants were able to discriminate between adjacent speakers.
Averaged across tone type, in the Attend Front condition, all participants (100%) had an
average d”> 1. Additionally, there was no group difference in the ability to differentiate
between S1 and S2 at the front, £32)=.27, p=.79 [mean o {(SD): ASD=3.53(1.00);
TD=3.60(.51)]. In the Attend Right condition, 35.3% of participants had an average "< 1,
indicating that participants in both groups had significant difficulty discriminating between
these two peripheral speakers. Again, there was no group difference in discrimination ability
at the right, 32)=.26, p=.80 [mean ¢ (SD): ASD=1.49(1.21); TD=1.59(1.02)]. We present
auditory spatial attention findings from the Attend Right condition of the main experimental
task; however, caution should be used in interpreting findings in this condition because some
participants may not have sufficient auditory spatial acuity to distinguish these locations.

Spatial Attention Tasks—Prior to the main experimental tasks, brief blocks of practice
trials similar to the experimental task were administered to provide participants an
opportunity to experience the task demands and verify that they understood the instructions.
Before moving on to the experimental tasks, participants’ responses to the practice trials
were examined, and feedback was provided if participants did not press the button to the
majority of target oddball stimuli or if participants pressed frequently to non-target stimuli.
Participants were then given another opportunity to complete the same practice block before
moving on to the experimental trials.

For the main experimental blocks (Figure 1b), stimuli were randomized in single-sound-
class blocks of 700 stimuli each. In each block, 200 stimuli were played from the target
speaker (S1 in the Attend Front condition, S6 in the Attend Right condition), and 100 stimuli
were played from each non-target speaker. Fifteen percent of stimuli at each speaker were
oddball stimuli, meaning that in each block, 28.6% of all oddball stimuli were played from
the target speaker, and the remaining 71.4% were equally distributed across the remaining
five non-target speakers. Thus, in each block, oddball stimuli played from the target speaker
constituted 4.3% of total stimuli. The stimulus onset asynchrony (SOA) was 350 ms, and
each block lasted 4.08 minutes with a brief pause halfway through. Stimuli were presented
and participant responses were collected using Presentation software (Version 17.0,
www.neurobs.com). The task consisted of two Attend conditions, where participants were
instructed to attend to either S1 (Attend Front) or S6 (Attend Right). For both conditions,
participants were instructed to remain still and look directly forward at S1; head position
was monitored by the experimenter throughout the tasks.

Participants were instructed to press a button as quickly as possible only when they heard the
oddball stimulus from the attended (target) speaker, and to ignore all other stimuli from all
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other speakers. Within each Attend condition (Front, Right), there was a separate block for
each of the three stimulus classes (pure tone, complex sound, vowel). These six experimental
blocks were presented in a semi-randomized, counterbalanced order across participants
(three of the same Attend condition blocks were never presented consecutively in order to
minimize response bias at either attended location). Participants’ performance on the main
experimental tasks were measured by the proportion of correct responses to oddball stimuli
at the attended location (hits) and the proportion of responses to oddball stimuli at each of
the non-target speakers (false alarms). Because approximately three stimuli were presented
per second, it was not possible to unambiguously assign a response to a single stimulus.
Therefore, each button press was related to any stimuli that fell 200-1000 ms before the
button press. Within each block, randomization patterns were checked to ensure that no two
oddball stimuli were presented within the same 1000 ms time window such that a button
press could not be associated with more than one oddball stimulus. Examination of overall
button presses showed that 90.1% of TD participants’ responses and 85.6% of ASD
participants’ responses were to oddball stimuli (both target and non-target), which did not
differ significantly, £32)=1.33, p=.19. Similar percentages of button presses to oddball
stimuli were observed in the Attend Right condition (TD: 90.5%, ASD: 86.6%, {32)=1.47,
p=.15). These data demonstrate that, as expected, participants in both groups were primarily
responding to oddball stimuli.

Data Analysis

Spatial Attention-Task Performance

Performance on the spatial attention task was quantified using @, where hits were correct
button presses to oddball stimuli at the target speaker (S1 in the Attend Front condition, S6
in the Attend Right condition) and false alarms were button presses to oddball stimuli at
non-target speakers (S2-S6 in Attend Front, S1-S5 in Attend Right). Higher values of ¢’
represent better task performance, or better ability to distinguish the signal (oddball stimuli
at the target location) from the noise (oddball stimuli at non-target locations). This ¢ metric
was calculated for each subject in each of the six experimental conditions. Group differences
in task performance (@) were examined using mixed-model analysis of variance (ANOVA).
Follow-up univariate analyses were conducted for significant main effects and interactions.

Spatial Attention—Response Analysis

In order to better understand the pattern of responses across speakers, the response rate—the
proportion of button presses to oddball stimuli out of the total number of oddball stimuli—
was calculated for each subject at each of the six speakers for each experimental block,
which were used in calculations of group means (see Table 3). At the target speaker (i.e., S1
for Attend Front, S6 for Attend Right), the response rate represents hit rate (i.e., correct
responding), while the response rate at each non-target speaker represents a false alarm rate
(i.e., incorrect responding). Proportion data were transformed using the arcsine square root
procedure due to non-normality. Analyses were conducted on transformed variables, but
untransformed proportion means are presented in figures for ease of interpretation.
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Group differences in spatial attention were compared using mixed-model analysis of
variance (ANOVA) examining response rates at each of the six speakers. Due to participants’
significant localization difficulties on the location discrimination task at the Right, and poor
overall spatial attention task performance (as indexed by @) in the Attend Right condition in
both groups and across stimulus types, analyses of group differences in mean response rates
were conducted separately by Attended Location. Planned follow-up univariate analyses
were conducted at each speaker. Paired samples t-tests examined within-group effects
between speakers of interest (S1-S3). The Bonferroni correction was used to correct for
multiple comparisons where appropriate. Effect sizes are reported as partial eta squared ( ;7,2,).

Relationship to Symptom Severity in ASD Group

Results

Exploratory analyses also examined the relationship between spatial attention and severity of
ASD symptoms, as well as general inattention and hyperactivity/impulsivity symptoms,
which are highly comorbid in children with ASD (Simonoff et al., 2008). To do so, a
summary value of performance on the spatial attention task (&) in the Attend Front
condition was calculated for each participant by averaging @ values across stimulus type.
Bivariate correlations were used to examine the relationship between spatial attention task
performance and ASD symptoms (SRS-2 Total T-score), inattention symptom severity
(SNAP-1V Inattention scale), and hyperactivity/impulsivity symptom severity (SNAP-IV
Hyperactivity scale).

Spatial Attention-Task Performance

Task performance (d) on the spatial attention task was examined via a Group x Attended
Location x Stimulus Type ANOVA, which yielded a significant effect of Attended Location,
H1,32)=61.24, p<.001, ;1,2, = 0.66, such that participants across both groups performed
significantly worse in the Attend Right condition compared to the Attend Front condition.
The Attended Location x Group interaction was also significant, A1,32)=16.45, p<.001,

n,% = 0.34, due to a significant group difference in task performance in the Attend Front
condition (ASD participants had significantly poorer performance than TD participants,
H1,32)=8.94, p=.005, n,% = 0.22), with no group differences in task performance in the

Attend Right condition, A1,32)=.76, p=.39, n3 = 0.02 (Figure 2).

There was also a significant main effect of Stimulus Type, A2,64)=4.90, p=.01, ;7% =0.13,

with task performance across both experimental groups being significantly better for the
simple sound as compared to both the complex non-speech and vowel sounds, which yielded
similar task performance. However, contrary to our original hypothesis, there was no
significant Stimulus Type x Group interaction, A2,64)=1.35, p=.26, ;11% = 0.04, suggesting
that differences in overall task performance based on stimulus type did not differ
significantly between groups.

The effect size for this interaction was small; however, because of our a priori hypothesis
regarding an ASD-specific difficulty for speech compared to non-speech sounds, we
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performed a post hoc Bayes factor analysis (Dienes, 2014) to determine whether this null
finding could be considered definitive based on our data. A Bayes factor value < .33 is
considered definitive in favor of the null hypothesis, a value > 3.0 is considered definitive in
favor of the alternative hypothesis, and values in between .33 and 3.0 indicate that the data
may not be sensitive enough to detect an effect (Jeffreys, 1961). We calculated the Bayes
factor comparing the mean difference in task performance between the simple sound and the
vowel sound in the Attend Front condition for each group, the primary comparison of
interest. This analysis yielded a Bayes factor value of 0.38, suggesting that our data may not
be sensitive enough to definitively conclude that stimulus type has no effect on spatial
attention in ASD.

Finally, neither of the other interactions was significant: Attended Location x Stimulus Type,
H2,64)=1.88, p=.16, Equation n,% = 0.06; Attended Location x Stimulus Type x Group,

H?2,64)=0.48, p=.62, ;7,% = 0.02. To better understand the nature of group differences in task

performance and characterize the spatial attention gradient for both TD and ASD groups,
response rates across locations were further analyzed.

Spatial Attention—Response Analysis

Attend Front—The Group x Stimulus Type x Speaker ANOVA of mean response rates in
the Attend Front condition yielded an expected effect of Speaker, A5,160)=342.72, p<.001,
'1% = 0.92, with the target speaker having the highest response rate, and the speakers on the
right (S4-S6) having very low response rates. There was a significant main effect of Group,
A1,32)=10.69, p=.003, n}, = .25, where the ASD group had a higher average response rate

than the TD group.

Importantly, the Group x Speaker interaction was significant, A5,160)=10.02, p<.001,

;1,2, = .24 (see Figure 3a), indicating patterns of spatial attention (averaged across stimulus
type) differed between groups. Follow-up univariate analyses at each speaker, corrected for
multiple comparisons (significant p<.0083), revealed comparable performance for the
groups at the target speaker (S1), F(1,32)=.17, p=.69, n,% = .005, but showed that the ASD
group pressed significantly more than the TD group to oddball stimuli at S2, A1,32)=13.68,
p<.001, n3 = .25, and S3, A1,32)=19.95, p<.001, 1} = .38. Responses to speakers S4-S6 did
not reach significance after correction for multiple comparisons, S4: A1,32)=2.70, p=.11,
n = .08, S5: A1,32)=7.85, p=.009, 13 = .20, S6: A1,32)=5.35, p=.03, 13 = .14. Thus, the
Group x Speaker interaction effect reflects an increased number of false alarms to oddball
sounds at nearby non-target speakers in the ASD group compared to the TD children.

To understand the pattern of spatial attention within groups, paired #tests examined
differences in response rate at S1-S3. In the TD group, response rates dropped off as
expected from S1 to S2 (p<.001), and from S2 to S3 (p<.001), indicating a finely-tuned
spatial attention gradient. However, in the ASD group, there was no difference in proportion
responding between S1 and S2 (p=.16), providing further evidence of more diffuse spatial
attention. Response rate at S3 was significantly lower than S2 (p<.001).
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Stimulus Type

We also examined the impact of stimulus type on auditory spatial attention. There was a
significant main effect of stimulus type A2,64)=17.88, p<.001, ;15 = .36, with the simple tone
having a higher overall response rate compared to the complex non-speech sound and the
vowel. Additionally, the Stimulus Type x Speaker interaction was significant,
A10,320)=5.91, p<.001, n,% = .16, primarily due to higher response rates to the simple sound
at S1, S2, S3, and S5. However, the interactions for Group x Stimulus Type, A2,64)=1.38,
=26, n} = .04, and Group x Stimulus Type x Speaker, A10,320)=.92, p=51, n; = .03, were
not significant, indicating that overall response and spatial attention gradients for varying
sound types were not significantly different across groups (see Figure 4).

Attend Right—A similar Group x Stimulus Type x Speaker mixed-model ANOVA
examined response rates when participants were attending to the right (S6). There was a
significant effect of Speaker, A5,160)=275.04, p<.001, ;7% = .90, where the target speaker
(S6) and two adjacent speakers (S5 and S4) had similarly high response rates, while the
speakers more distant from the target (S3-S1) were significantly lower. However, the main
effect of Group, A1,32)=2.19, p=.15 ;7% = .06, and the key Group x Speaker interaction,

A(5,160)=.39, p=.85, ;1,% = .01, were not significant (see Figure 3b).

As in the Attend Front condition, there was a significant main effect of stimulus type,
H?2,64)=8.83, p<.001, '112; = .22, where participants pressed significantly more for the simple
tone. None of the other interactions was significant: Stimulus Type x Group, A2,64)=.94,
p=.40, 3 = .03. Stimulus Type x Speaker, A10,320)=1.48, p=.15, y3 = .04, or Stimulus Type
x Speaker x Group, A10,320)=1.70, p=.08, 3 = .05.

Spatial Attention and Symptom Severity in ASD group

Next we examined how ASD symptoms and inattention symptoms were related to spatial
attention abilities in the ASD group when attending front. Spatial attention (represented by ¢
‘) was significantly related to ASD symptom severity, /(14)=-.59, p=.016, correcting for
multiple comparisons (significant p<.0167), such that children with more severe ASD
symptoms had significantly more diffuse spatial attention. There was no relationship
between spatial attention and more general inattention symptoms (as measured by the
SNAP-IV Inattention scale), (14)=-.23, p=40. Additionally, there was no relationship
between performance on spatial attention tasks and hyperactivity/impulsivity symptoms (as
measured by the SNAP-IV Hyperactivity scale), /(14)=.06, p=82.

Discussion

The present study examined auditory spatial attention in children with ASD compared to TD
controls. Overall, our findings indicated that children with ASD showed general
impairments in auditory spatial attention to centrally located sounds for both speech and
non-speech stimuli. To our knowledge, this is the first study to characterize the auditory
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spatial attention gradient in children, as well as the first to do so in a population of children
with ASD.

Specifically, when attending to sounds directly in front of them, children with ASD showed
significantly less finely-tuned auditory spatial attention than TD children. Both groups had
comparable accuracy in detecting the oddball sound from the target location, but children
with ASD pressed significantly more to nearby non-target oddball sounds, with
approximately equal rates of responding to the target and nearest adjacent (6°) non-target
locations. In other words, this deficit in spatial attention in children with ASD is primarily
due to an inability to ignore nearby competing stimuli, rather than a deficit in detecting the
target sound source. Results from our study extend work by Teder-Sélejérvi et al. (2005) on
auditory spatial attention in adults with ASD to a younger population. While our results are
mostly consistent with their findings of more diffuse auditory spatial attention gradients in
adults with ASD, that study also found that adults with ASD pressed significantly less than
neurotypical adults at the target location. It is possible that the longer auditory stimuli used
in the present study (250 ms, compared to 82 ms in Teder-Sélejarvi et al.) may have
influenced accuracy rates in detecting the target, or that group differences in the ability to
accurately detect the target sound emerge with development, such that neurotypical adults
see more gains in this ability than adults with ASD.

We also found that in the children with ASD, more diffuse auditory attention when attending
centrally was related to the severity of ASD symptoms. In contrast, we did not find a
significant relationship between auditory spatial attention and parent-reported inattention
symptoms or hyperactivity/impulsivity symptoms. While these symptoms are often
comorbid in children with ASD (Simonoff et al., 2008), and are more prevalent in the ASD
group than the TD group in the present study, our results suggested that it is unlikely that
general inattention or impulsivity symptoms can fully explain our group differences in
auditory spatial attention abilities.

While findings in the present study provide evidence for significant differences in the spatial
distribution of auditory attention to centrally presented sounds in children with ASD, further
work is necessary to explore possible alternative explanations for this pattern of results
based on other atypical attentional processes in ASD. One possibility is that increased
responding to nearby non-target oddball sounds by children with ASD in the present study
could be related to reduced response inhibition. Indeed, previous work has suggested that
adolescents with ASD may exhibit higher false alarm rates in go/no-go tasks due to
impairments in inhibitory control (Vara et al., 2014). In our study, while children with ASD
did have higher rates of false alarms than TD children, these false alarms were distributed
primarily over nearby speakers 2 and 3, rather than evenly across all non-target speakers.
These results suggest that the observed results are likely not due solely to a general
impairment in inhibitory control. However, future studies could manipulate auditory
stimulus features (e.g., increase or decrease intensity) of target vs. non-target stimuli in order
to further explore the role of inhibitory control preventing exogenous shifts of attention
across space in children with ASD.
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Another possibility is that diffuse spatial attention observed in the ASD group may be a
result of an impairment in rapid endogenous attention shifting. Courchesne et al. (1994)
showed that adolescents with ASD exhibit difficulty with rapid (< 2.5 seconds) shifts in
endogenous attention, with poorer target detection and slower reaction times. In our study,
this phenomenon could be captured by examining whether children with ASD were more
likely to miss the target oddball sound at the central speaker (S1) after hearing a non-target
oddball sound from a peripheral speaker (S4-S6) within the previous 2.5 seconds. A post
hoc analysis of the data in the current study suggested that groups did not differ in the
proportion of target stimuli missed after hearing an oddball stimulus in the periphery within
2.5 seconds prior (ASD: Mean=.41, SD=.09; TD: Mean=.37, SD=.08; Mann-Whitney U
Test, p=.18). However, it will be critical for future studies of auditory spatial attention of
ASD to directly test the role of impaired rapid endogenous attention shifting in auditory
spatial attention abilities in children with ASD.

Finally, it is possible that basic auditory spatial discrimination abilities in children with ASD
are more impaired in the presence of noise or distractors. Evidence suggests that children
with ASD demonstrate impaired processing of basic auditory information in noisy or
distracting environments (Alcantara, Weisblatt, Moore, & Bolton, 2004). While performance
on the location discrimination task showed that groups did not differ in their ability to
discriminate between the closest speakers, this task did not require suppression of distracting
auditory information and therefore does not allow us to test this hypothesis directly within
the present study. Future studies should examine location discrimination abilities of children
with ASD in the presence of distractor sounds that do not include a spatial component in
order to further investigate this alternative explanation.

Our results also showed that children in both groups had significantly more diffuse spatial
attention gradients when attending to the side compared to the front. Teder-Sélejarvi et al.
(2005) also found that spatial attention was more diffuse when attending to the side;
however, they reported that adults with ASD had differentially more diffuse spatial attention
at the periphery than neurotypical adults. The lack of group differences in the present study
may be because TD children also showed markedly diffuse spatial attention at the periphery.
In our preliminary location discrimination task, a number of children in both groups showed
poor differentiation between the two most peripheral speakers (separated by 6°). Thus, the
speaker locations chosen for the present study limited our ability to capture the full spatial
attention gradient at the side. Without knowing whether diffuse peripheral spatial attention
was primarily due to difficulties in sound localization, it is imprudent to make assumptions
about the lack of group differences.

Future studies of auditory spatial attention would also benefit from testing a wider range of
spatial locations (e.g., equally spaced speakers spanning the full range from a central
location to 90° to the side) to be able to capture the spatial attention gradient at the
periphery. Additionally, the experimental apparatus used in the present study only allowed
for examination of spatial attention of the right hemisphere, due to limitations of physical
space. However, there is evidence that the lateralization of cortical functions may differ in
individuals with ASD, particularly for language processing and language development
(Lindell & Hudry, 2013). It will be important for future work to examine auditory spatial
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attention bilaterally across a broader range of space to fully capture differences in
individuals with ASD.

A secondary goal of this study was to examine whether spatial attention in ASD differed
between speech and non-speech sounds, and if so, whether acoustic complexity helped to
explain that difference. Contrary to our hypothesis, we found no differences within either
group in spatial attention between speech vs. non-speech sounds (both simple and complex);
specifically, within children with ASD, spatial attention was similarly diffuse across all
stimulus types. While this study is an initial step towards understanding the role of
complexity in auditory spatial attention, results of the Bayes factor follow-up analysis
indicated that the data may not have been sensitive enough to definitively conclude that
acoustic complexity has no effect on spatial attention in ASD, warranting further exploration
of this question. The current study was limited by the use of an isolated vowel sound, which
does not capture the full range of acoustic complexity of human speech (Fant, 1971). Testing
auditory spatial attention to more complex and ecologically valid types of speech sounds
(e.g., consonant-vowel combinations, words) may lead to a more comprehensive
understanding of whether acoustic complexity impacts auditory spatial attention in ASD.
Additionally, our final sample was relatively small. Although we had sufficient power to
detect differences in the pattern of spatial attention, larger samples may be needed to identify
more subtle stimulus effects.

Overall, our findings suggest that while children with ASD may be able to detect important
sources of auditory information in their environment, other nearby sounds may be
particularly intrusive. Even when facing and attending to an auditory source (e.g., parent,
teacher, peer), children with ASD may also be processing extraneous noises, with
deleterious effects on learning and social communication. It should be noted that our
participants were older children and adolescents, all males, and had average to above
average 1Q, so we do not know if findings generalize beyond this particular subgroup.
Nonetheless, auditory spatial attention differences likely have a significant impact on daily
functioning in this group of individuals and across the lifespan. Our results also necessitate
examination of auditory spatial attention in male and female children across a wider range of
intellectual abilities, as well as examination of the developmental impact of auditory spatial
attention differences in infancy and early childhood. Young children’s ability to localize
sounds improves significantly during early developmental periods critical for language
learning (Litovsky, 1997), and the ability to orient attention based on exogenous cues
continues to develop until at least age 10 (for a review, see Keehn, Miiller, & Townsend,
2013). Further research in a younger sample will be essential to understanding the
relationship between sensory processing of complex stimuli, auditory spatial attention
differences, and atypical development of social attention and complex social communication
in ASD.

Although we did not find significant differences in spatial attention to speech vs. non-speech
stimuli, general auditory spatial attention deficits may have a particularly detrimental effect
in social contexts, especially when combined with other ASD characteristics. For example,
spatial attention difficulties may be further exacerbated by deficits in eye contact in ASD.
Previous work with neurotypical populations has shown that auditory spatial fields shift
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depending on eye gaze location (Razavi, O’Neill, & Paige, 2007). Our results showed that
children’s spatial attention is more finely-tuned when facing the sound source, so deficits in
eye contact may put children with ASD at further disadvantage for auditory attention and
processing, particularly in social contexts. Understanding the role of auditory spatial
attention deficits in the development of ASD will help to elucidate neurocognitive
mechanisms of ASD, and is likely to have important implications for both early
identification and early intervention.
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Figure 1.
(A) Experimental apparatus depicting speakers arranged along a horizontal arc spanning

from directly in front of participant (0°) to directly to the right of the participant (90°).
Speakers are labeled S1-S6 based on position along the arc. Participant was instructed to
face forward towards S1 for all tasks. (B) Schematic depicting timing of auditory stimuli in
spatial attention task in Attend Front condition. Oddball and standard stimuli are labeled by
speaker (S1-S6). Target oddball stimulus is indicated by an asterisk (*).
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Figure2.
Spatial attention task performance (as measured by o) for both groups in the Attend Front

and Attend Right conditions, where @ values calculated based on hits to oddball sounds at
the target speaker and false alarms to oddball sounds at non-target speakers. Box plots depict
the full range of ¢“scores. Significant group differences in task performance are indicated,
**

p<.01.
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Figure 3.
Mean proportion responses (i.e., response rate) + SEM to oddball stimuli at each speaker

collapsed across stimulus type, where response rate at target represents hits and response
rate at peripheral speakers are false alarms. The drop-off in responding from target to distant
speakers represents the spatial attention gradient. (A) Attend Front condition (target=S1),
(B) Attend Right condition (target=S6). Only group differences in mean response rates at
speakers that were significant after correcting for multiple comparisons are indicated,
**%n<.001.
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Mean proportion responses (i.e., response rate) £ SEM to oddball stimuli at each speaker in
the Attend Front condition for each of the three stimulus types (simple tone, non-speech

complex sound, vowel sound), separately for the (A) ASD group and (B) TD group.

Response rate at target speaker represents hits and response rate at peripheral speakers are
false alarms. Though there is a main effect of stimulus type overall (higher response rates to

the simple tone), the key finding is that the pattern of the spatial attention gradient was

similar across stimulus types, and across groups.
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Characterization of participants with autism spectrum disorder (ASD) and typically developing controls (TD).

ASD (n = 16) TD (n=18)
Measure Mean sb Range Mean sD Range F p
Age (years) 13.78 193 10.6-17.5 13.94 185 11.1-16.8 0.06 0.81
Full Scale 1Q 111.00 12.30 93-133 110.89 16.40 84-148 0.00 0.98
PPVT-4 113.63 16.84 76-133 115.65 14.66 87-133 0.14 0.72
SRS-2 T-score 75.38 8.60 61-87 44.39 5.37 37-56 159.22 <0.001
SNAP-1V Inattention 1.44 0.81 0-2.44 0.40 0.40 0-1.33 2240 <0.001
SNAP-1V Hyperactivity 0.94 0.58 0-1.89 0.14 0.18 0-.56 29.38 <0.001

Note: Missing data from one TD participant for the PPVT-4 and the SNAP-1V.
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Mean spatial attention task performance (@) averaged across Sound Type by Attend condition and separately
by Sound Type, for participants with autism spectrum disorder (ASD) and typically developing controls (TD).
d”values calculated based on hits to oddball sounds at the target speaker and false alarms to oddball sounds at

non-target speakers.

ASD (n=16) TD(n=18)

Condition Mean SD Mean SD
Attend Front* 146 058 196 0.0
Simple 173 102 212 0.79
Complex 133 060 202 053
Vowel 132 056 176 0.34
Attend Right* 117 050 106 025
Simple 123 040 117 031
Complex 1.04 054 1.04 040
Vowel 124 079 096 0.29

*
mean ¢ across all Sound Types
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Table 3

Mean response rate data, averaged across Sound Type by Attend condition and separately by Sound Type, for
participants with autism spectrum disorder (ASD) and typically developing controls (TD). Response rates
reflect the proportion of responses to oddball stimuli at each speaker (S1-S6) out of the total number of
oddball stimuli presented at that speaker.

ASD (n = 16) TD (n=18)
Condition Sl 2 8 4 S $H SI RN B M4 S5 0SB

Attend Front® 068 065 032 004 004 005 071 043 011 002 001 001

Simple 078 0.73 049 005 0.07 007 076 046 019 0.03 003 0.02
Complex 0.64 067 023 003 0.04 004 072 042 005 001 001 0.01
Vowel 062 057 024 005 0.03 005 064 04 009 0.02 000 0.01

Attend Right© 008 010 007 058 062 068 003 003 005 054 057 062

Simple 013 011 009 062 064 074 0.06 004 004 061 064 0.69
Complex 0.06 090 0.07 057 065 065 0.02 002 006 051 049 057
Vowel 005 011 0.04 057 058 065 0.03 004 004 050 058 0.58

*
mean response rate across all Sound Types
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