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Introduction: Childhood apraxia of speech is a rare motor-speech disorder linked to development disorders such as ASD and
Down syndrome. This paper explores the relationship between sequential processing deficits in both fine motor rhythmic move-
ment and speech articulation, exploring whether rhythmic motor intervention can improve CAS outcomes through three ques-
tions: (1) What are the anatomical and functional connections between motor and speech in children with CAS compared to
children with typical development? (2) How does imitation and repetitive practice influence speech production? (3) How does
rhythmic motor movement intervention influence speech production? Method: Records were searched on PubMed and Science
Direct using booleans operators, filtered by publishing date, peer review, study and sample type, and relevance. Results: (1)
Findings indicate that deficits in the cerebellum, Broca’s area, basal ganglia, thalamus, primary motor cortex, SMA, articulate
fasciculus, and impairment in the deep cerebellar nuclei underlie disruption in the feedforward circuit. (2) Motor therapies pro-
duce long-term speech improvements with neuroimaging evidence suggesting associated cortical thinning. (3) Parallels between
rhythmic fine motor control and oral articulation may be mediated by mirror neurons activating the feedforward system. Music
therapy paired with traditional intervention may provide rhythmic cues that improve articulation. Discussion: Generalizability is
limited by CAS comorbidities, broad age ranges, low prevalence, and restricted regions of interest and invite speculation. Future
research should longitudinally track neuroanatomy and pursue larger sample sizes. Machine learning also presents opportunities
for detecting larger and more subtle multivariate patterns that focused ROI analysis cannot.

Introduction

Childhood Apraxia of Speech (CAS) is a widely unknown
motor-speech disorder interfering in transcriptional develop-
ment of the speech plan-production pathway1. Essentially
while the speech muscles prove strong, the brain is unable to
carry out accurate results during speech articulation and pro-
duction due to deficits in motor planning and programming.
This disconnect occurs from microscopic abnormal develop-
ment in multiple coordination control sections of the cerebral
cortex2,3. CAS is a highly comorbid, rare, heterogenetic dis-
order often accompanied by other neurodevelopmental speech
and neurological disorders including Autism Spectrum Disor-
der (ASD), intellectual disorders, epilepsy, dysarthria etc. and
appearing in about 0.1% of children1,4.

Three common defining symptoms of CAS are (1) incon-
sistent errors in vowel and consonant acquisition, (2) inappro-
priate prosody, and (3) disrupted coarticulatory transitions be-
tween sounds5. More specifically, CAS is described as having
reduced speech time and sequencing due to processing deficits
in the internal speech model2. The DIVA model explains cere-
bellum and cerebral cortex impairment that result in the motor
programming deficiencies of CAS6.

By far, the pathogenic FOXP2 gene variant proves to be the
most common biomarker of CAS after a groundbreaking study
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found a rare missense mutation in the KE family7. FOXP2 is
a gene that codes transcription factors involved in modulat-
ing synaptic plasticity, neural development, axon guidance in
speech-language pathways8. Recently, more studies regard-
ing the genetic basis of CAS have uncovered about 30 genes
implicated in CAS and accompanying neurodevelopmental
disorders including the highly pathogenic SETBP1 loss-of-
function variant1,9. Yet, specific etiology for CAS still re-
quires more research. Due to its wide phenotypic spectrum,
CAS exhibits a broad range of multifactor symptoms that
overlaps with many other speech-language-disorders, there-
fore there is no single test that confirms diagnosis. Instead,
multiple factors including multiple types of SLP tests and mo-
tor deficit symptoms are required.

Current long-term speech therapy for speech disorders CAS
focuses on early intervention based on visual and auditory
feedback, specifically imitation to improve speech motor co-
ordination5. Within the past two decades, emerging research
regarding the intricate crossovers between motor and speech
processing and production pathways offers possibilities in the
field of CAS therapy. This review explores a relationship be-
tween fine motor movements and speech production and its
effect on speech development children with speech-language
disorder. We do so through three questions. First, what are
the anatomical and functional connections between motor and
speech in children with CAS compared to children with typ-
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ical development? Second, how does imitation and repetitive
practice influence speech production? Lastly, how does rhyth-
mic motor movement intervention influence speech produc-
tion?

Method

Search Strategy: Keywords and mesh terms were used to
identify records included Childhood Apraxia of Speech, neu-
roimaging, white matter, fMRI, diffusion tensor imaging,
fractional anisotropy, neuroplasticity, motor learning, imita-
tion, mirror neurons, speech therapy outcomes, music therapy,
melodic intonation, rhythmic tapping, tactile cueing, motor
intervention, DTTC, NDP3, ReST, and PROMPT. Booleans
“AND” and “OR” were used to ensure results were relevant to
CAS or foundational information on speech-motor networks.
Records were published between January 2000 and March
2026 to ensure imaging and therapeutic practices were con-
temporary. Any records before January 2000 are foundational
references.

Inclusion and Exclusion Criteria: Each record must be pub-
lished in peer-reviewed journals and be of relevance to the
three questions posed. The types of studies included were re-
views, meta-analysis, controlled clinical trials, case studies,
imaging or computer model studies. Some foundational doc-
uments included book chapters. Sample types including age
group, inherited or acquired speech disorder, and monolin-
gualism were considered. Due to the rarity of CAS, many pa-
pers reference older age groups and various speech language
impairments as well. Any claims made in regards to these
papers are speculation needing more research and must be ap-
proached with limitations.

Screening Process:

Fig. 1 PRISMA Flowchart

Data Extraction: Data was extracted based on sample size,
age range, author, year, methodology, findings, outcome mea-
sures, limitations, and relevance to the three questions. Con-
trolled clinical trials and meta-analysis with relatively larger
sample sizes were considered more valuable. Some case stud-
ies with detailed, promising findings were considered highly
valuable, although more research with larger sample sizes are
required for significant claims.

Neuroanatomical Connections and Abnormali-
ties

Sequential Processing and Memory in Speech

Speech formalization is an intricate process that can be ex-
plained through multiple models. One of the earliest models of
speech, the WEAVER++ model, was used in Levelt’s theory of
lexical access that indicates discrete processing stages2,10. Af-
ter conceptualization, Levelt describes speech formalization to
continue with lexical selection, then morphological encoding,
phonological encoding, and end with phonetic encoding be-
fore the next stage: articulation10. During lexical selection,
syntactic words known as “lemmas” are pulled from memory
to grammatically encode arguments relating to the semantic
message created during conceptualization11. During morpho-
logical and phonological encoding, the brain accesses phono-
logical memory codes to generate each word’s syllabification,
syllable by syllable, and create a phonological score11. The
phonetic encoding system then generates a sequence of artic-
ulatory gestural scores and parameters such as pitch, duration,
vocal movement, amplitude etc.11.

The WEAVER++ model is known to be a feed-forward
model with each stage being discrete, but despite evidence of
discreteness by the tip-of-the-tongue phenomena, recent ev-
idence suggests a more parallel course where specific parts
draw upon each other12. However, WEAVER++ was designed
around picture-naming paradigms in typical Dutch and En-
glish speakers, limiting its application to simple word produc-
tion in non-disordered speech10,12. It does not account for the
sequential processing deficits in CAS.

After Levelt’s initial analysis of the WEAVER++ model,
various other models incorporating other aspects of speech de-
veloped, some analyzing speech errors as well. The DIVA
model is specific to sequential processing errors in CAS, fo-
cusing on the impaired phonetic encoding and motor program-
ming stage for articulation6,13,14. Specifically, results from
literature generally agree that the DIVA model shows a higher
reliance on the feedback system than the feedforward system
which causes the slower articulation speed and neural discon-
nect3,6,15,16.

The feedback system, as indicated by Guenther and col-
leagues, has a parallel correcting mechanism unlike the feed-
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forward system, slowing down motor programming2. Yet,
during speech production, if an error is detected, the feed-
back system accompanies the feedforward system to pro-
duce coherent rapid articulation2. The model itself, similar
to WEAVER++ exhibits some limitations compared to real-
life articulation. Researchers used simple syllables in short
phrases which omitted many aspects of articulation, and this
model is unable to differentiate between cued and uncued
speech, an important variable in daily speech. There are some
neural mechanisms that are not discussed, and some limits to
the biological plausibility of the model such as cellular ac-
tivation patterns. A specific computational study on a sam-
ple of CAS patients clarified that overreliance on the feed-
back system also leads to increase in variability of vowel (p
< 0.01) and consonant production (p < 0.05) depending on
placement rather than type of sound, leading to carry-over ar-
ticulation6. This study also relied on computer simulations,
measuring only articulation during sound production, had less
focus on phonological development, a crucial component of
the feedforward and feedback system, and showed inaccu-
rate increased change in carry-over due to neuromotor con-
straints6. In reality, speech is more complex. Despite these
limitations, somatosensory and auditory influence on timing
disruptions and inaccurate articulation is proposed as a reason
for increased feedback and error correction6. Although due
to low prevalence, finding participants with idiopathic CAS is
a large drawback for studies like these, the DIVA model pro-
vides close comparisons to fMRI activity in CAS from other
studies2.

Sensory information is crucial to the feedback loop. Speech
perception strengthens connections between the speech-sound
map that hosts sound sequences and sensory encoders which
draw from past auditory information to form accurate phonetic
codes2. Studies have tested the influence of auditory sensory
information on the feedforward system, supporting the hy-
pothesis made by Guenther and colleagues15,16. A masking
study with 30 children showed the 9 CAS children with sig-
nificant differences in voice onset time, vowel duration, vowel
space area, and speech intensity compared to typical develop-
ment children due to heavy reliance on auditory feedback16.
Although the results align with studies on sensory reliance in
CAS, there are multiple limitations including the incredibly
small sample size and no set diagnostic plan for recruitment in
CAS. The 2-pronged criteria for participant eligibility includ-
ing a Goldman–Fristoe Test of Articulation 2 rating and past
diagnosis, while identified CAS status, doesn’t necessarily ac-
count for difference in comorbidity. For the VOT tests, while
the effect size was large (η2 = 0.22), the power (p = 0.6)
was relatively low indicating the possibility of false positives.
Such limitations are common considering CAS’s low preva-
lence, comorbidity, and cross-linguistic differences.

Beside the lack of sensory input, working memory deficits

could also be a reason for sequential processing dysregulation.

Fig. 2 The Working Memory Model

The phonological loop is the part of working memory that
stores auditory information for immediate use. There are
2 major parts of the phonological loop as shown in Figure
1: the phonological store and the articulatory control pro-
cess. The phonological store remembers the temporal order
of sounds while the articulatory control process acts like an
‘inner voice’, repeating information to prevent memory loss.
Researchers suggest the phonological loop to be impaired,
causing mis-sequences during phonetic encoding and carry-
over downstream in later transcoding processes3,17–20.

This theory is clearly depicted in a comparative study in-
cluding 40 CAS participants with a mean age of 11 years20.
In each syllable repetition task testing memory, encoding, and
transcoding, the CAS group performed lowest compared to the
typical, speech delay, and language impairment groups. Ef-
fect size for encoding compared to the typical group’s perfor-
mance was large (d = 0.92) while transcoding was very large
(d = 1.36) and memory extremely large (d = 2.77). A higher
proportion of idiopathic CAS exhibited better transcoding re-
sults suggesting that, although the difference was not signifi-
cant, accompanying neurological disorders can influence mo-
tor programming and results should be cautiously generalized.
Shriberg and colleagues suggest that the addition of syllables
by the CAS group could be due to increased processing de-
mands, similar to the other groups. This study is a highly
comprehensive view at how memory, encoding, and transcod-
ing go together. The relatively large sample size and differ-
entiation between idiopathic and comorbid CAS provides a
clearer look at sequential processing deficits, and future stud-
ies should consider this.

Cerebellum

The cerebellum has long been understood as a balance, pos-
ture, and movement coordinating hub in the brain. Emerging
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research suggests a larger role in emotional, cognitive, and
linguistic processing. A clear example is the theory known
as dysmetria of thought, a theory first introduced by Schmah-
mann outlining the cerebellum’s role in detecting and correct-
ing cognitive or emotional mismatches between intended and
actual outcomes21.

In 1998, Wolpert, Miall, and Kawato first established the
idea of a dual internal model system, the “Smith model”, oper-
ating in the cerebellum for motor programming and planning:
an inverse model that generates motor commands through pre-
diction, and a forward model that incorporates sensory infor-
mation from an efference copy from the cerebrum to correct
mismatches22. Through an on-line model of motor control,
the cerebellum is able to use predicted movement from an ef-
ference copy delivered by the motor cortex and sensory input
to rapidly compute sensory prediction errors (sPE)23. Then,
the sPE is relayed to designated subcortical structures to cor-
rect for them23.

A recent review on the model shows how the cerebellum’s
anatomy also provides evidence for the internal model. First,
mossy fibers carry the sensory input from the efference copy
to granule cells and then parallel fibers through the pontine
nuclei, initiating an expansion of information, while climb-
ing fibers carry error signals to Purkinje cells23. Simultane-
ously, some information is transferred to the deep cerebellar
nuclei (DCN), which later incorporates the compressed output
from the Purkinje cells and relays it back to the cerebral cor-
tex through the dentate nucleus23. The Purkinje cells use the
information to not only compute an sPE, but also modify its
synaptic weights to improve future predictions23. While this
model is extensively supported throughout literature, the exact
mechanism by which the efference copy and sPE is delivered
is still unclear. Yet, this model supports the idea of a cerebel-
lar deficiency in the DIVA model and CAS encoding-output
mismatch.

Direct gross motor evidence regarding internal model im-
pairment in CAS is limited, but converging evidence from
cerebellar lesion studies in children and ataxic adults indi-
cate compromise of the DCN, the comparator hub, causes both
gross and fine motor impairment24,25. This literature focuses
on non-oral motor movements including visual, gross, and
hand motor movements; therefore, relations to CAS are purely
inferential. Early research indicates age-related differences,
yet recent studies suggest DCN impairment affects feedfor-
ward indiscriminately regardless of age, therefore more re-
search focusing on children is required24,26. Handedness and
region impairment affecting fine oral movements should also
be considered.

Feedforward control increases with age, an impaired pro-
cess in CAS27. A recent large cross-sectional study indi-
cated a reliance on the feedback system before adolescence28.
Younger children performed better on the Push ball task (5–

6 yo p = 0.04), allowing for both feedforward and feedback,
than the Launch ball task, allowing for just feedforward con-
trol, compared to older children who were more precise, ac-
curate, and faster (13–14 yo p = 0.76)28. Although the study
was conducted online under 2 hrs to limit inattention, age dif-
ferences could influence the rate of attention between younger
age groups. There is also the high possibility of false positives
considering a Bonferroni test was used with over 200 trials
across the 4 blocks in both tasks. Contradictory to other visu-
ospatial studies, researchers found no significant effect from
sex in the younger age group29.

From birth to 5 years, the cerebellum highly resembles
the topography, functional organizations, and lateralization of
the adult brain, although functional networks generally con-
centrate into a more focal distribution at 36 months, much
younger than originally thought30. But, only after 24 months
does connectivity between higher-order networks strengthen
beyond that of primary-order networks30. Research regarding
higher-order networks’ connectivity in the cerebellum, specifi-
cally the deep cerebral nuclei, is limited. Future studies on the
neuroanatomy of the cerebellum in children need to further
address the effects of sex-based differences, nutrition, hand-
edness, social interaction, genetics, and socioeconomic differ-
ences on development.

The cerebellum is topographically organized following an
anterior sensorimotor region to a posterior higher-order trans-
modal region between which holds areas involved in working
memory, specifically Lobule VI/VII which is implicated in ar-
ticulatory loop rehearsal of the phonological loop, and Crus
I/II31–33. Working memory has two main parts: the phonolog-
ical storage system localized to parietal inferior regions and
the articulatory control system localized to the frontal superior
regions where lateral regions support covert speech and ante-
rior regions support covert speech34,35. Lobule VIIB corrects
errors and guides rehearsal in the articulatory loop during mo-
tor programming by comparing information to the phonolog-
ical loop, using sensory information to predict and correct35.
This is also evident in children where imaging shows lateral
regions of Crus I to activate during motor programming for
oral regions such as the tongue30.

Imaging evidence of cerebellar deficits in CAS is very lim-
ited. However, evidence from FOXP2 mutations in rodents
and the KE family implicated in verbal dyspraxia indicate re-
duced gray matter volumes in Crus I, Lobule IV–VI, and Lob-
ule VIIb-VIIIb36. Specifically, the study indicated a consis-
tent 20% volume reduction in Purkinje cells over 3 periods of
time in bilateral Crus I (p > 0.1)36. Among the affected mem-
bers were children from 9 years old, although the mean age
ranged between 15–34 years old. Few studies suggest general
white matter deficits in the cerebellum; however, other studies
comparing CAS to other neurocognitive disorders indicate no
significant deficits in the cerebellum37.
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Fig. 3 Structure of the cerebellar cortex. In the outermost part is the molecular layer, composed of the dendrites of Purkinje cells, the axons of
granule cells (parallel fibers), and the climbing fibers; basket and stellate cells are also located in this layer. Deep below is the Purkinje layer,
formed by the somas of these neurons. The inner layer of the cerebellar cortex is the granular layer, made up of granule cells and other
interneurons, such as Golgi cells (astrocytes). |Hernández-Pérez, C.; Weruaga, E.; Dı́az, D. Lobe X of the Cerebellum: A Natural
Neuro-Resistant Region. Anatomia 2023, 2, 43-62. https://doi.org/10.3390/anatomia2010005.

Together these findings suggest the cerebellum’s role to
be more pronounced in motor planning, programming, and
phonological rehearsal. The specific deficits including work-
ing memory, the internal model, and sensory input are debated
among researchers. Current neuroimaging evidence from pe-
diatric populations with CAS also remains too sparse to draw
conclusions from. More research on cerebellar-focused imag-
ing in CAS is required with ROIs at Lobules VI-VIII and Crus
I.

Functional Connectivity

Beyond the cerebellum, many cortical areas are involved in
the feedforward model as discussed earlier. Hickok and Pop-
pel distinguished the speech pathway into two distinct tracts,
the ventral for speech preparation and dorsal stream for sound
articulation mapping38. The dorsal stream is known to be
the sensorimotor planning tract for speech and language com-
pared to the ventral stream which controls semantic program-
ming and comprehension38. Within the dorsal stream, the
cerebello-thalamo-cortical (CTC) tract, extending from the
cerebellum through the thalamus to cortical structures, is the
backbone of the feedforward circuit directing movement initi-

ation39. White matter and gray matter volume deficits in this
tract have been implicated in CAS including regions like the
supplementary motor area (SMA), primary cortex (M1), and
Broca’s area40. There are some structures which prove more
vital to the feedforward loop than others. It is important to
understand not only how they function in the circuit, but also
how they fail to develop properly in CAS.

The SMA is involved in higher-level processing including
memory retrieval, movement execution, transformation of in-
formation, and phonetic encoding in the feedforward loop2,41.
The SMA can be divided into two parts that loop together:
SMA proper, involved in motor control tasks and movement
execution, and anterior pre-SMA, involved in other cognitive
control domains as indicated by connections to the prefrontal
cortex and angular gyrus in resting-state fMRI imaging42.
Converging primate and transcranial stimulation (TMS) stud-
ies indicate pre-SMA to be involved in temporal prediction
and have a larger role in the go/no go decision41,42. Neither
part of the SMA can function properly in sequential process-
ing and speech articulation without the other part, but damage
to the pre-SMA loses the semantic programming and phono-
logical planning that is fed to M1 by the SMA proper41,42.

Through the frontal aslant tract, the SMA connects to
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Fig. 4 Anatomy of the Cerebellum — Rondi-Reig L, Paradis A-L,
Lefort JM, Babayan BM and Tobin C (2014) How the cerebellum
may monitor sensory information for spatial representation. Front.
Syst. Neurosci. 8:205.
https://doi.org/10.3389/fnsys.2014.00205

.

Broca’s area which focuses heavily on motor programming
and articulation by activating the speech sound map2. An
fMRI study to test motoric rehearsal and working memory in
adults found significant consistent activation in left and right
inferior frontal gyrus (IFG) (p < 0.001)34. Despite each par-
ticipant being right-handed, other studies have also suggested
a significant activation in Broca’s area in both hemispheres re-
gardless of handedness, although handedness may influence
lateral bias43. Further evidence from other studies shows that
Broca’s area is involved in sentence comprehension, syntax
and semantics, and word retrieval, all aspects involved in the
motor planning of speech articulation insisting on an implica-
tion in CAS oral motor planning32,37,44. This study assumed
articulatory rehearsal when participants may have used differ-
ent tactics like chunking and visual imagery, and used single
letter strings instead of larger phonemes commonly used in
speech, limiting results significantly and implicating Broca’s
area in CAS oral motor planning.

M1 is primarily responsible for initiating movement2. The
secondary motor cortex (M2), containing Broca’s area, also
sends axonal projections to M1 and shows high activation dur-
ing motor learning45. Researchers developed a map known
as the motor homunculus for M1 since it is somatotopically
organized according to specific body parts where the lateral
regions are involved in facial movement46. It receives direct
input including the initial phonetic scale from the SMA and
the sensory error prediction from the cerebellum as shown in
the DIVA model making it a possible location for deficiencies
in CAS2.

M1 is strongly influenced by the basal ganglia, specifically
the striatum and pallidum which helps in producing predeter-
mined actions46. The striatum is composed of the putamen,

caudate nucleus, and accumbens nucleus, and the pallidum is
mainly composed of globus pallidus, a structure that is closely
connected with the SMA and IFG46,47. Recently, research re-
garding the basal ganglia’s involvement in speech has been
growing, yet similar to the cerebellum, there is much that is
still unknown. Converging neural computational research in-
dicates the basal ganglia helps time the initiation of movement
and switch between motor programs playing a role in rein-
forcement based learning, and disruption to the cortico-basal
ganglia circuits can lead to hypokinesia and Parkinson’s dis-
ease2,48. Lesion studies confined solely to the basal ganglia,
specifically the putamen, caudate nucleus and globus pallidus
have shown to be implicated in orofacial apraxia and cause
general apraxia49.

Computational studies on the DIVA model and neuroimag-
ing suggest the thalamus to have a similar role in this circuit
as the basal ganglia including movement initiation and coor-
dination, also acting as the relay center23,50. The thalamus has
been shown to act as a convergence hub from the cerebellum,
brainstem, and basal ganglia to control the accuracy of ongo-
ing movements in mice50. Researchers suggest that effective
somatomotor integration is dependent on the thalamus, and
the cerebellum deficits can influence the firing rate of thala-
mic neurons and therefore the ability to interpret sensory con-
texts50. Despite its involvement in the feedback and feedfor-
ward circuit being clear, the thalamus’s specific involvement
in articulatory programming is still vague and future studies
should consider focusing ROI’s on the thalamus.

Neuroanatomical Deficiencies in CAS

CAS imaging studies indicate gray and white matter deficits,
reduced FA, underactivation, and abnormalities in cortical
thickness and volume in circuits that connect these major sub-
cortical structures.

A study comparing Autism Spectrum Disorder (ASD)
to CAS neuroanatomy showed specific anomalies near the
frontal lobe in CAS vs. typicals37. These included higher cor-
tical volume in the right pars triangularis (d = 0.52), a region
part of Broca’s area; left supramarginal gyrus (d = 0.50), lo-
cated near the end of the sylvian fissure which separates Wer-
nicke’s area and Broca’s area and is highly involved in se-
mantic and phonological processing; left nucleus accumbens
(d = 0.97), in the basal ganglia involved in motor selection
and behavior reinforcement; and left paracentral (d = 0.80),
a sensory area involved in motor control in adults37. While
literature, as explained earlier, shows these structures to be
implicated in sensory and motor-speech pathways for speech
articulation in adults, this study suggests impaired develop-
ment in these regions for CAS.

This study is the first to analyze volume differences in CAS
using machine learning. Yet, it showed to have a more op-
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timal predictive power for ASD than CAS, partly because of
the small sample size. Also, this study calculated an average
AUC of 0.62 using a linear-kernel SVM classification. Due
to the small sample size, this AUC value is unapparent, and
a larger sample might make specific neuroanatomical patterns
and classifications more apparent and significant. The linear
model also limits classification of more subtle structural dif-
ferences37. Despite the limitations, this study indicates areas
like Broca’s, somatosensory cortices in the parietal lobe, and
the striatum to be involved in speech in children and adults,
and abnormal development in these areas can lead to speech
developmental disorders like CAS. Furthermore, there is a
possibility of these deficits shown in the CAS cohort to also
be implicated in non-oral, fine motor movement considering
these somatosensory regions, striatum, and M1 to be dictating
all motor movement46.

Other studies have also suggested a heavy role of the basal
ganglia in speech production47. A case study on an 8 year
old male with CAS and dysarthria showed volume reduction
in the left and right caudate nucleus (d =−2.161, d =−2.352
respectively), left and right globus pallidus (d =−3.056, d =
−1.8), and left and right putamen (-0.647, -0.950)47. The sig-
nificant difference between left and right globus pallidus even
after volume correction suggests the typical left-lateralization,
as shown in Parkinson’s motor and lateralized connectivity
studies, is affected by CAS51. On the other hand, the puta-
men and caudate nucleus, a neuromarker known to be impli-
cated in the KE family, appeared to have no significance dif-
ferences to the control after volume correction47. Yet, these
structures have shown to have significant deficits in other con-
verging CAS imaging studies40,52. fMRI scans also showed
activation in the left IFG during nonword repetition, but the
differences in these results between the child, A-II, and typi-
cals was not significant after volume correction47.

The results from this study also suggest the hippocampus
and thalamus to be involved in speech production. Liégeois
and colleagues’ novel finding still requires more research.
Considering this to be a case study and the sparse literature
on hippocampus development in early childhood, future stud-
ies should focus on limiting ROIs to these two cortical struc-
tures and incorporating larger sample sizes of idiopathic CAS.
Also, the control group included children from metropolitan
Australia which may influence results to be biased towards
tighter jaw and increased facial and throat movement. These
children’s socioeconomic status and education may also play a
role in a more refined language. A-II also underwent surgery
for a submucous cleft, and his speech resonance greatly im-
proved. Further research needs to address these aspects.

Other more recent studies have also indicated greater grey
matter and less white matter in other subcortical and cortical
structures involved in the feedforward network40,52,53. A neu-
roimaging study on 17, 10-year-old children with idiopathic

CAS indicates reduced FA in multiple intra-hemispheric re-
gions of Broca’s area and post-central gyrus, another so-
matosensory subcortical structure implicated in the pathogen-
esis of CAS53. Another neural network connecting speech
motor planning areas the left precuneus and the front aslant
tract including the SMA and orbital left IFG; visuo-spatial
working memory and attention areas the left precuneus and
left middle frontal gyrus as well as the right superior parietal
and right superior occipital gyrus; and sensorimotor predic-
tion and error prediction areas left cuneus, left superior occip-
ital gyrus and right cerebellum53. The last neural network in-
cluded the right angular gyrus, right superior temporal gyrus
and right inferior occipital gyrus, an auditory-language inte-
gration network.

This study confirms the need for bilateral hemispheric de-
ficiencies in CAS regardless of handedness. While CAS is
generally considered left-lateralized, the last neural network
discussed exhibits pure right lateralization deficits. And, de-
spite all participants being right handed, deficits were seen in
both left and right hemispheres of the cerebral cortex, simi-
lar to previous studies47. Yet, handedness might influence the
degree of deficiencies between hemispheric structures. Im-
pairments in the intra-hemispheric networks such as Broca’s
area and left arcuate fasciculus were implicated in a low diado-
chokinesis rate (p= 0.01, R= 0.57), poor expressive grammar
(p = 0.02, R = 0.53), and poor lexical production (p = 0.003,
R= 0.67)53. These left-lateralized impairments such as the ar-
cuate fasciculus, a connective network between all parts of the
DIVA models including the phonological loop and the audi-
tory feedback and somatosensory feedback system, have been
reported in several imaging studies specific to CAS suggest-
ing to be a specific biomarker between 9 and 15 year-olds
regardless of comorbidity40,52,53. Interestingly, recent stud-
ies have also been suggesting the involvement of the pre-
cuneus, a structure associated with episodic memory retrieval,
mental imagery, and self-referential processing, aligned with
this study in speech production52,53. Specifically, idiopathic
CAS neuroimaging indicates greater gray matter volume in the
bilateral precuneus with correlating to low diadochokinesis
rates, perhaps to compensate for other connective deficits52.

Converging studies suggest a larger role of the basal gan-
glia in the feedforward circuit in CAS accompanied by cor-
tical abnormalities in regions like Broca’s area, auditory and
somatosensory feedback networks, and working memory net-
works37,40,47,52,53. While limitations like comorbidity, smaller
sample sizes, and environmental influences make it difficult
to draw definitive conclusions, converging results strengthens
the case for a distributed neural network underlying CAS. Fur-
thermore, the identification of biomarkers such as reduced FA
in the arcuate fasciculus or volumetric deficiencies in the bi-
lateral precuneus and basal ganglia in CAS have significant
clinical implications. Evidence from these studies can inform

© The National High School Journal of Science 2026 | 7



earlier diagnosis and intervention to focus on strengthening
specific oral and fine motor networks. Applied machine learn-
ing on larger sample sizes can also uncover multivariate pat-
terns that single ROI analyses cannot. Longitudinal studies
would also help to explore the overall development of these
structures in CAS, possibly providing earlier biomarkers for
diagnosis or tracking traits that shift with treatment.

These neuroanatomical findings directly inform the second
question of this review: how does imitation and repetitive
practice influence speech production in children with CAS?
The distributed deficits identified across the feedforward cir-
cuit, particularly in Broca’s area, the SMA, and the arcuate
fasciculus, suggest that effective intervention must target mo-
tor planning and sensory feedback integration simultaneously.
Current motor therapies for CAS have been developed with
precisely these networks in mind.

Current Motor Therapies for CAS

There are many therapies available for speech sound disorders.
Motor interventions are commonly applied to CAS cases5.
These therapies including ReST, DTTC, and PROMPT pro-
vide insights into how imitation and repetition influence
speech improvement.

Rapid Syllable Transition Treatment (ReST) focuses on
transitions between syllables54. The approach is centered
around the idea that syllables are the smallest “chunks” of
sound in the phonetic inventory, and intervention helps tran-
sition between movements for each syllable gesture to facil-
itate novel vocabulary acquisition54. ReST is recommended
for older children with mild speech impairment.

Studies show ReST to be reliable and have significant im-
provement in CAS54–57. Recently, studies show significant
long-term gains in speech sound production from intensive
ReST therapy (p = 0.007, η2 = 0.132)57. Although this study
was split between face-to-face and telehealth sessions dur-
ing the onset of COVID-19, limiting randomness and statis-
tical power, there were no significant differences between the
change in percent target sounds correct for untreated phrases
(p = 0.317, η2 = .025), and outcomes suggested explicit KP
feedback to contribute to gains57. This study is the first to ex-
hibit a large sample size (48 participants) of 9–17 years old
CAS patients without accompanying developmental disorders
with diverse racial backgrounds. These results align with other
randomized control trials using ReST treatment on younger
age groups and provide evidence for intensive treatment to
be more beneficial than distributed, allowing for stable gains
post treatment55,57. This study should be interpreted with cau-
tion as there was no control for maturation. Although most
ReST studies with younger samples with control for matura-
tion show similar results to these, older children develop dif-
ferently and gains may have been influenced by natural speech

acquisition55.
Compared to ReST, Dynamic Temporal Tactile Cueing

(DTTC) uses multimodal cueing methods including visual,
tactile, auditory, and proprioceptive cues to shape articula-
tion54. The clinician starts with simple gestural oral move-
ments and slowly increases speech rate for imitation and de-
creases motor planning time over treatment period54. Due to
the direct oral approach to improving motor planning, DTTC
is generally recommended for younger children with more se-
vere CAS54.

Converging studies on DTTC intervention for CAS suggest
cueing to be beneficial for overall improvement in younger
and older children58,59. A 6-week DTTC intervention study
on seven idiopathic CAS children below 6 years old showed
significant increase with relatively small effect sizes in word
accuracy for untreated (d = 0.26) and treated words (d = 0.31)
into maintenance59. Imitation of visual cues alongside feed-
back helped to specifically target inaccurate habits such as im-
proper phonetic placement59. Considering the wide age gap
between 2 years to 5 years in speech development, maturation
could have also played a role in improvement although the
child effect size was calculated to be insignificant, and it was
unknown whether additional treatment was received outside
of the study. Interestingly, although improvement was signif-
icant, the older children had consistent resistant speech errors
perhaps due to the short timeframe of the program and increas-
ing complexity59. Regardless, DTTC shows some promise
with speech improvement for CAS. Future studies on DTTC
intervention for young idiopathic CAS patients should account
for real-world limitations such as age as a factor in speech im-
provement.

Beyond idiopathic CAS, DTTC also seems to improve
speech in comorbid CAS with intellectual disability58. A lon-
gitudinal case study on a slightly older CAS patient undergo-
ing DTTC intervention resulted in a reduced speech rate from
94 to 71 syllables per minute and overall increase in compre-
hensibility from 0 to 58%58. Once again, through imitation of
visual cues, vocal behaviors that attracted negative attention
reduced and word accuracy greatly improved58. Similar to
the previous shorter study, imitation in DTTC led to increase
in overall speech word accuracy suggesting the importance of
replicating tactile cues to be crucial to this intervention’s suc-
cess.

Prompts for Restructuring Oral Muscular Phonetic Targets
(PROMPT) is more specific to CAS and has been shown to im-
prove sequential processing through the development of mo-
tor skills needed for interactive communication using tactile
kinesthetic cueing54,60. Treatment follows a Motor Speech
Treatment Hierarchy which starts at a general body tone and
phonation before moving to articulation including aspects like
vocal frequency, prosody, and intensity54. While both ReST
and DTTC are limited to speech sound disorders, PROMPT
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is also recommended for those with mild to severe CAS with
accompanying cognitive delay54.

Recent PROMPT studies provide deeper insight into the
neuroplasticity of tactile cueing, imitation, and repetition for
speech articulation60,61. A PROMPT intervention study on 14
children aged 3.9–6.6 years with idiopathic CAS used direct
tactile-kinesthetic cuing to the oral regions near the mouth and
face to inform correct positions and movement alongside vi-
sual and auditory cues60. Clinicians encouraged repetitive im-
itation through visual cues to work up to single word articula-
tion60. ROI analysis and an independent sample t-test showed
significant thinning of posterior superior temporal gyrus and
canonical Wernicke’s area (t(8) = 2.42, p≤ 0.05), regions im-
portant for sensory feedback in phonological processing, and
were associated with significant gains in speech although the
direct relationship was unclear60. Although neural pruning is
a development trait during older childhood and adolescence,
results also showed an original increased thickness in the left
supramarginal gyri, a region that is still unclear regarding its
effects in CAS, and its sustained cortical structure60. More
research regarding the left supramarginal gyri’s role in CAS
from early childhood to late adolescence is required.

This rapid neuroplasticity could be a result of imitation
from direct kinesthetic and visual cues. Other studies focusing
on speech intelligibility with similar sample traits (3 to 6 years
with CAS) have shown that decreasing feedback overtime
with longer and more intensive sessions result in significant
gains in speech motor control and speech intelligibility at the
sentence level62. Converging studies on young CAS patients
with comorbid CAS suggest PROMPT’s unique approach to
tactile cueing provides robust gains in articulatory control and
perceptual, sensory feedback integration61–63. Another cor-
tical study on Italian children with a mean age of 6.3 years
also showed significant improvement in speech intelligibility
(p = 0.039) and motor control (p = 0.057) associated with FA
increases with large effect sizes in the left dorsal corticobul-
bar tract, specifically the motor map for the face and tongue
(p = 0.043, d = 0.70 − 1.24)61. Despite the small sample
size, this study indicates the possibility for PROMPT ther-
apy to directly induce left lateralized cortical tract changes
in speech61. More research on the motor tracts implicated
in the DIVA model such as Broca’s area, the SMA, and front
aslant tract, is required to make connections between speech
improvement and neuroplasticity. Future research should also
control for maturation in a larger sample size ranging from
early childhood to adolescence in English speakers.

While DTTC, ReST, and PROMPT each demonstrate that
imitation and repetitive cueing can drive neuroplastic gains in
speech articulation, they remain confined to oral motor prac-
tice. This raises the third question: whether rhythmic mo-
tor movement beyond the oral system can influence speech
production. Evidence from tapping studies suggests that the

sequential processing deficits in CAS extend well beyond the
mouth, pointing toward a shared motor timing circuit that non-
oral rhythmic intervention may be able to target.

Rhythm in Speech

Children with speech sequential processing deficits are unable
to accurately time oral motor movements6. These sequential
processing deficits can also manifest as rhythmic motor error
extending beyond oral and facial muscles to broader motor
systems3,64. Tapping studies provide insights into how fine
and gross motor movements are impacted by sequential pro-
cessing deficits.

Research comparing diadochokinetic scores with repetitive
and alternate tapping indicates similarities in prosody and
rhythm where syllable and tapping durations are both coupled
and controlled by a “central rate delimiter” like the cerebellum
in the feedforward circuit65. Specifically, converging stud-
ies show that as syllables and keyboard tapping change from
repetitive to alternating, sequential processing loads increase
and performance decreases3,65,66. A tapping study on 21 7–11
year old children with speech language impairments indicated
significantly different speeds and rhythms than the controls
for the paced metronome task as the tempo increased from
1.5Hz (p < 0.001, η2 = .21) to 2Hz (p < 0.01, η2 = .16)67.
Post-hoc Bonneferri tests also showed SLI scores to be signif-
icantly more inconsistent compared to controls67. Although
the results for the paced task were significant, the effect sizes
were relatively small as expected due to the simplicity of the
task. Other studies showed similar results with insignificant
statistical values specific to CAS children performing repeti-
tive keyboard tapping tasks (p = 0.4126, d = 0.10)3.

Beyond repetitive tasks, children with CAS perform con-
siderably worse on alternating tapping. A specific study in-
dicated a significant reduction in pacing from repetitive key-
board tapping (p = 0.0545), a statistically insignificant rate,
to alternative keyboard tapping (p = 0.0088)65. Similarly, the
monosyllabic diadochokinetic task (p = 0.0545) had higher
accuracy than the disyllabic task (p = 0.0004)65. Researchers
explain this to be a correlation between tapping and speech
articulation due to increased sequential processing load in the
store and motor aspect of the circuit, leading to errors, delay,
and overcorrection3. Yet, slower repetitive tapping rates in
CAS also indicate an extreme impairment in the feedforward
circuit, even when sequential processing loads are low3,67.

Emerging research suggests the possibility for motor
rhythms to help develop auditory rhythmic sensitivity as they
both are implicated in the same motor programming cir-
cuit66,67. To further investigate this hypothesis, future stud-
ies should focus on solely longitudinal motor rhythmic inter-
vention through imitation and cueing to test improvement in
auditory feedback mechanisms. Together, these findings offer
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the potential to target the shared feedforward circuit underly-
ing both speech and non-speech motor timing in CAS through
non-oral methods.

The overlap between speech timing and non-oral motor
rhythm implies a shared neural mechanism coordinating both.
One candidate for this mechanism is the mirror neuron sys-
tem, which has been implicated in auditory-motor coupling,
imitation, and sensorimotor learning, all processes central to
both rhythmic intervention and speech acquisition in CAS.

Mirror Neurons in Speech-Motor Networks

The concept of the mirror neuron system provides some in-
sight into why a motor rhythmic intervention program for
CAS may work. Rizzolatti and colleagues first discovered
the presence of mirror neurons in macaque monkeys when
certain F5 neurons in the motor cortex fired when observing
and performing specific sensorimotor actions such as grasp-
ing and placing68. Since then, research suggests an involve-
ment of mirror neurons in the human cerebral cortex, specif-
ically Broca’s area, for sensorimotor learning and social in-
teraction68–70. Through visual cues, repetition, and imitation,
Hebian-like strengthening occurs between motor and sensory
neurons when watching our own actions, observing others,
and even receiving accompanying auditory input69. After mir-
ror neurons strengthen, sensory cues can trigger motor activa-
tion even without direct prior experience of the action, par-
ticularly when similar movements exist in the motor reper-
toire, and they also develop in relation to individual experi-
ences such as dancing or playing the piano69.

The relevance of this system to CAS is indirect but mean-
ingful. First, the primary locus of this system is Broca’s
area which studies have shown to be consistently implicated
in CAS showing reduced FA, volumetric abnormalities, and
underactivation across multiple studies37,40,53. Second, the
auditory-motor coupling in the mirror neuron system directly
parallels the feedforward and feedback deficits in CAS. If this
system is compromised, the ability to map auditory informa-
tion into the speech sound map and motor programs would be
impaired, contributing to the inconsistent speech patterns and
poor coarticulatory transitions that define CAS. Third, studies
investigating the correlation between oral imitation and fine
motor movement in 2–5 year old children with severe speech
impairments suggest the possibility for oral impairment to co-
occur with broader gross and fine motor imitation abilities
consistent with mirror neuron dysfunction71,72.

Together, these converging lines of evidence support a
testable hypothesis: that rhythmic interventions using vi-
sual and auditory cues, such as tapping to a beat or musical
rhythm, may engage mirror neuron circuits in Broca’s area
and through auditory-motor coupling, strengthen motor repre-
sentations that inform the feedforward circuit for speech. The

tapping literature already demonstrates shared sequential pro-
cessing demands between rhythmic motor tasks and speech ar-
ticulation in CAS3,65,67. What remains to be directly tested is
whether activating this shared circuit through non-oral rhyth-
mic practice produces measurable upstream effects on speech
motor programming. Future studies should examine mirror
neuron activation in pediatric CAS populations during rhyth-
mic tasks, controlling for maturation, comorbidity, handed-
ness, and severity, to determine whether this mechanism can
be directly exploited in intervention for CAS with varying
severity.

If mirror neurons provide the neural bridge between rhyth-
mic motor movement and speech, music therapy presents one
of the most naturalistic contexts in which this bridge could
be activated. Rhythm, melody, and imitation converge in mu-
sical interaction in ways that may simultaneously engage the
auditory-motor coupling and feedforward circuits implicated
in CAS.

Music Therapy

Given the mirror neuron system’s capacity to strengthen
auditory-motor coupling through observation and imitation,
music therapy presents itself as a naturalistic medium through
which rhythmic motor representations in CAS may be tar-
geted. To date, there is little evidence this type of interven-
tion is successful relative to the traditional interventions like
ReST, DTTC, and PROMPT. The small evidence available for
this theory spans in multiple levels from neuroimaging in adult
musicians to preliminary pediatric case studies and should be
interpreted with that hierarchy in mind.

At the neuroimaging level, studies comparing singing and
instrumental performance reveal overlapping neural activity
across regions implicated in both speech and fine motor con-
trol73. Regions included the cerebellum VI, CrusI-II, VIIIa,
and VIIIb, SMA, caudate nucleus, middle frontal gyrus, and
larynx area of the motor cortex when playing the cello ver-
sus singing in adults73. The anterior insula (aINS) and ante-
rior cingulate cortex (ACC) regions coordinating movement
and implicated in CAS were also observed to exhibit high
activity during both tasks2,47,52,73. The association between
speech prosody and music perception suggests the auditory-
motor coupling in the mirror neuron system to be linking
rhythm from music to speech. Rhythm training can enhance
the perception of speech signals, syllable production, and
phonological awareness. Through music intervention, chil-
dren with speech language disorders may be able to strengthen
motor movement and rhythmic control, indirectly helping to
strengthen speech articulation. This study is only generaliz-
able to adults with about 13.9 years of experience at playing
the cello73. Children exhibit different neural structures that
are undergoing maturation, and the comorbidity and severity
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of the speech disorder may result in slower rhythmic control
development. The listen/play paradigms in this study only uti-
lized single notes whereas in reality, speech tones and general
music are much more complex. Yet, Hausen and colleagues
indicated that beginning training before 7 years old may con-
tribute to co-opt neural networks developing, especially in the
larynx area of the motor cortex73. This novel finding provides
evidence for the mirror neuron connection between fine mo-
tor movement and speech articulation, and the possibility for
strengthening the auditory-vocal network through early music
exposure and interaction.

At the younger case study level, pediatric case studies sug-
gest that early musical exposure may similarly engage over-
lapping speech and motor networks in children with CAS. A
9-month long music therapy case study on a 3-year-old girl
with severe CAS showed music treatment to improve verbal
communication, socialization, cognitive, emotional, and mo-
tor skills/movement74. At the 5th session, although nonver-
bal, she attempted to verbalize sounds to visual instrument
cues and displayed oral muscle movement including smiles
as short single notes on the piano were used to facilitate in-
teraction74. At the 10th session, she was imitating oral move-
ment for vowel sounds and producing consonant sounds for
the starting letter of various instruments74. By the last session,
the girl displayed high vocalization of simple words and in-
creased cognitive understanding of letters despite taking long
breaks between treatment sessions74. Despite this study not
indicating fidelity or reliability measures, the intervention was
performed at a university clinic by a licensed clinician. The
child’s parents had also reported the child’s liking for mu-
sic and high energy levels which may have influenced her
early interactions with the clinician and exploration. Other
recent case studies using Speech–Music Therapy for Aphasia
(SMTA) indicated similar results with increased vocalization
and speech intelligibility74.

In contrast, at the structured intervention level, case studies
on Melodic Intonation Therapy (MIT) for CAS have shown
more mixed results. One case study compared 2 more emo-
tionally sensitive children with CAS (aged 5 and 6 years re-
spectively) regarding speech gains after 6 weeks of 40 minute
at-home sessions per week. A Goldman Fristoe Test of Ar-
ticulation and Khan-Lewis Phonological Analysis test before
and after treatment showed a slight increase in STP scores and
accuracy, specifically 7% for Participant 1 and 15% for Partic-
ipant 275. Overall both participants had more accurate word
productions in phonological processes after intervention in as-
pects including deletion of final consonants, initial voicing, fi-
nal devoicing, syllable reduction, stopping of fricatives and af-
fricatives, velar fronting and palatal fronting75. Although sta-
tistical analysis showed no significant improvement, pre and
post intervention scores indicate a possibility for MIT therapy
to improve outcomes for CAS. Future studies on MIT inter-

vention for CAS should consider an intensive and longitudi-
nal treatment with a larger sample size. They should also con-
sider the type of instrument, music, age, severity, handedness,
sex, and personality traits for each CAS participant. MRI data
throughout treatment may also provide insights into the neu-
roplasticity in CAS from music and rhythmic intervention.

Discussion

This review addressed 3 questions: (1) What are the anatom-
ical and functional connections between motor and speech in
children with CAS compared to children with typical develop-
ment? (2) How does imitation and repetitive practice influence
speech production? (3) How does rhythmic motor movement
intervention influence speech production?

Anatomical and Functional Connections in CAS

Converging evidence from neuroimaging studies confirms that
CAS is underpinned by deficiencies throughout the feedfor-
ward circuit in motor speech programming. Abnormalities are
consistently identified in the cerebellum, Broca’s area, the ar-
ticulate fasciculus, SMA, M1, basal ganglia, and thalamus.
Cerebellar deficits, although less directly evidenced in pedi-
atric CAS populations, are implicated in FOXP2 mutations
of Purkinje cells in Lobule VII and VIII as well as Crus I.
Lesion studies specifically point to the DCN impairment as
the source of feedforward dysregulation. Beyond the cerebel-
lum, FA reduction in the articulate fasciculus that connects
Broca’s area and Wernicke’s area consistently emerges as a
reliable structural biomarker for CAS between 9 and 15 years
of age. Volumetric reductions in the basal ganglia and thala-
mus, specifically the caudate nucleus, putamen, striatum, and
global pallidus, alongside somatosensory and auditory feed-
back cortices support the DIVA model characterization as a
motor planning and programming deficit with overreliance on
the feedback system.

Imitation and Repetition

The evidence reviewed regarding motor interventions provides
evidence that imitation and repetition positively influences
speech acquisition. Across ReST, DTTC, and PROMPT, the
use of visual, auditory, proprioceptive, and tactile cues consis-
tently produces gains in word accuracy, speech intelligibility,
and articulation control that continue beyond post-treatment.
Intensive motor intervention also proves to influence aspects
beyond behavioral. PROMPT neuroimaging studies show sig-
nificant thinning of Wernicke’s area into maintenance, con-
sistent with neural pruning accompanying consolidation of
more efficient sensory feedback processing. FA reductions
in the corticobulbar tract following PROMPT further suggest
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that repetitive imitation of sensory cues directly induces struc-
tural neural changes in the motor tracts governing face and
tongue muscle movement. ReST’s RCT evidence addition-
ally demonstrates intensive treatment produces more durable
long-term gains than distributed treatment, indicating a dose-
response relationship between motor planning and program-
ming and neuroplasticity. Together, these findings indicate
that imitation and repetition do not just reinforce correct sur-
face articulation, they appear to reorganize the underlying
motor-speech network in ways that generalize beyond treated
targets.

Rhythmic Motor Movement Intervention

The evidence presented in this study yields a cautious but
promising answer to the third question. Tapping studies con-
firm that sequential processing deficits are not tied to oral be-
havior, rather are implicated in fine motor movements as well.
CAS children perform significantly worse on complex mo-
tor movements such as alternative tapping compared to typ-
icals. This parallelism between speech timing errors and non-
oral motor timing errors implies a shared central rate delim-
iter, likely the cerebellum, coordinating both domains through
the same feedforward circuit. The implication is meaning-
ful: if speech and non-oral rhythmic movement draw on over-
lapping neural resources, then targeting that shared circuit
through rhythmic intervention may produce upstream effects
on speech motor programming.

The mirror neuron theory might offer a plausible mecha-
nism for this theory. Broca’s area, the main hub of mirror neu-
rons, is consistently implicated in CAS. If this region were
impaired, the ability to map observed rhythmic patterns to
motor programs would be compromised, consistent with the
inconsistent error patterns and poor coarticulatory transitions
defining CAS. Conversely, rhythmic interventions using vi-
sual and auditory cues may engage these same circuits, and
through auditory-motor coupling strengthen motor represen-
tations that feed into the feedforward system for speech. This
hypothesis is supported indirectly by the tapping literature, by
mirror neuron imitation studies in children with severe speech
impairments, and by the established role of Hebbian strength-
ening in sensorimotor learning.

Music therapy offers the most developed application of this
principle to date, though the evidence base remains stratified
and should be interpreted accordingly. At the neuroimaging
level, overlapping activation across speech and fine motor net-
works, including the cerebellum, SMA, caudate nucleus, and
laryngeal region of the motor cortex, provides mechanistic
support for music as a vehicle for engaging CAS-relevant cir-
cuits. The identification of a critical period before age 7 sen-
sitive to musical training forming co-opt neural networks in
oral regions such as the larynx in the motor cortex is a par-

ticularly significant finding for early intervention. At the case
study level, preliminary pediatric evidence suggests that early
musical engagement can facilitate vocalization, imitation, and
phonological awareness in children with severe CAS, though
the absence of fidelity measures and controlled designs limits
the conclusions that can be drawn. At the structured interven-
tion level, MIT results remain statistically mixed, most likely
reflecting the early state of the research rather than a true ceil-
ing on the approach’s potential.

Overall, rhythmic motor movement intervention for CAS
should currently be understood as a theoretically well-
grounded but empirically immature approach. The conver-
gence of tapping research, mirror neuron theory, and prelim-
inary music therapy findings is sufficient to justify dedicated
controlled investigation, but not yet sufficient to recommend
rhythmic intervention as a standalone clinical tool alongside
established approaches like DTTC and PROMPT.

Limitations

Significant constrictions limit the conclusions across this re-
view. Many of them lie in aspects of CAS that make it difficult
to perform experimental studies and invite speculation. The
low prevalence of CAS, about 0.1% of children, makes recruit-
ment of sample sizes larger than 30 extremely difficult, limit-
ing statistical power and generalizability. CAS is also highly
comorbid co-occurring with ASD, dysarthria, intellectual dis-
ability, and other developmental disorders, and most studies
are unable to control for this factor. The result is that find-
ings from comorbid populations are routinely, if cautiously,
extended to idiopathic CAS without sufficient empirical basis.

Age differences across small samples also presents a sig-
nificant challenge. Speech-motor development both behav-
iorally and anatomically differ between 3 year olds and 9
year olds into adolescence. Across development, matura-
tion is rarely controlled and could account for treatment im-
provement in longitudinal studies, especially in younger stud-
ies. Severity variation is similarly inconsistent across recruit-
ment criteria, making it difficult to determine whether find-
ings generalize across the mild-to-severe spectrum of the dis-
order. The assumption of left lateralization in CAS is also
increasingly challenged by bilateral deficit patterns observed
across multiple neuroimaging studies, yet many studies con-
tinue to focus ROIs predominantly on left hemisphere struc-
tures, potentially missing relevant right hemisphere abnormal-
ities. Finally, the majority of neuroimaging studies reviewed
are cross-sectional, providing snapshots of neural architecture
rather than insight into how these structures develop or re-
spond to intervention over time.
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Future Directions

Several research priorities emerge clearly from this review.
Longitudinal neuroimaging studies tracking the development
of key structures, particularly the arcuate fasciculus, bilat-
eral precuneus, thalamus, and cerebellar Crus I and Lobules
VI–VIII, from early childhood through adolescence would
provide critical insight into the developmental trajectory of
CAS and enable identification of earlier structural biomark-
ers for diagnosis. The thalamus and precuneus in particular
remain understudied relative to their apparent involvement in
the feedforward circuit and call for dedicated ROI analysis in
future work.

Machine learning applied to larger neuroimaging datasets
presents a significant opportunity to uncover multivariate
structural patterns that single ROI analyses cannot detect. The
preliminary application of linear SVM classification to CAS
neuroanatomy has shown limited discriminative power partly
due to sample size constraints. Larger datasets and non-
linear classification approaches may reveal more diagnosti-
cally meaningful patterns. Dedicated empirical studies on
mirror neuron activation in pediatric CAS populations during
rhythmic tasks are also needed to move the rhythmic interven-
tion hypothesis from theoretical framework to testable clinical
model. Such studies should systematically control for matu-
ration, comorbidity, handedness, severity, and sex-based dif-
ferences. Finally, controlled rhythmic and music-based inter-
vention trials with concurrent neuroimaging and larger, more
carefully characterized samples would establish whether the
auditory-motor coupling mechanisms identified in adult mu-
sicians and preliminary pediatric case studies can be reliably
recruited for speech gains in CAS.
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