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Abstract Do children with autism spectrum disorders
(ASD) respond similarly to perturbations in auditory feed-
back as typically developing (TD) children? Presentation of
pitch-shifted voice auditory feedback to vocalizing partici-
pants reveals a close coupling between the processing of
auditory feedback and vocal motor control. This paradigm
was used to test the hypothesis that abnormalities in the
audio–vocal system would negatively impact ASD com-
pensatory responses to perturbed auditory feedback. Voice
fundamental frequency (F0) was measured while children
produced an /a/ sound into a microphone. The voice signal
was fed back to the subjects in real time through head-
phones. During production, the feedback was pitch shifted
(¡100 cents, 200 ms) at random intervals for 80 trials.
Averaged voice F0 responses to pitch-shifted stimuli were
calculated and correlated with both mental and language
abilities as tested via standardized tests. A subset of

children with ASD produced larger responses to perturbed
auditory feedback than TD children, while the other chil-
dren with ASD produced signiWcantly lower response mag-
nitudes. Furthermore, robust relationships between
language ability, response magnitude and time of peak
magnitude were identiWed. Because auditory feedback
helps to stabilize voice F0 (a major acoustic cue of prosody)
and individuals with ASD have problems with prosody, this
study identiWed potential mechanisms of dysfunction in the
audio–vocal system for voice pitch regulation in some chil-
dren with ASD. Objectively quantifying this deWcit may
inform both the assessment of a subgroup of ASD children
with prosody deWcits, as well as remediation strategies that
incorporate pitch training.

Keywords Autism · Vocal production · 
Auditory feedback

Introduction

Autism spectrum disorders (ASD) are developmental disor-
ders in which one of the primary indicators is language
impairment with respect to social communication, includ-
ing expressive control of prosody in speech. Variations in
prosody distinguish declaratory statements from interroga-
tories, give clues to the speaker’s emotional tone of voice,
and indicate when words or statements begin and end.
Many individuals with ASD have problems with prosody in
speech, including the perception of pitch and production
(regulation) of changes in voice fundamental frequency
(F0) over time (McCann and Peppe 2003; Rapin and Dunn
2003). As a behaviorally diagnosed spectrum disorder, the
ASD population remains densely heterogeneous (Freitag
2007). Thus, in the current absence of objective measures
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for diagnosis, there is a need to identify viable biological
and physiological diagnostic markers (Filipek et al. 2000).
This task can be accomplished by investigating each core
symptom of ASD separately. The focus of this study is the
regulation of voice F0 and its relationship to language
impairment in ASD.

Language development is signiWcantly disrupted in
ASD. Some children with ASD are non-verbal; others
develop language, but then experience a loss (or regression)
of language. Finally, still other children develop language
later than expected. The speech of verbal children with
ASD is often monotonous, echolalic or stereotypic, inap-
propriately stressed, or emotionless (Shriberg et al. 2001;
Boucher 2003; Rapin and Dunn 2003; Siegal and Blades
2003). Appropriate voice F0 modulation is crucial for suc-
cessful social interaction as it imparts information about the
subject’s state of mind, emotion, or intent. Thus, due to the
abnormal prosody of speech in children with ASD, con-
versation with peers is often strained (Paul et al. 2005b;
McCann et al. 2007).

Prior studies have investigated the potential relation-
ship between the language impairment in ASD and the
auditory processing of sound and have shown some evi-
dence for peripheral, subcortical, and cortical abnormal-
ities. Evaluation of evoked otoacoustic emissions in
children with autism revealed atypical asymmetry in the
medial olivocochlear system, as well as a decrease in
otoacoustic emissions with age (within children and
adolescents), which was not seen in the control children
(Khalfa et al. 2001). In contrast, Gravel et al. (2006)
showed no behavioral diVerences in the peripheral audi-
tory system in high-functioning children with autism.
Tharpe et al. (2006) evaluated both peripheral audiome-
try and brainstem function in children with autism. Pure
tone thresholds were atypical in half of their subjects,
yet this diVerence was not corroborated by click- or
tone-evoked auditory brainstem response recordings.
Although Tharpe et al. (2006) did not Wnd brainstem
deWcits, other studies of brainstem integrity have identi-
Wed aberrant function (McClelland et al. 1992; Klin
1993; Maziade et al. 2000; Rapin and Dunn 2003;
Rosenhall et al. 2003; Russo et al. 2008 in press). In one
study investigating brainstem transcription of F0 contour
in speech in children with ASD, deWcient pitch tracking
was identiWed in only a subset of those children, while
brainstem function was normal in the other children with
ASD (Russo et al. 2008 in press). Further, there is ample
evidence for deWcient or atypical cortical processing of
speech or speech-like stimuli associated with ASD
(Wang et al. 2001; Boddaert et al. 2003, 2004; Ceponi-
ene et al. 2003; Jansson-Verkasalo et al. 2003; Gervais
et al. 2004; Kasai et al. 2005; Lepisto et al. 2005, 2006),
including reports of deWcient cortical processing speciWc

to prosody (Erwin et al. 1991; Wang et al. 2001; Kujala
et al. 2005; Korpilahti et al. 2006). Even amidst these
recent Wndings, much of the physiology behind the lan-
guage impairment and characteristic speech production
patterns in ASD is still unmapped.

Adequate hearing is critical for speech development.
Although little is known about the role of auditory feedback
in speech production in individuals with ASD, ample evi-
dence from studies of individuals with post-lingual deaf-
ness and cochlear implants (CI) indicate the necessity of
auditory feedback for vocal control of loudness and pitch
(Leder et al. 1987; Perkell et al. 1992; Svirsky et al. 1992;
Lane et al. 1997; Monini et al. 1997; Higgins et al. 1999;
Hamzavi et al. 2000; Campisi et al. 2005). People who are
pre-lingually deafened almost never develop clear speech.
Those who are post-lingually deafened show marked dete-
rioration in control of prosodic features of speech (such as
F0 and intensity), while segmental features of speech dete-
riorate much more slowly. For example, the speech of most
deaf patients prior to CI implantation has an abnormally
high F0. Once implanted, these patients showed an almost
immediate reduction in F0 towards normal levels (Leder
et al. 1987). Subsequently, turning the implant oV resulted
in an elevation in F0 to pre-implant levels.

Auditory feedback provides information not only about
one’s internal cues for regulating speech, but also provides
feedback from the environment and about how others are
responding to what was said. Additional supporting evi-
dence for this concept comes from literature on the Lom-
bard EVect (Lane and Tranel 1971) and sidetone
ampliWcation studies (Lane et al. 1961; Lane and Tranel
1971). The Lombard EVect shows that people increase the
intensity (or loudness) of their voices (one acoustic aspect
of prosody) to overcome noise in the environment. Simi-
larly, sidetone ampliWcation studies show that individuals
will increase loudness due to reduction in sidetone volume
(e.g., through headphones) and then voluntarily sustain
their increased loudness. Data from the Lombard EVect and
sidetone ampliWcation studies, together with post-lingual
deafness and cochlear implant research, demonstrate the
importance of auditory feedback for prosody of speech.
Thus, given the known prosodic abnormalities in speech of
children with ASD (irregularities in pitch, tone, stress, or
emotion) (Shriberg et al. 2001; Boucher 2003; Rapin and
Dunn 2003; Siegal and Blades 2003), investigation of
whether the audio–vocal regulatory system is functioning
appropriately in ASD is warranted.

Measures of vocalizations in response to altered audi-
tory feedback provide a view into the processing of
auditory feedback and vocal motor control. A relatively
new method, the pitch-shift reXex paradigm, has been
developed for studying the relationship between audi-
tory feedback and control of F0. This technique allows
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one to quantitatively measure the audio–vocal system. In
this technique, brief, unanticipated perturbations in
voice pitch feedback are presented to subjects as they
sustain vowels (Burnett et al. 1998; Hain et al. 2000),
speak (Chen et al. 2007), or sing (Natke et al. 2003).
This paradigm reveals an automatic (or reXexive)
mechanism for stabilizing voice F0 by correcting for
errors in voice F0 production based on the auditory
feedback.

Attempts to model audio–vocal control have suggested
that auditory feedback acts as a negative feedback system
to correct for errors in voice and F0 production (Guenther
et al. 1998; Hain et al. 2000; Guenther 2006; Tourville
et al. 2007). The Directions Into Velocities Of Articulators
(DIVA) model proposed by Guenther and colleagues pro-
vides a major theory for speech production that involves
extensive interactions across many brain regions (Guenther
et al. 1998; Guenther 2006; Tourville et al. 2007). Further,
they report that experimentation with speech begins early in
development, as is evidenced by infant babbling. Hain et al.
(2000) have proposed a response pathway for audio–vocal
feedback whereby auditory input is compared with an inter-
nal or external referent to stabilize voice F0. Thus, it is pro-
posed that vocal control involves a comparison of the voice
auditory feedback with an internal (mental) representation
of sound (i.e., referent memory) to achieve a goal (e.g.,
desired pitch or loudness). Moreover, eVective communica-
tion relies on the ability to recognize when one needs to
alter his or her speech in order to be better understood and
to then adjust one’s voice accordingly (Lane and Tranel
1971). The concept of a “Theory of Mind” (Premack and
WoodruV 1978) enables a person to understand the point of
view or mental state of others. Hence, having a Theory of
Mind allows a person to recognize when he or she is not
being understood (e.g., because of background noise) and
there is a need to alter one’s voice. This concept relates to
the ideas expressed by the audio–vocal models of speech
production in that the internal referent is the auditory mem-
ory and the goal is the desire to be understood. Because
Theory of Mind is impaired in ASD, this inability may
impede voice regulation during social interactions (McCann
and Peppe 2003; Miller 2006).

Building upon what is known about the audio–vocal sys-
tem and the problems regulating voice F0 and atypical audi-
tory processing of sound in ASD, the pitch-shift reXex was
investigated in children with ASD. The aim of this study
was to determine if children with ASD demonstrate normal
or abnormal reXexive responses to pitch-shifted voice feed-
back compared with age-matched typically developing
(TD) control children. We hypothesized that aberrant func-
tion in the audio–vocal system in children with ASD would
result in abnormal voice production in response to auditory
feedback manipulations in vocal pitch.

Methods

Participants

Study participants were recruited from community organi-
zations and/or websites for families of children with ASD,
as well as the “Chicago Parent Magazine.” Participants
included 19 TD children (11 males, 8 females) and 18 chil-
dren with ASD (16 males, 2 females). For our purposes, the
term ASD includes diagnoses of autism, Asperger Disor-
der, And Pervasive Developmental Disorder-Not Otherwise
SpeciWed (PDD-NOS). Children were required to have a
formal diagnosis along the spectrum made by a child neu-
rologist or psychologist and were actively monitored by
their physicians and school professionals at regular inter-
vals. In addition, diagnoses were supplemented by an inter-
nal parent questionnaire that detailed the child’s
developmental history, current symptoms, and functional
level at time of entry into the study. Although the Autism
Diagnostic Observation Schedule (ADOS) (Lord et al.
2000) and Autism Diagnostic Interview-Revised (ADI-R)
(Lord et al. 1994) are the current research and academic
standard for diagnosing ASD, many participants were diag-
nosed prior to the regular use of these instruments. Because
these tests are not yet the standard for clinical diagnoses,
we did not subject the children to additional testing and
instead chose to accept their established clinical diagnoses
for study inclusion. Parental reports of clinical diagnoses
included autism (n = 1), Asperger disorder (n = 6), PDD-
NOS (n = 1), and a combined diagnosis (e.g., PDD/Asper-
ger disorder; n = 10).

Children were between the ages of 7–12 years [TD mean
(SD) = 10.00 (2.186); ASD = 10.78 (1.865)] and chrono-
logically age-matched across groups (one way ANOVA,
F(1,35) = 1.349, p = 0.253). In the general population, the
incidence of ASD in males is greater than in females.
Because recruitment for this study was not restricted by
gender and there were no known eVects of gender on the
pitch-shift reXex, children were not gender-matched. How-
ever, the two females in the ASD group were individually
age-matched with two females in the TD group and analy-
ses were performed to evaluate any gender diVerences. The
children with ASD were all high-functioning and verbal.
Although verbal ability and characteristics (i.e., echolalia,
intonation abilities) were addressed in subject history ques-
tionnaires completed by parents, no formal evaluation of
spontaneous speech was conducted. Thus, no quantitative
measures of speech characteristics outside of the test para-
digm were available for analysis. Other inclusion criteria
for both groups were the absence of confounding neurolog-
ical diagnoses (e.g., active seizure disorder, cerebral palsy),
the presence of normal peripheral hearing determined by air
threshold audiogram (thresholds ·20 dB for pure tone
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octave frequencies 250–8,000 Hz), and a full scale mental
ability conWdence interval score ¸80 [Wechsler Abbrevi-
ated Scale Of Intelligence (WASI) (Woerner and Over-
street 1999)] (Table 1). Age and gender were examined as
possible covariates for the multivariate analysis of covari-
ance (MANCOVA) of WASI scores. This preliminary
MANCOVA indicated that they were not statistically sig-
niWcant; therefore subsequent multiple analysis of variance
(MANOVA) tests were conducted without these covariates
for mental ability comparisons. Although the children with
ASD scored lower than the TD children on measures of full
scale and verbal mental abilities (F(1,35) = 5.699, p = 0.023
and F(1,35) = 9.011, p = 0.005, respectively), the children
with ASD tested well within the normal range on these
measures and did not diVer on scores of performance men-
tal ability (F(1,35) = 0.745, p = 0.394). The normal scores
provided conWrmation that the children could comprehend
the task requirements.

Behavioral tests

All behavioral testing was conducted in a quiet oYce by the
experimenter who sat across a table from the child. Parents
were invited to remain with their child if the child pre-
ferred, otherwise the parents sat in a lobby during testing.
The WASI, which was an inclusion criterion test, is a test of
mental ability (or IQ) and provides standardized scores of
full scale mental ability, as well as verbal (vocabulary, sim-
ilarities) and performance mental ability (block design,
matrix reasoning). Additionally, the Clinical Evaluation Of
Language Fundamentals (CELF) (Semel et al. 2003)

(Table 1) was administered to assess language ability and to
provide standardized scores of core (overall), expressive,
and receptive language abilities. Responses that required
lengthy or speciWc answers were digitally recorded and
transcribed for oZine scoring after testing.

Pitch-shift reXex paradigm

The pitch-shift reXex was measured using procedures simi-
lar to those previously reported (Burnett et al. 1998; Larson
et al. 2007). BrieXy, the child sat comfortably in a chair
while wearing Sennheiser HMD headphones with an
attached Sennheiser microphone. The experimenter asked
the child to produce a steady /a/ vocalization for periods of
approximately 5 s, pause to take a breath, and then repeat.
The experimenter demonstrated the task for the child and
then the child practiced before the experiment began.
Because some of the children demonstrated reluctance to be
in a conWned sound booth for the testing, all subjects were
tested in the main laboratory. The room was reserved
strictly for the subject, parent, and tester, such that ambient
background noise was equal across subjects. The low-level
ambient noise in the room was not a problem because the
headphones were the closed type, and there was the addi-
tion of 40 dB SPL pink masking noise to the auditory feed-
back to help reduce possible outside noises. Previous work
has shown that pink masking noise does not alter the
responses (Burnett et al. 1998). Acoustic calibrations made
with a Brüel and Kjær sound level meter (model 2250) and
in-ear microphones (model 4100) were used to set the
computer display in calibrated units. Thus, to make sure

Table 1 Behavioral test scores

Group mean and standard deviations for scores on tests of mental (WASI) and language (CELF) abilities are reported for comprehensive TD and
ASD groups. Subsequent analyses were restricted to children who produced compensatory responses. Mean and standard deviations are reported
for these groups as well. Finally, post hoc analyses of compensatory responses resulted in a sub-division of the children in the ASD group into
ASD-LOW and ASD-HIGH groups; their behavioral scores are also reported

WASI mental ability scores CELF language indices

Full scale Verbal Performance Core Expressive Receptive

TD (n = 19) Mean 118.95 117.26 116.42 114.11 113.53 113.58

SD 10.972 12.301 11.725 9.492 11.197 7.890

ASD (n = 18) Mean 109.33 103.56 113.11 101.94 106.89 99.78

SD 13.521 15.382 11.585 16.148 18.626 15.318

TD (n = 16) Mean 117.75 116.25 115.56 113.56 112.06 113.25

SD 10.933 12.593 12.372 10.046 11.186 7.937

ASD (n = 13) Mean 107.00 101.31 111.31 98.85 97.46 105.08

SD 14.944 17.182 12.419 16.757 15.804 20.540

ASD-LOW (n = 8) Mean 107.63 101.68 112.63 103.38 106.88 102.13

SD 12.794 16.677 8.684 15.611 16.357 16.111

ASD-HIGH (n = 5) Mean 106.00 101.60 109.20 91.60 102.2 90.00

SD 19.532 19.970 17.936 17.587 27.941 13.491
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subjects maintained a constant voice amplitude of about
75 dB SPL, the experimenter monitored the voice signal on
the computer display and gave hand signals to the partici-
pant to raise or lower their voice amplitude as needed. Once
it was apparent that the child understood the task and could
comply with instructions, the experiment was initiated.

After the child began vocalizing, Wve randomly timed
pitch-shifted stimuli (¡100 cents (down one semitone),
200 ms duration) generated by a MIDI controlled Eventide
Eclipse Harmonizer were incorporated into the voice signal
in real-time and delivered through the headphones as feed-
back. Stimuli of 200 ms duration were used because they
tend to elicit only reXexive responses as opposed to long
durations that are more likely to trigger a voluntary
response (Burnett et al. 1998). A stimulus magnitude of
¡100 cents was chosen because it is an established, stan-
dard stimulus and the most widely used for this type of
study (Burnett et al. 1998; Hain et al. 2000; Bauer and Lar-
son 2003); it is easily relatable to a music scale; and it is
perceptible. Five stimuli were delivered with a 500–900 ms
variable interstimulus interval within each 5-s vocalization.
This task was repeated approximately 16 times, totaling
about 80 stimulus presentations. (The actual number of tri-
als varied according to a given child’s ability to hold his or
her vocalization for Wve consecutive seconds.) The voice
signal, a signal representing voice feedback, and TTL con-
trol pulses from the MIDI program were digitized using
PowerLab (10 kHz per channel, 12 bit, 5 kHz anti-aliasing
Wlter; AD Instruments) and recorded on a laboratory com-
puter utilizing Chart software (AD Instruments, Colo.
Springs, CO).

Analyses

Vocal responses were analyzed by Wrst processing the voice
and auditory feedback signals in PRAAT (Boersma and
Weenink 2004), which labeled each glottal cycle with a
pulse. This pulse train was transferred to another program,
Igor Pro (Wavemetrics, Inc., Lake Oswego, OR), where it
was converted to an F0 analog wave in which voltage corre-
sponded to frequency. These F0 signals were then con-
verted to a cents scale using the following equation:
cents = 100 (39.86 log10 (f2/f1)) where f1 equals an arbi-
trary reference note at 195.997 Hz (G4) and f2 equals the
voice signal in Hertz. The cents scale is a log scale that
allows comparison of voice frequency across subjects who
have diVerent voice F0 levels. Voice signals were aligned
(in Igor Pro) with each stimulus onset TTL pulse on a com-
puter monitor with a 200-ms pre- and 700-ms post-trigger
window. The vocal responses were visually screened to
remove trials with aberrant signals, and then an average
response of voice F0 was generated from all the acceptable
trials. Aberrant signals were usually the result of an error in

the F0 extraction in Praat, or a vocal interruption such as a
cough. Averaged responses were produced separately for
each child. The program then automatically detected
changes in the voice F0 waveform that exceeded three stan-
dard deviations (SD) of the prestimulus average, beginning
at least 60 ms after the stimulus onset. The program mea-
sured the onset latency (time of this threshold crossing),
magnitude of the response (greatest deviation in F0 con-
tour), and time of peak magnitude (diVerence between the
latency at which the response magnitude is achieved and
the onset latency) (Fig. 1). Individuals are more likely to
produce a compensatory response to pitch-shifted feedback
(i.e., a response in which the F0 deXection is in the opposite
direction to the stimulus). Less frequently, individuals will
produce a “following” response (i.e., a response in which
the F0 deXection is in the same direction as the stimulus)
(Burnett et al. 1998). The vocalizations were identiWed as
compensatory or “following” based on the approximate
morphology of the averaged response. Although the direc-
tion of response is not known to be a feature diagnostic of
anything pathological, these data were separated into com-
pensatory and “following” responses. In a separate analy-
sis, variability in voice F0 for each participant was
measured by calculating the mean and SD of randomly

Fig. 1 Exemplar vocal response to pitch perturbation during auditory
feedback. The stimulus (indicated underneath the x-axis) begins at
time 0 and lasts 200 ms. To evaluate the pitch-shift reXex, Wrst the
baseline mean frequency (cents) and three standard deviations (SD)
from the mean as threshold were measured. From these benchmarks,
the pitch-shift reXex can be evaluated. The time when the frequency
exceeds threshold is the “onset latency” of the response; the maximum
peak of the response is the peak “magnitude”; the diVerence between
the latency at which the peak magnitude is achieved and the onset la-
tency is the “time to peak”; and the time when the frequency falls be-
low the three SD threshold again represents the end of the response
reXex. The important response features are demarcated in gray color.
Note that the y-axis has been de-meaned to 0 cents
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chosen one-second voice samples of the F0 contour in the
absence of pitch perturbation stimuli. Local percent jitter
was also calculated from the full duration of all vocaliza-
tions for each participant. Because of the multiple compari-
sons, a Bonferroni-adjusted alpha level of p · 0.023
(taking into account the inter-correlation among dependent
variables; Sankoh et al. 1997) was determined necessary
for a result to be deemed statistically signiWcant.

Results

Pitch-shift reXex

Full scale IQ, age, and gender were examined as possible
covariates with latency, time of peak magnitude, and mag-
nitude of response. Preliminary analyses using a MAN-
COVA indicated that these measures were not statistically
diVerent; therefore subsequent statistical Mann–Whitney
analyses were conducted without covariates.

Voice F0 mean, variability (standard deviation), and
local percent jitter did not vary between the groups in the
study sample (Mann–Whitney, U = 77, p = 0.249; U = 92,
p = 0.619; U = 66, p = 0.101, respectively). The TD chil-
dren and children with ASD demonstrated a similar base-
line; thus facilitating the interpretation of the following
results.

Vocal responses to the perturbations were identiWed in
all TD and ASD participants. Averaged responses across all
children were based on an average of 65 trials (range 33–
85). Sixteen of the TD children and 13 of the children with
ASD produced compensatory responses, while 3 TD chil-
dren and 5 children with ASD produced “following”
responses. A Fischer’s exact test was applied to these data
to determine if there was any signiWcance to the occurrence
of compensatory versus “following” response patterns, and
the two-tailed probability was not statistically signiWcant
(p = 0.447). Given the low number of “following”
responses in each group, meaningful statistics could not be

evaluated for diagnostic comparisons of “following”
responses. However, for descriptive purposes, group means
and standard deviations (SD) of “following” responses are
as follows: onset latency [TD mean (SD) = 0.16 (0.061) s;
ASD = 0.23 (0.209) s]; time of peak magnitude [TD = 0.05
(0.015) s; ASD = 0.12 (0.101) s]; and magnitude of the
response [TD = 7.49 (1.391) cents; ASD = 11.97 (7.645)
cents]. Only compensatory responses are included in the
subsequent data analyses.

In the group of children with ASD who produced com-
pensatory responses (n = 13), the diagnosis break-down
included children with autism (n = 1), Asperger Disorder
(n = 4), PDD-NOS (n = 1), and a combined diagnosis
(n = 7). The TD and ASD groups were still age-matched
[ANOVA, F(1,27) = 1.037, p = 0.317; TD mean
(SD) = 10.06 (2.265) years, ASD = 10.85 (1.772)]. A
MANOVA revealed no group diVerence in performance
mental ability (F(1,27) = 0.845, p = 0.366), whereas verbal
mental ability did diVer signiWcantly (F(1,27) = 7.302,
p = 0.012) and full scale mental ability almost diVered by
the set criteria (F(1,27) = 5.003, p = 0.034). However, the
average mental ability scores were all within normal limits
(Table 1). Mann–Whitney U tests revealed no main eVect
of diagnosis on any of the pitch-shift reXex measures,
including onset latency (U = 97, p = 0.779), time of peak
magnitude (U = 88, p = 0.503) and magnitude (U = 103,
p = 0.983) (Table 2).

Language ability

A MANOVA revealed main eVects of diagnosis on core
and receptive language abilities (CELF; F(1,27) = 8.588,
p = 0.007 and F(1,27) = 12.245, p = 0.002, respectively) such
that children with ASD who produced compensatory
responses had lower language ability scores than TD chil-
dren. However, children with ASD did not diVer from TD
children on measures of expressive language ability
(F(1,27) = 1.362, p = 0.253). Means and standard deviations
are reported in Table 1.

Table 2 Pitch-shift reXex com-
pensatory response measures

Pitch-shift reXex measures

Onset 
latency (s)

Time to 
peak (s)

Magnitude 
(cents)

TD (n = 16) Mean 0.24 0.22 22.11

SD 0.140 0.136 10.009

ASD (n = 13) Mean 0.21 0.27 28.65

SD 0.091 0.186 23.059

ASD-LOW (n = 8) Mean 0.25 0.24 13.19

SD 0.084 0.208 4.715

ASD-HIGH (n = 5) Mean 0.13 0.32 53.38

SD 0.031 0.155 17.722

Group mean and standard devia-
tions for compensatory response 
onset latency (s), time of peak 
magnitude (s), and magnitude 
(cents) are shown for TD and 
ASD groups. Mean and standard 
deviations are also reported for 
the ASD-LOW and ASD-HIGH 
subgroups
123
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Post-hoc analyses

Closer inspection of individual data revealed that the chil-
dren with ASD showed two distinct compensatory response
patterns; some children with ASD appeared to demonstrate
a typical range of vocal F0 modulations in response to per-
turbation, while others showed atypically large shifts in F0

response magnitudes (Fig. 2). Because there are currently
no normative data for children for this paradigm, and it is
unknown how ASD may aVect pitch-shift reXexes, com-
pensatory responses were analyzed with respect to the
mean TD magnitude [TD mean (SD) = 22.11 (10.009)
cents]. There were no compensatory responses below
¡1.65 SD of the typical mean; therefore, separating out
those responses above 1.65 SD captured the extreme 5% in
the upper tail of the distribution. Response magnitudes that
exceeded 1.65 SD of the TD mean magnitude were hence
deWned as atypical. The children with ASD were divided
into two groups: those who were within 1.65 SD of the TD
mean magnitude of voice F0 responses to perturbation
(“ASD-LOW,” n = 8) and those who had abnormally
heightened voice F0 responses (“ASD-HIGH,” n = 5). As is
inherent in a normal distribution, one TD child also demon-
strated a heightened response magnitude, but neither the
inclusion nor exclusion of this child in the study altered the
results. Because this child was without diagnosis, he was
maintained in the TD group. Non-parametric Kruskal–Wal-
lis and Mann–Whitney post-hoc tests were applied for sub-
group analyses.

Group diVerences in WASI mental ability scores were
examined between TD, ASD-LOW, and ASD-HIGH chil-
dren (Table 1) and indicated no diVerences in performance

mental ability (H(2) = 2.287, p = 0.319), verbal mental
ability (H(2) = 5.21, p = 0.074) or full scale mental ability
(H(2) = 4.825, p = 0.09). Age was re-explored with respect
to the new groupings and no variance was observed
between TD (10.06 (2.265) years), ASD-LOW (11.13
(1.808) years) and ASD-HIGH (10.06 (2.265) years) chil-
dren (H(2) = 1.289, p = 0.53). Also, the ASD-HIGH chil-
dren were not more likely to be of one speciWc spectrum
diagnosis (ASD: autism: n = 1, Asperger disorder: n = 1,
PDD-NOS: n = 1, combined diagnosis: n = 2).

By deWnition, the ASD-HIGH children demonstrated
statistically signiWcant greater compensatory response mag-
nitudes to pitch perturbation (Kruskal–Wallis test,
H(2) = 14.764, p = 0.001). Follow-up Mann–Whitney tests
showed that the ASD-HIGH group demonstrated larger
responses than both the TD children (U = 17.0, p = 0.001)
(Fig. 3) and the ASD-LOW children (U = 0.0, p = 0.002).
However, the ASD-LOW group varied signiWcantly from
the TD group in terms of response magnitude (U = 26.0,
p = 0.019) such that their mean magnitude was smaller than
that of the TD group (with or without the TD child who
exceeded the 1.65 SD cutoV). Onset latency did not diVer
between groups (H(2) = 6.507, p = 0.039). Time of peak
magnitude also did not diVer [H(2) = 2.258, p = 0.323; TD
mean (SD) = 0.22 (0.136) s, ASD-LOW = 0.24 (0.208),
ASD-HIGH = 0.32 (0.155)]. Means and standard devia-
tions of response measures for each group are reported in
Table 2.

Relationship to language

Kruskal–Wallis test results indicated a statistically signiW-
cant group diVerence on receptive language ability
(H(2) = 9.156, p = 0.010) and a near signiWcant diVerence
on core language ability (H(2) = 6.967, p = 0.031).

Fig. 2 Dot plot of compensatory response magnitudes (cents) of TD
children (left; black squares) and children with ASD (right; ASD-
LOW: gray circles and ASD-HIGH: asterisks). Children whose mag-
nitudes were within §1.65 SD of the typical range comprise the ASD-
LOW group, whereas children whose magnitudes exceeded +1.65 SD
comprise the ASD-HIGH group

Fig. 3 Grand average TD (black), ASD-LOW (light gray) and ASD-
HIGH (dark gray) response magnitude curves and standard error (TD:
dotted lines; ASD: dashed lines). Whereas the TD response to pitch
perturbation is approximately 20 cents, the ASD-LOW group response
is signiWcantly smaller, and the ASD-HIGH group response is signiW-
cantly larger than the TD group
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However, expressive language ability did not diVer
between groups (H(2) = 4.825, p = 0.090). Mann–Whitney
follow-up tests were conducted to examine diVerences in
receptive language ability, and they showed a statistically
signiWcant group diVerence only between the TD and ASD-
HIGH children (U = 5.5, p = 0.002). TD and ASD-LOW
groups and ASD-HIGH and ASD-LOW groups did not
vary signiWcantly in receptive language ability (U = 37,
p = 0.106 and U = 10.5, p = 0.171, respectively). For all
CELF language measures (core, receptive, and expressive
abilities), the TD children scored the highest, followed by
the ASD-LOW children and then the ASD-HIGH children.
Means and standard deviations of language measures for
each group are reported in Table 1.

Irrespective of diagnosis, Pearson’s correlations were
calculated between the compensatory response measures
(onset latency, time to peak and magnitude), WASI (full
scale, verbal and performance mental abilities) and CELF
(core, receptive, and expressive language abilities) behav-
ioral measures. Correlations were considered signiWcant if
they both had p values ·0.05 and exceeded a value of
§0.32; thus assuring that each meaningful relationship
resulted in at least 10% shared variance between measures
(Tabachnick and Fidell 2007). Response magnitude was
signiWcantly correlated with measures of core, receptive,
and expressive language abilities (r = ¡0.60, p = 0.001;
r = ¡0.55, p = 0.002; r = ¡0.46, p = 0.011, respectively),

such that decreased magnitude was related to higher lan-
guage scores (Fig. 4). Similarly, time of peak magnitude
was also signiWcantly correlated with core and receptive
language abilities (r = ¡0.37, p = 0.048 and r = ¡0.44,
p = 0.017, respectively), such that decreased time of peak
magnitude was related to better language ability (Fig. 5).
No statistically signiWcant correlations were identiWed for
measures of onset latency. When investigating diagnostic
groups individually (data not shown), statistically signiW-
cant correlations persisted between measures of response
magnitude and core and receptive language indices and
between time to peak and receptive language ability within
the TD group and between response magnitude and core
language index within the ASD group.

Discussion

This is the Wrst study of which we are aware that reports
pitch-shift reXex data on children in general and children
with ASD, as well as the Wrst to rigorously investigate the
relationship to cognitive and language abilities. Since nor-
mative data for children in this age range do not exist, data
from the TD children in this study represented the best con-
trol group. The children with ASD demonstrated two diVer-
ent types of responses to perturbation in auditory feedback;
as a group, the ASD-LOW children (62%) responded with

Fig. 4 Relationships between 
magnitude and language ability. 
Statistically signiWcant Pear-
son’s correlations (r ¸ 0.32 and 
p · 0.05) were found between 
magnitude (cents) and core (top 
left), receptive (top right) and 
expressive (bottom left) lan-
guage abilities. Smaller response 
magnitudes were related to bet-
ter language scores as measured 
by the CELF. Magnitudes and 
behavioral scores of individual 
subjects (TD, black squares; 
ASD, gray circles) are plotted, 
as well as the best Wt regression 
line for the entire sample. Corre-
lation r and p values are reported 
next to each plot
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a smaller mean change in vocal F0 in response to pitch-
shifted auditory feedback than their TD counterparts,
whereas 38% of the children with ASD showed larger
response magnitudes. On an individual level, the children
in the ASD-LOW group did not present with atypical
response characteristics. It is only when looking at these
eight children as a group that they showed signiWcantly
smaller response magnitudes. However, what distinguishes
the children in the ASD-HIGH group is that they showed
abnormal response magnitudes on an individual level
because their responses were outside of 1.65 SD of the TD
mean. Further, it is only the ASD-HIGH subgroup of chil-
dren who showed signiWcantly lower receptive language
scores on the CELF than the TD children. Conversely, the
ASD-LOW children did not diVer on any language measure
compared to TD children. These data indicate two poten-
tially fundamentally diVerent mechanisms of audio–vocal
regulation in the ASD children of this study. One mecha-
nism involves an audio–vocal system which is hypo-
responsive or depressed, while the other mechanism may be
a hyper-responsive audio–vocal system. Finally, across all
children, correlations between pitch-shift reXex measures
(time of peak magnitude and magnitude of the response)
and behavioral language ability were identiWed, such that
shorter time to peak and smaller response magnitude were
indicative of better language abilities (as measured by the
CELF).

One aim of this study was to identify a measure that may
objectively characterize children on the spectrum. Not all
children with ASD showed the same pattern of response,
which is consistent with the known heterogeneity in ASD
(Tharpe et al. 2006; Freitag 2007). In this study, speciWc
spectrum diagnosis alone (e.g., Asperger Disorder vs.
PDD-NOS) did not account for the variation in pitch-shift
reXexes. Provided the likelihood that the spectrum involves
subpopulations with clinical features in common (Freitag
2007), having a heterogeneous group of children with ASD
showing two distinct types of eVects is encouraging as a
Wrst step. Beyond correlating the pitch-shift reXex with
available intelligence and language scores, other behavioral
relationships were explored based on participant history
reports. Because all of the children were receiving multiple
kinds of interventions (including speech therapy, occupa-
tional therapy, social skills groups, etc.), it was impossible
to identify a common intervention that could account for
diVerences in either language or voice F0 regulatory abili-
ties. An anecdotal observation by the experimenter was that
nearly all of the children with ASD in this study demon-
strated prosody production problems (including problems
with volume, voice F0, and intonation regulation). Further,
parents often indicated either through personal communica-
tion with the experimenter or in response to study question-
naires that their child seemed to suVer from problems with
both production and perception of prosody in speech.

Fig. 5 Relationship between 
time of peak magnitude and lan-
guage ability. Statistically sig-
niWcant Pearson’s correlations 
(r ¸ 0.32 and p · 0.05) existed 
between the time of peak magni-
tude (s) core (top left) and recep-
tive (top right) language 
abilities, such that a shorter time 
to peak was related to better core 
and receptive language abilities. 
There was no relationship be-
tween time of peak magnitude 
and expressive language ability 
(bottom left). Time of peak mag-
nitude and behavioral scores of 
individual subjects (TD, black 
squares; ASD, gray circles) are 
plotted, as well as the best Wt 
regression line for the entire 
sample. Correlation r and p val-
ues are reported next to each plot
123



120 Exp Brain Res (2008) 188:111–124
Consequently, the ASD-HIGH group did not distinguish
itself from the ASD-LOW children as having a higher inci-
dence of echolalia and Xat intonation. Thus, the extent to
which the pitch-shift reXex is related to echolalia or mono-
tonicity could not be readily evaluated, particularly in the
absence of formal measures of prosody production. Given
the small sample sizes, these results speak to the need for
future work in this area to distinguish between children
with ASD who have smaller versus larger vocal responses
and any accompanying behavioral or diagnostic correlates.

Currently available studies of vocal production in ASD
rely on ratings of speech samples and oVer only descrip-
tions of the speech characteristics, rather than addressing
why the speech is atypical (Shriberg et al. 2001; McCann
and Peppe 2003; Paul et al. 2005a, b). Moreover, ceiling
eVects are commonly noted in behavioral measures of pros-
ody in ASD (Paul et al. 2005a, b). Data from the current
study indicate the existence of objectively-measurable
abnormalities in the auditory-vocal feedback loop in some
children with ASD. In this study, mean F0, low frequency
F0 variability (1–10 Hz; as in tremor) and cycle-to-cycle F0

variability (voice jitter) did not diVer between children with
ASD and their TD counterparts. Thus, F0 level and variabil-
ity did not account for the diVerences in response to pitch
perturbation (see Liu and Larson 2007). Therefore, it
appears as though the children with ASD do not have an
inherent deWcit in the ability to sustain vocal F0. Rather, it
seems that children with ASD may have diYculty incorpo-
rating auditory feedback cues into vocal control mecha-
nisms. The establishment of abnormalities in the audio–
vocal feedback system is a Wrst step for future investiga-
tions of prosody production and voice F0 regulation in
ASD. A recent study found diVerences in pitch range in
children with ASD (Hubbard and Trauner 2007). Since data
on spontaneous speech characteristics (including voice F0

range) were not available in the current study, exploring the
relationship between natural speech and responses to
audio–vocal feedback represents a logical next step in this
line of research. Such studies would help to determine the
extent to which echolalia, frequency range, or behavioral
prosody may relate to audio–vocal reXexes in individual
subjects.

A noteworthy model of audio–vocal interaction derives
from birdsong literature (Margoliash 2002; Prather et al.
2008). The process of crystallization of a song repertoire
requires many steps, which may be homologous to vocal
production in the human system (Marler and Sherman
1983; Volman and Khanna 1995). When a young bird Wrst
learns a song, it forms an auditory image of the sound.
Once the image is solidiWed, the bird relies on auditory
feedback, as well as feedback from the birds around it, to
adjust its song. After modiWcations through the learning
process, the song pattern crystallizes. Recent literature

shows that in response to auditory feedback manipulation at
various times before, during, or after crystallization (a pro-
cess referred to as “decrystallization”), the birdsong itself
can be disrupted. It is encouraging to know that a song pat-
tern speciWc to the repertoire of a given bird’s species can
be recovered after this disruption (Leonardo and Konishi
1999). In addition, Prather et al. (2008) have identiWed
what appear to be audio–vocal mirror neurons which are
active during listening and singing in the swamp sparrow.
They further suggest that similar auditory-motor neurons
may play a role in speech development in humans.

Drawing a parallel to birdsong development, a develop-
ing child must learn to produce speech patterns (Doupe and
Kuhl 1999). As a Wrst step, a child forms auditory images of
speech sounds. Using an internal model, the child then
experiments with how to integrate the percept of a sound
with the proper way to manipulate the vocal apparatus to
produce the sound (babbling) (Ejiri 1998; Guenther et al.
1998). If the percept of a sound is disrupted (at any level),
then production of that sound would undoubtedly be
aVected. Furthermore, the production and regulation of
voice F0 during speech will have been “crystallized” with
respect to this atypical representation. There are reports that
in early development, children with autism show abnormal
or absent babbling (Dawson et al. 2000; Gernsbacher
2004). Thus, one may hypothesize that the diminished
experimentation with language through babble is related to
the deWcient audio–vocal feedback system.

The underlying neural circuitry in audio–vocal regula-
tion involves many lower level nuclei, in addition to higher
cortical processing. Because the latency of the pitch-shift
reXex (130–200 ms) encompasses the time that it takes for a
signal to travel from the midbrain to the motor cortex, both
basic sensory encoding (lower level processing) and corti-
cal encoding are likely involved. Although the present
study paradigm precludes exact localization of the deWcit in
the audio–vocal system, some evidence for such localiza-
tion emerges from work on vocal behavior and cortical acti-
vations in both humans (Houde et al. 2002) and non-human
primates, such as the marmoset (Eliades and Wang 2003).
Based on results from an auditory feedback/magnetoen-
cephalography study, Houde et al. (2002) suggested that
cortical inhibition allows for online monitoring of speech
output in comparison with expected vocalizations. Work by
Eliades and Wang (2003) complement this theory; they
showed in the marmoset that vocalization-induced inhibi-
tion in upper cortical layers begins before the onset of a
vocalization, while excitation begins after the onset of
vocalization, resulting in a cortical-cortical modulation.
The working hypothesis suggested that inhibition allows
the cortex to monitor auditory feedback of the self-pro-
duced vocal sounds, while excitation reXects responses to
non-vocal environmental sounds. Furthermore, Eliades and
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Wang (2003) suggested corticofugal pathways may modu-
late (inhibition and excitation) cochlear and brainstem (spe-
ciWcally inferior collicular) responses to auditory vocal
feedback. If the sensory auditory representation of the
vocalization is precluded [on account of an atypical audi-
tory neural pathway (Siegal and Blades 2003; Herbert and
Kenet 2007)], then the cortex may not be receiving an
appropriate signal to modulate the motor production of the
sound. Alternatively, even if the sensory representation is
accurate and communicated to the cortex, there may be a
disconnect between the cortical centers that modulate other
cortical or lower level activity due to reduced inter-hemi-
spheric or long-range connectivity (Baron-Cohen et al.
2005; Courchesne and Pierce 2005). Given the known deW-
cits in cortical processing of prosody in children with ASD
(Erwin et al. 1991; Wang et al. 2001; Kujala et al. 2005;
Korpilahti et al. 2006), one may speculate that the disrup-
tion in sensory-motor integration observed in the ASD-
HIGH group in this study results from deWcient cortical
inhibition during vocalization via any of these plausible
mechanisms.

The audio–vocal system relies on sensory-motor integra-
tion and individuals with ASD are often characterized as
having deWcits in this process (Iarocci and McDonald
2006). Unfortunately, given the limitations of the current
paradigm, it is impossible to know where exactly the dis-
ruption occurs in the auditory-motor pathway for vocal pro-
duction. Even so, these data comprise the Wrst
representation of abnormalities in the pitch-shift reXex in
children with ASD. These data show two patterns, ASD-
LOW children who have diminished vocal responses and
ASD-HIGH children who demonstrated larger responses.
Due to their often Xat or monotone vocal production, one
might have predicted that children with ASD would not
vary their voice F0 in response to perturbation of auditory
feedback at all and produce Xat responses. These data show
that the ASD-LOW group responds with a smaller change
in voice F0. This abnormality may either reXect a deWcient
automatic processing of the degree of pitch-shift stimulus,
or it may reXect accurate recognition of the pitch-shift stim-
ulus with a limited response by the vocal system possibly
due to a behavioral abnormality (monotonicity). Con-
versely, individuals with ASD often self-report hypersensi-
tivity to sound (O’Neill and Jones 1997; Khalfa et al. 2004;
Kellerman et al. 2005). This auditory hypersensitivity may
have contributed to the excessive disruption of the pitch-
shift reXex mechanism observed in the ASD-HIGH group
in this study. Either the auditory representation or vocal
response may have higher gain. The ASD-HIGH children
may be overcompensating for the pitch shift because of an
initially heightened percept (in the auditory domain) with
subsequent integration of sensory and motor systems
required for voice F0 production. Alternatively, the ASD-

HIGH children may register the stimulus appropriately, but
because they have relatively poor control over their vocal
system, the result is a very large change in voice F0.
Regardless of sensitivity, abnormal auditory pathway func-
tion in general may be responsible for disrupted input into
the initial stage of the auditory vocal motor system (Erwin
et al. 1991; McClelland et al. 1992; Klin 1993; Maziade
et al. 2000; Wang et al. 2001; Boddaert et al. 2003; Ceponi-
ene et al. 2003; Jansson-Verkasalo et al. 2003; Rapin and
Dunn 2003; Rosenhall et al. 2003; Boddaert et al. 2004;
Gervais et al. 2004; Kasai et al. 2005; Kujala et al. 2005;
Lepisto et al. 2005, 2006; Korpilahti et al. 2006; Tharpe
et al. 2006). All of these possibilities warrant further study.

The robust relationship between audio–vocal production
and language abilities is compelling. This relationship
makes it possible to begin to consider measurement of the
pitch-shift reXex as an early indicator of prosody-related
language ability in children with ASD and to help identify
candidates for more extensive and targeted language inter-
vention. That is, the TD child who produced an abnormal
pitch-shift response also demonstrated lower language abil-
ities compared to his TD peers. Nevertheless, the possibil-
ity exists that these data are not dichotomous in the ASD
group, but instead represent a continuum of adolescent
responses. Although developmental changes in the vocal
tract and the role of auditory feedback have been modeled
in adults (Callan et al. 2000), analogous data related to chil-
dren are currently not available. Further, previous studies of
the pitch-shift reXex have not evaluated language ability in
adults. Understanding the maturation of the pitch-shift
reXex and its relationship with language will help disentan-
gle whether abnormal responses are indicative of ASD or
poor language skills in general. Although it may be theo-
rized that problems decoding acoustic aspects of speech
may interfere with the learning of language skills, there is
an admitted leap from perception and production to behav-
ioral language abilities. Future studies are needed to
explore the extent to which this relationship persists in
larger samples, for both typically developing and disor-
dered children and adults.

In lieu of identifying a source of the deWcit, it is encour-
aging to note that vocal production in response to auditory
feedback may be malleable by training (Titze 1994).
Indeed, the neural encoding of pitch in the auditory system
is malleable at both cortical (Jancke et al. 2001) and sub-
cortical levels (Krishnan et al. 2004, 2005; Xu et al. 2006;
Musacchia et al. 2007; Wong et al. 2007). As demonstrated
by training of singers, a person can learn to control voice F0

range. With musical training, a child with ASD may learn
how to appropriately gauge pitch in his or her own voice
(i.e., integrating cues of vibration of vocal cords and pitch
level) such that the perceptions of the individual’s voice
agree with the vocal productions. Remediation strategies
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involving vocal production and auditory feedback—either
through speech or music therapy—may address this prob-
lem in aVected individuals. Furthermore, the pitch-shift
reXex paradigm may be useful in monitoring eVects of such
therapies.

The pitch-shift response can reXect deWcient and expert
audio–vocal function. Patients with Parkinson’s disorder,
who have prosody production and voice F0 deWcits similar
to individuals with ASD, also show abnormal pitch-shift
reXexes consistent with what was observed in the ASD-
HIGH group (Liu et al. “Vocal Responses to Loudness-
and Pitch-shift Perturbations in Individuals with
Parkinson’s Disease”—Motor Conference abstract, 2008).
On the other end of the continuum, audio–vocal experts
(musicians) appear to have enhanced auditory-motor inte-
gration and can both detect pitch change better (Magne
et al. 2006) and are less aVected by alterations in auditory
feedback (Zatorre et al. 2007). Musicians exhibit a
superior ability to ignore conXicting auditory feedback,
while maintaining vocal output. The current Wndings,
coupled with preliminary Wndings of abnormal magni-
tudes in patients with Parkinson’s disorder patients and
data indicating that musicians have a more Wnely tuned
and accurate reXex, have signiWcant theoretical implica-
tions. Additional investigations of altered auditory
feedback and its eVects on reciprocal pathways in the
auditory-motor system are clearly needed to elucidate
where deWcits can be expected to occur. Identifying the
actual mechanism will contribute greatly to the under-
standing of the continuum from deWcient to expert audi-
tory-vocal systems and the regulation and overall control
of voice F0.

The original impetus for this study was to link the obser-
vation that individuals with ASD often demonstrate abnor-
mal perception and production of prosody with the audio–
vocal feedback system. Identifying a diVerence in voice F0

regulation between subsets of children with ASD and TD
children on this audio–vocal feedback task was a Wrst step
and opens a new line of research. Further work is needed to
determine the developmental time course of this feedback
system and whether there are other characteristics that dis-
tinguish children with ASD with audio–vocal deWcits from
those in whom this feedback system appears to be intact.
Future directions include (1) investigating other aspects of
prosody (e.g., duration or rate); (2) implementing adminis-
tration of the ADOS and ADI-R in order to conWrm this
phenomenon in a more homogenous group; and (3) deter-
mining how the audio–vocal response may align itself with
speciWc social communication and behavioral deWcits
observed in children with ASD. The audio–vocal task is
objective, non-invasive, reliable, and quickly measured (in
less than 15 min); it lends itself for use as an objective mea-
sure of one aspect of prosody deWcits in ASD.
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