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Childhood apraxia of speech (CAS) is a paediatric speech sound disorder in which precision and consistency of
speech movements are impaired. Most children with idiopathic CAS have normal structural brain MRI. We hy-
pothesize that children with CAS have altered structural connectivity in speech/language networks compared
to controls and that these altered connections are related to functional speech/language measures.
Whole brain probabilistic tractography, using constrained spherical deconvolution, was performed for
connectome generation in 17 children with CAS and 10 age-matched controls. Fractional anisotropy (FA) was
used as ameasure of connectivity and the connectionswith altered FA between CAS and controlswere identified.
Further, the relationship between altered FA and speech/language scores was determined.
Three intra-hemispheric/interhemispheric subnetworks showed reduction of FA in CAS compared to controls, in-
cluding left inferior (opercular part) and superior (dorsolateral, medial and orbital part) frontal gyrus, left supe-
rior andmiddle temporal gyrus and left post-central gyrus (subnetwork 1); right supplementarymotor area, left
middle and inferior (orbital part) frontal gyrus, left precuneus and cuneus, right superior occipital gyrus and right
cerebellum (subnetwork 2); right angular gyrus, right superior temporal gyrus and right inferior occipital gyrus
(subnetwork 3). Reduced FA of some connections correlated with diadochokinesis, oromotor skills, expressive
grammar and poor lexical production in CAS.
These findings provide evidence of structural connectivity anomalies in children with CAS across specific brain
regions involved in speech/language function. We propose altered connectivity as a possible epiphenomenon
of complex pathogenic mechanisms in CAS which need further investigation.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Childhood apraxia of speech (CAS) is a severe and persistent paedi-
atric motor speech sound disorder in which, according to the American
Speech and Hearing Association (ASHA 2007), planning and program-
ming of movements that underly speech are impaired in the absence
of neuromuscular deficits (e.g. abnormal reflexes, abnormal tone). Chil-
dren with CAS display reduced 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.
CAS can be secondary to neurological diseases (i.e. epilepsy, brain lesion,
metabolic deficits) or can present as an idiopathic disorder. To date, the
ntal Neuroscience, Stella Maris
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aetiology and underlying neural mechanisms of idiopathic CAS remain
largely unknown (Liégeois and Morgan, 2012, Liégeois et al., 2014).

Functional MRI studies in healthy adults suggest that different brain
regions contribute to speech planning (Riecker et al., 2005): the medial
frontal cortex, anterior insula, dorsolateral frontal cortex and superior
cerebellum. Consistent with this hypothesis, apraxia of speech in adults
was found to be strongly related to frank lesions of the left hemisphere,
mainly due to brain infarcts (Liégeois andMorgan, 2012), involving the
posterior part of Broca's region (Hillis et al., 2004; Jordan and Hillis
2006), the frontal insular cortex (Dronkers 1996; Nagao et al., 1999)
or its adjacent white matter (Ackermann and Riecker 2010; Ogar et
al., 2005). Much less is known about paediatric motor speech planning
disorders. In contrast to what is reported in adults, the majority of chil-
dren with idiopathic or symptomatic (e.g. related to epilepsy or meta-
bolic disorders) CAS were found to have normal structural brain MRI
on conventional imaging, suggesting that brain abnormalities that
underly idiopathic CAS might be too subtle to be detected by clinical
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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MRI (Liégeois and Morgan, 2012). Indeed, emerging evidence from
studies using more advanced quantitative measures of structural MRI
in speech disorders support the presence of structural brain abnormal-
ities on a microscopic level. Using voxel-based morphometry, morpho-
logical abnormalities were found in supramarginal gyrus and bilaterally
in the planum temporale and in Heschl's gyrus for children with a sub-
type of speech sound disorder characterized by persistent speech sound
errors (Preston et al., 2014). In children with idiopathic CAS, a thicker
left supramarginal gyrus was found compared to controls by Kadis et
al. (2014), in the absence of appreciable macroscopic lesions from a
neuroanatomical qualitative approach (Kadis et al., 2014).

Overall, thesefindings have been interpreted as the possible result of
an immature or altered development of connectivity, where a thicker
cortex may reflect the lack of physiological synaptic pruning that nor-
mally occurs after the first year of life (Alexander-Bloch et al., 2013;
Lerch et al., 2006; Preston et al., 2014). However, no direct evidence
supporting these hypotheses is available, as no study has directly ex-
plored white matter connectivity in CAS. Diffusion MRI provides a
non-invasive tool to explore white matter microstructure. It allows
the delineation of white matter pathways using tractography, and sub-
sequent assessment of microstructure within three-dimensional tracts.
More recently, methods have been developed to assess whole brain
structural connectivity more comprehensively, the connectome analy-
sis, with no a priori hypotheses regarding tracts of interest (Hagmann
et al., 2005; Pannek et al., 2014).

In this study, our aim was to investigate structural connectivity in
children with CAS using connectome analysis. To achieve this, we per-
formed whole brain probabilistic tractography based on an advanced
diffusion imaging analysis with constrained spherical deconvolution.
We compared fractional anisotropy (FA) as a measure of altered white
matter connectivity in children with CAS and age-matched controls.
We hypothesized that children with CAS had lower FA in a number of
connections involved in speech/language function. Further, we investi-
gated the relationship between altered FA and clinical measures of
speech/language function. We hypothesized that connections with al-
tered FA were related to functional speech/language impairment.

2. Materials and methods

2.1. Participants

Children with idiopathic CAS were selected from a large population
of subjects (n= 70) consecutively referred to the Neurolinguistic labo-
ratory of the IRCCS Stella Maris for speech/language disorders between
January 2013 andOctober 2015. CAS diagnosiswas conducted by amul-
tidisciplinary team on the basis of a comprehensive clinical, instrumen-
tal and neurological assessment and video recorded speech–language
evaluation. To consistently specify the characteristics of our sample ac-
cording to international CAS criteria, video recorded speech samples
were analysed by two independent expert observers (AC, PC) according
to a checklist including ASHA criteria (ASHA2007) and Strand's features
of CAS (Shriberg et al., 2011; Murray et al., 2015) (see Table 1). The
agreement of the two raters (AC, PC) was excellent both for Kappa sta-
tistic (Kappa=0.83, 95% CI=0.62–1.00) and for Intra-class Correlation
Coefficient (ICC = 0.83, 95% CI = 0.60–0.94 ) (Landis and Koch, 1977).

Exclusion criteria were the presence of orofacial structural abnor-
malities, known pathologies of neurological, neurometabolical and ge-
netic etiologies, audiological deficits and epilepsy. All subjects were
screened for standard karyotype and Fraxa-e mutations. None of the
CAS participants presented with any obvious signs of neurological defi-
cit, such as hypotonia or hypertonia, jaw-jerk reflex or hyporeflexia,
dyskinetic movements, abnormal vegetative functions, paresis, loud-
ness problems or pathological weakness of orofacial and
velopharyngeal muscles. Nonverbal orofacial movements were possi-
ble, but not accurate in about half of the sample qualitatively deemed in-
correct. Moreover, single and automatic movements were better



Table 2
Task description for individual measures of speech/language clinical assessment in chil-
dren with CAS.

Task Description

Parental report on
case history

Family history, child's pre-, peri- and post-natal clinically
significant events, early vocal behaviour, language
milestones acquisition (modified version of the
questionnaire reported by Chilosi et al., 2009).

Phonetic inventory Repetition of 21 syllables containing all the Italian
consonantal sounds

Oromotor skills Assessment of isolated and sequenced volitional verbal and
nonverbal oral movements (Bearzotti and Fabbro, 2003)

Accuracy Picture naming test (Bello et al., 2010) and repetition of six
three-syllable non-words (/tapaka/, /pataka/, /takapa/,
/kapata/, /pakata/ and /katapa/). Scoring based on
percentage of erroneous productions in both tasks (only
errors of pronunciation)

Consistency Picture naming test (Bello et al., 2010) and repetition of six
three-syllable non-words (/tapaka/, /pataka/, /takapa/,
/kapata/, /pakata/ and /katapa/). Scoring based on the
percentage of variable phonetic errors in two repeated
productions of the same word or non-word stimuli.

Diadochokinesis Maximum performance rate: fast repetition for 20 s of the
trisyllabic non-word sequence /pataka/

Expressive grammar Analysis of the level of grammatical organization of
spontaneous speech according to a six-level rating system,
based on stages of grammar acquisition in Italian-speaking
children (Cipriani, 1993; Chilosi, 2013)

Receptive
vocabulary

Phono Lexical Test-TFL (Vicari, 2007), PPVT-III (Dunn and
Dunn, 1997), depending on the child's age and on the
severity of the disorder

Expressive
vocabulary

Phono Lexical Test-TFL (Vicari, 2007) and/or One-Word
Picture Vocabulary Test (Brizzolara, 1989), depending on
the child's age and on the severity of the disorder
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preserved than sequential and voluntary ones. At structural brain MRI,
none of the CAS participants showed brain lesions as reported by an ex-
perienced paediatric neuroradiologist (RP).

The final sample included seventeen children (13 males and 4 fe-
males, mean age 7.1 years, SD 2.8) with idiopathic CAS (see Table 1
for detailed single subject features supporting the CAS diagnosis). Fif-
teen of the selected participants were part of a group of children with
CAS, recently described according to their clinical, genetic and structural
MRI characteristics (Chilosi et al., 2015).

Ten healthy children (8males and 2 females, mean age 7.1 years, age
range 4–16, SD 2.3) were enrolled from the community as controls for
theMRI protocol. They did not receive a formal speech language assess-
ment, however none of them presented any abnormalities on neurolog-
ical examination and at informal evaluation of speech and language
abilities performed by a child neurologist (SF).

Parental consent and child assent were obtained in all cases. The
study was approved by the Ethics Committee of the IRCCS Fondazione
Stella Maris (Number 13/2013).

2.2. MRI

MRI data were acquired using a 1.5T MR scanner (GE, Signa Horizon
1.5, Milwaukee, WI, USA). High-resolution structural images were ac-
quired using a 0.9 mm isotropic 3D T1 BRAVO sequence with TR/TE
12.36/5.18ms;flip angle 13; for an acquisition timeof 4.5min. Diffusion
imageswere acquired using a commercial single shot echo planarmulti-
direction diffusion weighted sequence, employing a dual bipolar diffu-
sion gradient and a double spin echo. Imaging parameters were: 45
axial slices; 3.0 × 3.0 mm in-plane resolution; 3 mm slice thickness;
field of view = 24 × 24 cm; TR/TE = 10,000/92 ms; acquisition ma-
trix = 80 × 80; 30 encoding gradients distributed in space using the
electrostatic approach with a b-value of 1000 s/mm2 and with one
image at minimal diffusion weighting (b = 0). The acquisition time
for diffusion data was 7 min.

2.3. Structural parcellation and connectome generation

Volumetric segmentationwas based on an atlas registration. The T1-
weighted images of an MNI Anatomical Atlas Labelling (AAL) atlas
(Tzourio-Mazoyer et al., 2002) with 116 cortical/subcortical parcellated
regions was non-rigidly registered to each the subject's 3D T1 BRAVO
volume (Modat et al., 2010). Registrationwas carefully assessed visually
for each subject. The subject's 3D T1 volumewas then rigidly registered
to the subject's FAmap obtained through diffusion imaging (Ourselin et
al., 2002). The combined transformation was then applied to MNI AAL
cortical parcellations to propagate labels into the single subject's diffu-
sion space. The AAL parcellation contained a total of 116 cortical, sub-
cortical, cerebellar and thalamic structures. In order to prevent diffusion
tractography streamlines from crossing the cortical folds, a termination
mask was generated. Diffusion images were preprocessed as described
previously (Pannek et al., 2014). Motion artefacts and within-volume
movement were detected and corrected. Signal intensity outlier voxels
(caused by cardiac pulsation, bulk head motion and other artefacts)
were detected and replaced and between-volume registration for
headmovementwas performed (Pannek et al., 2014). After preprocess-
ing, FA was estimated from the corrected diffusion data. Constrained
spherical deconvolutionwas used to estimate fibre orientation distribu-
tion for tractography (Tournier et al., 2008). Five million probabilistic
streamlines were generated to create a whole brain tractogram.
Intrahemispheric and interhemispheric connections were extracted
from thewhole brain tractogramby hit-testing both terminal endpoints
of every streamline with every cortical, subcortical and cerebellar re-
gion. Mean FA values were calculated by sampling the FA maps at
every voxel of selected streamlines and encoded in a 116 × 116 connec-
tivity matrix.
2.4. Speech and language assessment

Speech/language assessmentwas based on a comprehensive battery
of tests including parental report onmedical case history, early vocal be-
haviour and speech-language developmental milestones, evaluation of
isolated and sequential verbal and nonverbal oromotor skills, accuracy
and consistency of phonological errors, diadochokinesis, expressive
grammar and receptive/expressive vocabulary.

A detailed description of the tests included in this battery is reported
in Table 2.
2.5. Statistical analysis

Statistical analysis of the brain network was performed using the
Network-Based Statistics (NBS; Zalesky et al., 2010) toolbox for Matlab
(https://sites.google.com/site/bctnet/comparison/nbs). A general linear
model was used to identify differences in FA between CAS and control
groups for every connection, using age as a confounding variable. We
hypothesized that FA would be reduced in children with CAS compared
to healthy children, reflecting WMmicrostructure impairment in some
regions involved in speech/language processing. For consistency, we
tested the opposite hypothesis of a possible reduction of FA in some re-
gions in controls compared to CAS.

A t-threshold of 4.3 was used for individual connections. Correction
for multiple comparisons was performed using NBS (Zalesky et al.,
2010). This approach identifies statistically significant clusters of con-
nections (subnetworks), correcting for multiple comparison with a
greater power than Bonferroni correction or false discovery rate
(Zalesky et al., 2010). For each cluster, subnetworks were displayed in
terms of nodes, as crucial interconnected regionswith connections of al-
tered FA. For subnetworks that showed significant alterations in FA in
children with CAS compared to children with typical development, we
performed an exploratory assessment of the relationship between the
average FA value of the connections and clinical speech/language

https://sites.google.com/site/bctnet/comparison/nbs


897S. Fiori et al. / NeuroImage: Clinical 12 (2016) 894–901
measures using a linear model (Bender and Lange, 2001). Statistical
analyses were performed using R (R Development CoreTeam 2008).

3. Results

3.1. Case history and clinical characteristics of CAS

Based on parental reports, prenatal and perinatal historywas normal
in 12 subjects; some transient problems during pregnancy or delivery
were reported in the remaining 5 subjects, but none suffered frommod-
erate or severe foetal or neonatal complications. All children presented
severe speech and language delay characterized by: a) quantitatively re-
duced and qualitatively abnormal babbling with delayed onset (mean
age 14.2 months, SD 7.4 months) and sporadic production of a very re-
stricted number of speech sounds; b) delayed emergence of first words
(mean age 25.9 months, SD 11.4 months); c) very slow increase of vo-
cabulary size with delay in acquisition of the first 50 words (mean age
49.8 months, SD 12.6) and late emergence of combinatory speech
(mean age 52.3 months, SD 11.8); d) high percentage of unintelligible
speech during preschool years (mean percentage of unintelligible utter-
ances 65.6 ± 13.2%), as reported by parents.

Assessment of oromotor skills with nonverbal tasks revealed the
presence of associated signs of nonverbal oromotor apraxia in more
than half of the sample: 56% showed inaccurate execution of isolated
nonverbal oromotor tasks (mean z-score −3.5 ± 5.3), and 70% were
also impaired in performing sequential nonverbal oromotor tasks
(mean z-score−3.2 ± 3.3). Phonetic inventory was markedly reduced
(mean number of consonant phonemes on 21 tested 12.5 ± 4.0) with a
high percentage of phonetically inaccurate productions of words (mean
71 ± 20%) and of inconsistent errors (mean 64 ± 24.4%).
Diadochokinesis rate was significantly slower (p b 0.001) in children
with CAS (mean score 10 ± 7.3) compared to normative data collected
on 64 typically developing children with mean age of 6.4 yrs. (mean
score 25.6 ± 3) (Chilosi et al., 2015).

Most children with CAS (95%) performed below age expectation in
at least one language area. Expressive grammar was the most impaired
domain with about 70% of children showing a primitive combinatorial
or telegraphic language level, and only one child attaining an age-ap-
propriate level of grammar organization. Lexical abilities were better
preserved with about 56% and 47% of children performing in the nor-
mal-borderline range in receptive vocabulary (mean standard score
80.8 ± 15.4) and in expressive vocabulary (mean z-score −1.3 ±
1.6), respectively.

3.2. Connectome comparison between CAS and controls

Significant differences in FA between the groupswere found in three
subnetworks, as shown in Fig. 1. In each case, FA was reduced in chil-
dren with CAS compared to controls.

Subnetwork 1 comprised 6 left intrahemispheric connections be-
tween 7 nodes (p=0.002) and included connections of frontotemporal
regions (dorsolateral, medial and orbital part of the superior frontal
gyrus; opercular part of inferior frontal gyrus; superior andmiddle tem-
poral gyrus) and post-central gyrus. Subnetwork 2 comprised 7 intra-
and interhemispheric connections between 8 nodes (p=0.001) and in-
cluded intrahemispheric connections between the left precuneus and
left middle frontal gyrus and the right superior parietal and right supe-
rior occipital gyrus. It also included interhemispheric connections be-
tween the left cuneus, left superior occipital gyrus and right
cerebellum and interhemispheric connections between the right sup-
plementary motor area, left inferior (orbital part) frontal gyrus and
left precuneus. Subnetwork 3 comprised 2 right intrahemispheric con-
nections between 3 nodes (p = 0.036) and included connections be-
tween the right angular gyrus, right superior temporal gyrus and right
inferior occipital gyrus.
3.3. Relationship between impaired connectivity and clinical measures

The correlation between tract averaged FA of all the significant con-
nections found using NBS and clinical scores for CAS children was
assessed. Significant correlations between FA of individual connections
and speech/language scores were found in a number of connections, in-
dicating an association between reduction of FA and low speech/lan-
guage performances (Fig. 2). In subnetwork 1, reduction of FA
correlated with low performance in oromotor skills for the connection
between the medial part of superior frontal gyrus and middle temporal
gyrus (p = 0.02, R = 0.56). Reduction of FA for connections between
the opercular part of inferior frontal gyrus and middle temporal gyrus
correlated with low diadochokinesis rate (p = 0.01, R = 0.57), with
poor expressive grammar (p = 0.02, R = 0.53) and with poor lexical
production (p = 0.003, R = 0.67).

In subnetwork 2, reduction of FA correlated with low
diadochokinesis rate for the intrahemispheric interconnection between
the right superior occipital gyrus and left precuneus (p= 0.01, R= 57).

No correlation was found in subnetwork 3.

4. Discussion

The aim of this study was to investigate i) structural connectivity in
children with CAS and ii) the relationship between FA within altered
connections and speech/language measures.

4.1. Structural connectivity in children with CAS

As expected, the probabilistic whole-brain diffusion tractography
showed altered structural connectivity in a number of connections of
speech/language networks in children with CAS. Although it has been
reported that children with CAS mostly have normal structural brain
MRI (Liégeois and Morgan, 2012), studies using advanced quantitative
measures of structural MRI in speech disorders revealed the presence
of structural brain abnormalities on a microscopic level (Kadis et al.,
2014) or morphological abnormalities using voxel based morphometry
(Preston et al., 2014). We found reduced FA (i.e. microscopically altered
whitematter) in a number of language–related connections in the pres-
ence of normal neuroanatomical qualitative findings, supporting previ-
ous hypotheses on immature or altered development of connectivity in
CAS (Preston et al., 2014).

Three subnetworks had altered FA in our subjects with CAS, com-
pared to typically developing children. Two components were intra-
hemispheric, one in the right and one in the left hemisphere, and one
component had an interhemispheric distribution. This is consistent
with previous studies on symptomatic CAS suggesting that a bilateral
hemispheric involvement is necessary to result in apraxia of speech in
children (Liégeois and Morgan, 2012).

The first subnetwork (subnetwork 1) showing altered connectivity
in our children with CAS was centred on the temporal regions of left
hemisphere, whose role has been already hypothesized in CAS. For ex-
ample, advanced imaging using cortical thickness analysis has shown
structural changes induced by language training within the posterior
superior left temporal gyrus in idiopathic CAS by cortical thickness anal-
ysis (Kadis et al., 2014). Also, using voxel-based morphometry, Preston
et al. (2014) found bilaterally greater greymatter volumewithin the su-
perior temporal gyrus in children with residual speech sound errors.
Furthermore, the specific involvement of the superior temporal gyrus
in CAS is consistent with some of the neural models of speech produc-
tion, such as the DIVA model (Guenther, 2001). According to this
model, the superior temporal gyrus can be considered as a high order
auditory cortical region that receives “target” inputs from the premotor
cortex to compare them with incoming effective auditory information
(Guenther and Hickok, 2015). In our study, altered connectivity in the
subnetwork 1 extends to the middle temporal gyrus. A left middle and
inferior temporal gyrus hypoactivation pattern on fMRI has been



Fig. 1. Subnetworks with reduced fractional anisotropy (FA) in children with CAS compared to controls represented on brain renderings. Spheres correspond to significant nodes in the
analysis. Sphere size is proportional to the number of altered connections originating from that node. The top panel represents subnetwork 1, themiddle panel represents subnetwork 2,
and the bottom panel represents subnetwork 3. All subnetworks from the left to the right are represented on axial, coronal and sagittal planes, respectively. Sagittal plane is viewed from
the left.

898 S. Fiori et al. / NeuroImage: Clinical 12 (2016) 894–901
described in child speech sound disorder (Tkach et al., 2011). It has also
been demonstrated that both themiddle and superior temporal gyri are
involved in phonemic discrimination (Ashtari et al., 2004). Likewise,
tractography studies demonstrated a wider distribution of fibres in the
posterior temporal region than in the classical model, suggesting an ex-
tendedWernicke's territory (including the posterior part of both the su-
perior and middle temporal gyri) rather than a localized centre (Catani
Fig. 2. Subnetworks that were significantly different between CAS and controls overlaid on a sin
left). Thin black lines represent edges (connections) whose average FA value does not corre
opercular part of the left inferior frontal gyrus and the left middle temporal gyrus (subnetwo
0.57), poor expressive grammar (p = 0.02, R = 0.53) and poor lexical production (p = 0.00
middle temporal gyrus (subnetwork 1), whose average FA value correlates with oromotor skil
left precuneus (subnetwork 2) whose average FA value correlates with low diadochokinesis ra
et al., 2005). Altogether these findings support the hypothesis of struc-
tural and functional connections between superior and middle tempo-
ral gyrus and their involvement in phonemic discrimination, which
could be possibly altered in CAS.

Another node within subnetwork 1 is the inferior frontal gyrus,
which has a well-known role in phonological and syntactic processing
and has been already proposed to have an evolutionary role in
gle image, shown on axial, coronal and sagittal planes (sagittal plane shows view from the
late with any clinical measure. Brown edges represents: a) the connection between the
rk 1), whose average FA value correlates with low diadochokinesis rate (p = 0.01, R =
3, R = 0.67); b) the connection between the medial part of superior frontal gyrus and
ls (p = 0.02, R = 0.56); c) the connection between the right superior occipital gyrus and
te (p = 0.01, R = 0.57).

Image of Fig. 1
Image of Fig. 2
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feedback-based articulatory control in humans. Reduced grey matter
density in the inferior frontal gyrus has been reported in apraxia of
speech due to FOXP2 mutations (Belton et al., 2003). Furthermore, its
involvement has been referred by some authors to the mirror neuron
system based on the hypothesis that connections between temporal
and inferior frontal regions link auditory information to orofacial
premotor regions (Catani et al., 2005). Maassen (2002) suggested that
a core deficit of CAS could be a reduced capacity to form systemic map-
pings between articulatory movements and their auditory conse-
quences (Maassen, 2002), a hypothesis that may explain disrupted
babbling and early vocal behaviour in all our patients. This symptom
has been recently described in a study conducted by our groupon a larg-
er sample of CAS children (Chilosi et al., 2015).

Based on our results and previous neuroanatomical studies, tempo-
ral-frontal connectivity disruptionmight represent a possible candidate
network for explaining the functionalmismatch between auditory feed-
back and oromotor control in CAS. Moreover, our results showed that
the altered frontotemporal network extended to a more posterior con-
nection in the postcentral gyrus (parietal lobe). Although no primary
oromotor region was involved, this finding supports a sensory
(postcentral) component contribution in the pathogenesis of CAS, as
hypothesized in studies on brain lesions (Liégeois et al., 2014) or in the-
oretical models for CAS, such as the DIVA model (Guenther, 2001).

The second altered subnetwork (subnetwork 2) involved intra- and
inter-hemispheric connections, including the left precuneus, right sup-
plementary motor area, left cuneus and right cerebellum. The
precuneus has been previously described to have a role in conceptual
planning during lexical search (Grande et al., 2012), action initiation
(Schmahmann et al., 2008) and is, in general, thought to be directly in-
volved in highly integrated functions (Cavanna and Trimble 2006). The
right supplementarymotor area has been demonstrated to be related to
an anterior-dorsal network associated with fluency in adult nonfluent/
agrammatic variant of primary progressive aphasia (Mandelli et al.,
2014), and has been shown to be relevant in speech planning and
motor and cognitive triggering (Riecker et al., 2005; Nachev et al.,
2008). A reduction in grey matter density has been reported in supple-
mentary motor areas, as well as in the abovementioned inferior tempo-
ral gyrus, in apraxia of speech due to FOXP2 mutation (Belton et al.,
2003). Lastly, the cerebellum has been hypothesized to be involved in
CAS by the abovementioned DIVA model, as an alteration in feed-for-
ward mechanisms of speech control (Guenther, 2001; Maassen, 2002).
Involvement of both supplementarymotor areas and cerebellum agrees
with hypotheses on altered motor planning related to speech in CAS
(Liégeois et al., 2014, 2015; Guenther, 2001).

The third altered subnetwork (subnetwork 3) included
intrahemispheric connections between the right angular gyrus, superior
temporal gyrus and inferior occipital gyrus. The role of superior tempo-
ral gyrus has already been discussed (see above, subnetwork 1); its in-
volvement in the right hemisphere further supports previous
hypotheses about bilateral speech/language network involvement in
CAS (Liégeois and Morgan, 2012). Involvement of angular gyrus was
less expected. The angular gyrus has been described as a critical region
for the process of semantic representation (Price et al., 2015; Pallier et
al., 2011). Notably, the identified subnetworks 2 and 3 have few nodes
in the occipital regions of the brain. However, the regions that showed
an altered connectivity were not in the primary visual cortex, but in as-
sociative visual regions that have been demonstrated to be involved in
semantic processing (Binder et al., 2009; Grande et al., 2012). This ex-
planation is tentative, and implies a semantic network involvement in
CAS, as also suggested by the delay in lexical acquisition and no optimal
vocabulary skills in the late preschool and early school years. Further
studies are required to confirm and interpret these findings.

In summary, as hypothesized, our results have shown distributed al-
tered connectivity in several networks involved in speech/language.
They included an “extended” left Wernicke's territory, left postcentral
gyrus, right supplementary motor area, cerebellum and right superior
temporal gyrus. We have also found that a few regions involved in se-
mantic processing showed a less expected alteration of structural con-
nectivity but their role needs further clarification.

The functional role of these findings still remains to be determined
(see below).

4.2. Relationship between FA within altered connections and speech/lan-
guage measures

Reduced FA correlatedwith some speech/languagemeasures in chil-
dren with CAS.

In general, diadochokinesis rate and expressive grammarweremore
severely impaired in childrenwith CAS, and showed a significant corre-
lation with FA of the altered connection between the middle temporal
gyrus and opercular part of the frontal gyrus.

Diadochokinesis has been considered as a useful test for reliably
identifying children with CAS (Thoonen et al., 1997) and for detection
of neurophysiological mechanisms underlying CAS (Murray et al.,
2015). The correlation between diadochokinesis and structural connec-
tivity findings highlights the relevant role of a left-sided network in-
cluding the middle temporal gyrus and opercular part of the inferior
frontal gyrus in determining one of the core symptoms of CAS. Further-
more, lexical production correlated with FA in connections of subnet-
work 1, across the left middle temporal gyrus and medial part of the
inferior frontal gyrus, supporting the role of a temporal-frontal network
in language dysfunction and, possibly, in CAS.

Diadochokinesis also correlated with FA of a connection of subnet-
work 2 between right superior occipital gyrus and left precuneus. As
both these regions have been assigned an associative role for highly in-
tegrated functions (Cavanna and Trimble 2006; Binder et al., 2009;
Grande et al., 2012), we can hypothesize that a complex skill like
diadochokinesis requires associative interfaces between speech/lan-
guage andmotor planning and execution. Although its function is large-
ly unknown, the precuneus has been hypothesized to have a role in
cognitive functioning, including visuospatial imagery and episodic
memory (Cavanna and Trimble 2006), with a possible role in language
functioning. To date, there is no evidence for a specific involvement of
precuneus in CAS. A confirmation of these exploratory results in future
studies is mandatory in order to confirm and clarify hypotheses.

4.3. Limitations

The number of subjects included in this sample was limited due to
the low prevalence of the disease and by the collaboration of children
required for brain MRI. However, it has been suggested to consider cau-
tiously but positively, significant results in small cohorts (Friston, 2012).
Sex unbalance reflects differences in prevalence of CAS (Lewis et al.,
2004), however the relatively small number of subjects does not allow
for including sex as a covariate in the analysis. Similarly, due to the pres-
ence of only two left-handed subjects, the potential effect of brain later-
alization has not been considered in the analyses. The age-range of
subjects implies different evolutionary stages of CAS. However, all chil-
dren fulfilled the criteria for CAS at the time of enrolment. Furthermore,
we cannot speculate on specificity of our findings to the CAS cohort. We
believe that the detailed clinical assessment of these subjects represents
a preliminary support to the specificity of our results. As discussed in
our previous paper (Chilosi et al., 2015), which included a larger num-
ber of subjects, CAS may be considered a multi-level disorder affecting
both motor-speech and language competences. It is, however, still un-
clearwhether the co-occurrence of speech-motor and language difficul-
ties, reported also in literature (McNeill et al., 2009; ASHA report, 2007;
Lewis et al. 2004) can be interpreted as either the effect of a unitarymul-
tilevel disorder or as an association of distinct but co-morbid conditions.
According to some authors (Terband et al., 2010; Ozanne, 2005;
Velleman, 2011), impairment in planning and/or programming spatio-
temporal parameters of movement sequences may produce a “cascade”
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effect that interfereswith the early development of phonological, lexical
and grammar skills. A further issue refers to the association between
verbal and nonverbal oromotor apraxia, an issue that has long been de-
bated in literature (see Ozanne, 2005). In a previous study on a larger
sample of childrenwith CAS (Chilosi et al. 2015), measures of nonverbal
oromotor skills did not correlate significantly with any specific feature
of verbal apraxia. Studies on larger cohorts and enrolment of speech/
language disorders other than CAS as control groups will contribute to
further qualify our results.

Thirty gradient direction and b value of 1000 are the minimum we
consider necessary to apply constrained spherical deconvolution to dif-
fusion data. Nevertheless, greater number of directions and higher b
values require longer acquisition times that limit the collaboration of
patients and feasibility of the study in a clinical setting.

In conclusion, our findings do not intend to suggest new pathophys-
iological hypotheses on CAS. Reduction of FA reflects alteredwhitemat-
termicrostructure, as the consequence of several factors including axon
diameter (Takahashi et al., 2002), lower packing density (Takahashi et
al., 2002) or increased membrane permeability (Jones et al., 2013).
White matter abnormalities can however be primary, as an altered de-
velopment of connectivity, or secondary, depending on altered grey
matter functioning, thus resulting in either the cause or the conse-
quence of CAS. It is beyond the scope of our current study to speculate
on CAS pathogenesis. Instead, we consider our findings as possible bio-
markers for CAS, such as an epiphenomenon of complex pathogenic
mechanisms that need further investigation.

5. Conclusions

Liégeois and Morgan (2012) reported that 60% of children with CAS
have normal structural MRI, but quantitative approaches suggested mi-
croscopic abnormalities of white or grey matter (Liégeois et al., 2014).
Our data, for the first time, provide evidence of connectivity anomalies
in children with CAS across specific brain regions involved in speech/
language function. Altered connectivity of both subnetworks 1 and 2
correlated with diadochokinesis as a relevant measure of speech/lan-
guage dysfunction in children with CAS. We propose altered connectiv-
ity as a possible biological marker for CAS, to be considered in the
diagnostic approach and possibly to be applied in the monitoring of
changes induced by a specific rehabilitative intervention.
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