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ABSTRACT ARTICLE HISTORY
Phoneme production may be affected by limited speech motor control Received 2 June 2020

in Childhood Apraxia of Speech (CAS), with a general instability of ~ Revised 14 November 2020
acoustic targets across multiple repetitions of speech stimuli. This Accepted 17 November 2020
acoustic and Ultrasound Tongue Imaging (UTI) study shows that KEYWORDS

increased variability and reduction of contrast in vowel production is Vowel production;

found in native Italian speakers with CAS, particularly as far as the Childhood Apraxia of

height dimension is concerned. The data suggest that vowel produc- Speech; phonetic variability;
tion should play a major role in CAS diagnosis and treatment. phonemic contrast;
Moreover, this study shows that a combined acoustic and articulatory ultrasound tongue imaging;
approach allows direct observation of lingual dynamics together with Italian

an estimation of changes in the acoustic dimension. The two dimen-
sions are shown not to correspond in a straightforward way in the
speech of children with CAS, and encourage consideration of articu-
latory compensation strategies aimed at saving the acoustic identity of
vowels.

Introduction
Speech variability in Childhood Apraxia of Speech

Childhood Apraxia of Speech (CAS) is a neurological speech motor disorder with a core
deficit in planning and programming the spatio-temporal parameters of movement
sequences (American Speech-Language-Hearing Association, 2007a; Shriberg et al., 2012;
Maassen et al., 2010; Shriberg, 2010). However, diagnosis of CAS in children is challenging
because of the potential presence of comorbid conditions and the lack of validated instru-
ments to identify diagnostic features that differentiate CAS from other types of speech
sound disorders (e.g., those due to phonological or neuromuscular impairments).
According to past literature, children with CAS exhibit deficits across all levels of speech
production, including lexical representation (Marquardt et al., 2004), phonological encod-
ing (Thoonen et al., 1997), speech motor planning and speech motor programming. As
such, CAS speech is often characterized by impaired motor control phenomena such as
errors in the production of consonants and vowels, simplifications of clusters and complex
syllables, prosodic anomalies and higher than normal token-to-token variability (see Chilosi
et al., 2015; Forrest, 2003; Grigos et al., 2015; Tuzzini & Forrest, 2008; Iuzzini-Seigel et al.,
2016; Jacks et al., 2006; Lewis et al., 2004; Marquardt et al., 2004). Among the symptoms, the
observed inconsistency of speech sound articulation is essential for identifying children
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with (or at risk for) CAS, considering that token-to-token variability has been found by
some scholars to be more marked in CAS than in other conditions of speech delay (e.g.,
Grigos et al., 2015; Tuzzini, 2012; Marquardt et al., 2004), particularly in the case of isolated
multisyllabic words (whereas at the phrase level, children with CAS were not significantly
different from children with language impairment, according to Iuzzini-Seigel et al., 2016).
Token-to-token variability is usually assessed in terms of phonemes, that is, substituted or
distorted phonemic targets across repetitions of the same phoneme in one and the same
word context (e.g., Iuzzini, 2012; Iuzzini-Seigel et al., 2016); substitutions and distortions
are perceptually identified by trained phoneticians and speech pathologists. Comorbid
language disorder is regularly associated with CAS (e.g., Iuzzini, 2012; Lewis et al., 2004),
which makes CAS symptoms difficult to isolate and treat. As a matter of fact, the linguistic
and motor systems are strongly interconnected (e.g., Arbib, 2006) and typical development
implies the simultaneous acquisition of well organized linguistic structures and motor
coordinative commands (e.g., Nip et al., 2011). Children with language disorders thus
tend to show decreased mastery of the articulators (e.g., Alcock et al., 2000) and children
with CAS tend to show impaired production of long stretches of speech (Shriberg et al.,
2003), impaired speech perception (Maassen et al., 2003) and a generally low phonological
awareness, as revealed e.g., by difficulties in counting syllables and manipulating their
phonological shape (Marquardt et al., 2002). This should be taken into account when
studying articulation in this population; speech tasks that can successfully be accomplished
by the children and with minimal involvement of other language abilities (such as speech
comprehension or production of new words and sentences) should be used for elicitation.

Vowels in Childhood Apraxia of Speech: variability and distinctiveness

In speech development, it is generally agreed that vowels appear early (Donegan, 2013;
Oller, 2000; Vihman, 1996; Vorperian & Kent, 2007) and accuracy of vowels approaches
adult levels well before consonants (Pollock, 2002). Children with CAS are reported to
experience difficulties producing vowels and vowel errors have been documented in various
auditory and acoustic studies. For instance, Pollock and Hall (1991) revealed that children
with CAS (N = 5) had problems with rhoticised vowels and diphthongs. The typology of
errors was highly variable across sounds and included laxing, backing, lowering and tensing,
diphthong reduction, vowel harmony and derhoticisation. Similar results were obtained in
a longitudinal study investigating the connected speech of three speakers with CAS (Davis
et al., 2005). These results showed that although speakers with CAS were able to produce
almost all vowels, they did show a high number of vowel errors, resulting in much lower
accuracy levels than what was expected for their age. Derhoticisation was among the most
frequent types of errors. Since vowel errors (particularly derhoticisation) are also present in
the speech of children with phonological disorders, it is unclear whether children with CAS
differ from other clinical populations in this respect. An acoustic study by Blech et al. (2007)
investigated three German children with suspected CAS and showed that they produced
abnormal formant patterns compared to controls (children with no known disorder of
speech), for both monophthongs and diphthongs and across a variety of speech conditions
(isolated vowels, syllables, words).

Other studies have documented higher than normal acoustic variability in the produc-
tion of vocalic targets. For instance, mean coefficients of variation for F1 and F2 were nearly
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twice as great for a child with CAS than for typically developing and phonologically delayed
children (B. Smith et al., 1994). The authors suggested that increased variability in multiple
repetitions of vowels, in isolation as well as in real words, could be a potential diagnostic
marker of CAS. In their study, Nijland et al. (2002) showed that a group of nine Dutch
children with CAS displayed more variable F2 frequencies and less F2 distinction at the
mid-point of/i/and/u/, compared to control peers and adults, during a pseudo-words
repetition task. Other studies documented impairments in appropriately producing tem-
poral distinctions. For instance, children with CAS were found to make vowels longer,
relative to normally speaking children (Nijland et al., 2003; N =, p. 6) and to reduce the
temporal distinction between tense and lax vowels (Peter & Stoel-Gammon, 2005;
N=,p.2).

Most studies targeting vowel production in the speech of children with CAS have been
focused on English or German. Considering that vowels are rarely reported as being
impaired in speech disorders, Jacks et al. (2013) suggested that difficulties in the production
of vowels should be central to the diagnosis of CAS. Their review of vowel characteristics in
studies on CAS showed a variety of vowel errors, including in particular errors in the
production of rhotic vowels, diphtongs and the tense/lax distinction. Given this back-
ground, it is useful to braoden the investigation to include non-Germanic languages,
where vowel spaces are typologically different. As a matter of fact, in non-German
languages vowel spaces tend to be overall less crowded, diphtongs tend to be more distinct
from one another, rhoticity and the tense/lax distinction tend to be less essential as phonetic
and phonological features. Once vowel impairments will be documented for speakers with
such radically different vowel systems, the importance of taking into account vowels in
formal diagnosis will show up with even more evidence.

The current study is an attempt at filling this gap with detailed phonetic data on the
production of a subset of vowels by children with CAS who are native speakers of Italian,
a language with seven vowel phonemes (/i e € a 9 0 u/) in stressed syllables (the number
reduces to five in unstressed syllables, where the distinction between mid-high and mid-low
is neutralized and only/e/,/o/occur). In particular, this study addresses the questions of
variability and distinctiveness in vowel production. These two questions are related to one
another as it is apparent from the consideration that increased token-to-token variability, as
documented for CAS and for other speech motor and phonological disorders, may have an
impact on the quality of the distinctions between sounds and on the overall structuring of the
sound system the speakers rely on during speech production. So the question of token-to-
token variability and that of phonetic space distinctiveness are two strictly related questions.

In order to address the overall issue, we first relied on perceptual analysis only to exclude
distorted or substituted phonemic targets; then, we opted for a more fine-grained level of
analysis focused on the instrumental detection of acoustic and articulatory variation across
multiple repetitions of correctly produced phonemic targets. The general hypothesis was
that an increased instability of articulatory movements could be the source of inconsistent
productions of phonemic targets in the speech of children affected by CAS.

Acoustic-articulatory analysis of speech variability in disordered speech

Instability of movement patterns can be defined as repeated productions of words or
phonetic sequences that are different in the absence of contextual variation (Lenoci &
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Ricci, 2018; Miller, 1992; Smith, 2006; A. Smith et al., 2000). There is increasing evidence
that children with speech sound disorders (including CAS) exhibit less mature speech
motor patterns, in particular for jaw and lip coordination, compared to control peers
(Grigos et al., 2010; Grigos & Kolenda, 2010; Grigos et al., 2015, 2011; Moss & Grigos,
2012; Terband et al., 2011). Furthermore, various studies have documented a reduction of
vowel space areas across a variety of speech disorders; it is not uncommon for persons with
hearing impairment, dysarthria or apraxia to produce speech movements that are reduced
in size or amplitude (Kent & Rosenbek, 1983; Vorperian & Kent, 2007; Higgins & Hodge,
2002; see Ciocca & Whitehill, 2013 for a review) and in some cases, there is a clear
correlation between the reduction of the acoustic space and a lowered degree of intellig-
ibility. As a matter of fact, target articulatory undershoot may be at the origin of a reduction
of sound distinctions in vowel systems, as indexed by acoustic measures such as vowel space
areas (Hardcastle & Tjaden, 2008).

The current study focuses in particular on the production of several repetitions of
lexically stressed/a/,/i/and/u/. It proposes a multi-level phonetic approach, according to
which both vocal tract resonances (vowel formants) and tongue displacements along the
midsagittal plane (tongue imaging data) are analysed in order to determine the extent of
token-to-token variability and vowel space distinctiveness in both dimensions of acoustic
output and physiological dynamics at the tongue level.

Vowels/i/,/a/(or/a/) and/u/can be described as corner or point vowels and their
vocal tract resonances are used in the literature to map out the acoustic boundaries of
vowel articulation of a given speaker (Hixon et al., 2008; Kuhl et al., 1997). The
emergence of corner vowels in infants and young children is studied to determine
the consequences of anatomical changes on the acoustic structure of speech sounds
(e.g., Rvachew et al., 2008; Vorperian & Kent, 2007). Corner vowels correspond to the
extremes of tongue height and tongue advancement parameters that shape vowel
patterns across languages. In Italian and various other languages, lip configuration is
an additional parameter mostly correlated to the tongue advancement parameter, to
the extent that back vowels (and particularly [u]) are produced with lip protrusion and
rounding.

Corner vowels have been said to be ‘quantal’ vowels since Stevens (1989) because they
tend to remain acoustically more stable across a wider range of articulatory variation,
compared to non-point vowels. However, the relationship between articulatory variation
and acoustic output is far from linear. This is shown by a range of documented phenomena
such as the influence of f0 on vowel formant structure (e.g., Carrell et al., 1981), effects of
anatomical asymmetry between the front and the back portions of the oral cavity (e.g.,
Stone, 2010) or the articulatory adjustments realized to compensate for changes in a given
dimension (‘motor equivalence’, e.g., Perkell, 1997).

The non-linear relationship between acoustic and articulatory changes is a crucial issue
particularly in the domain of speech motor control anomalies, where the speakers’ vocal
tract does not achieve the articulatory targets with the necessary precision and consistency.
In that case, besides acoustic analysis, instrumental investigation of articulatory dynamics
proves essential to determine the maturity of the speakers’ motor control system in a way
that is independent from the acoustic-auditory output (e.g., Howard & Heselwood, 2013).
Since we know that the same acoustic output can be achieved with different articulatory
configurations, it may be important to rely on an independent estimation of articulators’
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variability and acoustic variability, particularly in the case of pathological speech. For this
reason, the integration of acoustic data with physiological data is an advantage in speech
developmental research (Vorperian & Kent, 2007).

Among the various physiological techniques used in speech production research,
Ultrasound Tongue Imaging (UTI) has been successfully used to explore lingual activity
in vowel production by adults and children because it allows mapping the cross-
sectional shape of the vocal tract from the tongue tip to the tongue back and root,
thus providing very clear and complete data on the dynamics of speech sound lingual
production. Compared to more invasive techniques such as Electromagnetic
Articulography (EMA), the UTI equipment has the advantage of being portable and
more easily tolerated by speakers, including children, which explains its success also in
the domain of speech rehabilitation (e.g., Bernhardt et al., 2005; Cleland et al., 2015),
including in the case of CAS (Preston et al., 2013, 2016). UTI can be successfully used
for tracing and analysing tongue contours in the production of all lingual sounds,
including comparisons of corner vowels (e.g., Chen & Lin 2011), and to provide
a statistically reliable measure of the difference existing between pairs of curves
(Davidson, 2006). UTI features have been used to detect covert contrasts in the
pathological speech of children, that is, to show that auditorily indistinguishable pro-
ductions of different phonemes were produced with different lingual configurations
(e.g., Zharkova, 2017). To the best of our knowledge, the current study is the first
application of a UTI-based analysis to CAS speech, for which we detect tongue move-
ments and evaluate the degree of correspondence between the acoustic and the lingual
correlates of vowel production.

Non-contextual variability

In assessing token-to-token variability across vowels in native Italian speakers with CAS, we
also considered the issue of non-contextual variation. In non-contextual variation, when the
phonetic context and the speaker are kept constant, vowels have been observed to vary
across multiple repetitions in a way which is dependent on their quality and particularly
their height (e.g., Pisoni, 1980 on English; Recasens & Espinosa, 2006 on Catalan). More
specifically,/i/shows reduced token-to-token variability with respect to the first formant
(F1) but a much higher degree of variability with respect to the second formant (F2),
compared to both/u/and/a/. By contrast, low vowels such as/a/are more susceptible than
high vowels to variation along the F1 dimension, at the same time showing a smaller
amount of variation along the F2 dimension. This effect should be a consequence of the
fact that for the production of/i/, a more accurate tongue raising gesture is needed, whereas
the precision of the constriction along the anteroposteriority dimension is less essential —
and vice-versa for the vowel/a/. However, the question arises of whether this general pattern
is also observed in the context of increased token-to-token variability levels, as those
assumed for CAS speech. If it does, then the increased amount of token-to-token variability
under pathological conditions may still be said to follow common patterns of vowel-specific
variability levels. If, however, it does not, we will have to conclude that variability in CAS
speech is not only quantitatively, but also qualitatively different from variability in non-
pathological speech. We reasoned that it was important to address the issue of variability in
CAS speech also from this perspective, in order to ascertain if perturbations of those speech
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motor commands that are assumed to characterise CAS speech allow maintaining the most
general patterns of articulatory variation that are found in normative speech or, rather, the
latter are also perturbed.

Summary and experimental hypotheses

The current study contributes with acoustic and articulatory (tongue imaging) data to the
identification of features characterizing CAS speech. As speech inconsistency is considered
one of the most relevant features of CAS speech, token-to-token variability is explored. The
area of research is that of vowel production, a relatively less studied domain in the speech
pathology literature, but still important to ascertain if increased token-to-token variability is
associated with a reduction in the distinctiveness of the contrasts among phonemes.
Moreover, the children are native speakers of Italian, a language with a much less crowed
vowel system compared to English, and therefore potentially more subject to reductions of the
vowel phonetic space. We provide instrumental data about phoneme variability and distinc-
tiveness and compare the acoustic with the articulatory (tongue movements) dimensions of
variability and distinctiveness. To better specify the nature and extent of token-to-token
variability in the speech of our subjects with CAS, we also analysed their non-contextual
variability and ascertained whether these patterns were consistent with those reported in the
phonetic literature for non-pathological speech.

We test three major hypotheses. The first hypothesis concerns token-to-token (or within-
category) variability, and can be divided into two sub-hypotheses. According to hypothesis
(1a), based on the literature on CAS speech reviewed above, token-to-token variability is
expected to be higher in the speech of children with CAS compared to typically developing
peers. According to hypothesis (1b), F1 variability is expected to be higher for/a/than for/i, u/
and F2 variability is expected to be higher for/i/than for/a, u/in the speech of control speakers.
Children with CAS are expected to show deviant patterns of non-contextual variation (either
qualitatively, quantitatively, or both), under the hypothesis that increased levels of within-
category variability alter the normal patterns of non-contextual variability.

The third hypothesis of the study concerns vowel distinctiveness and the dimension of
vowel space areas. Based on the literature reviewed above, the hypothesis predicts that
vowels are less distinct from each other in CAS speech than in the speech of typically
developing peers. The resulting vowel space area is therefore expected to be smaller in the
former speakers’ group than in the latter.The two aspects (phonemic distinctivenss and
vowel space areas) are seen as related to each other since increased differentiation between
vowel categories implies that the resulting vowel space area is larger.

Methodology
Participants

The study tested 10 native Tuscan Italian children aged 9-12 years and matched for age, sex
and dialectal area. Five of them were affected by CAS (ages from cas01 to cas05: 10;5, 10;2,
104, 8;10, 12;1; mean age: 10;4) according to formal diagnosis by a multidisciplinary team at
IRCCS Stella Maris, Pisa (Italy), in accordance with the three ASHA criteria: 1) inconsistent
errors on consonants and vowels in repeated productions of syllables or words; 2) lengthened
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and disrupted coarticulatory transitions between sounds and syllables; 3) inappropriate
prosody, especially in the realization of lexical or phrasal stress (American Speech-
Language-Hearing Association, 2007a). All children with CAS underwent a comprehensive
assessment that included neurological and speech and language evaluation. The identification
of the diagnostic features was based on perceptual analysis performed by two independent
observers on each child’s speech samples, which were video recorded during spontaneous
interaction and the administration of formal tests. These children’s expressive language was
poor and they were therefore considered to be affected by CAS and comorbid language
impairment. According to previous studies, based on a variety of experimental methods,
token-to-token variability (as assessed in terms of phoneme substitutions or distortions in
multisyllabic speech stimuli) is not statistically different in children with CAS compared to
children with CAS and language impairment (e.g., Iuzzini-Seigel et al., 2016). We therefore
considered our speaker sample as a sufficiently good representative sample for the population
of children affected by CAS. Oral motor skills were examined through the VMPAC (Hayden
& Square, 1999); for most of the children, the speech pathologist reported intermittently
visible compensatory movements, such as lip rounding that might affect tongue movements.

The other five children were typically developing peers (henceforth, TYP; ages from
typO1 to typ05: 10;3, 10;5, 10;2, 9;3, 12;5; mean age 10;5). They were reported by parents to
have no hearing or language disorders. TYP and CAS were matched by age, geographic
origin (all were native speakers of a Tuscan variety of Italian), and sex (both groups
including four males and one female). All children were tested on separate days. Acoustic
and kinematic data collection was carried out at the experimental linguistics laboratory of
SMART lab, Scuola Normale Superiore, Pisa. The research protocols were approved by the
Ethical Committee of Regione Toscana; written informed consent was obtained from all
parents and children before the recording sessions.

Speech materials

Three nonwords, distinguished by the quality of the stressed medial vowel, were used: these
were Adaba [a'daba], Adiba [a'diba] and Aduba [a'duba]. The children in the study were
told that each nonword was the proper name of one of three pets, whose drawings were
shown to the children before and during the test phase on a computer screen. Each
nonword was embedded in a short carrier sentence formed by the name and a disyllabic
paroxytone verbal form, such as Adaba scende ‘Adaba goes down’.

We opted for proper nouns (= nonwords) in order to keep the phonetic context as
controlled as possible across stimuli. Although multisyllabic words are generally produced
with more errors by children with CAS than monosyllabic words (e.g., Davis et al., 1998),
our stimuli were multisyllabic in order to sound sufficiently plausible to native Italian
speakers as proper names of pets. On the other hand, the phonological and prosodic
structure of the nonwords was kept as simple as possible in order to prevent production
difficulties by children with CAS, by making particular reference to the specific recommen-
dations provided by the speech pathologist. Given that nonwords may be more difficult to
produce compared to real words for children with language disorders (e.g., Archibald &
Gathercole, 2007), all the children in the current study familiarized with the pets’ pictures,
their stories and their names for at least 15 minutes before executing the test.
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Procedure and equipment

A sentence repetition task with pre-recorded auditory stimuli was used to elicit the production of
the target items. The repetition task was chosen as it is generally considered a low language load
task (e.g., Baddeley et al. 2009) given that it does not involve higher order language abilities (such
as semantic and grammatical processes) compared to e.g., picture naming. As a matter of fact,
imitation was found not to induce increased variability in children with language impairments
compared to typically developing children (Vuolo & Goffman, 2018). The children were asked to
sit in front of a computer; whenever a drawing appeared on the computer screen, an adult female
voice was played saying the target sentence, which was a description of the scene. The child had to
repeat the sentence, and then the experimenter pressed a button and skipped to the following
drawing/sentence. Each nonword was repeated eight times non-consecutively by each child at
a self-paced rate, each time in association with a different verb. A total amount of 240 vowel
tokens (3 vowels x 8 repetitions x 10 speakers) were collected for the current study. Audio and
tongue profiles were recorded via a Mindray UTI system (sampling frequency: 30 Hz) associated
to a 65EC10EA microconvex transducer and a Shure unidirectional microphone. Audio syn-
chronization was guaranteed by a Synch Bright-up unit. The participants wore a head stabiliza-
tion unit (helmet, Articulate Instruments Ltd, 2008) to ensure that the UTI transducer was kept
in a stable position during the test and was oriented to display a mid-sagittal configuration of the
tongue. The recording session lasted about 25 minutes.

Annotation

All fluent/dV/syllables were segmented and labelled using Praat (version 6.0.15 by Boersma &
Weenink, 2016). Three intervals were annotated for each syllable, i.e. the consonantal closure, the
VOT and the vowel; for the current study, only the vowel interval was analysed. Vowel
boundaries were manually identified based on visible formant structure. The annotations were
then imported into the AAA software (version 2.14 by Articulate Instruments Ltd, 2012). The
acoustic midpoint of the vowel and its closest ultrasound frame were identified for each
repetition of each vowel. Tokens that were produced as incorrect were excluded from the
analysis. More specifically, this happened for 6 stimuli which were produced by children with
CAS with a velar instead of an alveolar stop (phoneme substitution). Although the vowel was
correctly produced (perceptual rating), the stimuli were excluded in order to exclude variability
induced by the phonetic context. All other vowels were produced correctly and with correct
stress, and were therefore included. Children from the TYP group did not produce any
perceptible errors in their production and so we did not exclude any items from their repetitions.

Acoustic analysis

F1, F2 and F3 values were automatically extracted at vowel acoustic midpoint via a Praat
script. Maximum formant range was set at 8000 Hz and the number of formants was set at 5.
The values extracted from the script were checked through manual correction by calculating
F1 and F2 values with the Fast Fourier Transform at the same temporal instant that was
considered by the script. For each selected syllable, we measure F1 and F2 from narrow-band
spectral cross-sections. Window lengths from which the narrowband spectra were generated
were 30 ms.
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F1 and F2 mean (in Hz) and standard deviation values were calculated for each vowel
uttered by each speaker. Then formant estimates were converted to Equivalent Rectangular
Bandwidth (ERB) values, with the Traunmuller’s formula (Traunmuller, 1997), to reduce
the effect of anatomical differences across participants and median F1 and F2 ERB values
were calculated for each vowel uttered by each talker. The ERB normalization method
transforms formant values to be similar to those perceived by the auditory system in relative
terms, and was chosen over other available methods for not necessarily requiring a full set of
vowels for the transformation (Calamai, 2006; Pettinato et al., 2016). Based on normalized
median values, the vowel space area (VSA) of each speaker and the Euclidean distance
between each pair of vowels as produced by each speaker were calculated. In particular, the
VSA was calculated for each speaker according to Heron’s formula (see Sapir et al., 2010);
the Euclidean distances between/a/and/i/,/a/and/u/, and/i/and/u/, were calculated for each
speaker according to the methodology of Pettinato et al. (2016).

Token-to-token variability in the acoustic domain was assessed through inspection of
standard deviation values for each vowel as produced by each speaker (Recasens &
Espinosa, 2006, p. 662). Vowel space distinctiveness was assessed by calculation of VSAs
and Euclidean distances, again on a speaker-by-speaker basis.

Articulatory analysis

For the UTI frame which most closely corresponded to the acoustic midpoint of the vowel,
a tongue contour fitting procedure was implemented semi-automatically with the help of
a tongue profile tracker in AAA followed by manual correction. All the fitted tongue
contours were then exported as a series of (x,y) coordinates into the RStudio software
(version 1.2.1335) for the computation of both token-to-token variability and vowel space
distinctiveness.

Token-to-token variability in the articulatory domain was assessed by means of the
Nearest Neighbor Distances metric (Zharkova & Hewlett, 2009). This metric is used to
quantify the overall difference between a pair of tongue curves, based on the mean of all the
Euclidean distances between each point on one curve and its nearest neighbour on the
other. According to Zharkova et al. (2011) and Frisch et al. (2016), the average distance
between curves corresponding to different repetitions of the same vowel context (hence-
forth, within-set distances: WS) can be interpreted as a measure of speech motor stability
for individual speakers: the greater the separation between curves belonging to the same
category, the higher the variability of tongue movements across repetitions.

Vowel space distinctiveness was assessed by comparing the tongue profiles of/a/,/i/and/
u/of each speaker through smoothing spline analysis of variance (SSANOVA; Davidson,
2006) and Bayesian confidence intervals (using the ssanova function in the gss package).
This technique allows determining significant differences between the smoothing splines
that are the best fits for three curve sets (one for each vowel). We expected to find significant
interaction terms of the models for each speakers of both groups (the main group effects
corresponding to the smoothing splines for each vowel dataset), under the assumption that
tongue shapes for the production of/a/,/i/and/u/were significantly different and did produce
an articulatory contrast. Visual inspection of the plots showing smoothing spline estimates
and 95% confidence intervals allowed comparing the different realization of tongue shape
contrasts across subjects. To further determine if there were specific sections of the curves
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(corresponding to specific portions of the tongue) in which children with CAS produced the
contrast differently from the typically developing peers, interaction effects with 95%
Bayesian confidence intervals were also plotted.

Results
Vowel variability

Formant data

Before analysing token-to-token variability in details, we inspected mean formant data of
our two groups of speakers, in order to determine at least on a very general scale if they were
consistent with reference data for the Italian language.

Mean (in Hz) and standard deviation values for/a/,/i/and/u/as produced by five groups of
Italian speakers are thus provided in Table 1. TYP and CAS refer to the two groups of
children of the current study. In addition, reference data for 10 adult male and 10 female
speakers of Italian and for typically developing children are provided in the Table. The adult
and children data were taken from Zmarich and Bonifacio (2003). The latter data were
collected from a group of about 70 children (the exact number of children changed across
vowels) aged 8-10 and coming from a Northern Italian city, Padua (Ferrero et al., 1996).
Although there are differences across Italian dialects as far as typical vowel quality is
concerned, these are generally said to pertain to the domain of mid vowels only, leaving/
a/,/i/and/u/unaffected by geographic variation (Albano Leoni & Maturi, 2003). The speech
elicitation task in the case of the children was the same as the one used in the current study
(repetition of words following an adult model) whereas adult speech was collected through
a word reading task.

In Table 1, all children regardless of group showed higher F1 and F2 mean values than
adults, confirming results from past literature about a gradual decrease of formant frequen-
cies with age (e.g., Peterson & Barney, 1952; Vorperian & Kent, 2007). The group with CAS

Table 1. Mean and standard deviation values for each of the three vowels/
a/./i/fand/u/as produced by the CAS and TYP children of the study, two
groups of adult Italian speakers (males and females) and a group of
typically developing Italian children. Details about the source data are
given in the text.

F1 mean Hz (s.d.) F2 mean Hz (s.d.)
/al TYP 1043 (47) 1723 (67)
CAS 962 (70) 1655 (99)
Male adult 715 (32) 1274 (46)
Female adult 898 (65) 1467 (95)
Children 1046 (59) 1737 (108)
/il TYP 372 (23) 3039 (75)
CAS 415 (35) 2948 (109)
Male adult 273 (11) 2111 (127)
Female adult 312 (16) 2524 (107)
Children 342 (46) 3135 (121)
Ju/ TYP 497 (22) 1016 (50)
CAS 495 (34) 997 (73)
Male adult 269 (31) 649 (98)
Female adult 291 (26) 684 (83)
Children 416 (46) 859 (57)
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showed a higher/a/(lower F1 values) and a less anterior/i/(lower F2 values) compared to
both TYP (current study) and the children of the Zmarich and Bonifacio (2003) study.
Moreover, the children with CAS showed a less posterior/u/(higher F2 values) compared to
the children of that study. Although these were raw, non-normalized data and can only be
considered with great caution, they nevertheless seem to indicate that the vowels in our
speakers with CAS tended to occupy less peripheral positions: low vowels were less low than
expected, and at the same time, high vowel were not as low as in the speech of children with
typical development.

We now turn to the analysis of the more central issue of token-to-token variability.
Figures 1 and 2 show the formants’ standard deviation values for each vowel of each child of
this study; average values by group are also provided for reference.

In particular, Figure 1 shows that the standard deviation values for F1 were higher for the
CAS group compared to the TYP group in the production of all three vowels. Individual
values were not always consistent with the group values, to the extent that some speakers
with CAS could show lower standard deviation values compared to some TYP speakers.

Still with respect to the first formant, standard deviations were overall higher for/a/than for
the two other vowels, thus suggesting that there was more variability in the acoustic correlate
of vowel height for the low vowel, compared to/i/and/u/, in the production of both groups of
speakers. At the individual level, the pattern was found for all five TYP speakers but for only
three of the speakers with CAS (cas01, cas04, cas05). The two other speakers with CAS, i.e.
cas02 and cas03, showed a rather low degree of variability for/a/; standard deviation values for
this vowel were close to (or even lower than) those found in TYP speech; at the same time, they
did not show any decrease of F1 variability in the production of/i/and/u/.

F1 acoustic evidence thus suggested that high vowels were more constrained than/a/for
tongue height and constriction location for all TYP speakers but for only three of the
speakers with CAS.

Concerning the second formant, Figure 2 shows that the standard deviation values for F2
were higher for the CAS group compared to the TYP group. The pattern was found for all
three vowels at the group level. The differences between the three vowels were not as strong
as in the case of F1; nevertheless, the average standard deviation values were higher for/i/
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Figure 1. F1 standard deviation values as a function of vowel and speaker. Dark grey = CAS speakers
(from cas01 to cas05, left to right), light grey = TYP speakers (from typ01 to typ05, left to right). Average
group values (white bars with dark and light grey lines for, respectively, CAS and TYP groups) are also
reported for each vowel.
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Figure 2. F2 standard deviation values as a function of vowel and speaker. Dark grey = CAS speakers
(from cas01 to cas05, left to right), light grey = TYP speakers (from typ01 to typ05, left to right). Average
group values (white bars with dark and light grey lines for, respectively, CAS and TYP groups) are also
reported for each vowel.
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and/a/compared to/u/for both the CAS and the TYP group. To be precise, the values were
very slightly higher for/i/than for/a/; however, the difference was a very small one.

At the individual level, as in the case of F1, there was variability; some speakers with CAS
could show lower standard deviation values compared to some TYP speakers. Recall that
according to the English and Catalan data reviewed above (Recasens & Espinosa, 2006),/i/
was expected to be the least constrained vowel for tongue posteriority, that is, the most
tolerant vowel with respect to token-to-token F2 excursions. In our data, it seemed that
both/a/and/i/turned out to be less constrained than/u/in the majority of the speakers. In
particular, there was a tendency for/u/to show less variable F2 values compared to both/a/
and/i/in four TYP and three speakers with CAS. By contrast, in one TYP (i.e. typ05) and one
speaker with CAS (i.e. cas02), the pattern was exactly the opposite of the expected one, with
vowel/i/showing the least variation.

In conclusion, as far as F2 variability was concerned, the expected pattern was not as
clearly represented in our data as it was in the case of F1 variability (see above). Moreover,
we found that speakers with CAS were only slightly different from TYP speakers with
respect to the amount of F2 variability across vowels.

Lingual profile data: Within-set distances (WS)

Token-to-token variability in the articulatory domain was estimated through an analysis of the
average distance between lingual curves belonging to the same vowel context (WS distances).
In Figure 3, greater articulatory variability across repetitions is reflected in higher bars.

Articulatory variability was found to be higher in CAS speech compared to TYP speech
for all three vowels (#(367) = 5.603, p < .001). The difference was bigger in the case of/a/(t
(114) = 3.007, p = .003) and/u/(#(118) = 3.582, p < .001) and a bit smaller, but still
significant, in the case of/i/(#(125) = 2.510, p = .013).

At the individual level we found more variable behaviours. In the case of vowels/a/and/i/,
at least two TYP speakers showed a higher degree of articulatory variability compared to the
majority of speakers with CAS; in the case of/u/, one TYP speaker showed much more
variability than all speakers with CAS and another TYP speaker showed values comparable
to those of the majority of the speakers with CAS.
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Figure 3. WS distance values as a function of vowel and speaker. Dark grey = CAS speakers (from cas01 to
cas05, left to right), light grey = TYP speakers (from typ01 to typ05, left to right). Average group values
(white bars with dark and light grey lines for, respectively, CAS and TYP groups) are also reported for each
vowel.
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Vowel contrast

Euclidean distances and vowel space areas (VSAs)

The Euclidean distances between/a/and/i/and between/a/and/u/were smaller in CAS com-
pared to TYP speech (/a/-/i/: 7.68 vs 8.24 ERB;/a/-/u/: 6.24 vs 6.81 ERB). This suggested that
the vowel space of speakers with CAS showed less distinction as far as the height dimension
was concerned. In contrast, the Euclidean distance between the two high vowels/u/and/i/
was slightly larger for CAS (8.83 ERB) than for TYP speech (8.51 ERB).

VSAs were further analysed to determine the overall shape and extension of the acoustic
space delimited by the three corner vowels. Individual values and group means are shown in
Table 2; F1x F2 plots for each speaker are provided in Figure 4.

Data in Table 2 show that the acoustic vowel space of speakers with CAS was on average
smaller than that of TYP speakers. This suggested that distinctions across vowels were overall
less consistent, or less sharp, in the former population compared to the latter, although the
Euclidean distances pointed to a reduction in only one of the two acoustic dimensions.
However, as the individual data in Table 2 reveal, there was much cross-subject variation. For
instance, cas01 produced the largest VSA in the total sample. Nevertheless, three speakers
with CAS showed very low (< 20) VSA values, thus lower than any TYP value.

F1xF2 plots in Figure 4 show that speakers with CAS were extremely variable within group
as far as vowel height was concerned; for most of them, height distinctions were reduced. This
could happen according to three different strategies: either raising the/a/(as in cas03, whose/a/
had an F1 of 13.99 ERB), or lowering one or both high vowels (as in cas02 or cas04; for

Table 2. VSA values for each speaker and mean values for groups.
CAS cas01 33.33 cas02 18.25 cas03 18.89 cas04 30.18 cas05 16.97 Mean 23.41
TYP typ01 21.56 typ02 27.08 typ03 30.49 typ04 24.82 typ05 26.63 Mean 26.04
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Figure 4. Normalised F1x F2 VSAs for CAS (left panel) and TYP children (right panel).

instance, F1 was 10.78 ERB for/i/and 11.06 for/u/in cas02 speech), or even raising the/a/and
lowering the high vowel(s) at the same time (as in cas05). Considering F1,/u/was less variable
across subjects than/a/and/i/(ranging from an 11.06 ERB in cas02 to 9.39 ERB in cas05).

By contrast, F1 targets were much less variable across TYP speakers. All three vowels
varied approximately to the same extent. The subject with the smallest height distinc-
tions was typ04. This speaker also showed the most posterior/a/vowel, with an F2 value
of 18.57 ERB. The most anterior/a/was produced by typ03 (F2: 20.84 ERB). There was
more cross-subject variability along the F2 axis in the/a/of the TYP group, compared to
the/a/of the CAS group. Extremely variable along the anteroposteriority dimension was
also/i/in the TYP group, although variation here was mostly due to one subject, namely,
typ01 (F2: 21.58 ERB). The realization of/i/by typ0l probably explains why the/i/-/u/
mean Euclidean distance was found to be smaller for TYP speakers than for speakers
with CAS (see above). As a matter of fact, when typ0O1 was excluded, TYP speakers were
not highly variable within group as far as the F2 targets of/i/and/u/were concerned. By
contrast, there was more cross-subject variation in the CAS group, especially for/u/; F2
values varied from very posterior/u/in cas01 (14.26 ERB) to more anterior/u/in cas02.

To sum up, VSAs showed that, as a group, speakers with CAS produced more centralized
corner vowels than TYP speakers. Centralization was primarily the consequence of con-
comitant/i/and/u/lowering and/a/raising, but it was also achieved by/u/fronting.
Centralization was reflected in a more crowded central area in Figure 4, left panel. TYP
speakers showed more distinct vowel targets and an uncrowded central area in Figure 4,
right panel, especially when typ01 abnormally posterior/i/was excluded.

Lingual profile data: SSANOVAs

SSANOVA provides statistical models for determining whether or not there are significant
differences between the smoothing splines that are the best fits for data sets being compared.
Figures 5 and 6 show the estimated mean tongue profiles for each CAS and TYP speaker,
respectively, during the reiterated production of/a/,/i/and/u/; the shadowed area along the
mean profile represents the standard error. Figure 7 additionally shows the interaction
effects with Bayesian confidence intervals for two of the subjects, one from each group (i.e.
cas03 and typ05), basically visualizing the contribution of each vowel to the overall three-
vowel model of each subject (Davidson, 2006).
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Figure 5. Smoothing splines of tongue shapes in the production of CAS speakers.

Figure 6. Smoothing splines of tongue shapes in the production of TYP speakers.

In the CAS group, three of the speakers (i.e. cas01, cas04 and cas05) showed an extremely
fronted position of the tongue in the production of the/u/vowel, as revealed by the fact that
the anterior part of the tongue is in a fronter position for/u/than for/a/. In the TYP group,
this pattern was visible in only one speaker, typ01. Moreover,/u/was produced with a more
fronted tongue back than/a/in four out of five speakers with CAS (the only exception being
cas04), whereas this pattern was found in only one TYP speaker (namely, typ03). Thus, it is
possible to hypothesize that/u/is produced by speakers with CAS with a forward displace-
ment of the tongue, that is visible in our data at both tongue back and tongue front.
Considering that the neighboring consonants are alveolars it is possible to further hypothe-
size that children with CAS exhibit stronger effects of coarticulation on this vowel than on
the other vowels.

Additionally, for three speakers with CAS (namely, cas01, cas02 and cas03) the vowel/a/
was articulated with a relatively high tongue dorsum, compared to the position of the
tongue dorsum in vowel/i/. This is particularly evident from Figure 7, comparing cas03
(three boxes on the left) with typ05 (three boxes on the right). Consider that in each box, the
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Figure 7. In each box, the tongue tip is on the right and the tongue back in on the left. When the
confidence interval encompasses the zero on the y axis at any point along the interaction curve, there is
no difference between the two curves being compared; the interaction at that point is not statistically
significant (Davidson, 2006).

tongue tip is on the right and the tongue back is on the left. The figure shows that the
contribution to the dimensions of height and fronting is entirely in charge of the/i/vowel in
the production of typ05 (the curve for/i/was situated above the y axis with highest values at
the rightmost positions), whereas there was evidence of tongue fronting and raising also
with/a/in the production of cas03.

Discussion

The major aim of this study was to explore the acoustic and articulatory correlates of vowel
variability and contrast in the speech of children with CAS compared to that of TYP peers.
Since CAS has been defined as a speech motor disorder, we expected a less mature control
on articulators responsible for speech production. Concerning variability, both token-to-
token and non-contextual variability were analysed to ascertain whether children with CAS
showed deviant patterns in vowel articulation and acoustics compared to controls. Contrast
among vowels was evaluated in terms of vowel space area, again through an analysis of the
acoustic output and of tongue articulatory movements as directly observed in UTL

As a first and fundamental result, we found high levels of cross-subject variation in all
measures and for both analyses of variability and distinctiveness. Individual variation was
found not only in CAS speech, but also in the speech of typically developing children,
consistently with repeated observations that children and adolescents are less stable in
speech articulation compared to adults (Goffman & Smith, 1999; Smith & Zelaznik, 2004)
and that an increased control of the articulators is a correlate of maturation. We did find
group differences in the data (and in some of these cases, they were certified by statistical
tests); however, it is important to notice that group differences should not be considered
independently of individual variation in order not to overemphasize differences between
children groups that are always modulated by the specific characteristics of each child. With
this caveat in mind, we will now turn to the discussion of the obtained results. We will first
comment on variability and then on contrast.

Variability

Consistently with our initial hypothesis (1a), the group of speakers with CAS was found to
produce vowels with a higher degree of variability compared to control peers. This finding
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complement observations of inconsistency in CAS speech based on phoneme-level analysis
(number of substituted or distorted phonemes, e.g., Iuzzini-Seigel et al., 2016; Lewis et al.,
2004), providing evidence of fine-grained acoustic and articulatory variability in the pro-
duction of one and the same phoneme. F1, F2 and WS distances were examined to assess the
relative acoustic and articulatory stability in achieving vowel targets.

Acoustic data revealed that in spite of high levels of cross-speaker variability, mean
standard deviation values for both F1 and F2 were higher for the CAS group compared to
TYP group for all three vowels. The acoustic output was therefore less stable across multiple
repetitions in CAS speech compared to TYP speech. Although this pattern was consistently
found across vowels and formants, the individual speakers showed a large amount of cross-
individual variation, with TYP speakers exhibiting sometimes higher variability scores than
selected speakers with CAS. This circumstance is worth noticing considering that the
speaker samples in clinical phonetics studies tend to be reduced for contingent reasons,
sometimes with numbers that are inferior to those of the current study. By contrast, the
analysis of variation would need large speaker samples. We thus have to conclude by
acknowledging that, although the group patterns referred to above were clear and substan-
tially in line with previous observations that can be found in the literature, it would be
important to replicate the study on additional groups of speakers, both native speakers of
Italian and of different languages, in order to corroborate the validity of the findings
discussed here.

Again with respect to variability, the analysis also aimed to ascertain (hypothesis 1b)
whether general patterns of non-contextual variation, as revealed by adult Catalan speakers
in Recasens and Espinosa (2006), were also found in the speech of our Italian CAS and TYP
children. According to Recasens and Espinosa (2006), speakers would show the most
variable F1 values during the production of/a/and the most variable F2 values during the
production of/i/.

Our data confirmed that both groups of children showed higher levels of F1 variability
for/a/; however, the effect was stronger and more generalized in TYP than CAS speech.
This result thus suggested that token-to-token variability tended to be different in CAS
speech, compared to TYP speech, not only quantitatively, but also qualitatively. In other
words, speakers with CAS, when considered as a group, did not produce variable vowels
in the same way as TYP speakers did, when phonetic context was kept constant. In
particular, vowels were all equally variable as far as the acoustic output of tongue height
was concerned; the high vowel/i/was not less variable for tongue height than the other
vowels, as it could have been predicted based on TYP speech as well as adult reference
speech. Non-contextual variability in the case of F2 provided a slightly different picture.
In that case, the data only partially reflected the predictions put forth at the beginning. In
particular, both/i/and/a/were slightly more variable than/u/in the speech of both groups.
The standard deviation values for/i/were only minimally higher than those of/a/, thus
suggesting that the parameter of anteroposteriority was not straightforwardly more
relevant for/u/compared to/a/, nor for/a/compared to/i/. Most importantly, CAS speech
and TYP speech were not clearly divergent in this respect. So it should be concluded that,
although CAS speech was both quantitatively and qualitatively different from TYP speech
as far as varijability along the height dimension was concerned, it was only quantitatively
(but not qualitatively) different as far as variability along the anteroposteriority dimension
was concerned.
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The articulatory measurement of token-to-token variability (UTI-based NND distances)
confirmed that speakers with CAS were overall more variable than TYP speakers in
articulating all three vowels. Even in this case, subjects could differ from one another
idiosyncratically, with selected TYP speakers showing more variable articulation than
selected speakers with CAS for selected vowels. For instance, typ02 was highly variable in
the production of both/a/and/u/, typ03 in the production of both/i/and/u/and typ04 in the
production of both/a/and/i/. However, group differences were always statistically signifi-
cant. This finding was not consistent with those in Vuolo and Goftman (2018), who found
no statistically reliable differences between speakers of CAS and other groups of speakers
(including typically developing children) as far as variability in the kinematics of speech
movement was concerned. One possibility of such divergence may be related to the fact that
Vuolo & Goffman’s study focused on lip movements whereas the current study focused on
tongue movements. Since lip movements are acquired relatively early in speech develop-
ment (e.g., Stoel-Gammon & Cooper, 1984) and lips can be moved according to a smaller
amount of degrees of freedom compared to tongue (e.g., Beautemps et al., 2001), it could be
speculated that the intrinsic difficulty of lingual articulation for the production of vowels
provided a more challenging speech target than the articulation of bilabial consonants of
Vuolo & Goffman’s study, thus allowing groups differences to emerge. However, in the lack
of any systematic comparison, this hypothesis remains speculative.

The acoustic-articulatory relationship

Differently from the acoustic analysis, which evaluated one dimension at time (either height
or anteroposteriority, as indirectly revealed by formant values), UTI-based articulatory
evidence provided a global picture of tongue profile movements by considering all portions
of the tongue midsagittal profile at one time, from the tongue tip to the dorsum and the
back. Speakers with CAS thus turned out to have more variable tongue profiles across
multiple repetitions of the same vowels than TYP speakers.

It is important to highlight the different nature of the acoustic and articulatory evidence,
and the different conclusions that can be drawn from each of them. From the UTI-based
articulatory evidence, we were told nothing about potentially different shapes and dimen-
sions of resonant cavities (something that would have a differential impact on formant
values instead). By contrast, we were told that global tongue shapes in speakers with CAS
were less stable across repetitions than global tongue shapes in TYP speakers. Speakers with
CAS were thus found to be more variable not only at the level of the acoustic output (which
is naturally affected by a number of different articulatory settings) but also in terms of the
measurable accuracy of their overall tongue movements.

Distinctiveness

The second purpose of the study was to verify whether vowel distinctiveness was reduced
and the overall vowel space areas were smaller in CAS compared to TYP speakers, as
suggested also by other scholars (e.g., Iuzzini & Forrest, 2008). Formant evidence confirmed
that, as far as the acoustic vowel space was concerned, the hypothesis could be maintained
only with reference to a general trend, but high levels of variation among individual
speakers were also found. In particular, we found that one of the TYP speakers, namely
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typ01, showed very low F2 values for/i/, which suggested a reduced distinction along the
anteroposteriority dimension with respect to the two other vowels. However, speakers with
CAS were consistent in showing generalized reduction of F1 distinctions, which suggested
that vowels were more centralized and particularly less distinct along the height dimension.
The articulatory evidence confirmed the critical nature of height distinctions for speakers
with CAS, particularly as far as/a/is concerned; this vowel was not always produced with
a flat tongue dorsum but rather implied some tongue dorsum activity in most of the
speakers with CAS. Furthermore, the/i/vowel was not produced with the same raising
gesture that was typical of TYP speakers; both the amount of the raising (as comparatively
ascertained with respect to the other vowels, see Figure 7) and the portion of the tongue that
was raised were different in speakers with CAS, compared to more canonical high vowel
production strategies found in TYP speakers.

The articulatory evidence additionally suggested that/u/was not realized as a canonical
back vowel by speakers with CAS. Both the tongue root and the tongue tip were extremely
fronted for most of these speakers. Interestingly, this pattern did not emerge with the same
clarity from the acoustic analysis; as a matter of fact, F2 values for/u/were in the same range
for CAS and TYP speakers (see Figure 4). Therefore, this finding reinforces the view that
acoustics and articulation are in no way isomorphic and that looking at the acoustic output
does not necessarily provides detailed information about the articulatory manoeuvres that
the speakers are putting in place to achieve a given acoustic output. In the particular case
discussed here, it might be hypothesized that speakers with CAS compensate for insuffi-
ciently retracted tongue configuration by increasing lip rounding (which notoriously
produces lowering of all formants) or other articulatory changes that have the effect of
saving the acoustic identity of the back vowel. We should consider that lip protrusion/
rounding is one of the earliest and simplest facial gestures that are realized by newborns in
face imitation and interaction (e.g., Meltzoff & Moore, 1977; Stoel-Gammon & Cooper,
1984), so it is quite possible that children with speech impairment resort to this articulatory
strategy to achieve an acoustic goal normally conveyed by complex tongue retraction
mechanisms. As specified in the methodological section, the speech pathologists did indeed
report evidence of special lip movements in children with CAS. However, in order to prove
a role for lip rounding as a compensatory strategy for F2 lowering, additional testing and
quantification will be needed.

Conclusions

This study has shown variability and reduction of contrasts particularly in the height
dimension, and non-linear relationships between acoustics and articulation. The latter
suggested alternative ways of realizing contrasts in CAS speech. Moreover the study has
shown that vowel production is an important domain to be looked at in CAS analysis, even
for speakers of languages with less crowded vowel systems, such as Italian.

In this respect, the current study supports the observation that an accurate estima-
tion of vowel production strategies might be useful information for the diagnosis of
this speech motor control disorder (Jacks et al.,, 2013). The current study also has
obvious limitations, starting with the size of the speaker sample and number of word
tokens that were analysed. Future investigation will have to deal with additional
parameters (such as vowel length and rounding) and segments (such as mid vowels
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and diphthongs) in order to provide a clearer picture. Moreover, a comparison with
the speech of children whose diagnosis is a phonological disorder will have to be
included in future research; comparative data in that case will be useful for differential
diagnosis. Our study did not include children with language impairment; therefore, it’s
difficult to exactly ascertain how much of the observed variability is due to CAS and
how much to concomitant language impairment. It should be recalled that we carefully
selected the quality of the speech materials and the experimental setup in order to be
minimally challenging for our children (§2.2-2.3). Moreover, the literature reports no
statistically relevant differences in the amount of variability between children with CAS
and children with language impairment and CAS (§2.1; Iuzzini-Seigel et al., 2016).
Nevertheless, the lack of a control group of children with language impairment
remains an objective limitation of the current study.

For the time being, we found a tendency that, when compared to matched controls,
speakers with CAS were more variable across multiple repetitions of the same stimu-
lus; this variability encompassed both tongue movements when analysed through
imaging techniques and oral resonances in the acoustic domain. Their variability was
not only quantitatively more widespread, but also qualitatively different to the extent
that high vowels were as variable as low vowels along the height dimension, whereas
normal adult and child production would inhibit high vowels from varying consis-
tently along the height dimension. When compared to matched controls, speakers with
CAS also showed smaller vowel spaces and less distinct vowel contrasts, again in both
articulation and acoustics. As in the domain of variability, also in that of contrast the
height dimension seemed to be the most affected in CAS production, particularly at
the acoustic level (F1 distinctions). However, the inspection of tongue movements also
showed difficulties in the realization of tongue retraction for/u/. It was important to
distinguish direct articulatory observation from acoustics-based estimation of vowel
variation to the extent that this allowed visualizing differences in articulatory targets
and deviant tongue configuration dynamics even when they had only slight conse-
quences on formant values. Our speakers with CAS were likely to introduce alternative
strategies for their disrupted tongue configuration dynamics and this kind of knowl-
edge might be useful for clinical treatment.
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