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Purpose: Understanding what limits speech development
in minimally verbal (MV) children with autism spectrum
disorder (ASD) is important for providing highly effective
targeted therapies. This preliminary investigation explores
the extent to which developmental speech deficits
predicted by Directions Into Velocities of Articulators
(DIVA), a computational model of speech production,
exemplify real phenotypes.
Method: Implementing a motor speech disorder in DIVA
predicted that speech would become highly variable within
and between tokens, while implementing a motor speech
plus an auditory processing disorder predicted that DIVA’s
speech would become highly centralized (schwa-like).
Acoustic analyses of DIVA’s output predicted that acoustically
measured phoneme distortion would be similar between the
two cases, but that in the former case, speech would show
more within- and between-token variability than in the latter
case. We tested these predictions quantitatively on the
speech of children with MV ASD. In Study 1, we tested the
qualitative predictions using perceptual analysis methods.
Speech pathologists blinded to the purpose of the study
tallied the signs of childhood apraxia of speech that
appeared in the speech of 38 MV children with ASD. K-means
clustering was used to create two clusters from the group
of 38, and analysis of variance was used to determine
whether the clusters differed according to perceptual
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features corresponding to within- and between-token
variability. In Study 2, we employed acoustic analyses
on the speech of the child from each cluster who produced
the largest number of analyzable tokens to test the
predictions of differences in within-token variability, between-
token variability, and vowel space area.
Results: Clusters produced by k-means analysis differed
by perceptual features that corresponded to within-token
variability. Nonsignificant differences between clusters
were found for features corresponding to between-token
variability. Subsequent acoustic analyses of the selected
cases revealed that the speech of the child from the high-
variability cluster showed significantly more quantitative
within- and between-token variability than the speech of
the child from the low-variability cluster. The vowel space
of the child from the low-variability cluster was more
centralized than that of typical children and that of the
child from the high-variability cluster.
Conclusions: Results provide preliminary evidence that
subphenotypes of children with MV ASD may exist,
characterized by (a) comorbid motor speech disorder
and (b) comorbid motor speech plus auditory processing
disorder. The results motivate testable predictions about
how these comorbidities affect speech.
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Autism spectrum disorder (ASD) is a complex neu-
rodevelopmental disorder characterized by im-
paired social communication and the presence

of repetitive behaviors and restricted interests (American
Psychiatric Association, 2013). Language ability in ASD
ranges from above average to completely absent, but we
do not yet understand why up to 30% of children with
ASD fail to develop spoken language by age 5 years
(Tager-Flusberg & Kasari, 2013). These minimally verbal
children use only a very small number of single words or
fixed phrases (fewer than 20 or 30) to communicate, and
do so for a very limited number of functions, such as
requesting favorite objects from familiar adults or pro-
testing nonpreferred activities (Kasari et al., 2013).

Communication is both a basic need and the right of
all human beings (Brady et al., 2016), and better expressive
communication is associated with fewer maladaptive be-
haviors in ASD (Baghdadli et al., 2003; Dominick et al.,
2007; Hartley et al., 2008). Developing effective communi-
cation treatments for minimally verbal children is therefore
an area of high clinical importance. Yet, in order to do
this, we must first understand what limits their spoken
language development. In this model-driven case study, we
sought to understand some of the factors that may impede
the ability of minimally verbal children with ASD to de-
velop intelligible speech.

Comorbidities in ASD and Their Relation
to Spoken Language Development

While ASD is defined in terms of the two domains
mentioned above, it is in fact a highly heterogeneous disor-
der in which comorbidities are common. In a sample of
2,568 eight-year-old children with ASD, Levy et al. (2010)
documented that 82.7% had at least one additional devel-
opmental diagnosis. These (non–mutually exclusive) diagno-
ses included language impairment (63.4%), attention-deficit/
hyperactivity disorder (21.3%), intellectual disability (18.3%),
sensory integration disorder (15.7%), and specific learning
disorders (6.3%). Problems and delays in both gross and fine
motor development are also highly prevalent in ASD, affecting
some 26% of children with ASD (Lloyd et al., 2011; Soke
et al., 2018).

Sensory processing differences have also been found
in ASD; for recent reviews, see Marco et al. (2011) and
Robertson and Baron-Cohen (2017). More specifically to the
current study, differences in the categorical perception of
phonemes have been identified in children and adults with
ASD. You et al. (2017) found that children with ASD
showed less categorical precision in vowel and consonant
identification than age-matched peers, due to better within-
category perception of phonetic differences. In a similar
study, Stewart et al. (2018) found adults with ASD to have
both better within-category and poorer between-category
discrimination of a /g /-/k / continuum than typical adults
matched on nonverbal IQ, indicating less categorical pho-
neme perception. A measure of the level of categorical
perception was significantly correlated with scores on
2 American Journal of Speech-Language Pathology • 1–16
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tests of reading, spelling, and nonword judgment in these
participants.

Motor delays are common in ASD and have also
been shown to relate to language ability. Mody et al.
(2017) examined 1,781 children with ASD, ranging in
age from 2 to 17 years, and found a significant positive
association between fine motor skills and both expressive
and receptive language. Likewise, Choi et al. (2018) showed
that infants who later developed ASD experienced slower
growth in fine motor skills in the first 2 years of life than
those who did not develop ASD, and that fine motor skills
at 6 months of age significantly predicted expressive lan-
guage at 36 months.

Comorbidities in Minimally Verbal ASD
and Their Relation to Spoken Language Development

Minimally verbal children with ASD have been much
less thoroughly investigated than verbal children, adolescents,
and adults with ASD because of the challenges that mini-
mally verbal individuals experience in participating in stan-
dardized testing and the limited utility of most standardized
tests for describing their skills. For example, though auditory
perceptual abilities are generally understood to influence lan-
guage development, testing for auditory processing disorder
is not part of the standard of care for minimally verbal chil-
dren with ASD. Most behavioral tests of auditory processing
are not considered reliable in children with mental ages be-
low 7 years because of the challenging nature of auditory
discrimination tasks (American Speech-Language-Hearing
Association [ASHA], 2005).

In terms of motor speech skills, however, a persistent
clinical hypothesis has been that comorbid childhood apraxia
of speech (CAS) may limit spoken language development in
at least some minimally verbal children with ASD (Prizant,
1996). CAS, which involves difficulty in planning or se-
quencing speech movements, results in effortful speech that
is imprecise, inconsistent, and often unintelligible (ASHA,
2007). Shriberg et al. (2011) proposed that CAS may be “a
sufficient cause of lack of speech development in at least
some children classified as nonverbal ASD” (p. 405), while
interpreting differences in speech, prosody, and voice pro-
duction in verbal children with ASD as not generally being
characteristic of CAS.

There is evidence that some low- and minimally verbal
children with ASD have speech motor and nonspeech oro-
motor production difficulties, though CAS has not always
been identified (Adams, 1998; Rapin et al., 2009; Wolk &
Giesen, 2000). Gernsbacher et al. (2008) reported on a group
of 111 children with ASD aged from 28 to 227 months
that was divided into three groups that they termed highly
fluent, moderately fluent, and minimally fluent—roughly
equivalent to “verbal,” “moderately verbal,” and “mini-
mally verbal.” Early oromotor skills (e.g., sticking one’s
tongue out on request or blowing bubbles with a straw)
differentiated groups, with the minimally fluent group
showing the most severely impaired oromotor skills. More
recently, Belmonte et al. (2013) reported on a group of
, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



1The DIVA model equations utilized by Terband et al. (2014) are
the same as those in the most recent version of the DIVA software,
available at http://sites.bu.edu/guentherlab/software/diva-source-code/.
2See Guenther et al. (2006) for a complete treatment of the DIVA
model equations.
31 participants with ASD, ranging in age from 22 to
65 months. Eleven of these participants showed significantly
lower expressive than receptive language scores, and this
discrepancy was associated with the presence of oromotor
impairments. Again, the children with the greatest oromo-
tor impairments were also the ones with the lowest expres-
sive language scores.

Chenausky et al. (2019) explicitly examined the speech
of 54 low- or minimally verbal children with ASD for signs
of CAS. Their participants fell into four groups: a group of
12 whose speech was within normal limits for their age, a
group of 16 whose speech was disordered but was not judged
to be consistent with CAS, a group of 13 whose speech met
criteria for and was consistent with CAS, and a final group
of 13 who did not produce enough speech to be able to rate.
Scores on the Kaufman Speech Praxis Test (Kaufman, 1995)
predicted the number of different words children produced
during a language sample for the CAS and insufficient-
speech groups. These findings suggest that comorbid CAS
may affect spoken language production in a subgroup of
minimally verbal children with ASD.

Using Computational Models to Understand
Developmental Speech Disorders

A powerful method for investigating speech is to
employ predictions from computational models of speech
production such as DIVA (Directions Into Velocities of
Articulators; Guenther, 1994; Guenther et al., 2006). DIVA
is a biologically plausible neural network that models the
feedforward and feedback control loops involved in both
developing and mature speech production and thus may
provide an explanatory account of neurodevelopmental
disorders affecting speech.

DIVA’s developmental model includes three stages.
In the first stage, which approximates infant babbling,
semirandom motor commands enable the model to learn
the mapping between oral movements and their acoustic
and somatosensory consequences. The model also acquires
the mappings that translate sensory errors into corrective
motor commands. These mappings are the core of DIVA’s
auditory and somatosensory feedback control systems.
The second stage corresponds to imitation learning, during
which DIVA is provided with auditory targets containing
phonemes from its “native” language. DIVA’s initial at-
tempts to produce the phonemes rely heavily on auditory
feedback control. With each attempt, however, the motor
commands are updated and stored in synaptic weights that
encode feedforward “motor programs” for the phonemes,
improving production on the next try. After several at-
tempts, DIVA can produce phonemes with minimal con-
tribution from the feedback system because the learned
feedforward commands are sufficient for error-free pro-
duction. In this third, mature stage, DIVA relies on the
feedforward commands it has refined in order to consis-
tently produce correct utterances.

In addition to modeling typical speech development,
DIVA has also been used to model disordered developing
Downloaded from: https://pubs.asha.org Karen Chenausky on 04/15/2021
speech. Terband et al. (2014) used the DIVA model1 to in-
vestigate possible origins of developmental speech deficits
in children and, in particular, to investigate the question
of whether there may be two distinguishable subgroups of
children with speech deficits: those whose deficit is limited
to the sensorimotor system and those who have an addi-
tional deficit in auditory processing. This was studied by
“impairing” different DIVA model components during the
developmental phases (babbling and imitation) and com-
paring the resulting model behavior to that of children with
developmental speech disorders. Two versions of the model
were implemented (see Figure 1). In the first, impaired
neural processing was limited to the motor system (termed
a motor processing disorder, or MPD, by Terband et al.,
2014). This was implemented by applying stationary ad-
ditive white Gaussian noise to DIVA’s articulatory motor
map (typically denoted by the variable M in the DIVA equa-
tions; e.g., Guenther et al., 2006) and somatosensory state
map (denoted by S). For example, to calculate the overall
motor command to the articulators at time t, denoted by
M(t), the following equation was used in the articulatory
motor map:

M tð Þ ¼ M 0ð Þ þ∝ff ∫
t

0
Ṁff tð Þ þ∝fb∫

t

0
Ṁfb tð Þ

þN 0; σ½ � tð Þ; (1)

where M(0) is the starting configuration of the vocal tract;
αff and αfb are feedforward and feedback control gain parame-
ters, respectively; Ṁ ff tð Þ is the articulator velocity command
generated by the feedforward controller; Ṁ fb tð Þ is the articu-
lator velocity command generated by the feedback con-
troller; and the noise term N[0, σ](t) is a random number
chosen at each time point from a zero-mean unit normal
distribution with standard deviation σ. Noise samples were
uncorrelated across time points. This noise term approxi-
mates the aggregated effects of impaired neurophysiological
function on neural activity in primary motor cortex, which
is the key cortical region for generating articulator movements
for speech, and can represent abnormalities from many sources,
such as synaptic dynamics, neurotransmitter levels, receptor
binding, axonal structure, and so forth. A similar noise term
was also added to the equation for the somatosensory state
map2 to represent impaired function in somatosensory cortex,
which is heavily interconnected with and functionally linked
to primary motor cortex. To model varying degrees of impair-
ment, the authors systematically varied the standard deviation
of the noise sources across simulations from 5% (representing
mild impairment) to 25% (representing severe impairment)
of the range of activations of the model cells (which were
normalized to vary between 0 and 1).
Chenausky et al.: DIVA Predictions About Speech in MV ASD 3
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Figure 1. Simplified block diagram of the Directions Into Velocities of Articulators model with the addition of zero-mean Gaussian noise
sources (indicated by N[0, σ], where σ indicates standard deviation) to simulate two hypothetical subtypes of children with speech disorders:
those with a motor processing deficit limited to sensorimotor cortex (red) and those who additionally have a processing deficit in auditory
cortex (orange). Adapted from Terband et al. (2014), Copyright © 2014, with permission from Elsevier.
In the second version of the model simulated by
Terband et al. (2014), impairment was not limited to just
motor and sensorimotor cortex but also involved an audi-
tory processing disorder (MPD + APD). In this case, noise
was added to the model’s auditory state map (A) as well as
to M and S to represent a subset of children who have im-
paired auditory processing in addition to impaired motor
processing. Again, different levels of impairment were im-
plemented in different simulations by varying the standard
deviation of the noise across simulations from 5% to 25%
of the range of activation of the model cells.

The authors then acoustically analyzed DIVA’s speech
in the mature state after each disorder profile had been im-
plemented during development at each of the different noise
levels. Noise deteriorated the model’s speech in both the
MPD and MPD + APD conditions, but in different ways.
In the MPD condition (noise only in the motor and somato-
sensory state representations), the model in effect did not
know the position of its articulators, so the phonemes it
produced were distorted. However, because the auditory
state map was intact, the model was able to “self-monitor”
and use auditory feedback to home in on the correct target.
This resulted in “searching articulation,” which refers to
articulator movement during phonation in an attempt to
achieve the correct position for the desired target; it leads
to a high degree of within-token variability. A related phe-
nomenon, “groping” (searching articulator movement with-
out phonation), was not implemented in Terband et al. (2014).
Finally, because in the MPD-only condition repeated attempts
4 American Journal of Speech-Language Pathology • 1–16
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at the same target came out differently each time, there
was also a high degree of token-to-token (between-token)
variability.

In the MPD + APD condition, noise in the auditory
state map (as well as in the motor and somatosensory maps)
meant that distinctions between phonemes were blurred,
making them sound more similar to each other. Reduced
or no auditory differences between target and output meant
that searching articulation was not triggered. The model was
in effect unable to use auditory feedback to detect acoustic
errors; therefore, in this case, there were lower levels of
within-token variability. Phoneme distortion levels were
high because all phonemes, regardless of target, were pro-
duced as schwa at the highest noise levels, but between-token
variability was low.

These qualitative differences between the two cases
were reflected in acoustic differences. An acoustic index of
phoneme distortion was similar between the MPD-only
and MPD + APD conditions, but indices of searching ar-
ticulation (within-token variability) and token-to-token
(between-token) variability were larger in the MPD-only
case than in the MPD + APD case.
Testing DIVA Predictions
The results of Terband et al. (2014) suggest that there

may be groups of children whose speech resembles that
of DIVA with an MPD alone and that of DIVA with an
MPD + APD. Specifically, one prediction is that the group
, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Table 1. Demographic information for Study 1 participants.

M (SD) Range

Age (n = 38) 6;5 (1;7) 3;5–10;8
Phonetic Inventorya 8.0 (5.4) 0–21
CARSb (n = 25) 37.4 (5.3) 30–47
ADOSc (n = 24) 20.4 (3.5) 16–28
MSEL VRd (n = 26) 30.3 (9.8) 13–48
RLe (n = 19) 19.5 (8.4) 8–36
ELf (n = 19) 11.3 (2.7) 6–19

Sex (female) 18.4%
Race
Asian 31.6%
African American —
White 63.2%
Multiracial 5.3%

Ethnicity
Hispanic 15.8%

aPhonetic inventory: number of English consonant and vowels
repeated correctly (max = 36). bChildhood Autism Rating Scale.
Score ≥ 30 for autism spectrum disorder. cAutism Diagnostic
Observation Schedule. Score ≥ 16 for autism spectrum disorder.
dMullen Scales of Early Learning (Mullen, 1995), Visual Reception
subtest. Raw score (max = 50). eMSEL, Receptive Language
subtest. Raw score (max = 48). fMSEL, Expressive Language subtest.
Raw score (max = 50).
corresponding to DIVA with an MPD alone will show
higher levels of within- and between-token variability than
the group corresponding to DIVA with an MPD + APD,
and that these forms of variability should be evident both
perceptually and acoustically. A second prediction is that
the two groups should show similar levels of phoneme dis-
tortion, but that it will arise from different sources. In the
case of the high-variability group, phoneme distortion will
be a consequence of within- and between-token variability.
In the case of the low-variability group, phoneme distortion
will be a consequence of the targets being highly centralized
and, in the extreme case, being all realized as schwa. Relat-
edly, the vowel space area of children in the low-variability
group will be smaller than that of children in the high-
variability group. We report here on the results of two studies
that quantitatively test these perceptual and acoustic predic-
tions in minimally verbal children with ASD.

Overview and Hypotheses
Because the predictions from Terband et al. (2014)

are expressed in both perceptual and acoustic terms, our in-
vestigation employed a two-pronged approach. In Study 1,
we tested the predictions perceptually. Trained listeners
identified signs of CAS in the speech of a group of minimally
verbal children with ASD. We hypothesized that, if we
divided participants into two subgroups, one would show
higher scores for perceptual signs related to within- and
between-token variability than the other, but that the sub-
groups would show similar scores for perceptual signs re-
lated to phoneme distortion.

Study 2 took the form of a case study in which we
performed acoustic analyses on the speech of a child from
each subgroup. We hypothesized that the speech of the
child from the high-variability subgroup would show higher
values for acoustic indices of searching articulation and
token-to-token variability (within- and between-token vari-
ability, respectively) than the speech of the child from the
low-variability subgroup. Children’s speech would show
similar values for an acoustic index of phoneme distortion.
Finally, the child from the low-variability subgroup would
show a smaller vowel space area than the first child. De-
tails justifying the case study approach are given in the
Methods section for Study 2 below.

The perceptual and acoustic analyses used in this work
complement each other. Auditory-perceptual evidence is
ecologically valid and clinically relevant, but there are well-
known limitations to perceptual analyses (Kent, 1996).
Acoustic evidence, on the other hand, is objective but
can reflect imperceptible differences and is often difficult
to relate to how speakers actually sound. By combining
both types of evidence, we hoped not only to use each
type of analysis to its best advantage but also, crucially,
to link the two. If perceptual and acoustic evidence sup-
port each other, this gives us confidence in our findings.
It also provides evidence of the magnitude of the effect,
that is, that any differences are both present acoustically
and sufficiently large to be reliably perceived.
Downloaded from: https://pubs.asha.org Karen Chenausky on 04/15/2021
Study 1
Participants: Study 1

Participants for Study 1 were a convenience sample
of 38 minimally verbal children with ASD (five female)
who had been recruited for a series of studies testing the
efficacy of an intonation-based therapy (Chenausky,
Kernbach, et al., 2017; Chenausky et al., 2016, 2018;
Chenausky, Norton, & Schlaug, 2017; Wan et al., 2011).
Mean age of the group was 6;5 (years;months), SD =
1;7, range: 3;5–10;8. All children met criteria for ASD
on either the Autism Diagnostic Observation Scale,
Module 1 (Lord et al., 2002), administered by a research-
reliable examiner, or on the Childhood Autism Rating
Scale–Second Edition (Schopler & van Bourgondien,
2010). Minimally verbal status, defined by a spontaneous
expressive vocabulary of fewer than 20 words, was ascer-
tained by parent report and documentation of fewer than
20 words produced during a language sample. Vocalizations
were considered words/word approximations if they were
recognizable to an unfamiliar conversational partner (the
examiner) during the language sample at baseline. Based
on parent report and examination of medical records, none
of the children had additional diagnoses of other neurode-
velopmental conditions (e.g., Down’s syndrome, hearing
impairment) that might have affected their verbal status.
Demographic information for these 38 participants appears
in Table 1.

Stimuli: Study 1
Children had been administered a series of baseline

assessments during which they attempted to repeat a set of
Chenausky et al.: DIVA Predictions About Speech in MV ASD 5
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30 high-frequency bisyllabic words or phrases relevant to
their activities of daily living. Imitation accuracy ranged
from approximately 1% to 62% at baseline. Video recordings
of the participants repeating the words “baby,” “cookie,”
“daddy,” “mommy,” and “puppy” 5 times each were subse-
quently coded for signs of CAS by speech-language pathol-
ogists (SLPs) with experience in childhood motor speech
disorders (details below). These words were selected be-
cause they contained relatively early-developing consonants
and because the majority of participants responded to all
five prompts for each word.

Perceptual Coding and Reliability: Study 1
Videos were coded for the signs of CAS fromChenausky

et al. (2020), adapted from Iuzzini-Seigel et al. (2015). Coding
was performed for a different study and took place before
the current one was initiated, so the judges were in effect
blind to the purposes of this study. Only increased difficulty
with multisyllabic words was not assessed, as all stimuli were
bisyllabic. Table 2 lists the signs, and operational defini-
tions appear in the Appendix.

Two SLPs experienced in pediatric motor speech dis-
orders (K. C. and A. B.) consensus-coded the videos. Dis-
agreements and questions were resolved through discussion
with a senior SLP with expertise in CAS (A. M.). Subse-
quently, a set of eight randomly selected videos (additional
baseline videos of a subset of participants, not previously
viewed) was independently coded by the first two judges in
order to establish interjudge reliability. Of the 38 participants,
27 showed at least five signs of CAS and were judged to
present with difficulties in planning and sequencing speech
movements.

Figure 2 shows an utterance where signs of difficulty
in planning and sequencing speech movements are evident.
It is a spectrogram of case study participant C1 repeating
the word “baby,” broadly transcribed [bwɪs.dɛ]. Features of
CAS (i.e., those that suggested movement planning difficulty)
were lengthened formant transitions from the initial [b] to the
first vowel, giving rise to the percept of an inserted [w] (diffi-
culty with coarticulation, addition error); incorrect vowel
in the first syllable (vowel error); excessive vocal tract con-
striction after the first vowel, giving rise to the percept of
an inserted [s] (addition error); a long interval between the
syllables (syllable segregation, slow rate); error on the sec-
ond [b] (consonant distortion); and incorrect vowel in the
second syllable (vowel error).

A two-way mixed-effects intraclass coefficient for
consistency and single measures was .95, p < .001 over all
signs. Interjudge percent agreement on diagnosis of CAS
was 87.5% (7/8), and Cohen’s κ was .83 (“very good”).

Analytic Strategy: Study 1
K-means clustering was used to divide participants

into two subgroups. In this method, only the number of
clusters is specified a priori. The algorithm then partitions
the data into the selected number of clusters, assigning
6 American Journal of Speech-Language Pathology • 1–16
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each data point to the cluster with the nearest mean. The
number of times each child showed each of the 12 signs
over 25 utterances (five repetitions of five words) was en-
tered into the clustering analysis with k = 2. Note that our
aim was not to test whether two clusters was the best fit
to the data, but to determine whether, if the data were di-
vided into only two clusters, the clusters would show the
predicted characteristics.

The perceptually identified signs of CAS were then
associated with the constructs of “searching articulation,”
“phoneme distortion,” and “token-to-token variability”
from Terband et al. (2014) based on a factor analysis of
signs of CAS (Chenausky et al., 2020) and the putative con-
tribution of each sign to the construct. The factor analysis
identified three underlying factors that give rise to the ob-
servable signs of CAS: disrupted coarticulatory transitions
(onto which the signs difficulty with coarticulation, groping,
and addition error loaded most highly), variable errors (onto
which the sign inconsistent errors loaded most highly), and
inappropriate prosody (onto which the signs syllable segmen-
tation, slow rate, and stress error loaded most highly). The
signs consonant distortion, voicing error, nasality error, and
vowel error did not load highly onto any one factor. Based
on these results, we associated difficulty with coarticulation,
groping, and addition error with “searching articulation”
from Terband et al. (2014). Inconsistent errors was associ-
ated with “token-to-token variability” (between-token vari-
ability). Consonant distortion, voicing error, nasality error,
and vowel error were associated with “phoneme distortion.”
The remaining signs, relating to prosodic disturbances, were
not associated with any construct from Terband et al. (2014)
because that work did not consider prosody. The bottom
row of Table 2 indicates the correspondence between the
perceptual signs of CAS and the constructs from Terband
et al. (2014). In all cases, an increase in the score for any
perceptual sign would contribute to an increase in the con-
struct with which it was associated. For example, higher
scores for any of difficulty with coarticulation, groping, or addi-
tion error would lead to an increase in searching articulation.

After the k-means analysis, a one-way analysis of
variance was performed to determine which signs differed
between clusters. Means, standard deviations, and analysis
of variance results by cluster for each sign used in the k-
means analysis also appear in Table 2.

Results and Discussion: Study 1
The two clusters produced by k-means analysis con-

tained n = 27 (Cluster 1) and n = 11 (Cluster 2) participants,
respectively. Clusters did not differ by mean age (p > .07).
Cluster 1 included all five female participants.

Cluster 1 had significantly higher mean scores than
Cluster 2 for the signs difficulty with coarticulation (10.0 vs.
2.9, respectively, p = .04) and groping (5.6 vs. 1.6 respec-
tively, p = .01), which were associated with searching artic-
ulation (within-token variability). Mean scores for addition
error, the third sign associated with searching articulation,
did not differ significantly between clusters (9.3 for Cluster 1
, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



Table 2. Means and standard deviations for signs of childhood apraxia of speech in Study 1, by cluster.

Cluster Age
Consonant
distortion

Voicing
error

Nasality
error

Vowel
error

Addition
error

Difficulty
w/ coarticulation

Silent
groping

Inconsistent
errors

Intrusive
schwa

Syllable
segmentation

Stress
error

Slow
rate

1 (n = 27, 5 F) μ 6;4 18.0 10.4 5.6 24.4 9.3 10.0 5.6 3.3 3.5 3.2 2.6 3.1
SD 1;7 9.7 5.5 8.5 9.7 7.0 10.8 4.9 3.7 4.3 3.6 6.9 3.7

2 (n = 11, 0 F) μ 6;10 14.8 11.2 4.9 25.1 5.9 2.9 1.6 1.8 1.0 17.5 11.2 16.6
SD 1;10 6.8 8.0 8.6 6.0 4.1 3.6 2.0 1.9 1.4 10.0 13.8 9.1

p value n.s.a n.s. n.s. n.s. n.s. n.s. .04 .01 n.s. n.s. < .001 .01 < .001
Signs relating to phoneme distortion Signs relating to searching

articulation (within-token
variability)

Sign relating to
token-to-token
variability

Signs relating to prosody

Note. F = female; n.s. = not significant.
aAll nonsignificant p values > .07.
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Figure 2. Spectrogram of a participant repeating “baby,” illustrating several features of CAS and of the acoustic indices. A broad transcription
appears at the top, with formant tracks below. See text for details.
vs. 5.9 for Cluster 2, p > .05). Cluster 1’s mean score for in-
consistent errors, which was associated with token-to-token
(between-token) variability, was also insignificantly higher
than that for Cluster 2 (3.3 vs. 1.8, p > .05). Clusters did
not differ on mean scores for consonant distortion, voicing
error, nasality error, or vowel error, signs associated with
phoneme distortion; all p > .07. Finally, Cluster 2 had sig-
nificantly higher mean scores than Cluster 1 for the signs in-
trusive schwa, syllable segmentation, stress error, and slow
rate, which were associated with prosodic disturbances.
Based on the findings that Cluster 1 showed higher percep-
tually rated within- and between-token variability than
Cluster 2, we matched Cluster 1 with DIVA’s MPD condi-
tion and Cluster 2 with DIVA’s MPD + APD condition.
Study 2: Case Study
Case Study Participants

We employed a case-study approach for the acoustic
analyses for two reasons. First, of the 38 participants in
our overall sample, 27 children had been selected to par-
ticipate in an intonation-based therapy (described in Wan
et al., 2011 and Chenausky et al., 2016) involving simulta-
neous tapping of tuned drums and production of sung syl-
lables. Since baseline assessments for these children were
administered in this modality, these stimuli were not suit-
able for acoustic analysis.

Second, the remaining 11 participants’ broad age range
(3;9–8;5) meant that their vocal tracts, and thus their vowel
spaces, would differ in size because of age alone. This pre-
cluded the use of group acoustic analyses using formant
Table 3. Case study participant characteristics.

Participant (cluster no.) Age MSEL VRa

1 7;7 43
2 6;2 28

Note. Both case study participants were male and met criteria for CAS.
aMSEL VR = Mullen Scales of Early Learning, Visual Reception subtest. A
Diagnostic Observation Schedule algorithm score. Scores ≥ 16 indicate a
score for Sections 1 and 2. A maximum of 74 raw score points is possible
raw score. eNDW = number of different words produced during a natural la
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values. Therefore, we simply selected the two participants
(one from each cluster) with the largest number of acous-
tically analyzable tokens and performed the same acous-
tic analyses used in Terband et al. (2014) on their speech.
Table 3 gives case study participants’ demographic infor-
mation. Note that both children were male and, consistent
with Terband et al. (2014), both met criteria for CAS.

Case Study Stimuli
For the acoustic analysis, target syllables containing

the corner vowels /a/, /æ/, /i/, and /u/ and the mid-central
vowel /ʌ/ (synonymous in this context with schwa) in various
consonant contexts were used. These syllables were taken
from the set of 30 bisyllabic words/phrases used in the base-
line assessments. Syllables were analyzed separately because
both participants showed syllable segregation (i.e., they
produced the stimuli with a pause between syllables, as il-
lustrated in Figure 2). The Cluster 1 participant produced
170 analyzable syllables, and the Cluster 2 participant pro-
duced 256 analyzable syllables. Example transcriptions of
each child’s responses to stimuli containing corner vowels
are included as Supplemental Material S1. For simplicity,
below, we refer to the Cluster 1 participant as C1 and the
Cluster 2 participant as C2.

Case Study Analyses
Formant-based acoustic measures used in the case

study were adapted from the acoustic indices of phoneme
distortion, searching articulation, and token-to-token vari-
ability from Terband et al. (2009) and Terband et al. (2014).
We also calculated vowel space areas for participants C1
ADOSb KSPTc PPVT-4d NDWe

23 7 18 0
28 6 7 1

maximum of 50 raw score points is possible. bADOS = Autism
diagnosis of autism. cKSPT = Kaufman Speech Praxis Test, raw
. dPPVT = Peabody Picture Vocabulary Test (Dunn & Dunn, 2007),
nguage sample.
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and C2 (Vorperian & Kent, 2007) and compared them to
normative values from Assmann and Katz (2000). Specifics
for each measure appear below.

Formants were extracted automatically using Wave-
Surfer (Sjölander & Beskow, 2000). Each token was trimmed
at consonant release (for tokens beginning with stops) or at
the onset of voicing (for tokens not beginning with stops),
and at the cessation of periodic voicing. Note that, because
of participants’ voicing errors, all consonant-initial tokens
in the acoustic analysis set contained voiced consonants,
regardless of the voicing status of the targets. Depending
on the analysis, information from the consonant and the
vowel, or just the vowel, was used (details below).

We selected WaveSurfer based on the analysis in
Derdemezis et al. (2016) showing no significant differences
between fundamental frequency (F0) values for 5- to 10-
year-old male children with Down’s syndrome obtained with
WaveSurfer’s automatic formant tracking feature and those
obtained by consensus measurements from two experienced
speech acousticians. We used default settings in WaveSurfer’s
formant track extraction feature, except to extract three for-
mants instead of four, use a pre-emphasis factor of .99 instead
of .7, and use LPC (linear predictive coding) order 12 in-
stead of 10. When necessary, F1 tracks were hand-edited
to ensure that they captured the first formant instead of F0.
This was done by comparing the formant tracks to wide- and
narrowband spectrograms of the tokens, listening to the to-
kens, and taking into account the expected formant value for
the tokens as they were actually produced, as recommended
in Derdemezis et al. (2016). Tokens where the automatically
extracted F1 matched the actual F1 of the utterance were
used unedited.

To compare the acoustic measures between partici-
pants C1 and C2, two-tailed t tests for equal or unequal
variances were used, as appropriate.

Calculation of Acoustic Indices
Because Terband et al. (2014) used stimuli in the form

[V1CV2], which differed from the CV (consonant–vowel)
stimuli produced by our participants, we adapted their indices
of phoneme distortion, searching articulation, and token-
to-token variability to our stimuli. Predicted values from
Terband et al. (2014) for the three indices were estimated
from plots in their Figure 7 (p. 25), which show the value
for each index as a function of noise level. We used values
of each index at 10% noise (the extreme right side of each
plot) for the relevant phonemes (C+V2 or just V2) in our
analyses. “Noise level,” here, refers to the amount of Gaussian
noise added to DIVA’s motor, somatosensory, and/or au-
ditory state maps, as described earlier. Ten percent noise
was chosen as it was the highest level that resulted in real-
istic speech movements; model performance breaks down
dramatically at higher noise levels (Terband et al., 2014).

Phoneme distortion measures how much a token’s
actual formant values differ from target values. The predicted
level of phoneme distortion was obtained by estimating
the value of this index for V2 at the 10% noise level from
Downloaded from: https://pubs.asha.org Karen Chenausky on 04/15/2021
Figure 7 (lower left panel) in Terband et al. (2014) for the
MPD and MPD + APD conditions. Values for V2 were
used because this vowel follows a consonant, as did those
in our stimuli. At 0% noise (extreme left side of plot),
reflecting no disorder, the phoneme distortion index is
approximately 0.02.

The actual Phoneme Distortion Index was obtained
by comparing our participants’ formant values for the cor-
ner vowels and schwa to normative figures from Assmann
and Katz (2000). These authors estimated F1, F2, and F3
for three 7-year-olds from measurements on six repetitions
each of /hVd/ syllables. They made five measurements,
beginning at 33% of each vowel’s duration, and took the
median of these. They then averaged the medians for F1,
F2, and F3 for each vowel over all 18 tokens to derive their
normative averages.

We employed a parallel measurement strategy. First,
for direct comparison to Terband et al. (2014), we log-
normalized formant values from our participants and from
Assmann and Katz (2000). Next, as in Assmann and Katz,
we located the center five formant values for each of our
participants’ tokens and took the median. Then, follow-
ing Terband et al. (2014), we found the absolute difference
between each participants’ log-normalized F1, F2, or F3
value and the corresponding log-normalized normative value.
Finally, again following Terband et al. (2014), we averaged
the absolute differences for each participant over all formants
and all vowels to yield the Phoneme Distortion Index.

Searching articulation is a measure of within-token
variability. The predicted Searching Articulation Index
was estimated by taking values at the 10% noise level from
Figure 7 (upper right panel) in Terband et al. (2014) and
averaging over C+V2 for the MPD and MPD + APD con-
ditions. At 0% noise, the Searching Articulation Index is
approximately 0.00375.

To calculate the actual Searching Articulation Index
on our participants’ tokens, we first log-normalized F1, F2,
and F3 values for each token. Next, we calculated the stan-
dard deviation over the entire formant track (C+V) for each
formant in each token. We then averaged the standard de-
viations over all formants and all tokens for each partici-
pant to yield the actual Searching Articulation Index.

Token-to-token variability is a measure of variability
between different attempts at the same target (i.e., between-
token variability). The predicted value was estimated at the
10% noise level for V2 (postconsonantal) from Figure 7
(lower right panel) in Terband et al. (2014) for the MPD
and MPD + APD conditions. At 0% noise, the Token-to-
Token Variability Index is zero.

To calculate the actual token-to-token variability, we
used the median log-normalized values for F1, F2, and F3
for each participant’s vowels. We calculated the standard
deviation of these median values for each vowel and then
averaged over all formants and all vowels to yield each
participant’s actual Token-to-Token Variability Index.

Figure 2 also illustrates the constructs of phoneme
distortion, within-token variability, and between-token
variability. For example, phoneme distortion is evident
Chenausky et al.: DIVA Predictions About Speech in MV ASD 9
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in both productions of /b/, which is realized as [bw] in the
first syllable and as [d] in the second. This example also
illustrates between-token variability, since the first and
second attempts differ. The lengthened formant transi-
tions of the first attempt at /b/ also illustrate within-token
variability.

The final acoustic measure we employed was vowel
space, which measures the acoustic distinctiveness of a
speaker’s vowels in terms of F1 and F2. To assess this,
F1 and F2 values for the corner vowels and [ʌ] for both
participants were plotted and compared to the Assmann
and Katz (2000) values for typically developing 7-year-olds.
First, we compared participants’ F1 and F2 values for [ʌ] to
ensure that there were no differences in vocal tract size that
would affect the results. Then, we created two vowel spaces
for each participant. One used mean F1 and F2 values for
each corner vowel; the other used the extreme F1 and F2
values for each corner vowel (e.g., the [i] token with the
lowest F1 and highest F2). Vowel space area for both the
mean and extreme cases was calculated using the equation
Area = 0.5 x [(F2i x F1æ + F2æ x F1a + F2a x F1u + F2u x
F1i) – (F1i x F2æ + F1æ x F2a + F1a x F2u + F1u x F2i)]
(Vorperian & Kent, 2007).
Case Study Results and Discussion
Two- tailed t tests for unequal variance showed no

between-participant differences in mean F1 and F2 values
for [ʌ]. Mean F1 was 855 Hz (SD = 262) for participant C1
and 820 Hz (SD = 107) for participant C2 (p = .43). Mean
F2 was 1968 Hz (SD = 376) for C1 and 2083 Hz (SD = 284)
for C2 (p = .12). Thus, participants’ vocal tracts were com-
mensurate in size and their vowel spaces could be appropri-
ately compared.

The calculated value of the Phoneme Distortion In-
dex for participant C1 was 0.10, versus 0.11 for participant
C2. A two-tailed t test for unequal variances showed that
the difference in means of 0.01 was not significantly differ-
ent (p = .93), indicating that the two participants showed
similar amounts of phoneme distortion. This agrees with
the prediction of similar amounts of phoneme distortion
for the two DIVA cases (0.01 for both the MPD and the
MPD + APD conditions).

The calculated value of the Searching Articulation
Index for participant C1 was 0.25, compared to 0.02 for
Table 4. Acoustic indices of Phoneme Distortion, Searching Articulation, a
model predictions.

Values Participant/condition Phoneme distortion

Calculated C1 0.100
C2 0.110

Predicted MPD 0.010
MPD + APD 0.010

Note. MPD = motor processing disorder; APD = auditory processing diso

*Significant difference between participants, p = .001. **Significant differen
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participant C2. A two-tailed t test for unequal variances
showed that the difference in means of 0.22 was statistically
significant (p < .001). This agrees with the prediction that
the MPD case would show more searching articulation
(0.02) than the MPD + APD case (0.015).

Finally, the calculated value of the Token-to-Token
Variability Index was 0.09 for C1 and 0.06 for C2. A two-
tailed t test for unequal variances showed a statistically
significant difference in means, Δ = 0.04 (p = .04). This
agrees with the prediction that there would be more token-
to-token variability in the MPD case (0.015) than in the
MPD + APD case (0.010). Calculated and predicted values
for all three indices appear in Table 4.

Figure 3 shows vowel space (F1 vs. F2) plots for (A)
typically developing 7-year-old speakers (derived from
Assmann & Katz, 2000), (B) C1 (the high-variability par-
ticipant from Cluster 1), and (C) C2 (the low-variability
participant from Cluster 2). For each participant, two ver-
sions of the vowel space area are shown. The “mean vowel
space area” was calculated from the mean F1 and F2 values
for each corner vowel. The “extreme vowel space area”
was calculated from the most extreme token for each corner
vowel.

The vowel space area of the typical 7-year-olds was
680314 Hz2. The mean vowel space area for participant
C1 was 30876 Hz2, and his extreme vowel space area was
1471577 Hz2. The mean vowel space area for participant
C2 was 1895 Hz2. However, his extreme vowel space area
was just 358631 Hz2, smaller than the mean vowel space for
typically developing 7-year-olds and the extreme vowel space
of participant C1. This is consistent with the prediction that
the vowel space area for C2 would be highly centralized.
General Discussion
In this article, we tested whether predictions of the

DIVA model, when it was given either an MPD alone or
an MPD combined with an auditory processing disorder,
were consistent with perceptual and acoustic analyses of
speech produced by minimally verbal children with ASD.

Cluster Analysis
In Study 1, k-means analysis was used to divide

38 participants into two clusters based on perceptually iden-
tified signs of CAS. The clusters showed similar mean scores
nd Token-to-Token Variability for Study 2 participants, compared to

Searching articulation Token-to-token variability

0.250 0.090
0.020* 0.060**
0.020 0.015
0.015 0.010

rder.

ce between participants, p = .04.
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Figure 3. Vowel space plots for Study 2. Solid black symbols represent mean vowel spaces; red outlined symbols represent extreme vowel
spaces (details in text). (A) Typically developing 7-year-olds (Assmann & Katz, 2000), (B) Participant C1 (high-variability participant), and (C)
Participant C2 (low-variability participant).
for signs corresponding to phoneme distortion (consonant
distortion, voicing error, nasality error, and vowel error).
Cluster 1 showed significantly greater mean scores than
Cluster 2 for two of the three signs corresponding to search-
ing articulation (difficulty with coarticulation and groping),
but a nonsignificantly greater score for addition error.
Cluster 1 also showed a nonsignificantly greater score
for inconsistent errors (token-to-token variability) than
Cluster 2. Based on this, we equated Cluster 1, the high-
variability group, to DIVA’s MPD condition and Cluster 2,
the low-variability group, to DIVA’s MPD + APD condi-
tion. It should be noted, however, that these matches are
qualitative rather than quantitative. Although the direction
of the differences between the MPD and MPD + APD
model indices are the same as the subjects’, the magnitudes
of the indices and their differences are often substantially
larger in the participants compared to the model. One
possible reason for this is that the model’s performance
becomes highly unnatural at noise levels greater than 10%
(Terband et al., 2014), likely due to implementational
details in the model such as time step size and limits on
cell activation imposed by the software. Additionally, the
equating of neural impairment to simple Gaussian noise
within the model’s cells is a simplification that is neces-
sary to make the results interpretable in this initial study.
Future modeling, using more sophisticated implementa-
tions of neural impairments, may more fully capture the
behavior of some impaired populations. This issue will be
discussed in more detail below.

The prediction that clusters would differ according
to token-to-token variability (inconsistent errors) was not
upheld. However, the inability to reach a significant differ-
ence between clusters for this sign may have arisen from
the way it was scored. The range of possible scores for this
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sign is smaller than for the others: While most signs can be
rated multiple times per token, inconsistent errors is only
rated once per target when at least two tokens containing
different errors occur. Scores for this sign thus range only
between 1 and 5, 5 being the number of targets examined
in our perceptual study. Increasing statistical power by add-
ing more targets, which allows for a larger mean difference
between groups than found here, or by including a larger
number of participants, may be needed to demonstrate sta-
tistical significance. The lack of statistical significance in
the between-group difference for addition error may also
have been due to low statistical power.

The finding of significantly larger mean scores for
prosodic signs (syllable segmentation, stress error, and slow
rate) for Cluster 2 than for Cluster 1 also deserves comment.
DIVA makes no predictions about the effect of developmen-
tal speech disorders on prosody because it models speech
production only at the segmental level; suprasegmental pro-
sodic characteristics are beyond its scope. However, pro-
sodic impairment is one of the three consensus criteria for
CAS (ASHA, 2007), along with inconsistent errors and dis-
torted transitions, so it is not surprising that both clusters
showed evidence of prosodic impairment. That said, no re-
search on the effect of comorbid auditory processing disor-
ders on signs or severity of CAS exists, but it is possible
that children with this comorbidity experience greater pro-
sodic disturbances than children with CAS alone. This is
also a testable hypothesis.

Acoustic Analyses
Next, we discuss the findings from the case study acous-

tic analyses. Both participants, though selected for their
number of analyzable tokens, met criteria for CAS. The Pho-
neme Distortion Index was similar for the two participants,
Chenausky et al.: DIVA Predictions About Speech in MV ASD 11
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as predicted. Indices of searching articulation (within-token
variability) and token-to-token (between-token) variability
were larger for C1 than for C2, also predicted. Finally, the
prediction that because of coalescence to schwa, C2’s vowel
space would be much smaller than that of typically devel-
oping age-matched speakers was upheld.

How might the different putative comorbidities (i.e.,
MPD, with or without APD) have affected the vowel space
results? No specific predictions about vowel space were
made for DIVA’s MPD-only case (Cluster 1). Though par-
ticipant C1’s mean and extreme vowel spaces were larger
than those of C2, C1’s mean vowel space area was still
much smaller than that of typically developing children.
However, C1 also showed a very large extreme vowel space
and highly variable distortions—in some sense, he was
wrong in a different way each time he tried the same tar-
get. On the other hand, C2’s vowels were more consistent,
though generally wrong unless the target was [ʌ]. These
between-participant differences were reflected in larger stan-
dard deviations for C1’s formants than C2’s. That is, C1’s
compressed mean vowel space seems to have arisen through
averaging tokens with widely different formant values for
each target (errors above and below the mean canceling
each other out), while C2’s compressed mean vowel space
appears more a consequence of an extremely limited vowel
inventory.

A related question is why an APD did not increase
phoneme distortion when added to an MPD. A more de-
tailed discussion appears in Terband et al. (2014), but for
current purposes, it is sufficient to note that “noisy” audi-
tory representations have the effect of making errors between
target and actual output harder to detect, so that online cor-
rective action (searching articulation) is not induced. Noisy
auditory representations do cause errors in DIVA’s motor
state representations during its developmental stages, but be-
cause the deficit is implemented with zero-mean noise, these
errors tend to cancel each other out over time. Thus, the au-
ditory deficit has little net effect on DIVA’s speech output.

Further pursuing the issue of disordered auditory
perception, one might speculate whether children like par-
ticipant C2, whose speech is highly centralized, also experi-
ence poorer phoneme discrimination. As implemented in
DIVA with an MPD + APD, noisy auditory state maps
blur distinctions between phonemes, making them sound
more similar to each other. Thus, Terband et al. (2014)
predict that an MPD + APD would make speech percep-
tion less categorical. If this is true, we would expect that
minimally verbal children with CAS whose speech is highly
centralized would show poorer between-category discrimi-
nation than minimally verbal children with CAS whose
speech is highly variable. While this has not been tested
in minimally verbal children with ASD, as mentioned in
the introduction, Stewart et al. (2018) showed that at least
some verbal children with ASD have poorer between-
category phoneme discrimination than typical peers. Sev-
eral researchers have also found that children with CAS
who do not have ASD show poorer discrimination of
minimal pair continua than typically developing peers
12 American Journal of Speech-Language Pathology • 1–16
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(Groenen et al., 1996; Maassen et al., 2003; Nijland, 2009),
though others have reported similar phoneme discrimina-
tion between children with CAS and typical peers (Zuk
et al., 2018).

Since the two case study participants were of different
ages, it is reasonable to ask whether the differences in their
speech profiles were age related. The design of this study can-
not rule that out. However, clinical observation suggests that
the differences were not due to age differences. Recall that
both C1 and C2 participated in a treatment study, the total
duration of which (from baseline to posttreatment assess-
ment) was approximately 6 months. The speech of both
participants remained qualitatively similar after their partici-
pation in the treatment study: C1’s speech was still highly
variable, while C2’s speech continued to be highly central-
ized. Thus, it is unlikely that the differences between partici-
pants were due to their different ages at baseline.

Conclusions
Taken all together, the current findings provide at

least preliminary evidence for the existence of two groups
of minimally verbal children with ASD who may experi-
ence additional comorbidities of MPD (Cluster 1) or MPD
and APD (Cluster 2). They are consistent with previous
findings in an independent group of minimally verbal chil-
dren with ASD that a subgroup meets criteria for CAS
(Chenausky et al., 2019). Thus, we conclude provisionally
that Cluster 1 may exemplify a subphenotype of minimally
verbal children with ASD characterized by comorbid CAS,
and that Cluster 2 may exemplify a subphenotype charac-
terized by comorbid CAS and auditory processing disor-
der. These are hypotheses that are testable behaviorally
(see Limitations and Future Work section for further dis-
cussion of this point).

Note that Terband et al. (2014) equate the MPD-
only case to CAS plus a phonological component and the
MPD + APD case to a typical apraxic speech disorder (i.e.,
CAS alone). In their view, the presence of an MPD during
development causes deterioration in the language-specific
phonemic mappings between articulatory and auditory goals,
introducing a phonological component to the apraxia. By
contrast, they see the presence of both motor and auditory
processing disorders during development as impairing the
language-independent mappings between motor commands
and their sensory consequences, corresponding to CAS
without a phonological component.

However, the question of how CAS should be instan-
tiated in the DIVA model is far from decided, despite the
initial parallels made by Terband et al. (2014). The current
perceptual findings suggest that the symptom complex we
refer to as CAS may correspond more closely to the MPD-
only case of Terband et al. (2014), while the MPD + APD
case may represent CAS plus an additional auditory-
processing comorbidity. Though the core impairment in CAS
is described as being one of planning or programming the
spatiotemporal parameters of speech movements (ASHA,
2007), it is further possible that there are subcomponents
, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 



of movement planning and programming that may be
separately disordered and still give rise to the perceptual
signs that define CAS. A full treatment of these theoretical
points is beyond the scope of this article, but see Shriberg
et al. (1997) for one such discussion. Ultimately, disentan-
gling the component processes that make up “planning or
programming the spatiotemporal parameters of speech
movements” and relating them to disordered modules of
computational models of speech production must be the
work of future research.

Clinical Implications
The results of this study support the clinical hypothe-

ses that subgroups of minimally verbal children with ASD
experience comorbid motor speech disorders and/or audi-
tory processing disorders. They also suggest that the degree
of variability in children’s speech will correlate with these
additional comorbidities.

The present results further suggest a mechanism for
how comorbid CAS and/or APD may affect speech devel-
opment in minimally verbal children with ASD and inform
treatment planning. If an APD diminishes children’s ability
to distinguish acoustically similar but phonetically different
tokens, children with highly centralized utterances may need
training in identification of auditory-perceptual contrasts in
speech (e.g., minimal pair training) in addition to treatment
designed to address the underlying motor planning impair-
ment. Minimal pair training has been used successfully in
verbal children with phonological disorders (Rvachew et al.,
1999). Treating only the motor aspects of speech in children
with CAS + APD may improve consistency of production
but not intelligibility (i.e., it may make them more consistent
in their errors). In contrast, therapy for children with highly
variable speech might focus on tasks designed to increase
both accuracy and consistency.

Limitations and Future Work
Because of the high degree of phenotypic heterogeneity

in the speech of minimally verbal children with ASD, our
results must be considered preliminary. In particular, the
acoustic results should be replicated in a larger group of
children in order to determine whether the between-subjects
differences are statistically significant. The arbitrariness
of the selection criterion for the current acoustic analysis
(choosing the child from each cluster with the largest num-
ber of analyzable tokens) may lend some credence to the
present results, but more work must be done to understand
how prevalent the two profiles delineated here are in the
population of minimally verbal children with ASD over-
all. In addition, careful and thorough clinical assessment
of the speech production and speech perception abilities
of a larger sample of minimally verbal children with ASD
should be carried out to obtain a better prevalence estimate
of comorbid CAS and/or APD.

Other testable hypotheses suggested by the current find-
ings include determining whether minimally verbal children
Downloaded from: https://pubs.asha.org Karen Chenausky on 04/15/2021
whose speech is highly centralized also experience auditory
processing disorders characterized by poor phoneme discrim-
ination. This could be accomplished by adapting shape- or
color-matching tasks that are commonly taught to these chil-
dren. If a child can be taught to accurately recognize two
visually distinct stuffed animals named, for example, “bat”
and “dat,” it may be feasible to test their discrimination and
identification ability of a /bӕt/-/dӕt/ continuum. Well-designed
single-case or group treatment studies are also needed in
order to determine whether treatment for CAS is effective
in minimally verbal children with ASD + CAS, and to de-
termine the extent to which training in auditory perception
of speech may help minimally verbal children with ASD +
CAS + APD. We hope that the studies reported on here
will be only the start of a longer investigation into these im-
portant issues of basic and clinical science.
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Appendix

Operational Definitions of Signs of CAS
Definitions are taken from K. V. Chenausky et al. (2020), adapted from Iuzzini-Seigel et al. (2015).
1. Consonant distortion: A consonant production error in which a speech sound is recognizable as a specific phoneme

but is not produced exactly correctly (e.g., an /s/ that is produced with lateralization or dentalization). Also includes
substitutions (e.g., [to] for “so”) and omissions (e.g., [ba] for “bob”). Not scored if the only consonant error is voicing or
nasality. Thus, consonant distortions include manner/place distortions or substitutions, and omissions.

2. Voicing error: A sound is produced as its voicing cognate (e.g., a /p/ that is produced as a [b]). In addition, this could
also describe productions which appear to be in between voicing categories (e.g., blurring of voicing boundaries). Note
that glottal stop is considered neither voiced nor voiceless, so substitution of a glottal stop for another consonant does
not trigger this error.

3. Nasality error: Sounds either hyponasal (not enough airflow out of nose/”stuffy”) OR hypernasal (too much airflow out
of nose for non-nasal phonemes such as plosives). Nasality errors can also occur if an oral stop is substituted for a
nasal (e.g., [do] for “no”), if a nasal is substituted for an oral stop (e.g., [mi] for “bee”), or if a vowel in a word with no
nasal consonant is heavily nasalized.

4. Vowel error: A vowel production error in which the vowel is substituted for another phoneme OR in which the vowel
is recognizable as a specific phoneme but is not produced exactly correctly (e.g., it is not a prototypical production
but may sound like it is in between two vowels). It is not considered an error if the vowel is substituted with another
phoneme that is consistent with an adultlike model or a regional accent (e.g., /hɑtdɑg/, /hɑtdɔg/).

5. Intrusive schwa (e.g., in clusters): A schwa is added between consonants. For example, it may be inserted in between
the consonants in a cluster (e.g., /blu/ becomes /bǝlu/). This is NOT considered a “vowel error.” Intrusive schwa may
also occur before an initial consonant (e.g., [ǝbʌni] for “bunny”) or adjacent to a vowel (e.g., [noǝ] for “no”).

6. Syllable segregation: Brief or lengthy pause between syllables within a word which is not appropriate.

7. Stress error: An error in which the appropriate stress is not produced correctly. For example: conDUCT and CONduct
have different stress patterns. It is considered an error if the stress is inappropriately equalized across syllables or
placed on the wrong syllable. Addition of syllables (as in [dædǝdi] for “daddy”) or deletion of syllables (as in [tɛfon] for
“telephone”) also count as stress errors, since they change the metrical structure of the word.

8. Slow rate: Speech rate is not typical. It is slower during production of part (e.g., zzziiiiiiper/zipper) or the whole word
(e.g., tooommmmaaatoooo/tomato). Syllable segregation also triggers the “slow rate” error.

9. Difficulty with coarticulation: Initiation of utterance or initial speech sound may be difficult for child to produce and
may sound lengthened, uncoordinated, or excessively effortful. Also, child may evidence lengthened or disrupted
coarticulatory gestures or movement transitions from one sound to the next. For example, heavily prevoiced stops or
words with a glottal stop inserted at the beginning fall into this category.

10. Groping: Prevocalic (silent) articulatory searching prior to onset of phonation, possibly in an effort to improve the
accuracy of the production. Video is needed to assess this feature.

11. Variable errors: The same target is produced with different errors each time. Note that if a child produces an errored
token once and a correct version once, this does not count as a variable error. The child must produce at least two
distinct errored versions in order to trigger this error.

12. Additions (of phonemes other than schwa): The token contains phonemes or syllables that are not in the target. For
example, [mɑmbi] for “mommy” would contain [b] as an addition (and would also trigger a “difficulty with coarticulation”
error). Addition of syllable(s) also triggers the “stress” error.
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