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Autism Spectrum Disorder (ASD) is a pervasive developmental disorder including abnormalities in perceptual processing.
We measure perception in a battery of tests across speech (filtering, phoneme categorization, multisensory integration) and
music (pitch memory, meter categorization, harmonic priming). We found that compared to controls, the ASD group
showed poorer filtering, less audio-visual integration, less specialization for native phonemic and metrical categories, and a
higher instance of absolute pitch. No group differences were found in harmonic priming. Our results are discussed in a
developmental framework where culture-specific knowledge acquired early compared to late in development is most
impaired, perhaps because of early-accelerated brain growth in ASD. These results suggest that early auditory remediation
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Introduction

Autism Spectrum Disorder (ASD) is a pervasive developmental
disorder that includes abnormalities in perceptual processing [1],
language and communication [2], and social interaction [3].
Although a diagnosis on the basis of social behavior and language
delay is often not possible until a child is at least 3 years old, recent
evidence suggests that perceptual processing differences are
apparent in the infancy period [4-7]. Indeed the early perceptual
capacities of those with ASD may set up a cascade of
developments that contribute to the poor social skills and
perseveration seen at older ages. ASD is associated with a
particular processing style in which local stimuli details are very
well processed, sometimes at the expense of global processing [8].
For example, those with ASD tend to perform better than those
without ASD on tasks such as finding visual embedded figures [9—
11]. Auditory processing is of particular interest in this regard as
there are reports of both hypersensitivity to sound [12-17] and
hyposensitivity to sound [15,18-21], both of which could interfere
with the quality of communicative exchanges and thereby
interrupt language and communication development. In this
paper, we measure several aspects of auditory processing in speech
and music with the purpose of developing an auditory profile that
characterizes high-functioning ASD.

From a developmental standpoint, we might expect that aspects
of speech and music learning that typically occur early in
development, such as perceptual reorganization for native
phonemic categories and musical metrical structure, might be
particularly affected in ASD. There is evidence that brain growth
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is accelerated in ASD early in development (particularly 6 to 24
months of age) and slows sooner compared to normal development
[22—24]. There are also reports of both an overdevelopment of
short-distance neural connectivity [25-27] and reduced long-
distance neural connectivity [27-33]. Such irregular patterns of
connectivity would be expected to contribute, among other things,
to abnormal auditory perceptual processing [34]. Although the
precise implications of these neurodevelopmental abnormalities for
perception are not known, they might lead to less categorical
perception of speech and musical sounds, more attention to less
relevant sound features, a focus on local compared to global
features, and less specialization for the particular language or
musical system in one’s native environment.

With respect to speech processing, research shows that those
with ASD activate the middle and inferior temporal gyri bilaterally
when listening to speech sounds, whereas controls show more left
hemisphere activation [35]. Furthermore, listening to speech
sounds produces activation outside of speech-specific areas, such as
the brainstem, cerebellum, cingulum and posterior parietal that is
not seen in controls [35]. Thus, those with ASD produce abnormal
brain activation patterns that involve recruiting suboptimal neural
networks for speech sounds. Other research shows that those with
ASD show a reversal of the typical left-right brain size asymmetry
for areas important for speech and language processing, including
the left inferior frontal gyrus (or Broca’s area) and the posterior left
superior temporal gyrus (or Wernicke’s area) [36]. Taken together,
those with ASD appear to respond differently to speech sounds
than controls. It may be that there is a lesser degree of
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differentiation in people with ASD between the neural pathways
that they use to process speech versus environmental sounds,
compared with typically developing individuals.

We have created a battery of tests to examine: (1) ability to filter
out sounds that are irrelevant to a task and focus on those that are
relevant, (2) sensitivity to phonemic categories relevant to the
language spoken, (3) multisensory integration of auditory and
visual information in speech, (4) propensity to use an absolute
pitch code, (5) development of specialization for the metrical
categories used in the musical system in the native environment,
and (6) internalization of the rules of tonal harmony used in the
musical system in the native environment. Here we measure each
of these abilities in high-functioning adolescents with ASD in
comparison to controls and examine whether there are correla-
tions between these abilities that could reflect general auditory
processing styles in ASD. The rationale for including each of these
specific tests is outlined in the following paragraphs.

Test 1

The ability to filter out sounds that are irrelevant to a task and
focus on those that are relevant is critical for being able to follow a
conversation In a noisy environment, as most environments
contain several objects emitting sounds that overlap in time.
Questionnaire-based research on this topic suggests that those with
ASD score high on items that tap into auditory filtering problems
[37-41]. For example, in the Short Sensory Profile, parents tend to
rate statements “doesn’t respond when name is called but you
know the child’s hearing is okay” and “distracted or has trouble
functioning if there is a lot of noise around” as describing their
child with ASD [42]. Behavioral tasks [43,44], auditory cortical
event-related potentials (ERPs), and auditory brainstem responses
(ABRs), the latter two derived from electroencephalogram (EEG)
recordings [45,46-48], indicate filtering problems in ASD. Those
with ASD require a higher signal-to-noise ratio than controls in
order to perceive speech in pink noise, noise from a competing
talker or noise with the long-term spectral shape of speech [43,44].
Furthermore, those with ASD show less evidence of segregating
incoming sounds into the auditory objects that compose them
[46], and greater difficulty ignoring distracting sounds Iin
peripheral spatial locations [45] compared to normal controls. In
the present paper, we measure the ability to ignore one speech
stream while attending to another, a task that adults need to
perform virtually every day. Specifically, we measure the signal-to-
noise ratio needed to perceive sentences presented to one ear while
ignoring simultaneous sentences presented to the other ear.

Test 2

Efficient processing of speech relies on perceiving speech sounds
according to the phonemic categories of the language spoken.
Typically developing infants are able to discriminate between all
possible speech contrasts at 6 months of age, but by 12 months,
infants have already become specialized for categorical contrasts
used in their native language and have difficulty discriminating
contrasts used in foreign languages but not their native language
[49-51]. Synaptic pruning appears to underlie perceptual
specialization [52]. Given the evidence of abnormal neural
connectivity in development in ASD, there is reason to suspect
that phoneme perception may develop to be less language-specific
in ASD than it is in controls. Interestingly, in typically developing
infants, a context involving human social interaction is much more
effective than an equal amount of exposure in a non-interactive
context for phonemic learning to occur [53]. Thus, early social
deficits in ASD might also be hypothesized to lead to poorer
specialization for the native language. People with ASD also find
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faces less salient than do people without ASD [54-56], so infants
who go on to develop ASD might have impoverished visual input
during the process of learning native phoneme categories. The
only experimental evidence of phoneme categorization in ASD
comes from a study that examined foreign speech contrasts [57].
Although this study found that there were no group differences in
performance, it cannot address the issue of specialization because
it did not compare perception of foreign and native speech sound
categories. Here we measure specialization by comparing percep-
tion of sounds from a foreign language that map onto one versus
two sound categories in the native language.

Test 3

Typical listeners integrate information about speech from
different sensory modalities. In particular, visual information from
the eyes and mouth is combined with auditory information to
produce a single percept of the sounds produced by a speaker.
Experimental evidence of multisensory integration in speech
comes from studies on the McGurk effect, in which participants
are asked to report what they hear when presented with audio and
visual inputs that are incongruent. For example, when presented
with a visual “ga” and an audio “ba”, people report hearing a
third percept “da” which represents a fusion between what they
sece and what they hear [58]. A few studies show that those with
ASD tend to be less susceptible to this illusion than those who are
typically developing, as evidenced by fewer fused responses [59—
61]. In an experimental task where the auditory and visual
information was not in conflict and so no third percept was
produced, Smith and Bennetto [62] examined multisensory
integration by comparing speech perception performance with
the audio alone and with the audio and visual information
together. The results showed that both groups performed better in
the bimodal than unimodal condition, but the ASD group
benefited less than the control group from the addition of visual
information [62]. Additional research suggests that those with
ASD are less accurate lip-readers than controls [60-62], although
one study did not find any deficits in this area [59]. Ciritically,
some of these studies indicate that these deficits might contribute
to problems with the audio-visual integration of speech [60,61].
Here we compare those with ASD and controls on their
integration of audio and visual information in speech when the
information from these two modalities is in conflict. We
additionally examine the relative contribution of lip-reading to
this integration, or lack thereof, in ASD by including a visual only
(lip-reading) condition.

Test 4

Pitch information is crucial for processing both prosody in
speech and melody in music. In humans, pitch is processed in two
basic ways. One way is to use a relative code where the pitch
distances between tones are encoded, such that a melody is
recognized regardless of the starting note or pitch register. By at
least as young as 6 months of age, infants process pitch using this
type of code [63-66]. The second way is to use an absolute code in
which individual tones are recognized without relying on an
external reference. The ability to name absolute pitches in
isolation is extremely rare in adults, being found in less than 5
out of every 10,000 individuals [67,68]. Although sometimes
considered a gift, absolute pitch may hinder melodic and prosodic
perception because it focuses attention on single tones instead of
on the entire melody, word or phrase. A number of studies
indicate that absolute pitch processing may be more prevalent in
ASD [69-72]. However, these studies primarily tested participants
who were explicitly familiar with music reading and Western
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musical nomenclature, as the tasks required naming notes in
Western notation. Here we measure the prevalence of absolute
pitch processing in ASD using a task that does not require explicit
knowledge of musical structure and can therefore be used in non-
musicians with and without ASD.

Test 5

Just as exposure to a language early in development leads to
perceptual processing specialized for that language, exposure to a
musical system, such as Western tonality, results in specialized
perceptual processing for that musical system [73,74]. Such
specialization occurs for both the rhythm (meter) structure [75-77]
and the pitch (tonal) [64,78], and this musical
enculturation is essential for appreciation of the music in one’s
culture. Meter involves the perceptual extraction of an underlying
pulse that can be broken down into different hierarchical beat
patterns [75]. Simple meters involve strong and weak beat
durations that form simple ratios (e.g., 2:1), whereas complex
meters involve strong and weak beat durations that form complex
ratios (e.g., 3:2) [73,79]. Typically developing 6-month-old infants
are able to detect changes in simple meters that are common in
Western music as well as changes in complex meters that are rare
in Western music but common in Eastern European music [75].
Similar to the enculturation that occurs in language, infants
exposed to Western music lose the ability to perceive complex
meters in favour of simple meters that are common in their
environment by 12 months of age [75,80]. For the same reasons
that we suspect less specialization for native phonemic categories
in individuals with ASD, namely early developmental differences
in brain development and social interaction, we expect that
metrical perception would be less Western-specific in those with
ASD compared to controls. To our knowledge, no experimental
data to date has addressed how those with ASD perceive metrical
categories. Here we measure specialization by comparing percep-
tion of native and foreign metrical structures that were
implemented in short musical sequences.

structure

Test 6

As with meter, experience with Western music during
development leads to perceptual specialization for the rules of
tonal harmony in that musical system. Between 4 and 7 years of
age, typically developing children have acquired some implicit
knowledge of Western harmonic structure [74,78,81,82]. Chord
sequences follow preference rules such that a sequence sets up
expectations in enculturated listeners for which chords are likely to
come next, and these expectations can be measured implicitly with
reaction times [83-86]. In a typical implicit paradigm, chord
sequences are presented, half of which end with expected chords
and half with unexpected chords. Response times on an indirect
task, which does not require judging the sequence itself, but rather
just making a speeded judgment on the final chord (the target),
such as a timbre identification task, are compared for sequences
with expected and unexpected endings. For example, when the
final chord of the sequence functions as the tonally related
(supposed to be expected) tonic chord, response times on this
chord were faster than when the final chord functions as the less-
related (supposed to be less-expected) subdominant chord
[82,83,85,86]. The construction of these experimental stimuli
allows the conclusion that listeners have acquired knowledge about
the regularities of the Western tonal system, which provides the
basis to develop expectations for the final chord type (favoring the
tonic over the subdominant). This cognitive priming interpretation
contrasts with a sensory priming interpretation. Sensory priming
would predict faster processing for the subdominant chord based
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on the advantages of repetition priming (the repeated presentation
of the subdominant inside the sequence) which does not require
tonal knowledge. One study asked participants with ASD to report
aloud if chord sequences sounded complete or not [87]. Those
with ASD were found to process chord sequences similarly to
controls in this respect [87]. This study measured accuracy, but
reaction times might be a more sensitive measure to reveal group
differences. Here we examined harmonic priming by measuring
both accuracy and reaction time, and by using an indirect task
(i.e., participants were not asked to explicitly judge the sequences’
endings, but were instead asked to quickly discriminate between
two target timbres).

In sum, we have developed a battery of tests that measures
auditory perceptual processing across the domains of speech
(filtering, phoneme categorization and multisensory integration)
and music (absolute pitch, meter categorization and harmonic
priming). We expect that relative to those who are typically
developing, those with ASD would focus more on surface details
and less on relative or categorical aspects that are often most
important. Our goal is to produce an auditory profile that
characterizes high-functioning ASD that could help to inform
remediation programs related to auditory processing in commu-
nication and social functioning.

Methods

Participants

This research was approved by the McMaster University
Research Ethics Board and conforms to the Canadian Tri-
Council Policy Statement on Ethical Conduct for Research
Involving Humans. Written informed consent was obtained
from all participants as well as their parents. A total of 54
adolescent male participants (M age = 14.8 years, range=11 to
18 years) were tested, 27 with ASD (15 Asperger’s syndrome
and 12 High-Functioning Autism) and 27 showing typical
development (controls). Among the ASD group, 16 participants
had diagnoses (ADOS and ADI) [88,89] that were completed at
the Offord Centre in Hamilton and 11 confirmed through a
letter from their family doctor (diagnosis outside of Hamilton)
because ADOS and ADI scores were not available. None of the
participants in the control group had a family member with
ASD, but 11 out of 27 participants in the ASD group (41%)
reported a family member with this disorder. All participants
were monolingual English speakers, who had similar chrono-
logical age and years of musical experience (see Table 1).
Among participants who had some musical experience (19
controls and 16 ASD), their experience was similar across the
groups. The control group collectively represented 8 instruments
(drums, guitar, piano, saxophone, trumpet, trombone, violin,
and recorder), while the ASD group collectively represented 11
mstruments (French horn, recorder, trumpet, cello, piano,
guitar, harmonica, keyboard, glockenspiel, viola and drums).
Participants in both groups were more likely to report learning
how to play these instruments in the context of a music class at
school or from a family member at home instead of through
private lessons. Interestingly, the reported estimate of absolute
pitch was higher in the ASD group (22%) than the control
group (4%), despite the fact that none of the participants had
been tested previously for this ability. With respect to family
background, both groups reported on average having one
sibling, although there was a range of 0 to 4 siblings per
household. Finally, most participants identified themselves as
being right-handed (74% controls and 85% ASD) rather than
left-handed.
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Table 1. Demographic and background information by
group.

Control ASD

Mean (SD) Mean (SD)
Age, in years 14.6 (2.0) 15.0 (1.7)
Music, in years 2.7 (29) 2.3 (2.8)
Forward Digits 104 (2.3) 9.6 (2.1)
Backward Digits 57 (1.9) 56 (2.2)
PPVT, standard 112.3 (9.7) 107.2 (16.4)
Leiter, standard 106.4 (15.4) 99.4 (17.0)

Note. Music = Years of Musical Experience; PPVT = Peabody Picture Vocabulary
Test; Leiter = Leiter International Performance Scale.
doi:10.1371/journal.pone.0044084.t001

Procedure and Measures
All participants in the control group were tested at McMaster
University. Participants with ASD were either tested at McMaster
(n=16) or in a quiet room in their own home (z=11) if they lived
outside Hamilton. All efforts were made to ensure consistency
between testing locations, such that testing in the home was free
from distractions. Participants were told that they would be asked
to play a series of games using paper and pencil or a laptop
computer (Acer Notebook) that was connected to a set of
headphones (Sennheiser HAD 200). They were asked to perform
to the best of their ability and were assured that they would receive
practice trials before starting each game to ensure that they
understood the instructions.
After obtaining informed consent, all participants were tested in
the same order on the following tasks: Pitch Discrimination (based
n [90]), Absolute Pitch (based on [63,91]), Harmonic Priming
(based on [85]), Digit Span Subtest of the Wechsler Memory
Scale-111 [92], Peabody Picture Vocabulary Test-I1I [93], McGurk
Auditory-Visual Integration Task (based on [58]), Phoneme
Categorization (based on [49]), Metrical Categorization (based
on [75]), Hearing Thresholds, Competing Sentences Test (based
on [94]), and Leiter International Performance Scale [95]. We did
not measure full scale intelligence as we were interested in
particular skills, such as digit span (as some of our tasks had
memory demands) and receptive vocabulary (given the linguistic
components involved in our tasks). While participants completed
these measures, caregivers were asked to complete a Background
Information Form. Those with ASD took approximately 4 hours
(2x2-hour sessions) to complete the auditory battery, whereas
those in the control group took approximately 3 hours. Partici-
pants were compensated $10 for each hour of their time, and
received a debriefing statement at the end of the session.

Background and Baseline Measures

Background information form. This parental report con-
tained 16 questions across four areas: demographic information,
language exposure, family background and musical training.

Leiter international performance scale [95]. This stan-
dardized test measures non-verbal intelligence through the use of
visualization and reasoning. The four subscales took approximate-
ly 30 minutes to complete.

Peabody picture vocabulary test-III [93]. This standard-
ized test measures receptive vocabulary through the use of pictures
and took approximately 25 minutes to complete.
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Digit span subtest of the wechsler memory scale-III
[92]. The forward digit span portion of this standardized test
measures short-term memory and involves repeating back
sequences of 1 to 9 digits. The backward digit span portion
measures working memory and involves repeating back sequences
of 1 to 9 digits in the opposite order to that presented. This subtest
took approximately 5 minutes to complete.

Hearing thresholds. Thresholds were measured in the right
and left ears at 500, 1000, 2000, 4000, and 8000 Hz. Each tone
was first presented at 30 dB SPL and adjusted for intensity using a
programmable attenuator [96]. Participants were instructed to
raise their hand whenever they heard the tone. Following standard
audiological assessment procedures, the signal was increased or
decreased in amplitude by 2 dB from the previous trial depending
on whether the participant was able to detect the tone on the
previous trials. The stopping rule for each frequency was three
consecutive missed trials. Threshold was measured as the intensity
at which a tone for a particular frequency was detected 50 percent
of the time. Normal hearing involves an absolute threshold
between 0 dB and 20 dB (specifically, 9.5 dB at 500 Hz, 5.3 dB at
1000 Hz, 4.3 dB at 2000 Hz, 8.0 dB at 4000 Hz, and 18.7 dB at
8000 Hz) [97]. This test took approximately 10 minutes to
complete.

Pitch discrimination [90]. On each of 40 trials, two pure
tones were presented separated by 1 sec using Presentation 11.0
[98]. The first tone was always 524 Hz while the second tone was
higher or lower in pitch by .25 (8 Hz), .50 (15 Hz), 1.00 (30 Hz) or
2.00 (61 Hz) semitones. Participants were instructed to press the
“up” arrow on the keyboard (“A” key) if the second tone was
higher in pitch than the first tone and press the “down’ arrow on
the keyboard (“L” key) if the second tone was lower. The order of
trials was randomized across participants. This task took
approximately 10 minutes to complete.

Speech Perception Measures

1. Competing sentences test (based on [94]). This test
measured the signal to noise ratio needed to repeat back a simple
sentence (5 to 6 words) spoken by a male speaker in one ear while
ignoring a semantically related sentence in the other ear. The
distracting sentence (the “noise”) was presented at 50 dB above
each individual’s threshold at 1000 Hz. A response was counted as
correct if it contained at least two words from the target sentence
and no words from the distracting sentence. The test was
programmed using Microsoft Visual Basic and presented on the
laptop computer, connected to a programmable attenuator [96].
The signal was initially presented to all participants at 30 dB
above their hearing threshold for 1000 Hz. A Bayesian adaptive
psychometric procedure [99] was used such that the test ended
when the standard deviation of the signal threshold estimate
reached 1.5 dB or less. Performance was indicated by the signal to
noise ratio (SNR) (signal in dB — noise in dB) at which
performance was 50 percent correct. This test took approximately
15 minutes to complete.

2. Phoneme categorization (based on [49]). On ecach trial,
participants heard three 300 msec phonemes in an ABB or AAB
format and determined whether the first or last phoneme was
different from the other two. All of the speech sounds were from a
South African language (Zulu) and spoken by the same female
native speaker. Two sets of two phoneme categories were used
such that one contrast (24 trials) mapped onto distinct phonemic
categories in English (specifically, voiced lateral fricative vs.
voiceless lateral fricative) and should therefore be easy for English
speakers to discriminate, whereas the other contrast (24 trials)
mapped onto the same phonemic category in English (specifically,
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plosive bilabial stop vs. implosive bilabial stop) and should
therefore be more difficult for English speakers to discriminate.
On each trial, for each of the three phonemes, one of 6 possible
tokens for a given phoneme (matched in duration and fundamen-
tal frequency) was chosen randomly with the constraint that the
same token could not be used twice in the same trial. The measure
of interest was the comparison between accuracy on the one- and
two-category mapping conditions. Before starting each test
condition, participants received 6 practice trials where they were
asked to discriminate between contrasts in the one- and the two-
category mapping conditions. We used stimuli from both test
blocks in the experimental phase to ensure that participants in the
practice phase understood the task instructions. Participants were
told to respond as accurately as they could. The task was
programmed in Presentation 11.0 [98]. The order of stimulus
presentation was randomized across participants. This task took
approximately 15 minutes to complete.

3. McGurk task (based on [58]). This computerized task
measured the audio-visual integration of speech. On each trial,
participants heard and/or saw a face making mouth movements
for a consonant-vowel pair (“ba”, “ga”, or “da”) that was
produced 6 times at a normal speaking rate. There were three
types of audiovisual trials: matched auditory “ba’ plus visual “ba’
(12 trials); matched auditory “ga” plus visual “ga” (12 trials); and
mismatched auditory “ba’ plus visual “ga” (24 trials). There were
four types of single modality control trials presented after the
audiovisual trials: auditory only “ba” (6 trials), auditory only “ga”
(6 trials), visual only “ba’ (6 trials), and visual only “ga” (6 trials).
There were five tokens each of “ba” and “ga”. On each trial, one
token was chosen randomly. Participants were asked to indicate
what they heard (or saw in the case of visual only trials) by pressing
“1” if they heard “ba”, “2” if they heard “ga”, and “3” if they
heard “da”. If participants were integrating the audio-visual
information in the mismatched trials then they should report
hearing “da” (McGurk illusion). The measures of interest were the
susceptibility to the McGurk illusion and the relative contribution
of lip-reading to multisensory integration. Participants were
mstructed not to stop looking at the face in the video until she
stopped talking, and their behavior was monitored in this regard
throughout the task. The task was programmed in Presentation
11.0 [98]. The order of stimulus presentation was randomized
across participants. This task took approximately 20 minutes to
complete.

Music Perception Measures

1. Absolute pitch (based on [63,91]). In the initial control
condition, on each trial participants heard a 500 msec piano tone,
followed by 16 seconds of silence, followed by a second tone that
was either at the same pitch (6 trials) or one semitone higher
(3 trials) or lower (3 trials), and indicated whether the two pitches
were the same or different. The experimental condition was
identical except that the silent period contained a 500 msec pause,
then 15 interfering tones (randomly chosen on each trial but
ranged within an octave such as A2/110 Hz to F3/175 Hz),
followed by a pause of 8 seconds and then the final tone. The same
random order of trials was used for each participant. The stimuli
were presented in Windows Media Player 10.0. A perfect score on
the experimental condition indicated absolute pitch processing.
This task took approximately 15 minutes to complete.

2. Metrical perception. Using the stimuli of [75], on each
trial participants were first familiarized for 15 seconds with a
melody based on traditional Eastern European folk music that
either (4 trials) had a Western-typical simple meter (8 note measure
subdivided into 24+2+2+2 250 msec beats) or (4 trials) had a
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Western-atypical complex meter (7 note measure subdivided into
3+2+2 250 msec beats). Following each familiarization, a 30
second test melody was presented that contained an extra note
that either preserved the metrical structure of 8 or 7 beats, or
added one beat to it, transforming the simple meter into a complex
9-beat meter or the complex meter into a simple 8-beat meter.
Before starting the test condition, participants received 5 practice
trials using a familiar melody (“Mary Had a Little Lamb”) to
ensure that they understood the instructions. Participants were
asked to indicate if the two melodies had the same beat or not.
Using a response box, participants pressed “1° if the two melodies
were “‘very well” matched, “2” if the two melodies were
“somewhat well” matched, “3” if the two melodies were
“somewhat poorly” matched, and “4” if the two melodies were
“very poorly” matched. The task was programmed in Presentation
11.0 [98]. The order of stimulus presentation was randomized
across participants. This task took approximately 25 minutes to
complete.

3. Harmonic priming (from [85]). The task was pro-
grammed in Presentation 11.0 [98]. In this implicit task
participants heard an eight-chord sequence (with the first seven
chords, each sounding for 620 ms, defining the prime context,
played in piano) on each trial, and indicated whether the 8th
chord (the target, duration of 2000 msec) was played in “piano” or
“harp” timbre. Unlike in the original experiment by [85], we
changed the way that participants made their response by using
the terms “piano” and “harp” instead of Timbre A and Timbre B.
Importantly, in half the chord sequences, the target chord
functioned as the tonic chord (preceded by the dominant chord;
12 trials), whereas in half, it functioned as the subdominant chord
(preceded by the tonic chord; 12 trials). There are seven chords
that define a key in Western tonal music. Each of these chords is
based on a different degree of the scale that forms a hierarchy of
stability, depending on the currently installed key. The most stable
chord is the tonic (I), and all other chords are perceived in relation
to this chord. The next most stable chord is the dominant (V),
followed by the subdominant (IV) chord, etc. If participants
process these chords according to the regularities of Western tonal
music, faster response times are predicted for the tonic targets,
which are supposed to be the appropriate, expected ending, than
for the subdominant targets, which are also part of the tonality, but
are less expected (Figure 1). If participants do not show this
cognitive priming effect, they might be influenced by sensory
(repetition) priming, leading to faster processing of the subdom-
nant targets, which also occurred in the prime context, than of the
tonic targets, which did not occur in the prime context. Note that
both predictions require processing the sequences globally as the
last two chords are kept constant between the two conditions
across the sequence set. Participants initially received 12 practice
trials involving single chords to ensure that they understood the
instructions of the speeded timbre discrimination task. They were
instructed to respond as fast and as accurately as possible and both
speed and accuracy were analyzed. The order of stimulus
presentation was randomized. This task took approximately
15 minutes to complete.

Results

Background and Baseline Measures

The groups were matched in chronological age, (p=.43, M
aif=—.407, 95% CI [—1.435,.620]), in non-verbal intelligence,
(p=.12, M dyy=6.963, 95% CI [—1.884, 15.809]), in receptive
vocabulary, (p=.18, M dif=5.074, 95% CI [—2.344, 12.492]),
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Figure 1. Example stimuli for Harmonic Priming Task (from
[85]). The 6 chords of the prime context are shown on the left. These
are followed by either a dominant (V) to tonic (I, expected) progression
or a tonic (I) to subdominant (IV, less expected) progression. Note that
the target chord repeats in the prime context for the less-expected
subdominant target chord (IV chord), but not for the expected tonic
target chord (I chord), ruling out sensory priming explanations of
observed processing differences (adapted from [130], Figure 2).
doi:10.1371/journal.pone.0044084.9001

and in musical experience, (p = .60, M dif = .407,95% CI [—1.128,
1.943]) (Table 1).

Digit span. An ANOVA revealed a main effect of condition,
1, 52)=243.04, p<<.001, ¢* = .82 (M dif = 4.296, 95% CI [3.743,
4.849]), with better performance for forward than backward digit
span, but no main effect of group (p =.39, M dif = .444, 95% CI
[—.591, 1.480]), or interaction involving group (p =.23) (Table 1).
In sum, there were no significant differences between control and
ASD groups in short-term or working memory for digits.

Hearing thresholds. An ANOVA conducted on hearing
thresholds revealed a main effect of condition, K1, 52)=12.24,
p=.001, ¢?=.20 (M dif=.98, 95% CI [.416, 1.54]), with better
performance in the right than the left ear, and a main effect of
frequency, F4, 52)=14.90, p<<.001, ¢*>=.23 with better perfor-
mance for lower than higher frequencies tested. However, there
was no main effect of group and no interactions (all ps >.63). In
sum, there were no significant differences in hearing thresholds
between control and ASD groups.

Pitch discrimination. An ANOVA conducted on accuracy
scores revealed a main effect of direction, /{1, 52)=6.45, p=.01,
¢>=.11 (M dif=.29, 95% CI [.06,.52]), with better performance
for rising than falling pitch, and a main effect of size, K1,
52)=45.24, p<<.001, ¢*=.47 (M dif=.83, 95% CI [.58, 1.07)),
with better performance for large than small pitch changes, but no
main effect of group or interactions involving group (all ps >.05).
In sum, control and ASD groups exhibited similar pitch
discrimination thresholds.

Speech Perception Measures
1. Competing sentences task. An ANOVA conducted on

mean signal to noise ratio (SNR) (signal in dB — noise in dB)
revealed a main effect of ear, F{1, 52)=21.01, p<.001, ¢*= .31 (M
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ayf=12.23, 95% CI [1.25, 3.21]; Cohen’s d=.84), with better
performance when the target was presented to the right than the
left ear, and a main effect of group, K1, 52)=52.88, p=.000,
¢>=.54 (M dif=8.31, 95% CI [6.01, 10.61]; d=1.95), with better
performance for the control than ASD group (Figure 2). There was
no significant interaction between ear and group (p=.47). To
determine whether this performance difference for the competing
sentences task is explained by receptive vocabulary, we performed
an ANCOVA on mean SNR, with receptive vocabulary as our
covariate. The ANCOVA revealed a main effect of group, {1,
51)=47.46, p=.000, ¢*=.51, but not of ear, M1, 51)=2.95,
»=.09, and no main effect of receptive vocabulary (p =.37). There
was a significant interaction between ear and receptive vocabulary,
1, 51)=5.44, p=.024, ¢>=.11, with better performance when
the target sentence was delivered to the right than left ear, but no
significant interaction between ear and group, 1, 51)=1.56,
p=.22. In sum, those with ASD perform worse than controls when
required to filter a spatially segregated stream of information, even
after accounting for differences in receptive vocabulary.

2. Phoneme categorization. An ANOVA conducted on
accuracy scores revealed a main effect of condition, K1,
52)=138.02, p<<.001, ¢*=.73 (M dif=4.50, 95% CI [3.73,
5.27]; d=2.85), with better performance for two-category
mapping (native categories) than one-category mapping (foreign
categories). The main effect of group was not significant (p =.58,
(M dif=.50, 95% CI [—1.28, 2.28]; d=0.12), but there was an
interaction between condition and group, 1, 52)=4.73, p=.03,
¢>=.083 (Figure 3) such that those with ASD showed a smaller
difference between the two-category and one-category mapping
conditions than did controls. Simple main effects using indepen-
dent samples t-tests revealed no significant difference in perfor-
mance between groups in the native categories [¢ (52)=1.56,
p=.13, d= .43] or foreign categories [t<1, d=.09] conditions. To
determine how much of this performance difference for the
phoneme categorization task is explained by receptive vocabulary,
given that the task involved verbal instructions, we performed an
ANCOVA on mean accuracy scores, with receptive vocabulary as
our covariate. The ANCOVA revealed no main effect of
condition, K1, 51)=2.70, p=.11 (M dif=4.50, 95% CI [3.72,
5.28]), no significance for the main effects of group (p=.71, (M
dif=.34, 95% CI [—1.48, 2.15]) and receptive vocabulary
(p=.34), and no significant interaction between condition and
receptive vocabulary (p =.81). However, the important interaction
between condition and group remained significant, /{1, 51)=4.63,
p=.04, ¢>=.084. In sum, those with ASD showed less speciali-
zation for native speech sound categories than controls, even after
accounting for differences in receptive vocabulary.

3. McGurk task (matched trials). Performance on matched
audiovisual trials was close to or at ceiling for both groups
(Figure 4, upper panel). For BA trials, performance was 97.5%
correct for the control group and 98.4% correct for the ASD
group. Planned independent samples t-tests revealed no significant
difference in performance between groups in ba responses [¢<1,
d=.12], ga responses [t<1, d=.18] or da responses [t<1, d=.10].
For GA trials, performance was 100% correct for both groups.
Thus, planned independent samples t-tests could not be performed
on these trials because the standard deviation was equal to 0 for
both groups. In sum, there were no significant differences between
groups in the matched trials.

McGurk task Performance was
19.9% correct (i.c., the response was ba when presented with the
auditory/ba/and visual/ga/) in the control group and 44.5%
correct in the ASD group. Planned independent samples t-tests
revealed a significant difference in performance between groups

(mismatched trials).
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Figure 2. Mean signal to noise ratios for the Competing Sentences Task by group. The signal-to-noise ratio needed to detect the sentence
in one ear in the presence of a competing sentence in the other ear are shown on the y-axis. Those with ASD performed significantly worse than
controls as evidenced by higher signal to noise ratios.

doi:10.1371/journal.pone.0044084.g002

for ba responses [t (52)=2.89, p=.006, d=.79] as well as for da the McGurk illusion) as evidenced by fewer da responses and more

responses [t (52)=3.01, p=.004, d=.82], although not for ga ba responses than controls.

responses [¢<1, d=.03]. Those with ASD were less likely to McGurk task (audio trials). Performance was high for both

integrate audio-visual speech sounds (i.e., less likely to experience groups on auditory alone trials. For BA trials, overall performance
was 95.0% correct for the control group and 97.5% correct for the

Phoneme Categorization Task
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Figure 3. Mean accuracy for the Phoneme Categorization Task by group. In a 3-interval forced choice design, subjects heard three
phonemes that fell into two categories in either the pattern ABB or AAB and had to determine whether the middle sound was most similar to the first
or last sound. The number correct out of 24 is shown on the y-axis for the cases where the speech sounds fell into one or into two phonemic
categories in the native language. Error bars represent standard error of the mean. Group differences were found such that those with ASD showed a
significantly smaller difference than controls between the two-category and one-category mapping conditions.
doi:10.1371/journal.pone.0044084.g003
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Figure 4. Performance in the McGurk Task by group. Proportion of “ba”, “da” and “ga” responses are shown for each stimulus type. Audio-
Visual Trials. No group differences were found for the matched audio-visual trials. However, group differences were found for the mismatched
audio-visual trials with those with ASD being less likely than controls to report hearing “da” (McGurk illusion) than “ba”. Audio Alone Trials. No
group differences were found for audio-alone trials. Visual Alone Trials. No group differences were found for visual-alone trials.

doi:10.1371/journal.pone.0044084.g004

ASD group. Planned independent samples t-tests revealed no
significant differences in performance between groups for ba
responses [¢<1, d=.26], da responses [t<1, d=.20], or ga
responses [t (52)=1.00, p=.32 d=.30]. For GA trials, overall
performance was 100% correct for the control group and 98.2%
correct for the ASD group, precluding performance of t-tests on
ba, da and ga responses, but indicating very high performance. In
sum, performance was at or near ceiling for both groups and there
were no measurable significant differences between groups in
performance for the audio only trials.

McGurk task (visual trials). For visual only BA trials,
performance was 100% correct for the control group and 92.7%
correct for the ASD group. Thus planned independent samples t-
test could not be performed on ba, da and ga responses, but
performance was at or close to ceiling for both groups. For GA
trials (more difficult task than BA trials because the place of
articulation is at the back of the mouth for/ga/) the groups did not
differ in the number of correct (ga) responses, 67.8% for the control
group and 65.5% for the ASD group [¢<1, d=.08]. Furthermore,
the groups did not differ significantly in the number of correct da
responses [¢<1, d=.20] although there was a significant difference
in the number of ba responses [¢ (52)=2.95, p=.005, d=.80].
Thus, performance was similar across groups in lip reading,
although the distribution of errors differed somewhat in the case of
GA trials.

In sum, the McGurk Task results indicate that those with ASD
were less susceptible to the McGurk illusion, but no group
differences were found for auditory alone or visual alone (lip
reading) speech sound discrimination.

Music Perception Measures

1. Absolute pitch test. Three participants in the ASD group
(3 out of 27 or 11%), but none in the control group (0 out of 27 or
0%), showed perfect performance in this task, indicating absolute
pitch processing. To determine whether the ASD sample differed
from the normal population, we used the binomial distribution
and set the probability of absolute pitch to 5/10,000 [67,68]. The
probability of obtaining 3 or more individuals with absolute pitch
from a sample of 27 given p=5/10000 i5.0000004. We can
therefore robustly reject the null hypothesis that our ASD sample
was drawn from the normal population (Figure 5). Next, we
conducted an ANOVA to determine if there was a significant
difference in pitch memory between controls and those with ASD
who did not demonstrate absolute pitch (i.e., n=24 ASD, n=27
controls). The results revealed a main effect of condition, 1,
49)=142.82, p<<.001, ¢*=.75 (M dif=3.96, 95% CI [3.30, 4.63];
d =4.84), with worse performance in the presence of interference
tones, but no main effect of group (p =.50, (M dif=.27, 95% CI
[—.53, 1.07]; d=0.10), or interaction (p =.91) (Figure 6). Togeth-
er, these results indicate that the prevalence of absolute pitch is
higher among those with ASD than in the normal population.
However, when those with absolute pitch were removed from the
sample, no difference in pitch memory between the ASD and
control groups was apparent.

2. Meter perception. An ANOVA conducted on accuracy
scores revealed a main effect of condition, 1, 52)=40.23,
p<.001, ¢* = .44 (M dif=1.70, 95% CI [1.17, 2.24]; d =2.61), with
better performance for simple (native) than complex meter
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(foreign) meters, but no main effect of group (F<1, M dif=.11,
95% CI [—.47,.69]; d=0.07). There was, however, an interaction
between condition and group, M1, 52)=4.28, p=.04, (;22.08
(Figure 7), such that those with ASD showed a smaller
performance difference between simple and complex meter
conditions than controls. Simple main effects using independent
samples t-tests revealed no significant difference in performance
between groups in the simple meter [¢(52)=1.13, p=.27, d=.31]
or complex meter [/ (52)=1.69, p=.10, d=.46] conditions. In
sum, those with ASD showed less specialization for simple meters
than controls. To determine how much of this performance
difference for the meter categorization task is explained by
receptive vocabulary, given that the task involved verbal instruc-
tions, we performed an ANCOVA on mean accuracy scores, with
receptive vocabulary as our covariate. The ANCOVA revealed no
significant effects of condition (p =.62, M dif=1.70, 95% CI [1.16,
2.25]), group (p=.53, M dif=.18, 95% CI [—.40,.77]), or
receptive vocabulary, F1, 51)=1.75, p=.19, and the interaction
between condition and receptive vocabulary was also not
significant. Importantly, the interaction between condition and
group remained significant, K1, 51)=3.86, p=.05, ¢>=.070.
Together, these results indicate that even after accounting for
receptive vocabulary, those with ASD still show a smaller
difference in performance between simple (native) and complex
(foreign) meter compared to controls.

3. Harmonic priming task. Due to technical problems, the
data are missing for 1 participant in the control group and 5
participants in the ASD group. To ensure that the groups were
matched on accuracy, we conducted a 2x2x2 ANOVA on
accuracy scores with harmonic target type and timbre as within-
participant factors and group as a between-participants factor.
The only significant effect was the main effect of timbre, {1,
45)=10.62, p=.002, ¢*=.19, M dif=.26, 95% CI [.10,.42];
d=.66, with both groups performing more accurately for piano
chords than for harp chords (Figure 8a).

When calculating the response time performance for each
participant, only correct responses were included. Response times
that were less than 250 msec or greater than 2,500 msec were
excluded from the analyses, which are considered to be
conservative cutoffs for outliers for reaction time data [100].
These reaction times occurred infrequently (13 out of 2 256
responses) and accounted for less than 1% of total responses.
Additionally, one participant with ASD was removed from the
final sample because of mean reaction times that were 4 standard
deviations slower than the group means.

A 2x2x2 ANOVA conducted on correct response times
revealed a main effect of harmonic target type, F{1, 45)=9.68,
p=.003, ¢>=.18, M dif=21.42, 95% CI [7.55, 35.28]; d=.36,
with faster performance for expected tonic chords than unexpect-
ed subdominant chords, and a main effect of timbre, 1,
45)=179.242, p<.001, ¢>=.64, M dif=101.45, 95% CI [78.49,
124.40]; d=1.69, with faster performance for harp than piano
chords, but no main effect of group (F<1). There were also no
interactions involving group (p>.21; Figure 8b). There was an
interaction between timbre and harmonic target type, 1,
45)=3.95, p=.05, ¢*=.08. Thus two 2x2 ANOVAs were
conducted by group on reaction times for piano and harp endings
separately. The ANOVA on piano endings revealed a main effect
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Figure 5. Distribution of absolute pitch scores by group. The size of the bubbles (and the number in each bubble) indicate the number of
subjects who obtained each score (number correct out of 12 trials). The column of bubbles on the left represents the ASD data and the column on
the right the control data. Three participants with ASD but no controls showed perfect performance, indicative of absolute pitch processing.
doi:10.1371/journal.pone.0044084.g005
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Figure 6. Mean accuracy for the Absolute Pitch Test by group. Mean number correct out of 12 for determining whether two tones had the
same or different pitches when there were 0 or 15 interference tones, after removing the three ASD subjects with perfect scores in the 15-tone
interference condition indicative of absolute pitch. Error bars represent standard error of the mean. There were no significant differences in
performance between groups after removing these participants.

doi:10.1371/journal.pone.0044084.g006
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Figure 7. Mean accuracy for the Meter Categorization Task by group. Number correct out of 8 trials is shown on the y-axis. On each trial, it
was to be determined whether an excerpt had the same or a different meter compared to a standard excerpt. Error bars represent standard error of
the mean. Group differences were found such that those with ASD showed a significantly smaller difference than controls between the simple meter
(typical in Western music) and complex meter (rare in Western music) conditions.
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of harmonic target type, M1, 45)=11.86, p=.001, ¢*°=.21 M
dif=36.56, 95% CI [15.18, 57.95]; d=.58, with faster perfor-
mance for expected targets than unexpected target chords, but no
main effect of group (F<1, M dif =2.23, 95% CI [—77.45, 81.90];
d=.02), and no interaction (F<I). An ANOVA conducted on
reaction times for harp endings revealed no significant main effects
or interactions (all F<<l). Thus, the harmonic priming effect
occurred only for piano endings. This pattern of results was also
found previously [85] and may reflect the fact that the change to
harp timbre is very salient such that processing the timbre change
occurs faster than processing of the harmonic information, so no
(or less) effect of chord type (tonic/subdominant) is typically seen.
It should be noted that the two groups in our sample were similar
in showing the priming effect for expected harmonic endings when
sequences (composed of piano chords) ended with a piano chord
but not when they ended with a harp chord. In sum, the piano
chords produced harmonic priming with faster reaction times for
the expected than unexpected chord endings, but this performance
was the same across control and ASD groups.

Correlations between Tasks

We examined how receptive vocabulary, non-verbal intelligence,
and processing small pitch changes were related to the tasks in the
battery using Pearson correlations across our entire sample (V= 54).
We found that receptive vocabulary was only related to performance
on the McGurk task. Specifically, it was related to visual alone BA
trials (r=.40, p=.003) and to ga responses on mismatched trials
(r=—.34, p=.012). Non-verbal intelligence was significantly related
to simple meter processing (r=.29, p=.03), processing small pitch
changes (r=.38, p=.005), and lip-reading for the visual alone GA
trials (r= —.30, p = .03). Pitch change processing showed the highest
number correlations with other battery tasks. Specifically, being able
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to detect small pitch changes was related to native speech sound
processing (r=.29, p=.03), simple meter processing (r=.29,
p=.03), absolute pitch processing (r=.36, p=.009) and working
memory for digits (r=.37, p=.007). Detecting small pitch changes
was also related to reaction times for expected (r= —.51, p=.000)
and unexpected (r=—.31, p=.03) piano chord endings, and to
reaction times for expected (r=—.41, p=.004) and unexpected
(r=—.55, p=.000) harp chord endings. In sum, these correlations
show that pitch processing in particular may underlie performance
on several of the tasks in the auditory battery.

We also performed Pearson correlations on the same variables
using only data from the ASD group (n=27). Here we found a
similar pattern of results with the exception that the correlation
between receptive vocabulary and responding “ga” on mis-
matched trials was no longer significant (r= —.29, p=.14), along
with the correlation between detecting small pitch changes and
reaction times for unexpected piano chord endings (r= —.34,
p=.14). However, receptive vocabulary was still related to visual
alone BA trials (r=.42, p=.03) for the ASD group. Non-verbal
intelligence was also significantly related to simple meter
processing (r=.39, p=.04), processing small pitch changes
(r=.41, p=.04), and lip-reading in the visual alone GA trials
(r=—.50, p=.007). Being able to detect small pitch changes was
related to native speech sound processing (r= .46, p=.02), simple
meter processing (r=.39, p=.05), absolute pitch processing
(r=.49, p=.01) and working memory for digits (r=.42, p=.03).
Finally, detecting small pitch changes was related to reaction times
for expected piano chord endings (r=—.60, p=.004), and for
reaction times for expected (r=—.45, p=.04) and unexpected
(r=—.59, p=.005) harp chord endings. In sum, a similar pattern
of correlations was found for the ASD group as was found for the
entire sample.
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Figure 8. Performance in the Harmonic Priming Task by group. In this implicit task, subjects determined whether the last chord in a
sequence was in piano or harp timbre. A. Performance on the 12 trials was very high for chords that were expected and for chords that were not
expected, with no significant group differences. B. No significant group differences were found in reaction time performance. Both groups
responded faster to the expected tonic target chords than to the less expected subdominant target chords.
doi:10.1371/journal.pone.0044084.g008

Discussion not on others, forming a profile by which we can further our
understanding of auditory processing in this disorder. In general,
the two groups were similar in terms of thresholds for sound
detection, short-term memory, working memory, receptive

Relative to typically developing adolescents, we found that
adolescents with ASD were impaired on some auditory tasks but
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vocabulary and non-verbal intelligence. However, compared to
controls, the ASD group showed evidence of filtering problems
(our competing sentences task showed that filtering problems
persist at the level of speech sentence processing), less integration
of auditory and visual information in speech, less enculturation to
the phonemic categories of their language, and less enculturation
to the metrical categories of the musical system in their
environment. In general, those with ASD tended to be more
impaired on tasks involving speech than on tasks involving musical
sounds. Interestingly, with respect to music, although those with
ASD showed less metric enculturation than controls, both groups
showed similar enculturation to the harmonic pitch structure of
Western tonal music. Although it is possible that the group
difference on the meter enculturation task reflects difficulties in
understanding the explicit task requirements, this is unlikely as the
groups did not differ on receptive vocabulary scores, and no
significant relation was found between performance on the explicit
meter task and receptive vocabulary.

As discussed in the introduction, neural development in ASD
appears to be particularly disrupted early in development, with
early accelerated brain growth and disrupted patterns of neuronal
connectivity [22,23,25-27,30-32]. Our results are generally
consistent with the idea that skills acquired early in development
are more disrupted in ASD. Efficient processing of speech relies on
perceiving speech sounds according to the phonemic categories of
the language spoken. By 12 months of age, normally developing
infants, like adults, have become specialized for the language in
their environment, and they have difficulty discriminating foreign
phonemic categories that map onto a single category in their
native language [49-51]. Interestingly, ours was the first study to
show less specialization for native-language phonemic categories in
adolescents with ASD compared to typically developing controls,
and this difference between groups persisted even after accounting
for individual differences in receptive vocabulary. These results
suggest that native language learning may develop more slowly
because perception is less constrained among those with ASD than
controls. This finding is also consistent with the idea that those
with ASD focus on low-level characteristics of sounds whether or
not they are relevant to the task. We did not have access to
whether individuals with ASD in our study showed early language
delay or not, but it would be interesting for future studies to
examine whether the development of native phonemic categories
is affected by whether or not language delay is present.
Interestingly, early social communication may also play a role in
the diminution of specialization for native phonemic categories in
ASD. In one study, the ability to discriminate foreign speech
categories in infancy was maintained when infants interacted with
a live person speaking that foreign language, but not when infants
were exposed to recordings of that language [53]. Thus, there may
be multiple reasons for less phonemic specialization in ASD. In
any case, these results suggest that very early remediation may be
needed in order to promote development of optimal speech
circuits for language in ASD.

Similar to the acquisition of sensitivity to one’s native phonemic
categories, specialization for the metrical rhythm structure of the
music system in one’s environment is also seen by 12 months of
age. We found, in this first study of metrical enculturation in ASD,
that those with ASD were less specialized than controls for
processing rhythms with simple meters typical of Western music
compared to complex meters. This difference could not be
explained by amount of musical experience in terms of formal
music training as the groups did not differ on this variable.
Interestingly, poor socialization early in development may also
impair native rhythmic acquisition. Few species can entrain to an
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auditory beat, and all those who do so appear to be vocal learners
[101,102]. Furthermore, rhythmic entrainment between people
during music making has been shown to increase social bonds and
promote prosocial behavior [103,104]. Those with ASD are
certainly able to process musical rhythms, but a lack of cultural
specialization and social motivation may mean that they
experience music somewhat differently from typically developing
individuals. At the same time, it should be pointed out that
children and adults with ASD appear to perceive emotion in music
similarly to normal controls [70,105].

Everyday experience with Western music during normal
development also leads to perceptual specialization for tonal
pitch [73,74]. Sensitivity to harmonic
develops rather late. Some implicit knowledge of harmonic
structure can be seen by ages 4 to 7 [74,78,81,82], and explicit
judgments emerge between 6 and 12 years of age [106].
Interestingly, we found that those with ASD were similar to
controls in showing faster responses to expected tonic chords
than to unexpected subdominant chords. Importantly, accuracy
was also equivalent in both groups. Thus, the later developing
skill related to harmonic structures appears to be relatively
spared in ASD, consistent with the idea that the brain is most
abnormal early in development. This finding is also generally
consistent with the research of Heaton and colleagues [107—
109], which suggests that musical pitch processing is more
spared than speech processing in those with ASD. We extended
these previous studies, however, by using an implicit task and
examining both accuracy and reaction times.

Consistent with previous literature [69-72] we found a high
mnstance of absolute pitch processing in our population with ASD
(11% compared to 0% in the control group). Unlike tests for
absolute pitch used in previous studies, which required participants
to have musical training because the tasks involved naming notes
according to Western notational conventions, we used a task that
did not require formal musical training. Thus, we show that the
previous findings also extend to those without musical training.
Although absolute pitch is sometimes considered to be a gift, the
more complex, but very common, ability to process relative pitch
(comparing the pitch distance between two tones) is more
important for both music and speech processing because it enables
recognition of melodies and prosodic patterns across high or low
pitch registers. It is also interesting that relative pitch typically
develops early, with evidence that infants at least as young as 6
months recognize melodies transposed to higher or lower pitch
registers [63—66]. The prevalence of absolute pitch in ASD, then,
is consistent with early abnormalities in brain development. It is
also consistent with the general prevalence of savant syndromes in
ASD, which is about 10% [110]. In the typical population, the
presence of absolute pitch is associated with early experience on a
fixed-pitch instrument, leading researchers to speculate that it
develops when there is a genetic predisposition combined with a
particular environment [111]. In our ASD population, there was
no evidence of greater musical experience in those with absolute
pitch, suggesting that ASD may involve a genetic propensity for
absolute pitch.

Heaton [107] argues that absolute pitch in individuals with
ASD is acquired differently than in the rest of the population
with absolute pitch, and that anatomical features associated with
absolute pitch in the normal population, such as the relative size
of the planum temporale, are not present in those with ASD.
Recent research suggests that in the general population, those
with absolute pitch ability show local hyperconnectivity between
the posterior superior and middle temporal gyri [112]. Because
those with ASD have been shown to have greater short-range

structure structure
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connectivity [25,26], it would be interesting to determine
whether the brains of those with ASD and with absolute pitch
also show this feature. Although the number of those with ASD
who have absolute pitch in our sample is small, they appear to
show similar enculturation to Western tonal harmony as those
who do not have absolute pitch, suggesting that absolute pitch
and harmonic enculturation are separate abilities in ASD. Given
that harmonic enculturation likely relies on relative pitch
processing, this suggests that individuals with ASD may use
absolute pitch processing in one task (pitch memory) and
relative pitch processing in another task (harmonic priming),
consistent with previous research [71].

Interestingly, when those with absolute pitch were eliminated
from the sample, pitch memory was similar in those with and
without ASD as measured by the ability to hold the pitch of
one tone in mind and compare it to that of a second tone,
whether or not there were interference tones in between. Thus
we add to the literature on absolute pitch processing in ASD by
showing that although it is more prevalent than in the general
population, the majority of those with ASD show similar pitch
memory performance as those without ASD. This similar
performance across groups on memory stands in contrast to the
decrements shown by the ASD group in ignoring one speech
stream while attending to a second simultaneous speech stream.
This latter difficulty persisted in the ASD group even after
accounting for receptive vocabulary, which is consistent with
other reports of difficulty filtering non-speech stimuli [46]. The
ability to group sounds into different perceptual streams
develops early, with evidence for segregation of both simulta-
neous sounds [113] and sequential sounds [114-118] during
infancy, although this ability continues to improve until 9 to 11
years of age [119]. Poor filtering in ASD in the context of
deciphering speech signals, therefore, may have its origins early
in development when brain growth and connectivity are
abnormal.

Audiovisual integration is also present during the infancy
period, both for speech and non-speech stimuli [120,121].
Clonsistent with previous literature [59,62], and the notion that
early developing abilities will be particularly impaired in ASD,
we found that those with ASD were less susceptible to the
McGurk effect, integrating face and sound information to a
much lesser extent than those who were typically developing.
On the other hand, we found similar performance across groups
on auditory alone and visual alone (lip-reading) conditions. We
also found a significant correlation between performance on
visual alone BA trials and receptive vocabulary, suggesting a
link between lip-reading and general language abilities. Inter-
estingly, higher receptive vocabulary scores were also related to
a reduced likelihood of responding “ga” on the mismatched
trials. Our results suggest that the audiovisual integration deficit
found in previous studies cannot be entirely accounted for by
differences in lip-reading ability in the absence of sound. It is
possible that the reduction of long-range connectivity in ASD
results In inadequate Integration of auditory and visual
information and perhaps a lack of top-down modulation of
activity in sensory regions [29,30,122]. The ventral bank of the
superior temporal sulcus of the left hemisphere has been
implicated in audio-visual speech integration [123] so it would
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be interesting to examine activation patterns in those with ASD
in this region using functional imaging techniques.

It remains for future research to determine how reported
abnormalities in brain development [22-33] relate to the auditory
processing profile for ASD revealed in the present paper.
However, hypotheses to explore include whether reduction in
long-range connectivity leads to less top-down modulation of
perceptual processes, which would affect the ability to filter out
irrelevant information and the ability to decipher speech in noisy
environments. Reduced long-distance connectivity might also be
expected to make integration and synchronization between
sensory regions difficult for those with ASD, consistent with
decreased auditory-visual integration. Increased local connectivity
might relate to the propensity of those with ASD to focus on details
to a greater extent than for normally developing individuals,
leading to categorical perception that is less specialized for sounds
in the native environment and to the increased frequency of
absolute pitch in ASD.

It is noteworthy that musical processing appears to be relatively
preserved among those with ASD. Interestingly, the ability to
detect small pitch changes was preserved in those with ASD, and
this ability was positively related to pitch memory, metrical
processing, and harmonic processing as well as native phoneme
processing. Overall, our results suggest that music might be a
powerful remediation tool. Indeed there are suggestions that
individuals with autism are more attracted to music than to speech
[109,124,125]. Perhaps the regular structure of music can provide
a scaffold for the organization of sensory input [126-128]. Music
also has added benefits for social development in that group music
making can increase prosocial behavior, including co-operation
and eye contact [129].

Finally, it is worth noting that there was considerable
variability among those with ASD on some of the tasks, adding
to the evidence that ASD manifests differently from individual
to individual. For example, compared to controls, a high
proportion of those with ASD (11%) had absolute pitch, but the
other 89% appeared to process pitch similarly as controls. In
the McGurk task, 9 out of 27 of those with ASD appeared to
have normal auditory-visual speech integration, but the rest
showed marked difference from the norm. It is important to
understand these individual differences and how they develop. It
is possible that more typical outcomes such as these are in part
the result of particular experiences or training programs early in
development, but it is impossible to determine this from the
present data. That many of the impairments found in the ASD
group were dependent upon abilities normally acquired during
infancy suggests that there might be sensitive periods for the
development of these abilities. Thus, future research is needed
to determine whether there are sensitive periods during which
these perceptual abnormalities can be best ameliorated through
specific training.
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