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Although language delay is common in autism spectrum disorder (ASD), research is equivocal on whether speech
development is affected. We used acoustic methods to investigate the existence of sub-perceptual differences in the
speech of toddlers who developed ASD. Development of the distinction between b and p was prospectively tracked in
22 toddlers at low risk for ASD (LRC), 22 at high risk for ASD without ASD (HRA-), and 11 at high risk for ASD who
were diagnosed with ASD at 36 months (HRA+). Voice onset time (VOT), the main acoustic difference between b and
p, was measured from spontaneously produced words at 18, 24, and 36 months. Number of words, number of tokens
(instances) of syllable-initial b and p produced, error rates, language scores, and motor ability were also assessed. All
groups’ mean language scores were within the average range or slightly higher. No between-group differences were
found in number of words, b’s, p’s, or errors produced; or in mean or standard deviation of VOT. Binary logistic
regression showed that only diagnostic status, not language score, motor ability, number of words, number of b’s and
p’s, or number of errors significantly predicted whether a toddler produced acoustically distinct b and p populations
at 36 months. HRA+ toddlers were significantly less likely to produce acoustically distinct b’s and p’s at 36 months,
which may indicate that the HRA+ group may be using different strategies to produce this distinction. Autism Res
2017, 0: 000-000. © 2017 International Society for Autism Research, Wiley Periodicals, Inc.
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Acquisition of Voice Onset Time in Toddlers at
High and Low Risk for Autism

Autism Spectrum Disorder (ASD) is characterized by per-
sistent deficits in social communication and by restrict-
ed interests and repetitive movements, which cause
clinically significant impairment in functioning [Ameri-
can Psychiatric Association, 2013]. Yet the domains
over which ASD is defined (motor skill, social ability,
language) are the same as those required for an individ-
ual to communicate using spoken language. It is there-
fore reasonable to expect speech to be affected in ASD.
Since speech data can be collected non-invasively, it is
worth prospectively investigating speech development
in toddlers at risk for ASD. Differences may help us
understand how linguistic and motor constraints influ-
ence the ability of children with autism spectrum disor-
der to produce phonological contrasts.

Research on whether speech is impaired in ASD has
been equivocal. While some research demonstrates that
speech is relatively spared in ASD [Boucher, 1976;

Kjelgaard & Tager-Flusberg, 2001; McCann, Peppé, Gib-
bon, O’Hare, & Rutherford, 2007; Tager-Flusberg, 1981],
others report elevated rates in speakers with verbal ASD
of: speech delay [Bartak, Rutter, & Cox, 1975; Bartolucci
& DPierce, 1977; Bartolucci, Pierce, Streiner, & Eppel,
1976; Cleland, Gibbon, Peppé, O’Hare, & Rutherford,
2010; McCleery, Tully, Slevc, & Schreibman, 2006;
Schoen, Paul, & Chawarska, 2011; Velleman et al.,
2009], speech errors [Cleland et al., 2010; Rapin, Dunn,
Allen, Stevens, & Fein, 2009], persistent speech disorder
[Cleland et al., 2010; Shriberg et al., 2001], and motor
speech disorders [Velleman et al., 2009].

Other factors complicate what conclusions can be
drawn from the literature regarding whether speech is
affected in ASD. First, previous studies have not con-
trolled for language ability, though language delay is
known to be associated with speech delay [Pennington
& Bishop, 2009]. Second, the literature on infant sib-
lings of children with ASD, who are themselves at
higher risk of developing ASD, shows that language and
motor development are frequently delayed not only in
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those siblings who develop ASD, but also in the high-
risk siblings who do not [Gamliel, Yirmiya, Jaffe, Man-
or, & Sigman, 2009; Iverson & Wozniak, 2007; Landa,
Gross, Stuart, & Bauman, 2012]. Thus, it is unclear
whether the speech findings in toddlers and children
with ASD are associated with an ASD diagnosis specifi-
cally or whether they are part of a shared vulnerability
for language delay common to high-risk families.

Subphonemic Variation in Typical Development:
The Voiced/Voiceless Distinction

Acquisition of certain phonetic contrasts is more com-
plex and nuanced than simple correct/incorrect judg-
ments indicate. One area in which this is true is the
development of the voiced/voiceless distinction in stop
consonants. Stop consonants (/b, d, g p, t, k/) are so
named because airflow through the vocal tract is
completely stopped for a brief period (<100 ms) during
their production. The former three are referred to as
“voiced” and the latter three as “voiceless” stops. Here,
we focus on /b/ and /p/, the earliest-developing voiced-
voiceless pair of stops.

To produce the distinction between /b/ and /p/; that
is, to convey to a listener the difference between words
such as “big” and “pig,” a high degree of motor coordi-
nation of laryngeal vibration and between laryngeal
vibration and opening of labial closure is necessary
[Koenig, 2000]. For American English /b/ in adult
speech, laryngeal vibration resumes within 20 ms of
labial opening; for /p/, it resumes 60 ms or more after
labial opening [Koenig, 2000; Stevens, 1998]. This inter-
val is called voice onset time, or VOT, and is the main
acoustic difference between voiced and voiceless stops
[Lisker & Abramson 1964]. VOT measurements can thus
reliably quantify how consistently a speaker is able to
meet the simultaneous linguistic and motor goals of
producing two separate categories of labial stops (voiced
and voiceless).

Development of the /b/-/p/ distinction is protracted
and includes a period during which children produce a
covert distinction—that is, they produce acoustically,
but not perceptually, distinct /b/s and /p/s. Because
sub-perceptual differences in speech sounds are a part
of normal speech development, another limitation of
previous research is that, with a few exceptions [e.g.,
Diehl & Paul, 2012, 2013; Diehl, Watson, Bennetto,
McDonough, & Gunlogson, 2009], perceptual methods
have been used for assessing the presence of articulato-
ry differences in toddlers and children with or at risk
for ASD. While perceptual methods are ecologically val-
id, one of their limitations is that that acoustic differ-
ences between tokens (exemplars) of the same phonetic

category are very difficult to identify perceptually
[Kent, 1996], so they cannot reveal covert distinctions.

The stages in acquisition of the /b/-/p/ contrast in
syllable-initial stops in English were first documented
in a longitudinal study by Macken and Barton [1980] of
four toddlers, beginning at 16-18 months of age and
ending at 19-23 months. These researchers identified
three general stages in acquisition of the /b/-/p/ con-
trast. In Stage 1, the “no contrast” stage, there are no
perceptual or acoustic differences in the intended
voiced and voiceless stops that children produce. Tod-
dlers’ productions of “bat” and “pat” not only both
sound like “bat” to adults during this stage, but there is
no acoustic difference between the two consonants.

At the beginning of Stage 2, the “covert contrast”
stage, the mean VOT for intended /b/ is unchanged,
but the mean VOT for intended /p/ lengthens—though
it remains within the adult “voiced” category and there
is still considerable overlap between the two popula-
tions of stops. In Stage 2 stage, though “bat” and “pat”
still sound the same to adults, there is now a measur-
able acoustic difference between intended /b/ and /p/.

Finally, in Stage 3, toddlers produce intended /p/s
with VOTs in a range that sounds like /p/ to adults.
Koenig [2000] showed that, by the time children are
five years of age, the means and standard deviations for
their /b/ and /p/ populations were similar to those of
adults (mean 12.6 ms, S.D. 6.1 for /b/; mean 216 ms,
S.D. 52.6 for /p/). Thus, as children develop in their
ability to produce the voicing distinction, there is less
overlap between VOT populations for voiced and voice-
less stops.

Lowenstein and Nittrouer [2008] largely replicated
the findings of Macken and Barton [1980] with a group
of seven toddlers, taped at 2-month intervals between
the ages of 14 and 31 months. In addition, Lowenstein
and Nittrouer found that the variability in VOT for tod-
dlers’ /b/s was lower than for /p/s and decreased slightly
as children matured, which the authors interpreted as
reflecting improved production accuracy. The variabili-
ty in VOT for /p/, by contrast, was significantly higher
than for /b/ and was interpreted as lower production
accuracy. These results were taken by the authors to
indicate that, while the target VOTs for /p/ became
more adult-like, toddlers’ skill in producing those target
values did not improve, over the course of the study.
Research on children up to age 5 has not found sex dif-
ferences in development of the /b/-/p/ distinction
[Whiteside, Henry, & Dobbin, 2004].

Taken together, then, previous research suggests that
the mean VOT for voiced and voiceless stops, the stan-
dard deviation of VOT for those stops, and the degree
to which voiced and voiceless stop populations are dis-
tinct (acoustically and statistically) all index the devel-
opment of the distinction between /b/ and /p/. This

2 Chenausky and Tager-Flusberg/VOT acquisition in toddlers at risk for ASD



developmental progression is related to speech delay in
that speech-delayed children produce /p/ with lower
accuracy rates than typically developing children. For
example, Shriberg [1993] found that speech-delayed
children between 3 and 6 years old produced /p/ with
approximately 83% accuracy, compared with rates of
90%-92% for typically developing children. In this con-
text, lower accuracy rates mean that what the child pro-
duced when intending /p/ was not heard as a /p/ by
adults. Without acoustic data, it is not possible to know
whether these misarticulated /p/s had VOT values in
the /b/ range. Regardless, the finding does suggest that
the ability to produce acoustically distinct /b/ and /p/
populations is a skill that is acquired later by children
with speech delay. As such, it may indicate that motor
and language constraints differently affect the ability of
at-risk groups, including toddlers at risk for ASD, to
accurately produce phonological distinctions.

Finally, there is research showing that both gross
motor [Bedford, Pickles, & Lord, 2015] and fine motor
ability [Sauer LeBarton & Iverson, 2013] predict larger
expressive language ability in children with or at risk
for ASD [but see also Wang, Lekhal, Aaro, Holte, &
Schjolberg, 2014]. However, around the time of canoni-
cal babbling onset, when children begin to produce
consonant-vowel syllables and strings of syllables
(between 6 and 10 months in typically developing
infants), there is also a significant increase in rates of
rhythmic upper limb movement—that is, simultaneous
banging and babbling [Iverson & Fagan, 2004; Iverson
& Wozniak, 2007 ]. To understand whether language
or motor ability was involved in the development of
the /b/-/p/ distinction, we also included measures of
expressive language, receptive language, and fine
motor (rather than gross motor) scores predictors in
our analyses.

Research Questions

Because previous research suggests that speech develop-
ment is delayed in at least some toddlers at high risk
for ASD, and because few other studies have employed
acoustic methods to investigate speech production in
toddlers at high risk for ASD, we sought to answer two
questions:

1. Are perceptual or sub-perceptual production differ-
ences present in the speech of toddlers who go on to
develop ASD?

2. Are these differences shared by high-risk siblings
who do not go on to develop ASD, thus forming part
of a separable comorbidity, or are they associated
with ASD specifically, suggesting altered speech
development in some children with ASD?

Methods

Participants

Our sample included 55 infants: 22 low-risk controls
(LRC) with a typically developing older sibling and no
family history of ASD (5 male) and 33 toddlers at high
risk for ASD (HRA) who had an older sibling with ASD.
11 HRA toddlers (7 male) received diagnoses of ASD at
36 months and are referred to as HRA+ (i.e., high-risk
siblings with ASD). The remaining 22 HRA toddlers (13
male) did not develop ASD and are referred to as HRA—
(i.e., high-risk siblings without ASD).

Family history of ASD was queried during a pre-
enrollment phone screen. Diagnosis of ASD in the HRA
probands (and confirmation that the LRC probands did
not have ASD) was corroborated via parent report using
an age-appropriate screener prior to enrollment: for pro-
bands over 4 years old, the Social Communication
Questionnaire was used [SCQ; Rutter, Bailey, & Lord,
2003]; for probands under 4 years old, the Pervasive
Developmental Disorders Screening Test-II was used
[PDDST-II; Seigel, 2004]. After initial screening, partici-
pants were enrolled in a longitudinal infant sibling pro-
ject and invited to participate regularly until 36 months,
with data collected through parent report, behavioral,
eye-tracking, and neural measures of development.

To be included in this study, infants needed to com-
plete lab visits at 18, 24, and 36 months and to have
received an Autism Diagnostic Observation Schedule
[ADOS; Lord et al., 2000] assessment from a research-
reliable experimenter at 36 months. Diagnoses of ASD
were made according to expert community clinicians
before the family’s enrollment in the study; after enroll-
ment, diagnoses were verified using the ADOs, the
Social Communication Questionnaire [SCQ; Rutter,
et al. 2003], or best estimate clinical judgment. Table 1
details language scores on the Mullen Scales of Early
Development [MSEL; Mullen, 1995] for the HRA+,
HRA-, and LRC groups. As mentioned above, we also
included fine motor scores from the MSEL, as this sec-
tion focuses on actions with the hands and arms (e.g.,
bringing fists to midline or banging blocks in midline)
rather than items mainly related to posture and gait, as
is true of the gross motor section. Project approval was
obtained from the Institutional Review Boards at Bos-
ton Children’s Hospital and Boston University, and
informed consent was obtained from the parents of
each infant participant.

Procedures

Audio recordings from the first 30 minutes of the ADOS
from the 18-, 24-, and 36-month visits were used as a
spontaneous speech samples for each toddler. Sessions
were recorded in rooms equipped with two Sony SNC-
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Table 1.

Descriptive Characteristics by Age and Group

Low-Risk High High
Controls Risk + ASD Risk — ASD
(LRC) (HRA+) (HRA-)
Number 22 11 22
Sex 5M,17F 7M, 4F 13M,9F
36-mo. ADOS Score 2.8*+3.4 8.3+3.5 3.4+29
(mean =S.D.)
Language T-Scores
18 months EL 51.0+6.7 44.7 £11.7 50.5 = 10.6
18 months RL 59.6 = 13.0 41.1*£17.3 51.3*+13.5
24 months EL 58.1 8.7 49.1+11.0 51.3+7.4
24 months RL 63.1+6.9 47.9*16.6 54.1*+5.8
36 months EL 62.7+7.9 53.6 £ 8.6 57.9*6.4
36 months RL 61.2+8.3 48.8 = 16.6 53.9+7.9

RZ30N cameras and two SHURE SMS57 microphones.
Audio was extracted from the video files using AoA
Audio Extractor [AoAMedia, 2013], downsampled to
16 kHz with Audacity [Audacity, 2013], and visualized
and played back with Wavesurfer [Sjolander & Beskow,
2011].

Utterances in the 30-minute samples that contained
syllable-initial /b/ and /p/ were extracted, yielding a
total sample of 5,389 stops. Both words (i.e., utterances
that closely matched the adult form, such as [babo]
(“buhbo”) for “bubble”) and word approximations (i.e.,
utterances that less closely matched the adult form,
such as [bun] (vowel as in “book”) for “balloon”) were
included in the sample. Each utterance was glossed
according to the intended word and broadly phoneti-
cally transcribed. Gloss was made based on the conver-
sational context; that is, the parent’s or examiner’s
repetition after the child’s utterance, or the toy or activ-
ity the child was referring to.

Counts and Measurements

Several counts were made of the words in each session
for each participant. First, the number of words for
each child and the number of /b/ and /p/ tokens in
those words from the 30-minute samples were counted.
Words were counted as containing a /b/ or a /p/
depending on the intended word; that is, what the stop
would be in the adult version of the word. Thus, the
word “pop” counted as a /p/ even if it was pronounced
[bap] (“bop”). Also included in the count of words and
/b/ and /p/ tokens were words that were intelligible but
obscured by noise from a toy or another speaker, as
were intelligible but whispered words.

Time waveforms and wideband spectrograms of the
audio files were displayed in Wavesurfer. VOT was then
measured for each syllable-initial singleton bilabial stop
in identifiable, unobscured, non-whispered words.
Using both visual and auditory information, markers
were placed by hand at (1) the broadband, aperiodic

burst marking the oral release and (2) the beginning of
regular, periodic glottal vibrations marking the voice
onset. This is illustrated in Figure 1. The time of each
marker was recorded into a spreadsheet and VOT was
then calculated as the time interval between the two
markers. Occasionally, the VOT of a word with an
intended bilabial stop could not be measured or catego-
rized because of a speech error. When this was the case,
the type of error was noted and the total number of
errors tallied for each child. Error types included stops
with no oral closure, stops that were voiced all the way
through, stops that were nasalized or fricated (i.e., man-
ner errors), and utterances for which the intended word
could not be discerned (e.g., [baep] (“bap”) or [gebwud]
(“gabwood”)). For each child who produced at least
three non-errored tokens of /b/ or /p/ at each age, the
mean and the (within-child) standard deviation of the
VOT for each category was calculated. For each child
who produced at least three non-errored tokens of /b/
and three non-errored tokens of /p/ at each age, a t-test
was used to determine whether the two VOT popula-
tions were statistically distinct from each other.

Measurement Reliability

An additional judge, blind to group status, indepen-
dently measured 11 randomly selected audio files (10%
of the total). Each file consisted of a full 30-minute
recording for a given participant at a particular age.
Pearson’s product-moment correlation between VOT
measurements for the two judges was r=.902,
P <.0005, with a mean difference of 0.6 ms between
judges. These figures are comparable to those of Macken
and Barton [1980]: 6 ms difference between judges; For-
rest and Rockman [1988]: Pearson’s r=.95; Whiteside,
Dobbin, and Henry [2003]: Pearson’s r=0.978; and
Hitchcock and Koenig [2013]: 2.1 ms difference
between judges, Pearson’s r = 0.996.

Results

Analysis of Language Scores

The mean score on the MSEL language subtests is 50.
All three groups included some participants with lan-
guage T-scores lower than 40 and some with T-scores
greater than 60. Because of the high standard devia-
tions in Table 1, we performed one-way ANOVAs on
mean RL and EL score with group as a between-subjects
factor to understand whether there were any significant
between-group differences. Results revealed significant
between-group differences in RL only at 24 and 36
months and in EL only at 36 months. Post-hoc, Bonfer-
roni-corrected analyses revealed that in each case these
findings were driven by above-average LRC mean
scores, making the LRC group significantly different
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from the HRA+ group. At no ages were the HRA+ and
HRA—- groups or HRA— and LRC groups significantly
different from each other.

Description of Children’s Productions: Counts and Error
Rates

Table 2 shows the mean number (and standard deviation)
of words, errors, and /b/ and /p/ tokens produced by each
group at each age. It also includes the number of children
at each age who produced at least three non-errored
tokens of /b/ and the number who produced at least three
of /p/. A repeated-measures ANOVA on number of words
with group as a between-subjects factor showed a main
effect of age, F(2,104) = 9.540, P < .0005, no main effect of
group, and no age X group interaction. All three groups
produced similar numbers of words over time. A 2-way
ANOVA with number of errors as the dependent variable
and age and group as between-subjects factors revealed no
significant main effects of age or group. All three groups
produced similar numbers of errors over time. There was
also no significant age X group interaction. Finally, a 3-
way ANOVA with number of stop tokens as the

dependent variable, age and group as between-subjects
factors, and voicing status (/b/ or /p/) as a within-subject
factor showed a main effect of age, F(2,274)=11.94,
P <.0005. All groups produced more stops with increasing
age. There was also a main effect of voicing,
F(1,274) = 50.7, P <.0005. All groups produced more /b/
tokens than /p/ tokens. There was no main effect of group
and no significant 2- or 3-way interactions.

Voice-Onset Time

Figure 2 shows the mean VOT for /b/ and /p/ as a func-
tion of age, for all three groups (for children who pro-
duced at least three non-errored tokens of /b/ or /p/). A
3-way ANOVA was performed with mean VOT as the
dependent variable, age and group as between-subjects
factors, and voicing status as a within-subjects factor.
There were no significant main effects of age, group, or
voicing; and no significant 2- or 3-way interactions.
Because VOT populations for /b/ and /p/ do not begin
to separate until near 3 years of age, and because devel-
opmental differences in mean /p/ VOT could be over-
shadowed by the larger number of /b/ tokens that
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Table 2.

Counts by Age and Group

LRC HRA=+ HRA—
18 months mean # words 27.5*30.0 32.5%32.0 38.1+31.8
24 months mean # words 42.1+22.3 53.5+47.5 81.1 £66.0
36 months mean # words 86.3 = 39.5 54.1+22.4 71.8 £47.2
18 months mean # errors 9.0+ 13.3 4.5*+3.1 12.0 £17.0
24 months mean # errors 9.9+ 8.4 8.4+12.3 13.4+11.3
36 months mean # errors 6.6 = 8.6 8.5+ 10.9 8.0+7.8
18 months mean # of /b/ 15.7 +18.1 19.1+£17.9 25.5+23.8
24 months mean # of /b/ 22.7+15.7 30.1+30.0 38.1+35.5
36 months mean # of /b/ 39.2 = 24.8 26.4+12.7 35.2+21.9
18 months mean # of /p/ 23.8+ 4.0 6.7 +13.1 59+7.2
24 months mean # of /p/ 8.6+7.6 9.0 +8.0 16.6 = 25.7
36 months mean # of /p/ 22.2+12.6 145+7.1 20.2+12.9
18 months # children with >3 /b/ 14 11 15
24 months # children with >3 /b/ 19 11 19
36 months # children with>3 /b/ 19 11 19
18 months # children with >3 /p/ 10 7 13
24 months # children with>3 /p/ 18 9 18
36 months # children with >3 /p/ 19 11 18
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Figure 2.
and 36 months. Bars indicate standard error of the mean.

children produced, a repeated measures ANOVA on
mean /p/ VOT with group as a between-subjects factor
was also performed. It showed that, as expected, there
was a main effect of age (F(2,40) = 11.4, P <.0005), with
mean VOT for /p/ significantly greater at 24 months
than at 18 months (P =.012) and at 36 months than 24
months (P <.0005). There was no main effect of group
and no age X group interaction.

Figure 3 shows the within-child standard deviation
for /b/ and /p/ by age and group for children who

Mean voice-onset time, averaged within groups (HRA+, HRA—, LRC) for /b/ (left panel) and /p/ (right panel) at 18, 24,

produced at least three non-errored tokens of /b/ or /p/.
A 3-way ANOVA using within-child S.D. of VOT as the
dependent variable, age and group as between-subjects
factors, and voicing status as a within-subject factor
showed a significant main effect of voicing on within-
child SD of VOT at 36 months (F(1,238) =10.937, P =
.001), but not 18 or 24 months. In addition, there was
a significant main effect of age on within-child S.D. of
VOT for /p/ ( F(2,238) = 5.780, P = .004) but not for /b/.
The age X voicing interaction was significant,
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Figure 3. Within-child standard deviation of voice onset time, averaged within groups (HRA+, HRA—, and LRC) for /b/ (left panel)
and /p/ (right panel) at 18, 24, and 36 months. Bars indicate standard error of the mean.

F(4,238) =4.035, P = .019. Neither the age X group nor
the group X voicing interactions were significant, and
there was no significant three-way interaction.

Acoustic Distinctiveness Between /b/ and /p/

For toddlers producing at least three tokens of /b/ and
at least three tokens of /p/ at each age (see Table 2) a t-
test was used to determine whether their VOT popula-
tions for the two stop types were significantly different
(P <.05). Thus, the t-test indicates whether the /b/ and
/p/ populations are statistically distinct for the children
in each group. A P-value <.05 indicates that the two
VOT populations are statistically distinct, while a P-val-
ue >.05 indicates that the two VOT populations are not
distinct—either because the means are close together,
because the standard deviations are high, or both. The
number of participants per group whose /b/ and /p/
VOT populations were statistically distinct was then
entered into a binary logistic regression analysis per-
formed at each age. Because there were (non-signifi-
cant) between-group differences on number of tokens
and number of errors, these variables were also entered
into the logistic regression as covariates. The binary
logistic regressions were performed twice: first, with risk
status (HR vs. LR), EL, RL, and FM as predictors; then,
with diagnostic group (HRA+, HRA—, LRC), EL, RL, and
FM as predictors. Table 3 shows the number of partici-
pants at each age with distinct VOT populations.

When the predictor variables were EL, RL, FM, and
risk status (HR vs. LR), results showed that no variables
significantly predicted acoustic distinctiveness at any
age (18, 24, or 36 months).

Table 3. Number of Toddlers with Acoustically Distinct /b/
and /p/ Populations

LRC HRA= HRA—
18 months 1/4 (25%) 0/4 (0%) 1/10 (10%)
24 months 2/14 (14%) 2/8 (25%) 4/13 (31%)
36 months 13/19 (68%) 3/11 (27%)* 13/17 (76%)**

Predictors: Diagnostic status, EL, RL, FM. Covariates: number of
tokens, number of errors. (See text for explanation.)

*HRA+ status significantly decreased odds of producing acoustical-
ly distinct /b/ and /p/ populations at 36 months (P = .035).

**HRA— status significantly increased odds of producing acousti-
cally distinct /b/ and /p/ populations at 36 months (P = .028).

When the predictor variables were EL, RL, FM, and
diagnostic group (HRA+, HRA—, LRC), only group pre-
dicted acoustic distinctiveness, and only at 36 months.
Both HRA+ and HRA- status significantly predicted
the ability to produce acoustically distinct /b/ and /p/
populations at 36 months. HRA+ status significantly
decreased the odds of producing acoustically distinct
/b/ and /p/ populations by a factor of 0.2 relative to
LRC status, P = .035. HRA— status significantly
increased the odds of producing acoustically distinct /b/
and /p/ populations by a factor of 1.4 relative to LRC
status, P = .028.

Discussion

The aims of this study were to determine whether sub-
perceptual differences in speech production exist in
HRA+ toddlers, and whether any production differ-
ences are unique to the high-risk toddlers who develop

Chenausky and Tager-Flusberg/VOT acquisition in toddlers at risk for ASD 7



ASD or whether they are shared with HRA— toddlers,
indicating a separable comorbidity. Language scores on
the Mullen Scales show that all three groups scored in
at least the average range on tests of both Receptive
and Expressive Language. The LRC group showed slight-
ly above-average mean scores at 24 months (RL) and at
36 months (RL and EL). However, the HRA+ and HRA—
group performed similarly, so group differences on con-
sonant production cannot be ascribed to lower-than-
average language ability on the part of the HRA+ or
HRA— groups.

All three groups produced similar numbers of words,
errors, and /b/ and /p/ tokens. High standard deviations
in the figures for words and token counts in Table 2
reflect the range of volubility (“talkativeness”) found in
the children in this study, the variation in choices of
lexical items that children in each group produced, and
the number of tokens per child that were acoustically
analyzable. Some children in each group did not pro-
duce any words with /p/ or /b/ at some ages. The
amount of variability encountered in spontaneous
speech samples is always more than that encountered
when using elicited samples. However, spontaneous
speech samples provide a view of what children habitu-
ally produce, which elicited samples do not, and are
valuable for that reason. All three groups also followed
the typical development trajectory described by Macken
and Barton [1980] and Lowenstein and Nittrouer [2008]
in producing more /b/ tokens than /p/ tokens at all
ages and more tokens of both with increasing age.
There were also no significant differences in the rates of
speech errors between groups.

Consistent with previous results, mean VOT for /b/
remained unchanged from 18 to 36 months for all
groups. Mean VOT for /p/ increased over the course of
the study, as expected; groups did not differ on this fac-
tor either. The present mean VOT values differ slightly
from those of Lowenstein and Nittrouer [2008], but
show the same age-related progression. Within-child
S.D. of VOT for /b/ was constant with age but increased
with age for /p/, as expected. Unlike in Lowenstein and
Nittrouer [2008], no overall statistically significant dif-
ference was found between the within-child S.D. of
VOT for /b/ and that for /p/. However, the values found
in this study are consistent with a finding from Bailey
and Haggard [1980] and Simon and Fourcin [1978] of
an age-related production trend toward lower S.D.s of
VOT for voiced stops. Methodological differences
between the present study, in which participants were
free to move about the room (as required for the
ADOS), and previous studies, where participants were in
high chairs in sound-proof booths, may account for the
greater variability found in this study compared with
previous work. In addition, words containing /b/s and
/p/s were not selected ahead of time in this study;

analyses were post-hoc on spontaneously produced
words. Finally, this analysis included both words pro-
duced in isolation and words produced in sentences,
which result in different coarticulatory and lexical
effects on their production. These factors likely led to
greater variability in productions across children than if
the words had been selected ahead of time.

Taken together, the word production rates, error
rates, /b/-/p/ production rates, VOT values, and within-
child SD of VOT values for /b/ and /p/ were similar
across groups in this study and show that all groups
generally followed the normal course of development.
But these measures do not tell us all we need to know
about the ability of the children in each group to pro-
duce the voicing contrast in stop consonants. The dis-
tribution of VOT values for /p/ might be distinct from
the distribution of VOT values for /b/ for a particular
group of children, but that does not mean that the
same is true for each individual within that group.
Instead, some children within a group might have dis-
tinct VOT populations for /b/ and /p/ (because of wide-
ly separated means, narrow standard deviations, or
both), while others might have statistically indistin-
guishable /b/ and /p/ populations (because of narrowly
separated means, wide standard deviations, or both).
Regardless of the reason for overlapping /b/ and /p/
populations, the lack of a distinction between the two
VOT populations suggests that a child may not yet
have fully mastered the ability to produce the voiced/
voiceless distinction or may be producing the distinc-
tion in a different way.

We found that neither expressive language, receptive
language, fine motor ability, nor risk status (HR vs. LR)
was significantly related to the likelihood that a child
would produce acoustically distinct /b/ and /p/ popula-
tions at any age. Only HRA+ or HRA— status were sig-
nificantly related to the probability that a child
produced distinct /b/-/p/ populations at 36 months. In
particular, HRA+ status was associated with a signifi-
cantly lower probability of producing distinct /b/-/p/
populations at this age.

There are several contexts in which the current
results can be interpreted. The catalyst/constraint
framework of speech development, outlined in Green
and Nip [2010], is one. In this framework, speech devel-
opment is characterized by the facilitating effect of cat-
alysts, defined as factors that spur change toward adult-
like speech, and the limiting effect of constraints,
defined as factors that temporarily interfere with a
child’s ability to produce mature speech. For example,
vocal imitation is a catalyzing mechanism that contrib-
utes to infants’ ability to produce the sounds of their
native languages [Kuhl & Meltzoff, 1996]. Conversely,
the inability of infants to control the tongue separately
from the jaw is thought to be responsible for the
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documented co-occurrence patterns of front vowels
with alveolar consonants and back vowels with velar
consonants in pre-speech babble [Davis & MacNeilage,
1995]. Because catalysts and constraints interact with
each other in a dynamic fashion throughout develop-
ment, skill plateaus or even regressions may occur.
Green, Moore, Higashikawa, and Steeve [2000], for
instance, found that 2-year-old children showed less
coordination between upper and lower lip movement
during speech than either 6-year-olds or 1-year-olds;
this regression occurred during a period of rapid vocab-
ulary expansion. In this context, then, the relative and
unique difficulty that the HRA+ toddlers showed in
producing distinct /b/ and /p/ populations at 36
months could be viewed as a delay or plateau, associat-
ed with the presence of a developmental constraint
that was not identified in the current study. For exam-
ple, deficits in imitation are characteristic of children
with autism [Edwards, 2014; Rogers, 1999], and this
may affect their ability to acquire the voicing contrast.
Similarly, Lepisto et al. [2006] identified decreased corti-
cal responses to duration changes in speech sounds in
children with ASD and normal language. This differ-
ence in speech perception ability might also have
affected the ability of the HRA+ participants in the cur-
rent study to acquire the voicing contrast.

An alternative interpretation comes from the work of
Goffman [2010], who found that children with specific
language impairment (SLI) show higher variability of
oral movement in multi-movement sequences than age
peers, though whether the increased variability repre-
sents immaturity or an actual disorder in speech motor
performance in children with SLI is not known. From
this perspective, then, a diagnosis of ASD could be asso-
ciated with subtle difficulty in producing the finely
coordinated movements required for speech, realized in
this study as a reduced likelihood of developing the
ability to produce acoustically distinct /b/ and /p/ VOT
populations at age three.

A final interpretation comes from Grigos, Saxman,
and Gordon [2005], who investigated both acoustic and
kinematic changes accompanying acquisition of the
/b/-/p/ contrast. These researchers found that individual
children varied in the degree to which their /p/ VOTs
were evenly distributed around the mean. For some chil-
dren, mean /p/ VOT values were influenced by occasion-
al very large VOT values, but not so for other children.
The authors conclude that different children employ dif-
ferent strategies to refine their production of /p/. That
interpretation could easily be applied to the present
results as well, suggesting that HRA+ toddlers as a group
tended to adopt different strategies than the other two
groups. The source of the difference is unclear, but may
be related to imaging findings from Peeva et al. [2013].
They found that high-functioning (language-normal)

adults with ASD had impaired connections between the
supplementary motor area (SMA) and the ventral pre-
motor cortex (VPMC) in the left hemisphere, and sug-
gest that this may be related to reduced or impaired
speech output in ASD, even in the absence of language
impairment. The current results are consistent with the
idea that even when language development is normal in
toddlers with ASD, speech production may differ from
that of TD toddlers, and these differences may be related
to differences in brain structure or organization in ASD.

Limitations and Future Work

There are several limitations to the current study. One
is the relatively small sample size and the limited age
range of the participants. In addition, the present
study’s focus on language-normal participants may
mean that the current findings do not extend to more
severely affected toddlers with ASD.

The findings from the present study should therefore
be replicated in a larger population of high-risk infant
siblings. One logical extension of the current work
would be to examine whether parents or examiners ask
for clarification more often from HRA+ toddlers com-
pared with HRA— and LRC toddlers. If so, this would
imply that a decreased likelihood of producing distinct
/b/ and /p/ populations does in fact compromise intelli-
gibility. Another extension would be to determine
whether the relatively subtle between-group differences
found here are mirrored by larger between-group differ-
ences when more severely affected toddlers with ASD
are included. Yet another extension would be to inves-
tigate motor differences in bilabial stop production in
high-risk toddlers using video facial movement analy-
ses, as has been done for typically developing infants
and toddlers [Green et al., 2000; Iuzzini-Seigel, Hogan,
Rong, & Green, 2015]; and to investigate a larger range
of ages. Finally, imaging studies could be performed to
verify whether the acoustic differences found here were
indeed associated with differences in brain organization
in some children with ASD. Investigations such as these
could reveal whether the current findings represent a
temporary disruption during a time of increased chal-
lenge in other developmental domains, a delay associat-
ed with a diagnosis of ASD, or a motor disorder
associated with ASD severity. All these investigations
would add to our knowledge of how speech production
is affected in ASD, regardless of whether a frank speech
or language delay is also present, and would inform
clinical practice with this population.
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