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Abstract

Dance or rhythmic movement-based training has demonstrated significant efficacy in addressing a range of motor and
cognitive deficits associated with neurodegenerative diseases like Parkinson’s and Alzheimer’s diseases. Leveraging
both human and non-human animal behavioral and neurobiological evidence, | hypothesize a possible untapped role of
dance training in mitigating impairments in the motor control of speech, a complex sensorimotor behavior affected in
these conditions. Here, this hypothesis is supported by an in-depth examination of motor speech deficits in
Parkinson’s and Alzheimer’s diseases, at a behavioral, physiological, and neural level. Additionally, literature on the impact
of dance training on behaviors and brain pathways possibly relevant to speech motor control in populations with neuro-
degenerative diseases is thoroughly reviewed. Synthesizing these findings, | propose repurposing dance as a novel treat-
ment for motor speech deficits and outline specific experiments to test this hypothesis. By comprehensively investigating
the full spectrum of the effects of a motor-based training, i.e., dance, on often overlooked motor-based behaviors, such as
speech, we may uncover novel therapeutic avenues of a practice that has already shown promising implications.

Keywords
Alzheimer’s disease, communication, dance, language, motor, neurodegenerative, Parkinson’s disease, primary motor
cortex, speech

Received: 16 March 2024; accepted: |3 November 2024

Introduction of muscles (e.g., laryngeal, tongue, mouth) involved in pro-
ducing and articulating sound, whereas “language” will be
used as an umbrella term that includes the various modules
involved in this complex behavior, such as speech, seman-
tics, and syntax, among others.

In this paper, I aim to present the evidence that led me to
propose dance as a potential treatment for the motor control
aspects of speech deficits observed in neurodegenerative
diseases. My hypothesis is rooted in the evolutionary
concept known as the “vocal learning and rhythm synchron-
ization hypothesis”,'>~"* which posits a strong evolutionary
link between fundamental features of speech (i.e., vocal

Dance or rhythmic movement-based training, henceforth
referred to as dance training, has proven effective in addres-
sing diverse motor deficits associated with neurodegenerative
diseases such as Parkinson’s disease (PD), Alzheimer’s
disease (AD), or mild cognitive impairment (MCI).
Significant improvements in motor performance, balance,
sit-to-stand and timed-up-and-go performance, endurance,
walking velocity, and a reduction in freezing of gait have
been documented.'”” However, while speech, another
motor behavior, is significantly affected in various neurode-
generative disorders (e.g.,*?), the potential impact of dance
training on the deficits relevant to speech motor control has
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production learning, namely the ability to learn new
complex vocal sequences) and dance (i.e., body movement
rhythm synchronization). This hypothesis is based on find-
ings that indicate that the only two species that have been
identified so far to display evidence of rhythm synchroniza-
tion, humans and parrots, also exhibit the most advanced
vocal learning abilities.'*'* The central idea is that
advanced vocal learning in these species may have served
as a preadaptation for their beat synchronization abil-
ities."*'* At a molecular level, this hypothesis is supported
by findings'> showing that in vocal learning birds, all cere-
bral nuclei that control singing (i.e., syrinx movements,
analogous to larynx movements) lie immediately adjacent
to those activated during hopping (i.e., limb movements)."
Further, Gordon et al.'® demonstrated that genes showing
specialized upregulation or downregulation in one of the
singing control nuclei in vocal learning birds significantly
overlap with genes in humans carrying signatures predictive
of beat synchronization abilities. These findings altogether
suggest that the neural pathways and genes that enable us
to speak and to dance share important connections.
Building on the “vocal learning and rhythm synchroniza-
tion hypothesis”,'*"'* T proposed a potential underlying
neural mechanism grounded in compelling evidence
showing the very same neurons that project to speech-
control muscles (e.g., laryngeal) also project to
dance-relevant movement muscles (e.g., arm).17 In two
relevant studies, intracortical electrodes, implanted in the
conventionally identified “hand” area of the dorsal
primary motor cortex (M1), showed significant firing rate
changes not only during hand movements but also during
speech production.'®!” These studies not only showcased
that the “hand” area encodes specific spoken phonemes
but also achieved high-accuracy decoding of these pho-
nemes using both intracortical multiunit spikes and local
field potential power. In another relevant study, Willett
et al.?® recorded multi-unit activity from the hand knob
area of the precentral gyrus (M1) while participants per-
formed various movements, such as face (including
speech), head, arm, and leg movements. They found
strong neural tuning to all movement types, with single
neurons showing responsiveness to multiple movement cat-
egories. Pertinently, recent functional magnetic resonance
imaging (fMRI) studies by Gordon et al.?' unveiled that
human M1 comprises motor-specific regions intermingled
with so-called “inter-effector” integrating areas lacking
movement specificity. Overall, these and other?>?? studies
suggest that contrary to the ‘“one muscle, one motor
neuron” principle advocated by Penfield’s motor homuncu-
lus,24 motor representations in human M1 are organized
based on different principles, enabling the same neurons
to control multiple types of movement. For the “vocal learn-
ing and rhythm synchronization hypothesis”, I hypothesize
this implies that the very same neurons involved in the
control of speech-related muscle movements (e.g.,

laryngeal movements) could have been co-opted to
control dance-related rhythmic muscle movements (e.g.,
rhythmic arm movements). Moving forward, it would be
intriguing to investigate whether overlapping or adjacent
regions in other brain areas of these movement pathways
are co-activated during both speech and dance-related
movements.

Moreover, both speech and dance movements rely on a
tight auditory-to-motor integration. The importance of this
integration becomes more apparent when auditory feedback
lacks temporal or acoustic precision. In speech experiments
with delayed auditory feedback, participants were more
prone to producing incorrect sounds, making incongruous
repetitions, and exhibiting distorted speech patterns com-
pared to conditions with no delay.*>*® Similarly, in
rhythm entrainment experiments where participants
received distorted auditory feedback of their own finger-
tapping sounds on a table, they displayed increasing inac-
curacies and deviations from tempo, highlighting the reli-
ance of entrained movements on auditory-to-motor
integration.”” These parallels may partly explain develop-
mental findings in human children, where the ability for
sustained beat synchronization was found to predict the
development of phonological (speech) production until
late childhood.™®

Drawing on this cumulative evidence, in combination
with evidence I will present in detail here, I posit that train-
ing the brain pathways responsible for dance-activated body
movements could potentially impact the pathways respon-
sible for speech-activated movements (Figure 1). Here, I
review the evidence that led me to formulate this hypoth-
esis. I begin by examining the motor speech deficits
observed in PD and AD across behavior, physiology, and
underlying brain pathways. Subsequently, I delve into the
dance literature, exploring its potential relevance to motor
speech behaviors and associated brain pathways in popula-
tions with neurodegenerative diseases. Combining these
strands, I articulate my hypothesis regarding the potential
of dance as a treatment for motor speech deficits in neuro-
degenerative diseases and propose experimental approaches
to empirically test it.

Motor speech deficits and underlying brain
pathways in Parkinson’s disease

PD is a progressive neurodegenerative disorder known for
its array of motor symptoms, extensively studied over the
years, including tremor, bradykinesia, rigidity, gait dys-
function, and postural instability.29 Despite this, deficits
in speech, another motor domain affected by PD, have
not received comparable attention in terms of assessment
and intervention. Yet, research indicates that motor
speech impairments affect a significant proportion of PD
patients, with estimates ranging from 70% to 89%.%°
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Figure |. Diagram of the proposed effect of dance training on speech-motor performance in individuals with neurodegenerative
diseases. During dance training, participants activate motor pathways that control dance-related muscle movements (e.g., hand, arm,
hip, and knee muscles). For example, during partnered dance training, participants typically hold each other during paired dances, which

can activate motor pathways that control hand/arm muscle movements. According to evidence reviewed in the article (e.g.,

1820
)

’

neurons in the MI region control muscles involved in dance-related (e.g., hand) and speech-related (e.g., larynx) movements.

Consequently, while dancing, participants engage these overlapping neural pathways, potentially enhancing not only the control of
muscles involved in dancing but also those involved in speech-motor coordination. Thus, dance training may contribute to speech
improvement through enhanced control of relevant laryngeal muscles that control the abduction and adduction of the vocal folds.

Importantly, for 29% of these patients, motor speech defi-
cits are identified as a primary concern, alongside the hall-
mark whole-body motor symptoms.

Motor speech impairments in people with PD (hence-
forth, PwWPD) encompass a range of challenges, including
but not limited to difficulties in articulation, loudness,
speech rate, fundamental frequency, and pitch.
Specifically, key characteristics of these deficits include
imprecise articulation,>*! often marked by imprecise con-
sonants;>>>> monotony and reduced loudness;*'>*** vari-
able and abnormal speech rate,3O’3 1.33.34 sometimes with
rushes reminiscent of stutten'ng;m’34 abnormal fundamental
frequency,” leading to prosodic insufficiency, such as
reduced stress on typically emphasized syllables or
WOI‘dS;30’33’34 and monotonous>>** or higher35 vocal
pitch, hindering the ability to convey intended emotional
tones. Consequently, these impairments contribute to
decreased speech intelligibility,® with researchers com-
monly classifying them under the umbrella term
“dysarthria” >34

Our understanding of these speech deficits as motor is
supported by evidence indicating aberrations in the function

of laryngeal muscles and vocal folds in PwPD, as revealed
by various diagnostic tests such as electromyography, tele-
scopic  cinelaryngoscopy, (videolaryngo)stroboscopy,
endoscopy, and fiberoptic endoscopic evaluation.>’*
These assessments have unveiled several irregularities in
laryngeal muscle movements, including laryngeal tremor,
limited thyroarytenoid muscle movement, and altered
firing patterns of thyroarytenoid muscle motor units,>’ "
as well as spontaneous intrinsic cricothyroid muscle activity
during rest (“hypertonicity”).*® During speech production,
these laryngeal muscle contractions control vocal fold
movement, where PwPD exhibit atypical features, such as
vocal fold bowing, preventing complete closure for efficient
sound production.®”*!'~** Additionally, asymmetrical vibra-
tory patterns in the vocal folds have been observed, indica-
tive of uncoordinated vocal fold movement during
phonation.*” Corroborating these findings, PwPD demon-
strate significantly higher subglottal pressure during phon-
ation compared to neurotypical individuals, aligning with
reports of difficulty in vocal projection.**

Numerous studies have delved into the neural correlates
and connectivity alterations linked to motor speech
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impairments in PD, with particular emphasis on the M1,
housing the laryngeal and orofacial motor cortices essential
for motor control of speech.*>*® Liotti et al.*’ using PET
scans, revealed stronger speech-related activations in the
mouth area of the M1, premotor cortex (PMC), and supple-
mentary motor area (SMA) in PwPD compared to controls.
Conversely, Pinto et al.*® observed reduced activation in the
right orofacial M1 and cerebellum but increased activity in
the right superior PMC and SMA during speech production
in PwPD. Using fMRI, Rektorovi et al.*’ found increased
involvement of the left orofacial M1 and right M1, which
they termed “primary orofacial sensorimotor cortex”, cor-
relating with reading initiation. Connectivity studies by
Manes et al.>® showed increased resting-state connectivity
between the left dorsal laryngeal motor cortex (LMC) in
the M1 and left internal globus pallidus (GPi) in PwPD
with motor speech deficits. Similarly, Chen et al>!
reported correlations between dysarthria severity and
morphological changes in the right precentral cortex,
where the M1 is located, and the right fusiform gyrus.
Mollaei et al.*? utilizing diffusion tensor imaging (DTI) in
PwPD detected increased mean diffusivity in their left
hemisphere, spanning from the LMC in the M1 to the
putamen. These findings underscore robust associations
between motor speech deficits in PwPD and altered
speech production-related neural activity or connectivity
patterns, primarily centered on the M1, which notably
demonstrates overlapping activity at the neuronal level
for both laryngeal and other body movements relevant
to dance.'®2°

Other experiments have demonstrated aberrant connect-
ivity patterns in brain regions crucial for speech production
or perception, as evidenced in studies comparing PwPD
with neurotypical individuals. Rektorova et al.”® focused
their study on the periaqueductal grey matter, revealing
greater functional connectivity between this region and
the right basal ganglia, posterior superior temporal gyrus
(STG), supramarginal gyrus, fusiform gyrus, and inferior
parietal lobe in PwPD versus controls. Within the PD
cohort, connectivity strength in the right putamen and
supramarginal gyrus correlated with pitch variability,
while connectivity in the right posterior STG and inferior
parietal lobule correlated with speech loudness. New
et al.>* investigated resting-state functional connectivity in
the voice network of PwPD, detecting reduced connectivity
from the left thalamus and bilateral putamen to cortical
areas such as STG and the rolandic operculum. More
recently, Elfmarkova et al.>® observed diminished connect-
ivity between the right caudate and right dorsolateral pre-
frontal cortex in PwPD compared to controls. These
findings collectively highlight the intricate neural substrates
associated with motor speech deficits in PD, implicating
multiple brain regions and connectivity patterns crucial
for speech production (e.g., M1, SMA, PMC, basal
ganglia)’® and auditory feedback control (e.g., STG).”’

Motor speech deficits and underlying brain
pathways in Alzheimer’s disease

AD is typically characterized by progressive memory
impairment and overall cognitive decline.’® Initially,
motor impairments were not considered core deficits of
AD,5 % but recent studies have illuminated various motor dif-
ficulties in AD, including challenges in gait and balance
performance.®®%? Similarly, dysfunctions in the language
realm were initially explored primarily through tasks asses-
sing memory functions, such as picture naming or word
recall tasks.®® Consequently, the motor aspects of speech
production, including phonation, articulation, and
prosody, were somewhat overlooked. However, more com-
prehensive assessments have since revealed impaired motor
speech abilities even in individuals with mild AD.%*%°

Research on the speech of people with Alzheimer’s
disease (PwAD) has identified distinctive features in tem-
poral, acoustic, and prosodic parameters compared to cog-
nitively typical elderly individuals. Most frequently
reported motor speech issues include voice changes with
larger variations in frequencies (jitter) and amplitude
(shimmer), more and longer voice pauses, higher
noise-to-harmonic ratio, and lower articulation rate. %0
Specific examples of articulatory impairments include
false starts and phonological errors.®® These deficits
impact the overall articulation rate and speech tempo,®’
which are also found to be lower. In terms of prosody,
PwAD were found to be less able to modulate their pitch
when emotional prosody needs to be recruited, for
example, when expressing happiness or anger.®®
According to Cera et al.,* these deficits closely resemble
the ones identified in “speech and orofacial apraxia”,
which interferes with the capacity to plan and execute
muscle movements properly for producing phonemes.**
In their study, they found that some degree of speech and
orofacial apraxia is nearly always present in AD, regardless
of disease stage.®” Overall, these findings suggest that,
although overlooked for a long time, motor speech deficits
are important characteristics of AD, which have since been
utilized to aid in early AD diagnosis.

Finding relevant neuroimaging studies that could help
uncover the neurobiological basis of motor speech deficits
in PWAD was challenging: on one hand, there was a pre-
dominant emphasis on the “semantic” network in the exist-
ing literature, and, on the other, studies primarily focused on
Broca’s and Wernicke’s areas as seed regions of interest,
neglecting exploration of motor regions crucial for
speech, such as the M1. For instance, one study using mag-
netoencephalography (MEG)-based functional imaging”®
found a significant reduction in speaking-induced suppres-
sion of the primary auditory cortex in PwAD, suggesting
inaccurate auditory feedback predictions contributing to
speech abnormalities in AD. Another study by Pistono
et al.”' revealed a global increase in functional connectivity
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in individuals with MCI due to AD in brain regions often
activated in language tasks. In contrast, Weiler et al.”* iden-
tified significant decreases in functional connectivity in the
default mode network (DMN) and Wernicke’s area in
patients with mild AD compared to controls. These
studies collectively emphasize the need for more focused
investigations into the neural underpinnings of motor
speech deficits in AD, particularly within motor-related
brain regions.

The impact of dance training on behaviors
and brain pathways potentially relevant to
speech motor control

To the best of my knowledge, this is the first explicit pro-
posal suggesting that dance could potentially improve
motor speech deficits in neurodegenerative disorders.
However, certain published reports have included tests rele-
vant to overall language abilities within their dance studies.
Most of these assessments are part of broader question-
naires, such as the Unified Parkinson’s Disease Rating
Scale.”>”* For instance, in submodule 3.1 of this scale,
“free-flowing speech” is evaluated in terms of “volume,
modulation (prosody), and clarity, including slurring, pali-
lalia (repetition of syllables), and tachyphemia (rapid
speech, running syllables together)”, all being categories
relevant to motor speech production. A comprehensive
meta-analysis of 14 randomized controlled trials with a
total of 372 patients undergoing dance training for PD’°
reported a significant improvement in overall UPDRS
module 3 scores after 3, 6, or 12 months of dance
therapy. Unfortunately, none of these studies provided
detailed results for submodules, limiting the ability to
understand the specific impact of dance on speech motor
control (submodule 3.1).

Still, there are dance studies conducted on relevant neu-
rodegenerative diseases that have demonstrated significant
improvements in tests assessing different aspects of lan-
guage, with some of their findings being possibly relevant
to speech motor control (Table 1). For instance, Lazarou
et al.'® found that 10 months of International Ballroom
Dancing led to enhanced performance in verbal fluency
and learning among elders with amnestic MCI compared
to controls. This improvement was assessed using the
Verbal Fluency F-A-S test and the Rey Auditory Verbal
Learning Test. The former evaluates word recall and phon-
emic fluency by requiring participants to produce as many
words as possible starting with F-A-S, while the latter
focuses mostly on word recall from given word lists. In a
separate study,’® elders with metabolic syndrome who
engaged in Latin dancing for over 6 months showed
improvement in speech-relevant domains, including
verbal fluency, word list delayed recall, and word list recog-
nition. Although the specific tests used were not detailed,

these typically assess word recall based on specific cues
or word lists. Meanwhile, Hokkanen et al.'' observed
improved language abilities, assessed by the “Cookie
Theft picture” from the Boston Diagnostic Aphasia Test,
in participants with various types of dementia, including
AD, after 13 weeks of dancing. This test requires partici-
pants to describe a depicted domestic scene in which a
woman is drying dishes next to a sink in the kitchen, with
water overflowing from the tap, while two children
attempt to take cookies from a jar without their mother’s
notice. Although this test covers a range of speech categor-
ies, from phonology to semantics, the authors did not
specify the categories they measured. Considering that in
these studies, improvement in overall language perform-
ance,'" or phonemic'® and verbal fluency’® might reflect
enhanced speech-related muscle control, these studies’ find-
ings could be considered relevant to the hypothesis that
dance training could enhance motor speech production
(Table 1).

Evidence from other studies primarily point to improve-
ment in other aspects of language production, such as
semantic recall (Table 1). For example, Dominguez
et al.”” noted an enhancement in the Boston Naming Test
following 48 weeks of structured modular ballroom dance
intervention in individuals with MCI, with this test mostly
evaluating word retrieval through the spontaneous naming
of line-drawn pictures. Relevantly, Wharton et al.’®
assessed progress in the d-KEFS Color Word Interference
test in African American women with family history of
Alzheimer’s disease after 12 weeks of Adapted Argentine
Tango. In this test, participants are presented with a list of
words naming colors that are printed in different colored
ink (e.g., the word “green” printed in red color), where
they are asked to shift between color naming and word
reading. Tango participants were found to show improved
or maintained number of errors performed during the inhib-
ition condition, where they were asked to utter the color the
word was printed and inhibit their dominant verbal response
to read the word out. These findings suggest improvement
in various aspects of language-based communication, but
more so in non-motoric aspects. Further studies focusing
on the motor aspects of speech, such as articulation and
prosody, are necessary to elucidate the impact of dance
on these aspects (see next section for suggested practices).

When examining the brain pathways affected by dance
training, there is a paucity of neuroimaging studies specific-
ally targeting individuals with neurodegenerative condi-
tions such as PD, AD, or MCI. To gain relevant insights,
one can turn to investigations into neural changes following
dance training in healthy elderly individuals or studies com-
paring professional dancers with non-dancers, although it
remains unclear if these effects are translatable to indivi-
duals with neurodegenerative disorders (also see relevant
review’?). When it comes to studies in neurodegenerative
diseases, Batson et al.*® demonstrated increased network
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connectivity between the basal ganglia and PMC in a
person with PD after undergoing 7 weeks of improvisation
dance training. In another study,®' the brains of 17 PwPD
were scanned over an extensive 8-month dance training
period, revealing differences in the activity of their seed
region of interest, the subgenual cingulate gyrus. A more
recent study®? with 58 PwPD explored potential fMRI
effects of leader versus follower roles in a 12-week
adapted tango training; the follower group showed
increased brain activation in the M1 lower limb region
and right cerebellar lobule VIIla. Qi et al.** compared
resting-state fMRI (rsfMRI) data from older adults with
MCI who participated in moderate-intensity aerobic dance
to a control group and observed a significant increase in
the amplitude of low-frequency fluctuation in several
brain regions, including the bilateral fronto-temporal,
entorhinal, anterior cingulate, and parahippocampal
cortex. MRI studies in healthy elderly individuals
undergoing 6-month dance protocols®® demonstrated
significantly larger gray matter volumes in multiple
areas, including key frontal areas highlighted in this
article, such as the left precentral gyrus (M1). Studies focus-
ing on the structural brain changes in professional dancers
compared to non-dancers,®”®® have highlighted, among
other findings, higher diffusivity values and larger tract
volumes in M1 pathways descending from head, hand,
arm, and leg motor regions to the cerebral peduncles.
These findings emphasize the potential brain changes
induced by dance training across different populations,
including in brain areas (e.g., M1) that are directly relevant
to this hypothesis.

In the context of the potential role of dance training in
speech motor performance, it is important to note that
while these studies’ findings refer to broad brain regions
implicated in various behaviors, many of the areas affected
by dance training are also associated with speech produc-
tion. This includes regions like the MI1 (precentral
gyrus),45 SMA,89 PMC,90 frontal cortex areas,gl’92 and
several structures within the basal ganglia, such as the
putamen.”® For these results to be more comparable
across dance and speech studies, it would be beneficial
for researchers to report subregions more specifically,
such as “posterior putamen”, instead of just ‘“basal
ganglia”, or “dorsal LMC”, instead of “M1”. Drawing
from studies indicating overlap between hand and laryngeal
areas in the M1,"®'® one might speculate that the higher dif-
fusivity values and larger tract volumes descending from
the hand M1 area to the cerebral peduncles observed in pro-
fessional dancers®” could involve the MI area where
neurons controlling both hand and laryngeal movements
overlap. Overall, while there is suggestive evidence that
dance training may impact pathways related to speech
motor control, further studies directly investigating this
relationship are warranted.

Hypothesis on the role of dance in motor
speech deficits and testable approaches

Synthesizing all the evidence, I propose a hypothesis sug-
gesting that dance training may influence not only brain
pathways associated with body movement but also those
linked to speech movement, particularly those responsible
for laryngeal and/or orofacial movements (Figure 1). This
hypothesis finds substantial support from research in
humans'®*2%%** and non-human animals,” indicating
that overlapping brain areas or single neurons in the M1
control hand, leg, and laryngeal movements, of which the
latter are involved in speech control. Similar functional
overlaps between hand and speech-relevant muscle activity
have been shown in neurons within other brain regions of
the M1 network, such as the supramarginal gyrus®* and
middle frontal gyrus.”® Behavioral studies, particularly
those demonstrating improvements in verbal fluency fol-
lowing dance interventions in individuals with neurodegen-
erative diseases, further bolster this hypothesis. Moreover,
I postulate that investigating the impact of dance training
on individuals with conditions like PD and AD, character-
ized by measurable motor speech deficits, could provide
valuable insights. Given the documented efficacy of dance
training in enhancing various motor, cognitive, and emo-
tional functions in PD and AD, repurposing it to address
motor speech deficits could offer a promising therapeutic
avenue without imposing additional burdens on affected
individuals.

To experimentally assess the behavioral aspect of this
hypothesis—whether dance training can ameliorate motor
speech deficits in PwPD or PwAD—a study could be
designed to evaluate speech motor performance before
versus after dance intervention. Established programs like
Dance for PD®% or AdapTango®” could provide structured
protocols for the dance training sessions. Considering the
duration of training, existing literature suggests that at least
13 weeks of training may yield observable improvements
in language abilities,'" hence a training period exceeding
this minimum duration would be advisable. In terms of
control groups, an ideal experimental setup might include:
a) a control group maintaining their usual daily activities
without any therapeutic intervention, as advised by their
healthcare provider; b) a control group engaged in repetitive
physical exercises; and c) a control group participating in
social conversational activities. These control groups would
help discern the specific effects of dance training on speech
compared to other interventions or natural activities,
though each comes with its own pros and cons. For
example, since the dance intervention is social in nature,
maintaining daily activities (a) would not control for the
social aspect. Control group (b) could address this by
engaging in physical exercises in a group (social) setting.
Control group (c) would also control for the social element
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but includes the speech element (conversation), which would
not be controlled for. Therefore, a combination of control
groups would ideally enable the experimenters to control
for various confounding factors.

For assessing speech motor performance, a comprehen-
sive battery of tests drawn from standard evaluation materi-
als commonly used in speech-language therapy could be
employed. For example, the Assessment of Intelligibility
of Dysarthric Speech (AIDS) test, developed by Yorkston
et al.,”® is a widely used tool to quantify speech intelligibil-
ity and speaking rate. Additionally, semi-automated acous-
tic analyses using tools like Praat software,” along with
fully automated analyses,'®®'®" could offer objective
insights into various speech parameters. These tests collect-
ively cover aspects like intelligibility, loudness, duration,
pitch, frequency variability, vocal quality, prosody, and
speech rate, providing a comprehensive evaluation of
speech characteristics relevant to the study hypothesis.

A pertinent question arises regarding the actual necessity
of additional or novel therapeutic practices for addressing
motor speech deficits, given the existing practices of
speech and language therapy (SLT). Although various
forms of SLT, such as Lee Silverman Voice Treatment
(LSVT),'®? have been widely employed to tackle speech
impairments associated with neurodegenerative diseases,
the robustness of the evidence supporting their effective-
ness remains ques.tionable.m’104 Moreover, PwPD and
PwAD have expressed dissatisfaction with SLT focusing
on repetitive drills and motor exercises, feeling that func-
tional communication should be the primary focus.'®’
Another consideration is the demanding nature of many
SLT approaches, such as LSVT-based practices, which typ-
ically require intensive therapy sessions 4 times per
week,'% contrasting with the weekly dance classes often
employed in the aforementioned dance training studies.
Furthermore, dance training offers a more socially reward-
ing environment, facilitating interaction among individuals
with neurodegenerative diseases, unlike traditional speech
training, which involves one-on-one sessions with a
speech therapist and may not be as motivating or socially
engaging as dance training. Given these factors, repurpos-
ing dance training to address motor speech deficits could
alleviate the burden of attending multiple therapy sessions
per week. Should a significant positive effect of dance on
speech performance be observed, subsequent studies
would need to incorporate control groups undergoing SLT
alone, as well as groups undergoing both dance training
and SLT, to shed light on the individual and combined
effects of these interventions on speech outcomes. This
approach would provide valuable insights into the progres-
sion of speech performance under different therapeutic
modalities.

Testing the hypothesis that dancing affects
speech-relevant circuits at a neural level would require inte-
grating behavioral studies with neuroimaging techniques,

such as fMRI and DTI. One plausible experimental
design entails scanning participants’ brains before, during,
and after dance training to evaluate potential changes in
brain activation patterns throughout different phases of
the training process. In each scan session, participants’
effector regions, such as finger and larynx effector areas,
would be assessed during simple and rhythmic movements
(e.g., control finger movements and finger tapping; swal-
lowing and speech). Since conducting full-fledged dance
routines within an MRI scanner is unfeasible, participants
could engage in simplified choreographies that are compat-
ible with the scanning environment, possibly aided by an
inclined board (e.g.,'”’), as well as engage in tasks where
they visualize themselves dancing (e.g.,*'). Additionally,
they would undergo a series of speech tasks, ranging from
reading aloud and repeating words to generating spontan-
eous speech samples. Brain activity within the motor
speech-related regions of each participant would then be
compared before, during, and after dance training.
Moreover, using the identified effector areas as seed
regions, potential changes in connectivity between brain
regions pertinent to speech production, such as the LMC
and the nucleus ambiguous, could be uncovered using
rsfMRI or DTT. Identifying changes in these brain pathways
will not only help narrow down the specific dance-activated
brain pathways that might mediate speech improvements
but also enable us to tailor future experiments more opti-
mally, such as determining the optimal study duration and
intensity or deciphering brain correlates for those who
respond more or less to the training.

Conclusion

Emerging evidence highlights the efficacy of dance training
in ameliorating motor and psychological symptoms among
individuals grappling with neurodegenerative disorders like
PD and AD. In this paper, I posit that an often-overlooked
motor impairment in both PD and AD lies within their
motor speech deficits. Contrary to previous notions
framing these deficits solely within the domain of
memory-related impairments, recent findings suggest a dis-
tinct motor deficit, particularly evident in categories such as
amplitude and fundamental frequency. Drawing from
insights gleaned from human and non-human animal neuro-
science, I propose repurposing dance training to target the
motor aspects of these speech impairments, focusing on
areas within the M1 that project to both laryngeal and
other body muscles—where the former is involved in
speech and the latter in dance. This hypothesis finds
support in existing evidence demonstrating the significant
improvement of language facets, possibly including
speech, and broader brain pathways associated with
speech regions following dance training. However, as this
hypothesis is novel, no published study, to my knowledge,
directly substantiates it at either the behavioral or neural
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level. Thus, I outline a testable approach that can serve as a
framework for future investigations. Beyond the potential
social and mental health benefits for participants, exploring
this hypothesis offers an opportunity to probe the “vocal
learning and rhythm synchronization hypothesis”.'*™*

In conclusion, testing this hypothesis promises insights
into: a) human neurobiology, as it may unveil overlaps in
motor pathways, potentially challenging conventional
notions of distinct motor functions being supported each
by different neurons and brain regions; b) therapeutic
avenues for individuals with PD and AD experiencing
motor speech deficits; and ¢) human evolution, shedding
light on the origins of two pivotal modes of human sensori-
motor communication—speech and dance.

ORCID iD

Constantina Theofanopoulou
2014-7563

https:/orcid.org/0000-0003-

Statements and declarations

Author contributions

Constantina Theofanopoulou (Conceptualization; Data curation;
Funding acquisition; Investigation; Methodology; Writing — ori-
ginal draft; Writing — review & editing).

Funding
CT wishes to thank The Rockefeller University and the Center for
the Ballet and the Arts (New York University).

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with
respect to the research, authorship, and/or publication of this
article.

References

1. Duncan RP and Earhart GM. Randomized controlled trial of
community-based dancing to modify disease progression in
Parkinson disease. Neurorehabil Neural Repair 2012; 26:
132-143.

2. Hackney ME and Earhart GM. Effects of dance on gait and
balance in Parkinson’s disease: a comparison of partnered
and nonpartnered dance movement. Neurorehabil Neural
Repair 2010; 24: 384-392.

3. Sharp K and Hewitt J. Dance as an intervention for people
with Parkinson’s disease: a systematic review and
meta-analysis. Neurosci Biobehav Rev 2014; 47: 445-456.

4. Volpe D, Signorini M, Marchetto A, et al. A comparison of
Irish set dancing and exercises for people with Parkinson’s
disease: A phase II feasibility study. BMC Geriatr 2013; 13: 54.

5. Bearss KA, McDonald KC, Bar RJ, et al. Improvements in
balance and gait speed after a 12 week dance intervention
for Parkinson’s disease. Adv Integr Med 2017; 4: 10-13.

6. Harrison EC, Earhart GM, Leventhal D, et al. A walking
dance to improve gait speed for people with Parkinson

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

disease: a pilot study. Neurodegener Dis Manag 2020; 10:
301-308.

Kunkel D, Fitton C, Roberts L, et al. A randomized con-
trolled feasibility trial exploring partnered ballroom
dancing for people with Parkinson’s disease. Clin Rehabil
2017; 31: 1340-1350.

Logemann JA, Fisher HB, Boshes B, et al. Frequency and
cooccurrence of vocal tract dysfunctions in the speech of
a large sample of Parkinson patients. J Speech Hear
Disord 1978; 43: 47-57.

Glosser G, Kohn SE, Friedman RB, et al. Repetition of
single words and nonwords in Alzheimer’s disease.
Cortex 1997; 33: 653-666.

Lazarou I, Parastatidis T, Tsolaki A, et al. International ball-
room dancing against neurodegeneration: a randomized
controlled trial in Greek community-dwelling elders with
mild cognitive impairment. Am J Alzheimers Dis Other
Demen 2017; 32: 489-499.

Hokkanen L, Rantala L, Remes AM, et al. Dance and move-
ment therapeutic methods in management of dementia: a
randomized, controlled study. J Am Geriatr Soc 2008; 56:
T71-772.

Patel AD. Vocal learning as a preadaptation for the evolu-
tion of human beat perception and synchronization. Philos
Trans R Soc Lond B Biol Sci 2021; 376: 20200326.

Patel AD, Iversen JR, Bregman MR, et al. Experimental evi-
dence for synchronization to a musical beat in a nonhuman
animal. Curr Biol 2009; 19: 827-830.

Jao Keehn RIJ, Iversen JR, Schulz I, et al. Spontaneity and
diversity of movement to music are not uniquely human.
Curr Biol 2019; 29: R621-R622.

Feenders G, Liedvogel M, Rivas M, et al. Molecular
mapping of movement-associated areas in the avian brain:
a motor theory for vocal learning origin. PLoS One 2008;
3:el1768.

Gordon RL, Ravignani A, Hyland Bruno J, et al. Linking
the genomic signatures of human beat synchronization
and learned song in birds. Trans R Soc Lond B Biol Sci
2021; 376: 20200329.

Theofanopoulou C. Tapping into the vocal learning and
rhythmic synchronization hypothesis. BMC Neurosci
2024; 25: 63.

Stavisky SD, Rezaii P, Willett FR, et al. Decoding speech
from intracortical multielectrode arrays in dorsal “arm/
hand areas” of human motor cortex. In: 2018 40th Annual
International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), New York, NY,
2018, pp.93-97: IEEE.

Wilson GH, Stavisky SD, Willett FR, et al
Decoding spoken English from intracortical electrode
arrays in dorsal precentral gyrus. J Neural Eng 2020; 17:
066007.

Willett FR, Deo DR, Avansino DT, et al. Hand knob area of
premotor cortex represents the whole body in a compos-
itional way. Cell 2020; 181: 396-409.e26.


https://orcid.org/0000-0003-2014-7563
https://orcid.org/0000-0003-2014-7563
https://orcid.org/0000-0003-2014-7563

1094

Journal of Alzheimer’s Disease 105(4)

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Gordon EM, Chauvin RJ, Van AN, et al. A somato-
cognitive action network alternates with effector regions
in motor cortex. Nature 2023; 617: 351-359.

Ejaz N, Hamada M and Diedrichsen J. Hand use predicts the
structure of representations in sensorimotor cortex. Nat
Neurosci 2015; 18: 1034—1040.

Huber L, Finn ES, Handwerker DA, et al. Sub-millimeter
fMRI reveals multiple topographical digit representations
that form action maps in human motor cortex.
Neuroimage 2020; 208: 116463.

Penfield W and Rasmussen T. The cerebral cortex of man; a
clinical study of localization of function. New York:
Macmillan, 1950.

Lester-Smith RA, Hilger A, Dunne-Platero KE, et al. The
effects of masked and delayed auditory feedback on funda-
mental frequency modulation in vocal vibrato. J Voice
2024; 38: 1137-1148.

Malloy JR, Nistal D, Heyne M, et al. Delayed auditory feed-
back elicits specific patterns of serial order errors in a paced
syllable sequence production task. J Speech Lang Hear Res
2022; 65: 1800-1821.

Tierney A and Kraus N. Getting back on the beat: links
between auditory—motor integration and precise auditory
processing at fast time scales. Eur J Neurosci 2016; 43:
782-791.

Nave KM, Snyder JS and Hannon EE. Sustained musical
beat perception develops into late childhood and predicts
phonological abilities. Dev Psychol 2023; 59: 829-844.
Maetzler W and Hausdorff JM. Motor signs in the pro-
dromal phase of Parkinson’s disease. Mov Disord 2012;
27: 627-633.

Hartelius L and Svensson P. Speech and swallowing symp-
toms associated with Parkinson’s disease and multiple scler-
osis: a survey. Folia Phoniatr Logop 1994; 46: 9-17.
Chiu Y-F, Neel A and Loux T. Exploring the acoustic per-
ceptual relationship of speech in Parkinson’s disease.
J Speech Lang Hear Res 2021; 64: 1560-1570.

Darley FL, Aronson AE and Brown JR. Clusters of deviant
speech dimensions in the dysarthrias. J Speech Hear Res
1969; 12: 462-496.

Pinto S, Ozsancak C, Tripoliti E, et al. Treatments for
dysarthria in Parkinson’s disease. Lancet Neurol 2004; 3:
547-556.

Darley FL, Aronson AE and Brown JR. Differential diag-
nostic patterns of dysarthria. J Speech Hear Res 1969; 12:
246-269.

Canter GJ. Speech characteristics of patients with
Parkinson’s disease: i. Intensity, pitch, and duration. J
Speech Hear Disord 1963; 28: 221-229.

Coates C and Bakheit AMO. The prevalence of verbal com-
munication disability in patients with Parkinson’s disease.
Disabil Rehabil 1997; 19: 104-107.

Perez KS, Ramig LO, Smith ME, et al. The Parkinson
larynx: tremor and videostroboscopic findings. J Voice
1996; 10: 354-361.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Hirose H. Pathophysiology of motor speech disorders
(dysarthria). Folia Phoniatr Logop 1986; 38: 61-88.
Luschei ES, Ramig LO, Baker KL, et al. Discharge charac-
teristics of laryngeal single motor units during phonation in
young and older adults and in persons with Parkinson
disease. J Neurophysiol 1999; 81: 2131-21309.

Zarzur AP, Duarte IS, Gongalves G do NH, et al.
Eletromiografia laringea e andlise vocal em pacientes com
Mal de Parkinson: estudo comparativo.
J Otorhinolaryngol 2010; 76: 40-43.

Hanson DG, Gerratt BR and Ward PH. Cinegraphic obser-
vations of laryngeal function in Parkinson’s disease.
Laryngoscope 1984; 94: 348-353.

Smith ME, Ramig LO, Dromey C, et al. Intensive voice
treatment in Parkinson disease: laryngostroboscopic find-
ings. J Voice 1995; 9: 453-459.

Blumin JH, Pcolinsky DE and Atkins JP. Laryngeal findings
in advanced Parkinson’s disease. Ann Otol Rhinol Laryngol
2004; 113: 253-258.

Jiang J, O’Mara T, Chen H-J, et al. Aerodynamic measure-
ments of patients with Parkinson’s disease. J Voice 1999;
13: 583-591.

Dichter BK, Breshears JD, Leonard MK, et al. The control
of vocal pitch in human laryngeal motor cortex. Cell 2018;
174: 21-31.€9.

Conant DF, Bouchard KE, Leonard MK, et al. Human sen-
sorimotor cortex control of directly measured vocal tract
movements during vowel production. J Neurosci 2018;
38: 2955-2966.

Liotti M, Ramig LO, Vogel D, et al. Hypophonia in
Parkinson’s disease. Neurology 2003; 60: 432-440.

Pinto S, Thobois S, Costes N, et al. Subthalamic nucleus
stimulation and dysarthria in Parkinson’s disease: a PET
study. Brain 2004; 127: 602-615.

Rektorova I, Barrett J, Mikl M, et al. Functional abnormal-
ities in the primary orofacial sensorimotor cortex during
speech in Parkinson’s disease. Mov Disord 2007; 22:
2043-2051.

Manes JL, Tjaden K, Parrish T, et al. Altered resting-state
functional connectivity of the putamen and internal globus
pallidus is related to speech impairment in Parkinson’s
disease. Brain Behav 2018; 8: e01073.

Chen Y, Zhu G, Liu D, et al. Brain morphological changes
in hypokinetic dysarthria of Parkinson’s disease and use of
machine learning to predict severity. CNS Neurosci Ther
2020; 26: 711-719.

Mollaei F and Basha Chinoor MA. Microstructural white
matter changes underlying speech deficits in Parkinson’s
disease. Brain Lang 2024; 249: 105378.

Rektorova I, Mikl M, Barrett J, et al. Functional neuroanat-
omy of vocalization in patients with Parkinson’s disease.
J Neurol Sci 2012; 313: 7-12.

New AB, Robin DA, Parkinson AL, et al. The intrinsic
resting state voice network in Parkinson’s disease. Hum
Brain Mapp 2015; 36: 1951-1962.

Braz



Theofanopoulou

1095

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

Elfmarkovd N, Gajdo§ M, Mrackovd M, et al. Impact of
Parkinson’s disease and levodopa on resting state functional
connectivity related to speech prosody control.
Parkinsonism Relat Disord 2016; 22: S52-S55.
Theofanopoulou C and Jarvis ED. Converging evidence for a
human spoken language pathway. PsyArXiv 2023. https:/doi.
org/10.31234/osf.io/paStq [Preprint]. Posted: September 30,
2023.

Tourville JA and Guenther FH. The DIVA model: a neural
theory of speech acquisition and production. Lang Cogn
Process 2011; 26: 952-981.

Alzheimer’s Association. Alzheimer’s disease facts and
figures. Alzheimers Dement 2019; 2019: 321-387.
McKhann G, Drachman D, Folstein M, et al. Clinical
diagnosis of Alzheimer’s disease. Neurology 1984; 34:
939-939.

Yoon B, Choi SH, Jeong JH, et al. Balance and mobility
performance along the Alzheimer’s disease spectrum.
J Alzheimers Dis 2020; 73: 633-644.

Castrillo A, Olmos LMG, Rodriguez F, et al. Gait disorder in a
cohort of patients with mild and moderate Alzheimer’s disease.
Am J Alzheimers Dis Other Demen 2016; 31: 257-262.
Munoz VM, van Kan GA, Cantet C, et al. Gait and balance
impairments in Alzheimer disease patients. Alzheimer Dis
Assoc Disord 2010; 24: 79-84.

Garrard P, Ralph MAL, Watson PC, et al. Longitudinal pro-
files of semantic impairment for living and nonliving con-
cepts in dementia of Alzheimer’s type. J Cogn Neurosci
2001; 13: 892-909.

Vincze V, Szatléczki G, Téth L, et al. Telltale silence: tem-
poral speech parameters discriminate between prodromal
dementia and mild Alzheimer’s disease. Clin Linguist
Phon 2021; 35: 727-742.

Meilén JJG, Martinez-Sanchez F, Carro J, et al. Speech in
Alzheimer’s disease: can temporal and acoustic parameters
discriminate dementia? Dement Geriatr Cogn Disord 2014;
37: 327-334.

Croot K, Hodges JR, Xuereb J, et al. Phonological and
articulatory impairment in Alzheimer’s disease: a case
series. Brain Lang 2000; 75: 277-309.

Hoffmann I, Nemeth D, Dye CD, et al. Temporal parameters
of spontaneous speech in Alzheimer’s disease. Int J Speech
Lang Pathol 2010; 12: 29-34.

Horley K. Reid A and burnham D. Emotional prosody per-
ception and production in dementia of the Alzheimer’s type.
J Speech Lang Hear Res 2010; 53: 1132-1146.

Cera ML, Ortiz KZ, Bertolucci PHF, et al. Speech and oro-
facial apraxias in Alzheimer’s disease. Int Psychogeriatr
2013; 25: 1679-1685.

Kim KX, Dale CL, Ranasinghe KG, et al. Impaired
speaking-induced suppression in Alzheimer’s disease.
eNeuro 2023; 10: ENEURO.0056-23.2023.

Pistono A, Senoussi M, Guerrier L, et al. Language network
connectivity increases in early Alzheimer’s disease.
J Alzheimers Dis 2021; 82: 447-460.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Weiler M, Fukuda A, Massabki L, et al. Default mode,
executive function, and language functional connectivity
networks are compromised in mild Alzheimer’s disease.
Curr Alzheimer Res 2014; 11: 274-282.

Fahn S and Elton RL; Members of the UPDRS
Development Committee. Unified Parkinson’s disease
rating scale. In: Fahn S, Marsden CD, Calne D, et al.
(eds) Recent developments in Parkinson’s disease. 2.
Florham Park, NJ: Macmillian Healthcare Information,
1987, pp.153-163.

Goetz CG, Tilley BC, Shaftman SR, et al. Movement
Disorder Society-sponsored revision of the Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS): scale
presentation and clinimetric testing results. Mov Disord
2008; 23: 2129-2170.

Hasan SM, Alshafie S, Hasabo EA, et al. Efficacy of dance
for Parkinson’s disease: a pooled analysis of 372 patients.
J Neurol 2022; 269: 1195-1208.

Kim S-H, Kim M, Ahn Y-B, et al. Effect of dance exercise
on cognitive function in elderly patients with metabolic
syndrome: a pilot study. J Sports Sci Med 2011; 10:
671-678.

Dominguez JC, del Moral MCO, Chio JOA, et al.
Improving cognition through dance in older Filipinos with
mild cognitive impairment. Curr Alzheimer Res 2018; 15:
1136-1141.

Wharton W, Jeong L, NiL, et al. A pilot randomized clinical
trial of adapted tango to improve cognition and psychosocial
function in African American women with family history of
Alzheimer’s disease (ACT trial). Cereb Circ Cogn Behav
2021; 2: 100018.

Meulenberg CJW, Rehfeld K, Jovanovic S, et al.
Unleashing the potential of dance: a neuroplasticity-based
approach bridging from older adults to Parkinson’s
disease patients. 2023; 15:
1188855.

Batson G, Migliarese SJ, Soriano C, et al. Effects of impro-

Front Aging Neurosci

visational dance on balance in Parkinson’s disease: a two-
phase fMRI case study. Phys Occup Ther Geriatr 2014;
32: 188-197.

Barnstaple RE, Bearss K, Bar RJ, et al. Weekly dance train-
ing over eight months reduces depression and correlates
with fMRI brain signals in subcallosal cingulate gyrus
(SCG) for people with Parkinson’s disease: An observa-
tional study. bioRxiv 2022. DOI 2022.10.14.512180.
[Preprint]. Posted October 18, 2022.

Kashyap A, Crosson B, Krishnamurthy V, et al. Neural cor-
relates of effects of internally versus externally guided part-
nered rehabilitative tango for people with Parkinson’s
disease. medRxiv 2021. doi: 2021.07.16.21260219.
[Preprint]. Posted July 16, 2021.

Qi M, Zhu Y, Zhang L, et al. The effect of aerobic dance
intervention on brain spontaneous activity in older adults
with mild cognitive impairment: a resting-state functional
MRI study. Exp Ther Med 2019; 17: 715-722.


https://doi.org/https://doi.org/10.31234/osf.io/pa5fq
https://doi.org/https://doi.org/10.31234/osf.io/pa5fq
https://doi.org/https://doi.org/10.31234/osf.io/pa5fq
https://doi.org/2022.10.14.512180
https://doi.org/2021.07.16.21260219

1096

Journal of Alzheimer’s Disease 105(4)

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Rehfeld K, Liiders A, Hokelmann A, et al. Dance training is
superior to repetitive physical exercise in inducing brain
plasticity in the elderly. PLoS One 2018; 13: e0196636.
Miiller P, Rehfeld K, Schmicker M, et al. Evolution of neu-
roplasticity in response to physical activity in old age: the
case for dancing. Front Aging Neurosci 2017; 9: 56.
Rektorova I, Klobusiakova P, Balazova Z, et al. Brain structure
changes in nondemented seniors after six-month dance-exercise
intervention. Acta Neurol Scand 2020; 141: 90-97.

Giacosa C, Karpati FJ, Foster NEV, et al. The descending
motor tracts are different in dancers and musicians. Brain
Struct Funct 2019; 224: 3229-3246.

Hinggi J, Koeneke S, Bezzola L, et al. Structural neuroplas-
ticity in the sensorimotor network of professional female
ballet dancers. Hum Brain Mapp 2010; 31: 1196-1206.
Alario FX, Chainay H, Lehericy S, et al. The role of the sup-
plementary motor area (SMA) in word production. Brain
Res 2006; 1076: 129-143.

Ghosh SS, Tourville JA and Guenther FH. A neuroimaging
study of premotor lateralization and syllables. J Speech
Lang Hear Res 2008; 51: 1183-1202.

Long MA, Katlowitz KA, Svirsky MA, et al. Functional
segregation of cortical regions underlying speech timing
and articulation. Neuron 2016; 89: 1187-1193.

Flinker A, Korzeniewska A, Shestyuk AY, et al. Redefining
the role of Broca’s area in speech. Proc Natl Acad Sci U S A
2015; 112: 2871-2875.

Castellucci GA, Kovach CK, Howard MA, et al. A speech
planning network for interactive language use. Nature
2022; 602: 117-122.

Wandelt SK, Kellis S, Bjanes DA, et al. Decoding grasp and
speech signals from the cortical grasp circuit in a tetraplegic
human. Neuron 2022; 110: 1777-1787.€3.

Vargas CDM, Agravat RK, Waidmann EN, et al. A func-
tional and non-homuncular representation of the larynx in
the primary motor cortex of mice, a vocal non-learner.
bioRxiv 2024. DOI: 2024.02.05.579004. [Preprint]. Posted
February 06, 2024.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

McRae C, Leventhal D, Westheimer O, et al. Long-term
effects of dance for PD ® on self-efficacy among persons
with Parkinson’s disease. Arts Health 2018; 10: 85-96.
Hackney ME and Earhart GM. Recommendations for
implementing tango classes for persons with Parkinson
disease. Am J Dance Ther 2010; 32: 41-52.

Yorkston KM, Beukelman DR and Traynor C. Assessment of
intelligibility of dysarthric speech. Austin, TX: Pro-ed, 1984.
Boersma P. Praat, a system for doing phonetics by com-
puter. Glot Int 2001; 5: 341-345.

Rentoumi V, Raoufian L, Ahmed S, et al. Features and
machine learning classification of connected speech
samples from patients with autopsy proven Alzheimer’s
disease with and without additional vascular pathology.
J Alzheimers Dis 2014; 42: S3-S17.

Garcia AM, Johann F, Echegoyen R, et al. Toolkit to
Examine Lifelike Language (TELL): an app to capture
speech and language markers of neurodegeneration. Behav
Res Methods 2023; 56: 2886—2900.

Ramig LO. Intensive voice treatment (LSVT(R)) for
patients with Parkinson’s disease: a 2 year follow up.
J Neurol Neurosurg Psychiatry 2001; 71: 493-498.

Herd CP, Tomlinson CL, Deane KH, et al. Speech and lan-
guage therapy versus placebo or no intervention for speech
problems in Parkinson’s disease. Cochrane Database Syst
Rev 2012; 2012: CD002812.

Atkinson-Clement C, Sadat J and Pinto S. Behavioral treatments
for speech in Parkinson’s disease: meta-analyses and review of
the literature. Neurodegener Dis Manag 2015; 5: 233-248.
Miller N, Noble E, Jones D, et al. Life with communication
changes in Parkinson’s disease. Age Ageing 2006; 35:
235-239.

Herd CP, Tomlinson CL, Deane KH, et al. Comparison of
speech and language therapy techniques for speech pro-
blems in Parkinson’s disease. Cochrane Database Syst
Rev 2012; 2012: CD002814.

Brown S, Martinez MJ and Parsons LM. The neural basis of
human dance. Cereb Cortex 2006; 16: 1157-1167.


https://doi.org/2024.02.05.579004

	 Introduction
	 Motor speech deficits and underlying brain pathways in Parkinson's disease
	 Motor speech deficits and underlying brain pathways in Alzheimer's disease
	 The impact of dance training on behaviors and brain pathways potentially relevant to speech motor control
	 Hypothesis on the role of dance in motor speech deficits and testable approaches
	 Conclusion
	 Statements and declarations
	 References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


