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Abstract

Lay Abstract—Parents, clinicians, teachers, and researchers seem to agree that individuals with
autism spectrum disorders often have sharper hearing, including abilities like perfect pitch, better
memory for specific sounds, better abilities to tell one sound apart from even a very similar sound,
and so on. We asked whether this sharper hearing ability is related to some of the difficulties in
autism, including later development of language: Is better hearing part of having ASD? One
important part of this study is that it includes a group of people from all over the U.S. and Canada
who had ASD when they were younger (diagnosed before age five years), but who do not have
any symptoms now that they are teenagers. We call this an “optimal outcome”. They do not have
any symptoms, they do not need any special education services, and their 1Q scores are in the
normal or high-normal range. We measured the ability to hear the difference between two tones,
or pitches, in 26 teenagers with optimal outcomes, 29 teenagers with high-functioning autism, and
20 teenagers with typical development. The teenagers who have ASD were better at hearing pitch
differences, suggesting that this special ability is part of ASD; the teenagers with optimal
outcomes did not differ from the typically-developing group. Also, the teenagers with the best
pitch abilities tended to be the latest to start talking when they were toddlers. The paper discusses
what these results mean for communication in ASD, and for the process of learning language more
generally.

Scientific Abstract—The autism spectrum disorders (ASD) are neurodevelopmental disorders,
diagnosed behaviorally but associated with differences in brain development. Individuals with
ASD exhibit superior auditory perceptual skills, which may correlate with ASD symptomatology,
particularly language skills. We describe findings from individuals diagnosed with ASD before
age five, who now have no symptoms (e.g., having optimal outcomes). Unlike an ASD group,
which shows heightened pitch discrimination, the Optimal Outcome group’s abilities do not differ
from those of typically developing controls. Furthermore, pitch discrimination is associated with
both current autism symptomatology and early language milestones. Findings illuminate processes
associated with resolution of autism. We also discuss a specific mechanism by which heightened
auditory discrimination leads to language delays in ASD.
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Introduction

The autism spectrum disorders (ASD) are diagnosed via deficits in social and
communication skills and the presence of repetitive behaviors and stereotyped interests, but
the presence of exceptional skills may also be part of the ASD phenotype. A significant
proportion of individuals with ASD demonstrates exceptional pitch perception, as measured
by perfect or absolute pitch, heightened pitch discrimination, and enhanced memory for
pitches and musical passages (Heaton, 2003, 2005; Heaton et al., 1998; Jarvinen-Pasley et
al., 2008; Miller, 1999; reviewed in Mottron et al., 2006; Mottron et al., 2000; O’Riordan &
Passetti, 2006). Furthermore, findings of enhanced discrimination of tones (Heaton et al.,
2008) and heightened pitch perception (Heaton, 2003) in children with ASD suggest that
expertise arises early in development. Some researchers have proposed that there are
fundamental differences in the processing of auditory information in ASD; certainly, studies
consistently demonstrate language-relevant differences in early perceptual tuning in ASD,
with atypical responses to child-directed speech (Kuhl et al., 2005) and speech more
generally (e.g., Lepisto et al., 2005).

Perceptual hypersensitivity could serve as a useful “biomarker” in ASD; but there may be an
even stronger causal relationship between pitch perception and ASD symptomatology,
specifically, language deficits. For example, one study, designed to link auditory perceptual
abilities to hypersensitivities reported that of individuals with an ASD who displayed
enhanced auditory discrimination, a significantly greater proportion also displayed early
language delays (Jones et al., 2009). The present study examines the link between current
pitch sensitivity, language delays in ASD, and symptom persistence in ASD. Specifically,
we hypothesize that hyper-acuity for pitch could contribute to overly detailed
representations of phonological information, thereby delaying the development of
phonological categories and subsequent word learning.

Differences in perceptual tuning, particularly pitch, are likely to be critically implicated in
early language acquisition (Seidl & Johnson, 2008), particularly the segmentation of words
from fluent speech; pitch accents and phrasal boundaries appear to play an important role in
word segmentation (Nazzi et al., 2005). Nine-month-old infants are able to make use of
pitch and durational cues to segment speech (Goodsitt et al., 1993), and these cues may be
more influential than frequency information for word segmentation (Jusczyk et al., 1999).
For example, infant word recognition can be disrupted by changes in pitch (Singh et al.,
2008); 7.5-month-old infants familiarized with words produced with raised pitch failed to
recognize those words in sentences when produced with lowered pitch, and vice versa.
Prosodic cues of lengthening, pausing, and large changes in fundamental frequency are not
relevant only for word segmentation, but rather may signal the presence and arrangement of
syntactic constituents for language learners (Gerken et al., 1994).

Sensitivity to phonologically meaningful information undergoes an interesting
developmental shift. Infants initially show sensitivities to close phonological contrasts that
are not meaningfully different in their native language, conveyed through a variety of
auditory cues. For example, pitch contour and segment duration are lexically contrastive in
Latvian and Mandarin, respectively, but non-contrastive in English. Although all infants are
initially sensitive to all these allophonic and phonotactic properties during the first year of
life (Bortfeld & Morgan, 2010), by age 12 months, infants can distinguish only those
contrasts occurring in their language (Werker & Yeung, 2005). Word learners suppress their
perception of distinctions between slightly dissimilar sounds that fall within a phonological
category (Kuhl et al., 2003), because phonological categorization -- that is, clustering -- is
critical to distinguishing words in the speech stream. Infants must discover which
dimensions should be dismissed and which require attention (Bortfeld & Morgan, 2010);
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infants who experience their input as containing a larger set of contrasts may be slower to
learn the phonotactic regularities that are informative. In this way, infants with heightened
discriminatory capacity for dimensions such as pitch may exhibit delays in language
acquisition. The ability to build abstract categories rather than continually focusing on
immediate perceptual qualities may be critical in early language development (e.g., Son et
al., 2008).

Heightened discrimination of auditory stimuli could thus impede phonological development
and subsequent word learning. Some data are consistent with a relationship between
perceptual tuning and language delays in ASD; known and unknown words (Coffey-Corina
et al., 2008) and syllable changes (Kuhl et al., 2005) were found to elicit distinctive
electrophysiological response in children with ASD, and response patterns correlated with
language abilities. Some studies have reported group differences in pitch perception between
individuals with an ASD diagnosis with versus without a history of early language delay
(Bonnel et al., 2010). However, most studies find no association between pitch perception
and current language skills in ASD at age 10 years (Heaton et al., 2008), and no special
sensitivity to non-native phonological contrasts in ASD at 12 years (Constantino et al.,
2007). Perhaps developmental processes such as joint attention and social engagement
intervene, such that pitch perception shapes early language development, but has less
measurable influence on later language skills. Certainly, these developmental processes are
significantly impaired in ASD.

The present study examined pitch discrimination in (i) children with current ASD diagnoses
(e.g., the ASD group), (ii) children with a history of ASD who have optimal outcomes (e.g.,
the Optimal Outcome group), and (iii) children with typical development; and its
relationship with current symptomatology, early language milestones, and current language
skills. The goal was to probe for a link between auditory sensitivity and the ASD phenotype.

Participants included individuals ages 8-21 years with a current diagnosis of Autism
Spectrum Disorders (ASD; N=29), functioning in the average range of cognitive ability;
individuals diagnosed with ASD prior to age five years, but no longer having symptoms of
ASD (Optimal Outcome, OO; N=26); and a typically developing comparison group (TD,
N=20). Groups were matched on full-scale 1Q and chronological age. Demographic data are
shown in Table 1. All procedures used in this study were approved by the University of
Connecticut Institutional Review Board.

OO participants

All participants were part of a larger study of Optimal Outcomes in ASD, in which children
from across the U.S. and Canada were recruited in order to better understand the
phenomenology of possible resolution of ASD symptoms following early intervention.
Participants had to have received a diagnosis early in life (prior to age five years) from a
specialist in the field of autism, focusing directly on the ASD diagnosis, and verified in a
written report covering the period prior to age five years. Participants in the OO group could
not exhibit current ASD symptomatology on the basis of the ADOS or by clinical judgment.
Inclusion criteria for OO included full-scale, verbal, and performance 1Q scores in the
normal range (e.g., of 78 or above - within 1.5 SD of average), and participation in a regular
education class. This study, including the full methodology to verify early diagnoses in the
OO group, is described in detail in Fein et al. (2013).

Multiple studies have confirmed, by use of the ADI-R, the presence of significant
behavioral, cognitive, or communicative improvements in between 9 and 43% of individuals
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with childhood ASD (e.g., Eaves & Ho, 1996), but often with ongoing symptoms in at least
one domain and an ongoing need for developmentally appropriate services (e.g., Seltzer et
al., 2003). The current study extends these data in suggesting that for some proportion of
children with childhood ASD, the developmental trajectory may include a full remission of
symptoms. In contrast to prior studies demonstrating “significant reductions” in difficulties
but with ongoing pragmatic oddness, participants in the OO group exhibited no current ASD
symptomatology according to gold-standard diagnostic evaluation. In addition to ADOS and
SCQ data, other measures were used to verify the presence of age-appropriate social and
communicative skills (Clinical Evaluation of Language Fundamentals, Test of Language
Competence, Vineland Adaptive Behavior Scales). Data from these measures is described in
full elsewhere (Fein et al., 2013).

To confirm the presence of childhood ASD in the OO and ASD groups, early (prior to age
5) diagnostic reports were solicited (see below). In addition to confirming childhood ASD in
the ASD and OO groups, it was important to establish current ASD status. Diagnosis, based
on expert clinician judgment using DSM-IV criteria (APA, 2000), was confirmed in ASD
and OO groups using gold-standard clinical tools: the Autism Diagnostic Observation
Schedule (Lord et al., 2002), the Autism Diagnostic Interview-Revised (Rutter et al.,
2003b), the Social Communication Questionnaire, Lifetime version (Rutter et al., 2003a), as
reviewed below, and clinical judgment. SCQ scores were used to rule out ASD in the TD
group. In addition, participants with TD were excluded if they had any first-degree relatives
with ASD or any history of neurological problems.

ADI-R lifetime scores focus on symptomatology at ages four to five; by this time-period,
many children have already had several years of intensive therapy and experienced symptom
remission. Thus, lifetime-ASD scores were inappropriate for determining the presence of
childhood ASD in the OO group.

There is further evidence that our OO group is characterized by a history of childhood ASD
rather than early speech language impairment or general developmental delay. Specifically,
in a group of 15 OO and 24 ASD children described by our group, there was evidence of
early macrocephaly in the OO group, with no difference between OO and ASD groups
(Mraz et al., 2009). Macrocephaly (head circumference > 97th percentile) during the first
year of life is one of the most consistent biological findings in ASD (Aylward et al., 2002).
While this finding alone cannot confirm the ASD diagnosis, because it could be a familial
trait (e.g., Lainhart et al., 2006), it is consistent with the suggestion that members of the OO
group were similar to the HFA group at least in early childhood.

Autism Diagnostic Observation Schedule (ADOS)

The ADOS (Lord et al., 2002) is a semi-structured assessment for the diagnosis of pervasive
developmental disorders. Participants completed either Module 3 or Module 4, depending on
their maturity level.

Autism Diagnostic Interview-Revised (ADI-R)

The ADI-R (Rutter et al., 2003b) is a structured caregiver interview that, in conjunction with
the ADOS, is the “gold standard” instrument for the diagnosis of pervasive developmental
disorders. Trained graduate-level clinicians administered and scored the ADOS and ADI-R.
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Social Communication Questionnaire, Lifetime version (SCQ)

The SCQ (Rutter et al., 2003a) is a 40-item parent questionnaire for the screening of ASD
symptoms in children. It measures symptoms across the lifespan rather than current
symptomatology. This measure was chosen because it provides the most continuous
measure of autism symptomatology. Autism was ruled out in the TD group using the SCQ-
Lifetime version.

Record Review

An expert clinician reviewed reports written before age five years for all OO participants,
along with foils (reports of children with other developmental disorders). Diagnostic
formulation, referral questions, and treatment recommendations were redacted. Based on
behavioral descriptions, the clinician judged whether participants met criteria for PDD/NOS,
autistic disorder, or Asperger’s syndrome, according to DSM-IV criteria. Only children with
reports consistent with ASD were retained in the OO group; ultimately, four potential OO
participants were rejected because of unclear early symptomatology. All 18 foils were
correctly rejected.

Tone discrimination task

To assess pitch discrimination, participants listened to 120 pairs of tones presented diotically
via Sony MDR-V150 Dynamic Stereo headphones, making a two-alternative forced-choice
same/different judgment. Steady-state pure tones were 100 ms in length, with a 1000 ms
inter-stimulus interval. The inter-trial interval was controlled by the subject’s response
without upper limit; subsequent trials were presented 500 ms following a response. Tones
were generated in Praat (Boersma & Weenink, 2011) using the formula 1/2 * sin(2* pi* Y*x),
with Y replaced by 500, 750, 1000, or 1500; sampling rate was 11,025 Hz. Thus, in a tone
pair differing by 3%, the tones were at s 750 and 772.5 Hz. Across trials, the order of lower
and higher tones was counterbalanced. Forty tone pairs (50% identical) were presented at
each of three levels, differing by 3% (easy), 2% (medium), or 1% (hard) of total frequency;
pitch stimuli were modeled on prior research on pitch discrimination in adults with ASD
(Bonnel et al., 2003) and were designed to be challenging for nonmusicians to avoid ceiling
effects. Furthermore, to assess pitch discrimination generally, rather than as a language-
specific capacity, the range was distinct from that typically observed in voiced human
speech (80-250 Hz). The three tone conditions were presented in a fixed order of increasing
difficulty, consistent with prior research (Bonnel et al., 2003). Participants completed 16
training trials (at 4% and 1% difference levels), with feedback, to ensure task
comprehension. Practice on training trials continued until a 75% accuracy threshold was
reached; no participants required more than 16 practice trials.

Procedures

Participants completed a large battery of measures; diagnostic and standardized tasks were
completed during an initial interview, and tone discrimination was completed at a
subsequent session, an average of five weeks after the initial session (maximum interval,
three months).

Data were checked and all anticipatory responses (RT < 70 ms) or trials with a response
slower than 7000 ms were removed (<1%). The d”statistic, used as a measure of response
sensitivity, measures separation between the means of the signal and the noise distributions
in units of the standard deviation of the noise distribution. D”describes accuracy without an
influence of response bias and was computed as: d”= [standard normal cumulative
distribution function*(0.5*[(inverse of cumulative distribution function for hits) — (inverse
of cumulative distribution function for false alarms)]), where hits = correct response of

Autism Res. Author manuscript; available in PMC 2014 December 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Eigsti and Fein

Results

Page 6

“same” given two tones of identical frequency, and false alarms = incorrect response of
“different” for two tones of identical frequency. Effect sizes were calculated with partial eta
squared (nzp), which refers to the proportion of variance attributable to a given effect after
partialling out non-error sources of variance.

A pitch discrimination task probed for sensitivity to subtle acoustic differences. For the 120
tone pairs, findings were evaluated using the d”statistic, controlling for age, FSIQ, and RT
to avoid speed-response trade-offs. There was a significant group difference in d’, F (2, 65)
=3.25, p=.04, 17, = .09, with a main effect of condition, F(2, 130) = 22.90, p < .001, 77,
=.252, and no group X condition interaction, F(4, 130) = 1.22, p= .31, ,72p =.04; data are
shown in Figure 1. Across conditions, the TD had lower scores than the ASD group,
F(1,38)=1.38, p = .02, whereas group differences for OO versus ASD, F(1, 45)=.08,p=.
77, and OO versus TD, F(1, 44) = .003, p = .99, did not reach significance. The ASD group
showed the best pitch discrimination, followed by the OO group, followed by the TD group.
There was no group difference in RT as a function of tone-condition, indicating that group
differences in accuracy did not reflect a speed-accuracy tradeoff, F(2,67) = 1.97, p= .15, 772p
=.04.

Symptom severity accounted for unique and significant variance in individual differences in
pitch perception abilities, even controlling for age and 1Q, in linear regression analyses; see

Table 2. Each predictor contributed significant independent variance to pitch discrimination,
and better discrimination was associated with greater symptom severity.

Parents of participants in the ASD (N=16) and OO (N=20) groups reported the age at which
children produced single words and multi-word phrases, a process used effectively in prior
research (Eigsti & Bennetto, 2009)1; Table 1 presents milestone data as a function of group.
Not all parents were able to reliably recall these data; those participants were excluded from
the analysis. The OO group showed a tendency to produce first words later, on average, than
the ASD group, F(1,45) = 3.32, p=.08, at 27.2 (11.6) months versus 21.0 (11.6) months,
respectively, though first phrases were produced at a similar time, at 35.2 (11.5) months
versus 35.4 (10.1) months, F(1,45) = 0.004, p = .95. This further strengthens the argument
that participants in the OO group had similar symptom severity early in development.

The ASD and OO participants were split into “typical” (n = 25) and “delayed” (no words at
age 24 months; n = 25) language milestone groups; pitch discrimination as a function of
language milestone was examined in a repeated-measures MANCOVA, controlling for age
and FSIQ. The main effects of language milestone, F(1,46) = .11, p= .75, 772p =.002, and
pitch condition, F(2,92) = 0.36, p=.70, 772p =0.01, were not significant, but milestone and
pitch condition interacted, F(2,92) = 4.92, p =.009, nzp =.10; see Figure 2. That is, children
with delayed first words differed more in performance per condition, with significant
differences for each condition (3%, 2%, 1%) relative to the others; performance in the on-
time group was similar for the 3% and 2% conditions. Group differences for the 3% pitch
conditions just missed significance, with the delayed group displaying better performance,
F(1, 46) = 3.79, p= .06, 772p =.08. This pattern of findings confirms the relevance of
heightened pitch discrimination in language delays.

Unlike early language milestones, there was no association between pitch discrimination
abilities and current language skills (receptive vocabulary via PPVT scores, and structural

L}t should be noted that parents of children with ASD might have less reliable reporting of language milestones as children age,
reporting greater delays (Hus et al., 2011). The current study used “best practice” strategies for collecting the milestone data.
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language knowledge via CELF scores), all p’s > .20, as reported in the regression analysis
shown in Table 3.

Heightened pitch discrimination might also be associated with a fascination for music. Eight
of the participants’ parents (4 ASD, 4 OO) reported intense musical interest or expertise
(e.g., “has perfect pitch and a genius for music”). Comparing individuals with and without
special musical interests, there was a weak trend for those with music interests to have better
pitch overall, F(1, 47) = 3.01, p=.09, 772p =.06. There was no relationship between pitch
perception and measures of repetitive behaviors and special interests, all p's > .13.

Discussion

The current study demonstrates a relationship between low-level perceptual differences and
specific aspects of the ASD phenotype. We describe low-level perceptual abilities in
individuals with an early history of ASD who experience a current optimal outcome. This
OO group showed no enhancement in pitch discrimination — their performance did not differ
from the TD group (nor did it differ from the ASD group’s performance). Results were
consistent with both significant early ASD symptomatology (including delays in language
milestones) and intact current abilities in this OO group. Consistent with the group effect,
symptom severity accounted for unique and significant variance in individual differencesin
pitch perception abilities.

Findings document a correlation between an early language milestone (first words), and
auditory perceptual abilities assessed a decade later. That is, difficulty in early word learning
was associated with the ability to better distinguish between fine acoustic differences.
Interestingly, this heightened skill appears unrelated to current language skills assessed via
gold-standard assessments, a finding consistent with several explanations: 1) standardized
language assessments may be limited in sensitivity, especially given significant fluency and
language experience (Constantino et al., 2007), or 2) pitch discrimination may be salient in
the course of early acquisition, but not in later fluent language use.

The relationship between early language milestones and pitch discrimination was most
salient in the easiest pitch condition, potentially reflecting the great difficulty of
discrimination in the 2% and 1% conditions and thus the more limited variability for those
conditions. These relationships did not appear to simply reflect the moderating influence of
a distinct attentional style (which would be reflected in a relationship between pitch
discrimination and special interests), as the only link with special interests was a marginal
trend for individuals with better pitch perception to display a strong expertise and interest in
music. One prediction arising from the current findings is that, if initial difficulties with the
phototactics of the language are due to heightened sensitivity to acoustic differences in
pitch, then individuals with ASD should be relatively later to learn vowel-initial words,
whose segmentation is particularly driven by pitch; this is a question for future research.

This study may be one of the first to counter a “Matthew” (rich get richer) effect, in which
better early abilities (1Q, language) predict better outcomes. In this study, the optimal
outcome group tended to be more delayed in the first-words milestone, compared to children
with ongoing ASD, suggesting that being “early” in language is not an important limiting
factor for optimal long-term outcomes. Early delays can be overcome, in some children. It
should be noted, however, that first words were acquired in the OO group by an average of
27 months; it is likely that more significant delays, with words not acquired until some later
time (for example, after the age of 3 or 4 years) may preclude an optimal outcome (see, e.g.,
Mayo, Chlebowski, Fein & Eigsti, 2013).
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The present data document a significant relationship between severity of ASD symptoms,
including early language milestones, and a heightened low-level perceptual skill, and add
the novel finding that recovery from ASD may be associated with a relative decrease in
perceptual sensitivities. Findings add to conceptions of resolution of ASD symptoms.
Predictors of optimal outcomes in ASD include greater intelligence, receptive language,
verbal and motor imitation, and motor development, as well as initial diagnosis and earlier
age at diagnosis and initiation of treatment, but not symptom severity (Helt et al., 2008).

Because of the tremendous phenotypic variation within the autism spectrum, markers of
low-level sensory processes would be particularly useful in understanding individual
differences, such as who is likely to develop fluent speech (Oram Cardy et al., 2008).
Sensory differences have been linked to specific aspects of the behavioral symptoms
(phenotype) of autism (Bonnel et al., 2010; Boyd et al., 2010; Chen et al., 2009). It is
particularly relevant for the present study that a relationship was demonstrated for auditory
stimuli that occupy a distinct range from that occupied by human speech. That is, it cannot
be argued that the current pitch discrimination abilities reflect some epiphenomenon of
attention to human speech, because such attention (whether typical or atypical) would not
likely impact on pitch discrimination for tones at 500-1500 Hz. Perceptual processes are
particularly good candidate markers of disorder, because they map onto exquisitely sensitive
psychophysical tests and models of neural functioning. Furthermore, the mechanisms
underlying pitch representation seem to be shaped by features of the auditory stream rather
than speech per se (Swaminathan et al., 2008), allowing for a decoupling of auditory
processing and communication (though it should be noted that a meta-analysis of fMRI
studies suggests that tone discrimination and lexical decision tasks both activate Broca’s
area, regions 44/45; Muller & Basho, 2004). Research has identified relationships between
auditory processing and behavioral phenotypes in other disorders; for example, tone
discrimination is linked to infant temperamental differences that presage vulnerability to
anxiety disorders (e.g., Marshall et al., 2009). Potentially of even greater relevance are
findings that individuals with specific language impairment (SLI), dyslexia or other
language impairments have significantly poorer frequency discrimination abilities (Loui et
al., 2011; McArthur & Bishop, 2004). The present data are distinguished by a novel
characteristic in comparison to other disorders, in that enhanced rather than impaired pitch
discrimination is linked to language delays and current symptomatology.

As is true for most studies of the association between language skill and pitch
discrimination, pitch is assessed long after first language acquisition is complete. It is
possible that earlier in development, auditory discrimination abilities play a unique role. For
example, enhanced auditory discrimination skills seem to facilitate vowel learning for adults
acquiring a second language; adults have presumably already developed a robust
understanding of the role of pitch in language (Lengeris & Hazan, 2010). We propose that
exceptionally strong pitch discrimination skills may be harmful, rather than helpful, for
language acquisition during the first two years of life. Certainly, it is true that heightened or
enhanced abilities in a given domain are not necessarily the functional opposite of weak
abilities; it may be that both very strong and very weak abilities are associated with learning
difficulties, depending on developmental timing.

Some neurophysiological abnormalities that could lead to such alterations in early sensory
representation have been documented in ASD (Casanova et al., 2002). As such, superior
pitch processing in ASD might reflect the overdevelopment of low-level perceptual
processes in general (Bonnel et al., 2003), consistent with local neural overconnectivity
(Belmonte et al., 2004). It is possible that attention to non-social auditory stimuli both
enhances perceptual discrimination and decreases experience with language-related stimuli,
a possibility discussed in detail in other reports (Jarvinen-Pasley et al., 2008). Findings may
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reflect some feature of brain architecture which preferentially supports auditory perceptual
processes, and incidentally predisposes an individual to greater symptom severity. Because
the current data are cross-sectional, it is not possible to tease apart these explanations. These
findings suggest that heightened sensitivity to acoustic discriminations impedes the
extraction of communicative meaning (word learning) from auditory signals, possibly by
impairing the formation of phonological categories, and contributes to language impairments
in ASD.
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Figure 1.
Pitch discrimination performance as a function of group status and condition.
Note: Means are presented with FSIQ and chronological age as covariates.
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Figure 2.
Pitch discrimination ability as a function of language milestone (delayed versus on-time first
words).

Note: Means are presented with FSIQ and chronological age as covariates; data are from
participants in ASD and OO groups only.

Autism Res. Author manuscript; available in PMC 2014 December 01.



Page 14

Eigsti and Fein

(€002 ‘pJ093s 7 ‘BlAA ‘|oWBaS) p-S[eluswepun abenbue Jo uolenjeans _8_:__0m

"aSV Ue Jo} JJ0Ind au1 s1 GT ‘aWi ‘(€00Z ‘pJoT] 79 ‘As|ieg Janny) aJieuUONSaNd UONEIIUNWWOD [B190S 3l UQ

p

‘AjaAnoadsal ‘sioineysq aniidsy pue A1100.1d 10ey
[100S ‘UOITeDIUNLILIOD 10} € pUe ‘0T ‘g 8Je $8102S JJ0IND “(BWNeyIT) Jans,, swoldwAs Jo aoussald 0 J8)al $8109S "(E00Z ‘P10 7 ‘INaIN0D a7 ‘Jenny ‘Y-1AV) pasineyd-malniaiul onsoubelq Em_5<o

“JOPIOSIP NISNINE o) OT PUB QS 10§ / SI 1J0IND 91035 POLULINS UeLOP 21005 SN|d LOIEaIuNWLOD “(Z00Z ‘IS1Y 79 ‘a10Ae1d 19NNy ‘pioT ‘SOAY) 8INPaYIS UOIEAISSGQ dnsoubeld wshny

q

'S91eaSqNS [eqUaA PUe [2GIBAUON ‘(666T 48ISUI8AN ‘. ISWN) 8ouabifjaiu] JO 8]eds paleInsIqqyY 131U,

"abue. eyep ayl Aq pamojjoy aJe (gs) suesw dnoiso duiosiadns 1eyl Burreys 1ou uostiedwod ayy ul sueaw Jaylo woly Apuedisubis Japip 1eyr sueaw Aiuapi siduosiadng 810N

2€T - 60T 921 - 16 v2T-0L
S0 100> zg.1 9B T6IT  (8'6)80TT (T'€T) ¥'00T gabenbued ai0d 47130
87— 0T ¥S—ST
2000 S6°0 ¥00°0 (T°01) 'S¢ (§TT) 7’8 (Syruow) seseayd 1siy Jo 8by
87 -8 ¥S-9
0T0 800 zee (9T1) 692 (zT1) 012 (syuow) spiom 1siiy Jo by
v-0 82-§ €e-0T
¥20 100 > 1516 oAm.Hv A QG.QV G9T mAm.mv 0'€e UAQC 18)17) [e10L OIS
6-2 0T-¢ d
000 SE0 680 L7295 (T g9  oewney) ded ¥riav
€2-¢ 62-8
¥20 T00'>  09'ST (29) TV (rS)vgoz  oOWMIT) [eI0S ¥-1aV
02-0 A
TT0 €00  ¥8% (T9)eer (09 vor  olwmRIT) Wod ¥-1av
v-0 5-0 61-L
780 100> 8¥SST  (T'T) 80 ToLT e(0€) €0T 90 + WOJ SOV
oeT-66  LeT-T6  (EEI-T8
oT0  T00  T6%  (IETT €Derr  eENV0T DI RGIA
65T — 68 T - 26 LT —8L >
2000 S0 09°0 (1) sTT 1) ZT1 @) 11T €Ol [BAISAUON
12-6 T2-8 I1T-8
2000 920 LET (62) L€t (9e)set (eaeer (s4A) abe uoiyd
€9°0 £6°0 €T 9:02 7:52 (FW)N
du d dilo (@)mwar (@)woo (as)wasv

"(@L) wswdojanap AjeaidAl pue {(0Q) swoanQ rewndo ‘asy yum siuedionued oy uonewloul aiydesbowsg

T alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Autism Res. Author manuscript; available in PMC 2014 December 01.



Page 15

Eigsti and Fein

NIH-PA Author Manuscript

"(£00Z ‘P40 79 ‘Asjreg ‘Jenny) W0 WIS ‘Bireuuonsand UOedIUNWWOoD [B190S = Oomo_

"(666T ‘191SY23AN) 89uabij|a1u] JO 8JeIS PaleIAIqQY 43S ‘Ol 81eds [INd = O_mu_m

100" =d ‘or'v = (69 ‘€)d
X

*¥

W€l T
#2620 0200 2S00 q02s
«€£20 9700 ££0°0 eOIsd
%000 9000  STO0 (sow) 8By
2 PPOW d g3 g  (Suonipuod g Joafiessne) UOITRUILILIOSID Ydid

"uondaaiad youd Jo sio1o1pald Joj sisAfeue uoissalfal [ealyalelaly Jo Arewwns

¢?olqel

NIH-PA Author Manuscript NIH-PA Author Manuscript

Autism Res. Author manuscript; available in PMC 2014 December 01.



1duasnue Joyiny vd-HIN

Eigsti and Fein Page 16

Table 3

Summary of hierarchical regression analysis for pitch perception (d”averaged across conditions) as a function
of concurrent language abilities

B  SEB B Model R
Age (mos)  0.018 0.006 (337**
Fs|Qa 0.070 0.023 0.485**
CELFD 0039 0026 -0.277
pPPVTC -0.018 0.023 -0.132 111"
1p <.10,
*
p<.05,
* %
p<.01

aFSIQ = Full scale 1Q, Wechsler Abbreviated Scale of Intelligence (Wechsler, 1999).
bCELF = Clinical Evaluation of Language Fundamentals, 4t Egition (Semel, Wiig, & Secord, 2003).

CPPVT = Peabody Picture Vocabulary Test (Dunn & Dunn, 2007).
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