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Abstract: Childhood apraxia of speech (CAS) is a subtype of motor speech disorder usually co-
occurring with language impairment. A supramodal processing difficulty, involving executive
functions (EFs), might contribute to the cognitive endophenotypes and behavioral manifestations.
The present study aimed to profile the EFs in CAS, investigating the relationship between EFs, speech
and language severity, and the connectivity of the frontal aslant tract (FAT), a white matter tract
involved in both speech and EFs. A total of 30 preschool children with CAS underwent speech,
language, and EF assessments and brain MRIs. Their FAT connectivity metrics were compared to
those of 30 children without other neurodevelopmental disorders (NoNDs), who also underwent
brain MRIs. Alterations in some basic EF components were found. Inhibition and working memory
correlated with speech and language severity. Compared to NoND children, a weak, significant
reduction in fractional anisotropy (FA) in the left presupplementary motor area (preSMA) FAT
component was found. Only speech severity correlated and predicted FA values along with the FAT
in both of its components, and visual-spatial working memory moderated the relationship between
speech severity and FA in the left SMA. Our study supports the conceptualization of a composite
and complex picture of CAS, not limited to the speech core deficit, but also involving high-order
cognitive skills.

Keywords: childhood apraxia of speech; executive functions; frontal aslant tract

1. Introduction

Childhood apraxia of speech (CAS) is a subtype of developmental motor speech disor-
der in which the precision and consistency of movements underlying speech are impaired
in the absence of neuromuscular deficits, as currently defined by the American Speech–
Language–Hearing Association [1]. It is reported that 2.4% of children with speech sound
disorders may be diagnosed with CAS, with a higher prevalence in males [1,2]. The CAS
core deficit involves the planning and/or programming of the spatiotemporal parameters
of movement sequences [1]. According to the ASHA consensus criteria, three features are
characteristic of CAS: (a) inconsistent errors on consonants and vowels during repeated
productions of syllables or words, (b) lengthened and disrupted co-articulatory transitions
between sounds and syllables, and (c) inappropriate prosody, especially in the realization
of lexical or phrasal stress. These symptoms, together with a reduced phonetic inventory,
multiple speech sound errors, and disfluency result in an effortful, unintelligible speech
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that has a negative impact on the children’s social communication and peer interactions.
Children with CAS display altered speech timing and sequencing skills and show particular
difficulties in dynamic transitions between articulatory postures and in combining smaller
units of movement into larger ones. Difficulties in early oromotor and phono-articulatory
aspects of speech acquisition in CAS may stem from weaker systematic mappings between
articulatory gestures and their auditory effects [3]. Along with its isolated presentation,
CAS usually co-occurs with language impairment (LI) [4–6], particularly in the expressive
domain (grammar and lexicon).

1.1. Executive Functions

In addition to the motor speech core deficit, some studies have shown the presence of
other areas of cognitive difficulty in children with CAS. Shriberg and colleagues suggested
that CAS is a multilevel disorder in which both planning/programming (transcoding) and
auditory-perceptual (encoding) deficits are involved, together with memory processes [7].
Moreover, the difficulty in working memory has been described on several levels (auditory
coding, maintenance, and transcoding) [7,8] and seems to persist into adulthood [9]. A
constellation of other functional deficits (phonological awareness and rapid naming) seems
to characterize these children, together with learning difficulties at school-age, especially if
the disorder is persistent and associated with language impairment [4,8,10–12]. Moreover,
difficulties in nonverbal sequential functioning have been described [13–15], highlighting
the presence of cognitive endophenotypes that support a broader conceptualization of
the disorder.

Executive functions (EFs) have also been called into question in association with
developmental language impairment [16–20]. Early acquisition of good EFs represents
a protective factor for the development and adaptation of human beings [21], given that
EFs often have a greater influence than IQ and socioeconomic status in predicting quality
of life [22]. There is a debate about the nature of executive functions. Some cognitive
models conceptualize EFs as a unitary construct [23,24], but the idea that EFs can be
fractionated into different—although interrelated—functions is supported by most ac-
cepted developmental cognitive models [21,22,25,26], claiming the presence of three core
components—inhibition, updating working memory, and cognitive flexibility—which share
a common purpose: the recruitment of attention and control over behavior in order to meet
an adaptive goal. “Inhibition” refers to the deliberate control of prepotent responses and
allows one to both resist temptations and impulsive actions (response inhibition) and to
maintain focused attention by suppressing nonrelevant information (interference control).
A lot of cognitive, behavioral, and emotional processes, such as abstract reasoning and
self-regulation in affective and emotional contexts, require inhibitory control, which allows
for more appropriate behaviors oriented to internal or external goals [27,28]. “Updating
working memory” refers to the ability to actively and dynamically code, maintain, monitor,
update, and manipulate incoming verbal or visual-spatial information [29–31]. Cognitive
flexibility allows one to shift between mental sets and involves the ability to engage and
disengage from different tasks, rules, or mental contents. It supports creative thinking and
the capacity to solve problems in different ways or to see things from different perspectives.
EFs develop from preschool-age to childhood and into adulthood [32–34], following the
maturation of prefrontal circuitries and their connections [35].

1.2. Neuroanatomical Correlates of CAS

The frontal aslant tract is a brain white matter tract connecting the superior frontal
gyrus (SFG), specifically the presupplementary motor area (preSMA), the supplementary
motor area (SMA), and the lateral SFG to the pars opercularis and pars triangularis of the
inferior frontal gyrus (IFG) and the anterior insula [36]. Over the last few years, research
on the functional role of the FAT on speech and language processes has gained attention
due to its well-known connections with “Broca’s area” [37]; with the preSMA and SMA
regions, which have been associated with aphasia of the SMA [38]; and with impaired
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speech production [39]. In vivo FAT reconstruction is possible thanks to diffusion weighting
imaging (DWI). Recent research studies have investigated the functional role of the FAT,
reporting an involvement of this tract’s fibers with speech and language function in the left
hemisphere, and an involvement of the right FAT in support of EFs [40]. Neuroimaging
studies have demonstrated that regions connected through the FAT play a key role in
expressive language and motor speech. In fact, the left IFG has been associated with
controlled lexical and phonological selection and retrieval [41,42], and a lesion in this
area seems to produce nonfluent aphasia symptoms [43]. Studies on the mapping of the
left IFG in healthy and in clinical adults demonstrated the role of this cortical area in
language and motor speech processing and in phonatory control [44,45]. Regions of the
SMA and preSMA have been associated with high-order selection and execution in both
speech and nonspeech domains [46,47], and a lesion in these areas can lead to motor and
speech deficits, especially for volitional movements and speech [48,49]. The FAT is also
associated with verbal fluency in persistent developmental stuttering [50–52] and in typical
development [53,54], supporting its function in establishing preferred responses in the
language [40] as well as the speech domains [55]. In a case report using intraoperative
electrical stimulation combined with diffusion tensor imaging fiber tracking, the stimulation
of the FAT induced speech arrest, followed by its recovery when the stimulation was
ended [56]. In a larger retrospective study, 17 adult patients who underwent awake
craniotomy for left frontal lobe glioma showed a wide array of language and motor speech
alterations, including speech arrest, stuttering, and vocalizations when the posterior part of
the fronto-striatal and the FAT subsystem were stimulated [57].The right IFG has also been
identified as a region activated in executive function behaviors, especially in inhibitory
control [58], with an impairment of the same function associated with lesions in this
area [59,60]. Motor stopping behaviors are sustained by a direct pathway from the right
IFG and the subthalamic nucleus [61–64]. However, the right preSMA and SMA also
seem to play a role in inhibitory control in a more extended network, particularly in
suppressing behaviors that conflict with a goal [65,66]. The right SMA has also been proven
to be implicated in working memory, particularly in the active mental manipulation of
information [67], as demonstrated by working memory deficits in patients with SMA
lesions when compared with healthy controls.

Alterations in some areas belonging to the network connected by the FAT were found in
CAS [68]. In particular, three intra- and interhemispheric subnetworks showed a reduction
of fractional anisotropy (FA) in the CAS group, as compared to controls. Subnetwork
1 concerned the temporal regions of the left hemisphere, the role of which had already
been hypothesized in CAS [69–73]. Subnetwork 2 included intra- and interhemispheric
connections, involving the left precuneus, the right supplementary motor area, the left
cuneus, and the right cerebellum. The results are in agreement with previous studies that
hypothesized the role of these regions in conceptual planning during lexical search [74]
and in high-level integrated functions [75]. Subnetwork 3 included intrahemispheric
connections among the right angular gyrus, the superior temporal gyrus, and the inferior
occipital gyrus, pointing to bilateral language involvement in CAS [76].

1.3. Aim of the Study

The present study aimed to investigate the EF profiles of a group of children with CAS
with comorbid LI, hypothesizing that the presence of deficits may contribute to defining
the cognitive endophenotype of this disorder. The study starts from the consideration
of the involvement of the FAT as a key pathway for two important functional circuits:
one related to motor speech control, and the other to executive functions. The two cir-
cuits are typically examined separately although motor speech and EFs possibly rely on
overlapping mechanisms.

Moreover, given the presence of alterations of areas belonging to this circuit in CAS,
a second aim of this study was to relate motor speech and the EF profile with structural
connectivity information using diffusion MRI. We hypothesized that children with CAS
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may show impaired connectivity of the FAT, with that being more relevant in those with an
alteration in the EF components.

2. Materials and Methods
2.1. Participants

A total of 30 children with CAS and co-occurrent LI, diagnosed at the Neurolinguistic
and Neuropsychological Unit of IRCCS Stella Maris, were recruited. The group underwent
a full speech, language, and EF assessment, as well as MRI examination.

The group of children with CAS included 6 girls and 24 boys. Children with CAS were
aged between 4.3 years and 6.11 years (mean age = 6.6 years; SD = 0.7 years. All children
with CAS were right-hand dominant except one child. The identification of patients with
CAS was based on a comprehensive clinical and instrumental assessment [13], which is the
standard clinical protocol for the assessment of complex neuropsychological and neurode-
velopmental disorders adopted at the facility in which the study was conducted. Eligibility
criteria required Italian as the only, or primary, language spoken at home, age at clinical
evaluation ≥4 years, and the ability to complete full neurological and speech and language
assessments. Exclusion criteria were orofacial structural abnormalities, audiological deficits,
epilepsy, known neurological and neurometabolic disorders, dysarthria, and comorbid
attention deficit/hyperactivity disorder, autism spectrum disorder, and/or developmental
coordination disorder.

The diagnosis of CAS was carried out by a multidisciplinary team in accordance with
the three aforementioned ASHA criteria (2007) and with any combination of at least 5 of
the 10 points on Strand’s checklist [77], detectable across at least three contexts that varied
in difficulty. The identification of the diagnostic features was based on formal testing and
on the perceptual analysis of videorecorded speech samples by two independent observers
with expertise in developmental motor speech disorders. A group of 30 children with
no speech and language concerns and no other neurodevelopmental disorders (NoND
(mean age = 6.5 years; SD = 2.6 years), who had undergone a brain MRI for various reasons
(including headache, seizures during fever, strabismus, cataract, paroxysmal vertigo, and
diplopia) was also recruited in order to compare FAT connectivity measures between the
two groups. The brain MRIs of the NoND group, as well as their neurological examination,
were unremarkable.

Written parental informed consent and child assent for participation in the study and
data publication were obtained in all cases. The study was approved by the Regional
Pediatric Ethics Committee (CEP) 19-03-2018/RF2016-02361560.

2.2. Procedures and Measures
2.2.1. Clinical Assessment

To rule out the presence of co-occurring complex neurodevelopmental disorders, all
cases underwent standard neurological and psychiatric examination by a specialized team.
DSM-5 clinical diagnostic criteria and specific assessment procedures were applied.

The cognitive nonverbal abilities of participants with CAS (mean = 103.23; SD = 12.89)
were assessed by using the Wechsler Preschool and Primary Scale of Intelligence, Third
Edition (WPPSI-III [78]).

2.2.2. Speech and Language Assessment

Speech and language profiles were analyzed by two independent observers through
formal testing and evaluation of spontaneous productions. The assessment protocol included:

(a) Parental report on the child’s early vocal behavior, speech, language, and early
motor developmental milestones, as well as familial antecedents for oral/written language
disorders. Family history was considered significant if one or more members of the nuclear
family had a history of any type of speech-language and/or learning disorders.

(b) Speech tasks: assessment of phonetic inventory, speech inaccuracy, inconsistency,
syllable omissions, and diadochokinetic rate (DDK). Since there are no standard scores
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from norm-referenced tests for these measures, data from 40 TD Italian children with a
mean age of 4.7 years (SD 0.47 years) were used as a reference. Speech intelligibility was
assessed through the Intelligibility in Context Scale [79], Italian version).

(c) Language assessment: standardized language tests for receptive and expressive
vocabulary and grammar.

Detailed descriptions of the speech and language assessments are reported in a recent
work [13].

In order to estimate the overall level of speech and language proficiency, two composite
severity scores were calculated based on five speech and four language measures, provided
by a speech therapist. Given that, depending on the children’s ages and degrees of impair-
ment, different standardized language tests were administered, to calculate the language
composite severity score, we assigned for each measure: 0 when normal (>25th percentile
or z-scores > −0.67), 0.5 when delayed (percentile scores between 6th and 25th or z-scores
between −1.56 and −0.67), and 1 when deficient (≤5th percentile or z scores < −1.65). The
maximum language composite severity score was 4, and 5 was the maximum speech
severity score. On the basis of the speech and language severity scores, the sample was
divided into two subgroups: 0–2.5: low language severity; 3–4: high language severity
(20 children and 10 children, respectively); 0–3: low speech severity; 3.5–5: high speech
severity (12 children and 18 children, respectively).

2.2.3. Executive Function Assessment

In order to obtain an overall evaluation aimed at the definition of a specific EF pro-
file in children with CAS, an ad hoc evaluation protocol to investigate the different EF
components was created, selecting tasks from standardized batteries for the Italian popula-
tion, and taking into account the age range of the sample. The protocol consisted of the
following tasks:

• Draw a Circle (FE-PS 2–6; [80]). The child is asked to inhibit the continuous motor
response: the task requires tracing a circle with a finger on a white sheet of paper,
adapting the execution speed to the examiner’s request.

• Day and Night Stroop (FE-PS 2–6; [80]). The test involves the inhibition of the verbal
response by suppressing a preponderant response prompted by a stimulus. The
inhibition concerns the ability to block an automatic response and to manage the
conflict between two response operations associated with the same stimulus. Both
time and accuracy are measured.

• Flanker Task (FE-PS 2–6; [80]). The test assesses interference management: The child
must indicate the direction of the central stimulus in the presence of interfering stimuli,
which can be oriented either in the same direction as the target (congruence) or in the
opposite direction (incongruence). Both time and accuracy are measured.

• Dimensional Change Card Sort (FE-PS 2–6; [80]). This test, which recalls the paradigm
of the Dimensional Change Card Sort (DCCS), assesses the capacity for cognitive
flexibility, inhibitory control, and working memory: The child must classify a series of
cards, first by color, then by shape, and finally according to the color if the card has a
black border and according to the shape if the card does not have a black border.

• Keep Truck (FE-PS 2–6; [80]) The test aims to evaluate the organization of information
in working memory: The child is shown images belonging to five categories. Before
the beginning of the test, the child is asked to pay attention to a particular category. A
series of six images belonging to different categories are then shown, and the child
must name them out loud. At the end of each series, the child is asked to remember
the last image belonging to the designated category.

• Spin the Pots (BAFE, [81]. A visual research task that evaluates the visual-spatial
working memory: The examiner places a red token under each of the eight pots
arranged on a tray. The tray is then covered with a cloth and rotated. The child is
asked to remove the cloth from the tray and find, one at a time, the tokens placed
under each pot.
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Scores obtained by the children with CAS were compared with standardized norma-
tive scores [80], considering as “deficits” those scores falling below the 5th percentile; as
“immature” those scores below the 25th percentile; and as within the “normal” range those
scores higher than the 25th percentile. In order to estimate the severity level of each EF
component, each measure was assigned a score of 2 when normal (>25th percentile) and a
score of 1 when deficient or delayed (<25th percentile).

2.2.4. Imaging Protocols

MRI data were acquired with a GE (General Electric Medical Systems, Chicago, IL,
USA) HDxt 1.5T Signa MRI system at IRCCS Stella Maris Foundation. The protocol
included: (1) a 3D T1-weighted structural sequence (3D BRAVO) with 1 mm isotropic
resolution (time of repetition (TR)/time of echo (TE) = 12.37/5.18 ms; flip angle (fa) = 13◦;
field of view (FoV) = 256 mm × 256 mm; matrix = 256 × 256; slice thickness = 1 mm);
(2) a diffusion weighted imaging acquisition (DWI), by using a 2D single-shot spin-echo
EPI sequence with a 3 mm isotropic resolution (TR/TE = 13,000/115.8 ms; fa = 90◦;
FoV = 240 mm × 240 mm; matrix = 80 × 80; slice thickness = 3 mm), including 30 non-
collinear encoding directions with a b-value of 1000 s/mm2, and one additional volume
without diffusion gradients (b = 0 s/ mm2).

2.2.5. MRI Analysis and Postprocessing

A total of 2 out of the 30 children with CAS were excluded from the MRI anal-
ysis because of excessive motion. The 3D T1-weighted images were processed using
FreeSurfer [82]. FreeSurfer was used for the preprocessing workflow for the structural MRI
data to extract the white matter (WM), gray matter (GM), subcortical GM, and cerebrospinal
fluid (CSF) structures [83].

The preprocessing of the DWI data was performed using FSL 6.0.4 [84] in particular
for applying the corrections for head motion, induced eddy current, and EPI distortion.
After preprocessing, the fractional anisotropy (FA) was extracted for each subject. FA is an
invariant measure of the degree of diffusion anisotropy reflecting white matter integrity
and varies between 0 and 1.

For the tracts of interest, their reconstructions were performed using the constrained
spherical deconvolution (CSD) technique implemented in the MRtrix package [85]. The
iFOD2 algorithm that facilitates more-accurate fiber reconstruction in heavily curved
regions was used with a maximum selected number of streamlines of 10,000 [86]. In
order to correct and increase the anatomical plausibility of the reconstructed fibers, the
anatomically-constrained tractography (ACT) method was applied by using the 5-tissue-
type (5TT) images obtained via FreeSurfer segmentation, removing streamlines that are
anatomically unfeasible [87]. For each tract, according to the literature, we manually
identified specific regions of interest (ROI), to be used as a seed, inclusion, or exclusion
region in tractography reconstruction.

The identified tract of interest was the frontal aslant tract (FAT), divided into sup-
plementary motor area (SMA) and presupplementary motor area (preSMA) components.
For both the SMA and preSMA components, a seed ROI was placed in the axial plane at
the level of the inferior frontal gyrus pars opercularis (IFGop). The SMA-inclusion ROI
was defined as rostral to the primary motor cortex and caudal to the vertical commissure
anterior (VCA) line. The preSMA inclusion ROI was defined as rostral to the VCA line and
caudal to the virtual line, passing through the genu of the corpus callosum [88].

Finally, the mean FA along each FAT component was calculated.

2.2.6. Statistical analyses

In order to compare the mean FA values along the FAT between CAS and TD children,
ANCOVA analyses were performed using age, sex, number of tracts, and the tract volume
as covariates. Descriptive and inferential statistics were conducted using Statistical Package
for Social Science 2022, version 28.0.1.0 (142) (SPSS, IBM Corporation, Armonk, NY, USA).
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First, data were analyzed to describe the distribution and the profile of the scores on the
EF, speech, and language tasks. In order to identify the EF components most impaired in
our sample, a nonparametric Friedman analysis was conducted. Point-biserial correlation
analyses were used to investigate the relations between each EF task, speech and language
severity, and FA values along the preSMA and SMA components of the FAT. On the basis
of the correlation results, linear regression was used to determine the variance of FAT
FA values explained by speech severity. Finally, to verify the interaction between speech
severity and EF deficit on each task on the FA values of the FAT, a moderator model (Model
1; [89]) was run using PROCESS v 4.0 SPSS. Regression analyses based on 5000 bootstrap
samples were used to estimate path coefficients and confidence intervals for the regression
equations [89].

3. Results
3.1. Speech Profile

Compared to what is expected in the typical population of the same age, the phonetic
inventories of children with CAS were markedly reduced, with a mean number of con-
sonants of 12.7 (SD = 4.09), out of 21 consonantal sounds assessed. The mean percentage
of inaccurate speech productions in a single-word naming task was 61%, with a rating of
24% of inconsistency errors in the same task. On the McLeod and colleagues intelligibility
scale [79], modified for the Italian language, the average score was 2.32 (SD = 0.87), thus
showing a severely altered level of intelligibility as perceived by the communication part-
ners in spontaneous production contexts. Concerning the DDK rate, 24 children out of 30
were able to repeat the three-syllable nonword sequence/pataka/over 20 s. Their mean
rate was significantly slower (number of repetitions: M = 15.13, SD = 4.01) compared to
the reference data (number of repetitions: M = 25, SD = 4.7). The speech profile results are
summarized in Table 1.

Table 1. Speech profile results of children with CAS. Reference data are reported.

Speech Assessment
Protocol CAS Group Reference Data

Phonetic inventory M = 12.7 (SD = 4.09)

40 TD children,
mean age = 4.7 years

(SD = 0.47 years)
Mean number of phonemes: 19.2

(SD = 0.9)

Word Inaccuracy 61%

40 TD children,
mean age = 4.7 years (SD = 0.47 years)

Mean percentage of inaccurate
productions: 8.8% (SD = 10.7)

Inconsistent errors on
consonants and vowels 24%

40 TD children mean age = 4.7
(SD = 0.47 years)

Mean percentage of inconsistent errors:
0.4% (SD = 1.3)

DDK rate (maximum
performance task) M = 15.13 (SD = 4.01)

40 TD children (mean age = 4.7 years
(SD = 0.9 years)

Mean number of repetitions: 23.18
(SD = 4.5)

Intelligibility M = 2.32 (SD = 0.87).

Qualitative rating scale ranging from 5
to 1 (5 = always, 4 = usually,

3 = sometimes, 2 = rarely,
1 = never intelligible)

Speech signs of CAS that were more frequently (80% or greater) detectable across the
whole sample were: inconsistent productions, difficulties in transitioning from one speech
movement to another, errors with vowels, reduced consonantal repertoire, atypical phono-
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logical processes, syllable omissions, increasing difficulties in longer units, dysprosody,
and a slow and/or scanned speech rate.

3.2. Language Profile

Concerning receptive grammar, 80% of the children with CAS had normal (>25th
percentile) or borderline (between 25th and 6th percentile) scores, whereas 20% of the
children showed a deficit (scores <5th percentile). On expressive grammar evaluation, 87%
of the children scored below the 5th percentile. The expressive lexicon was deficient in 17%
of the children. The language profile results are summarized in Table 2.

Table 2. Language profile results of children with CAS. Assessment measures are reported.

Language Assessment
Protocol of CAS Group

%
<5◦ Percentile/
<−1.65 z Score

Assessment Measures

Expressive Grammar 87%
Grid for the Analysis of Spontaneous

Speech
(GASS [90])

Receptive Grammar 20%

TCGB, Test di Comprensione
Grammaticale per Bambini (Grammar
comprehension test for children) [91]

TROG-2 Test for Reception of Grammar,
Version 2. [92]

Receptive vocabulary 10%

Test Fonolessicale (TFL [93],) and/or
Peabody Picture Vocabulary Test

(PPVT-R [94]), depending on the child’s
age and on the severity of the disorder

Expressive vocabulary 17%

Test Fonolessicale (TFL [93]
and/or

One-Word Picture Vocabulary Test [95]
depending on the child’s age and on the

severity of the disorder

3.3. EF Profile

The Friedman test showed that the distribution of normal vs. impaired scores (imma-
ture + deficit) significantly differed among tasks (chi-squared (30) = 29.421; p < 0.001). As
described below (Figure 1), the highest percentage of impaired scores was found in the
Flanker Task and Spin the Pot task.

In regard to response inhibition, in a task in which a motor response is required (Draw
a Circle), 10% of the children showed a deficit and 30% had an immature performance,
while 60% of the sample scored within the normal range. In a visual-verbal task (Day
and Night Stroop), in the accuracy parameter, 23.4% of the sample obtained deficient
scores, 23.3% demonstrated an immature performance, and 53.3% demonstrated a normal
performance for their ages. Regarding the time parameter of the same task, 33.4% had
deficient scores, 23.3% immature scores, and 43.3% normal scores. With regard to the ability
to control interference, as assessed with a visual-spatial task (the Flanker Task), in the
accuracy parameter, no child had a deficient score, 30% had immature scores, and 70%
showed normal scores. Conversely, 43.3% had deficient scores for the time parameter, 40%
showed an immature performance, and only 16.7% had a performance within the normal
range. Concerning updating in working memory, in a visual-verbal task (Keep Truck),
23.3% of the sample obtained deficient scores, 20% showed an immature performance, and
56.7% scored within the norm for their ages. In a visual-spatial task (Spin the Pot), 26.7%
scored in the deficit area, 43.3% obtained scores within the immaturity range, and 30%
scored in the normal range. With regard to cognitive flexibility, in a visual-conceptual task
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(Dimensional Change Card Sort), 10% of the children with CAS obtained deficient scores,
23.3% showed an immature performance, and 66.7% scored within the norm for their ages.
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Figure 1. Frequency distribution of performance in each EF task in children with CAS.

The EF profile results are summarized in Table 3.

Table 3. EF profile results of children with CAS.

EF Assessment Protocol of CAS
Group

%
<5◦ Percentile

%
<10◦ Percentile

%
>25◦ Percentile

Motor Response Inhibition
(Draw a Circle) 10% 30% 60%

Visual-Verbal Response
Inhibition (Day and Night

Stroop, accuracy)
23.4% 23.3% 53.3%

Visual-Verbal Response
Inhibition (Day and Night

Stroop, time)
33.4% 23.3% 43.3%

Visual-Spatial Control
Interference (Flanker Task,

accuracy)
0% 30% 70%

Visual-Spatial Control
Interference (Flanker Task, time) 43.3% 40% 16.7%

Visual-Verbal Updating
(Keep Truck) 23.3% 20% 56.7%

Visual-Spatial Updating
(Spin the Pot) 26.7% 43.3% 30%

Visual Cognitive Flexibility
(Dimensional Change Card Sort) 10% 23.3% 66.7%
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Covarying for age, gender, and handedness, language severity significantly correlates
with accuracy on the Flanker Task (r = 0.613; p < 0.005) and Keep Truck task (r = 0.627;
p < 0.005), while no significant correlation emerged between speech severity and EF measures.

3.4. FAT Reconstruction, Analysis, and Relations with Speech and Language Profile

Each component of the FAT was extracted from each hemisphere of each CAS and TD
subject. An example case is shown in Figure 2.
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Figure 2. Example of the FAT: The first two rows represent the preSMA and SMA components.
The direction of the tract is coded using RGB for the XYZ direction: red indicates the left–right
direction, green the anterior–posterior direction, and blue the superior–inferior one. In the last row
are overlapped both the FAT components (orange for preSMA and light-blue for SMA). Panel (A)
shows the top and the bottom of the tracts in the axial plane. In panels (B,C), the projections of the
FAT in the sagittal and coronal planes are respectively represented.

The mean FA values along the FAT were compared between the CAS and TD children
(see Table 4). A significant difference was found for the left component of the FAT preSMA
(p < 0.05). Furthermore, this difference did not survive multiple comparison correction.

Table 4. Mean, Standard Deviation (SD), F, and p-value of the ANCOVA test for FA values of FAT
components in CAS and TD children. * = statistically significant difference between groups (p < 0.05).

CAS
Mean (SD)

TD
Mean (SD) F p

FA-left preSMA FAT 0.36 (0.02) 0.39 (0.02) 5.93 0.02 *

FA-right preSMA FAT 0.37 (0.02) 0.37 (0.03) 0.01 0.90

FA-left SMA FAT 0.37 (0.02) 0.39 (0.02) 2.79 0.10

FA-right SMA FAT 0.37 (0.02) 0.37 (0.03) 1.71 0.19

Significant correlations emerged between speech severity and FA values along the
preSMA component in the left hemisphere (r = 0.470; p < 0.05) (Figure 3A), in the right
hemisphere (r = 0.519; p < 0.01) (Figure 3B), between speech severity and FA values along
the SMA component in the left hemisphere (r = 0.481; p < 0.05) (Figure 3C), and in the
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right hemisphere (r = 0.557; p < 0.01) (Figure 3D), thus indicating a reduced white matter
integrity in each FAT component in correspondence with greater speech severity. In order
to confirm the expected changes on FA values along the FAT based on the severity of the
disorder, linear regression analysis of speech severity on the FAT FA was conducted. Speech
severity significantly predicted FA variance for each FAT component, with a percentage
of explained variance ranging from 21% to 27% (preSMA left: R2 = 0.24; β = 0.49; p < 0.01;
preSMA right: R2 = 0.21; β = 0.46; p < 0.05; SMA component: SMA left R2 = 0.22; β = 0.48;
p < 0.05; SMA right: R2 = 0.27; β = 0.52; p < 0.01).
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Figure 3. Significant point-biserial correlation between Speech Severity and FA along the FAT in the
preSMA component in left hemisphere (A), FA along the FAT in the preSMA component in the right
hemisphere (B), FA along the FAT in the SMA component in the left hemisphere (C), and FA along
the FAT in the SMA component in the right hemisphere (D).

No significant correlations emerged between the FA value of the FAT in either the
SMA or the preSMA components, nor in the language severity score, nor in the EF tasks.

3.5. Moderation Analysis

A moderation test describes how the interaction between two different variables can
influence the occurrence of an effect. In order to investigate whether EFs moderate the
predictive role of speech severity on the FAT FA, a moderator analysis (Model 1, [89]) was
conducted for each EF and FAT component. The moderation analysis aimed to test the
hypothesis that working memory, one of the most impaired EF components in our sample,
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and reported in the literature to be deficient in CAS [7–9], may moderate the relationship
between speech severity and FA value of the FAT SMA component, which underlies several
higher-order control functions during speech production. Its role is particularly relevant
in complex speech activities [96], and its efficiency might be affected by the severity of
the speech disorder, as well as by domain-general control difficulties in the continuous
updating of motor plans.

The moderation analyses showed that visual-spatial working memory significantly
moderated the predictive role of speech severity on the FA value of the left FAT SMA
component (B 6= 0, SS × VS-WM p < 0.05; see Table 5); the R-squared increase due to the
interaction was also significant (R2 = 0.10, F (1, 24) = 4.45, p < 0.05).

Table 5. Regression coefficients for moderation analysis on the FA value of the FAT in the left SMA
component, including severity of speech as a predictive variable and visual-spatial working memory
as a moderating variable.

B S.E. t p 95% CI

Speech
severity (SS) −0.025 −0.03 −0.89 0.38 −0.015–0.064

Visual-
spatial

working
memory

(VS-WM)

−0.039 0.03 −1.33 0.02 0.076–0.142

SS × VS-WM 0.05 0.02 2.11 <0.05 −0.072–
−0.029

The estimation of conditional effect of speech severity on the FA value along the FAT
in the SMA left component at two levels (deficit/normal) of visual-spatial working memory
showed that speech severity significantly affected the FA value along the FAT in the left
SMA component at both visual-spatial working memory levels, although with a larger
effect size for normal (β = −0.844) compared to deficient (β = −0.507) working memory
ability, (Figure 4).
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4. Discussion

While a relatively large body of literature is dedicated to the study of the speech
characteristics of children with CAS, only recently has the neuropsychological profile
started to gain attention from researchers. The existing literature on CAS reports a high
rate of co-occurring cognitive–linguistic weaknesses in this population [4,13,14,97], and
in our sample, children also showed co-occurring language impairments, mainly involv-
ing expressive grammar. However, less is known about the relationship of co-occurring
deficits with the speech features that are central to a CAS diagnosis. The current study
examined both the direct effect and the interaction of the core deficit of the disorder (the
severity of speech) with higher-order cognitive processes (the executive functions) on brain
connectivity in a fiber tract functionally relevant to the disorder, the frontal aslant tract
(FAT). The main reason to study EFs in CAS was based on the need to investigate specific
neuropsychological processes potentially related to the clinical manifestations.

The results of the present study showed the presence of a complex functional profile,
characterized by difficulties not only in the speech domain, but also in specific EF com-
ponents. Visual-spatial working memory, in particular, appears to be the most frequently
compromised component in terms of accuracy. This result extends what was found by
previous studies on phonological working memory [7,8] and also to the visual-spatial
processing mode, configuring the working memory impairment as a general domain deficit
independent of the information processing mode (verbal vs. visual). The alteration found
in a working memory task, in which information updating is highly required, demonstrates
that, in these children, not only the articulatory repetition mechanism is compromised [7],
but also the updating and the active manipulation of information are altered. The former
contributes to the ability to retain information in the phonological circuit by keeping it
“active” [98], while updating allows the modification of the contents of the memory to
accommodate new input [99].

Moreover, response inhibition and interference control were found to be frequently
compromised in the speed parameter, the latter being deficient or immature in 83.3% of the
sample, despite not being frequently compromised in the accuracy parameter, in which
only 30% of the sample had a poor or immature performance. This adds to the literature
that shows a general slowdown and slower performances in simple reaction time tasks
in children with CAS, as compared to their peers with typical development or with other
speech–sound disorders [14,100]. Our evidence suggests that, to achieve a satisfactory
level of accuracy in suppressing interfering stimuli, children with CAS require a longer
processing time. This could suggest and help to explain why these children require intense
practice with numerous repetitions to achieve their treatment objectives [101–104] although
it is not known how much practice they would require to reach the same processing times
as their peers. Furthermore, the severity of the co-occurring language disorder was found
to correlate with the accuracy of interference control, as also shown in children with isolated
language disorder [105]. Moreover, language severity scores correlated with verbal working
memory update scores, pointing to the influence of linguistic difficulties, not only with
short-term repetition or processing in phonological working memory [16,17,106–108], but
also with the semantic-lexical updating of information.

Therefore, with regard to the EF profile, multiple alterations are confirmed mainly in
the basic components of EFs, such as inhibition and working memory, rather than in more
complex components related to categorical abstraction and cognitive flexibility. Since the
sample for our study was of preschool age, it is possible that the assessment tools were
more sensitive to grasping difficulties in the components of EFs that develop early, rather
than in those that tend to emerge later and require a wider developmental period [21,109].

These results are clinically relevant as it is not commonplace to evaluate the profile of
executive functions in children with CAS, while the investigation of these processes could
provide relevant information for the definition of the functional profile.

Furthermore, EF impairment showed a complex pattern of relation with speech sever-
ity and neurofunctional findings. Through a diffusion MRI specific protocol, each compo-
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nent of the FAT was extracted. White matter integrity was compared between CAS and TD
children, revealing a significant reduction in FA values in the left component of the FAT
preSMA. Speech severity, but not language severity, correlated and predicted FA values
along the FAT in both of its investigated components (the SMA and preSMA), and EF im-
pairment moderated this relation. In particular, a significant role for visual-spatial working
memory in moderating the relationship between speech severity and FA value along the
FAT in the left SMA component was found. The relationship is significant for both deficient
and normal levels of visual-spatial working memory, the latter with a larger effect size.
Therefore, especially in conditions of lower speech severity, good visual-spatial working
memory skills are associated with a greater integrity of the white matter in this area.

This result is of particular importance, as it underlines, on the one hand, the importance of
the evaluation of executive functions in defining the functional profile of CAS and, on the other,
it stimulates reflection on rehabilitation. Fractional anisotropy increase has been associated
with neuroplastic effects induced by processes connected with learning [110–112], and
in particular, in CAS, an improvement in speech has been demonstrated parallel to the
increase in FA in the left ventral and right dorsal corticobulbar tracts following treatment
focused on speech motor control, thus supporting the treatment-induced neuroplastic
effect [113]. Following Fiori and colleagues’ suggestion [113] and, given that the role of the
FAT has never been investigated in CAS but has been studied as a functionally relevant
fiber pathway both in speech [114] and in executive functions [40], we decided to examine
the role of these two processes and their functional relationship with the FAT in CAS. Our
results support the presence of a direct role of speech severity on white matter integrity
in the SMA component of the FAT, an area associated with selection and execution in the
production of words and of oral motor gestures [46,47]. However, new light has been
shed on the role of higher-order skills, such as executive functions and, especially, on
working memory and inhibition. A deficit in inhibiting the previous motor plans and
updating new sequences [115], in fact, could affect the ability to program and plan the
space-time parameters of movement sequences. Although further studies are necessary
to confirm this assumption, we could argue that the enhancement of these abilities within
a specific treatment could lead to a “far transfer effect” on the mitigation of the clinical
manifestations of the disorder and on the generalization of learning, also verified at the
neurofunctional level.

A limitation of the present study is the small sample size, mainly due to the low
incidence of idiopathic CAS [116]. Additional research with a larger sample is required to
substantiate our results. A further limitation is the absence of a control group undergoing
both the EF and speech and language evaluation protocol and the MRI acquisition, as the
CAS children did. Another limitation was the relative homogeneity of our participants
with CAS, who were characterized by a high rate of co-occurring language impairments.
In order to verify the generalizability of our findings, a group with higher variability
across their language skills should be included in further studies. Finally, longitudinal and
pre/posttreatment studies could allow us to better understand the long-term consequences
of the relationship between the core deficit of speech and executive functions in CAS.

5. Conclusions

In conclusion, our study extends the understanding of CAS, a persistent and severe
developmental motor speech disorder, as a composite and complex condition, frequently
involving higher order cognitive skills, such as EFs. In particular, the alterations in control
inhibition and updating in working memory may play a critical role in maintaining the
severity and persistence of the disorder over time. The results obtained underline the
importance of a comprehensive multidisciplinary assessment, which becomes mandatory
in order to provide a more in-depth characterization of the disorder and define the most
appropriate therapy interventions. We believe that the present findings pave the way to
future studies which consider the effect of higher-order skills empowerment in specific
disorders in order to identify, on the one hand, the preferential treatment for each specific



Brain Sci. 2023, 13, 78 15 of 19

condition, and, on the other, which are the specific characteristics of the different treatments
that allow an effective improvement of clinical symptoms.
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