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Abstract

Introduction: Ataxia is a common symptom in patients with multiple sclerosis
(MS). Motor-cognitive rehabilitation in such patients involves stimulation and
enhancement of different brain regions, both of which rely on physiological path-
ways between the body and the brain, provoking brain plasticity and learning.

Objective: This study aimed at applying our recently published protocol, the
neuroplasticity scale (NS), which is based on the Feldenkrais method (FM), in
the context of chronic MS ataxia. Through an integrated process involving the
development of a patient’s capacity to sense, think and respond in an embod-
ied manner to external stimuli, we sought to record and reinforce brain learning
during motor rehabilitation.

Method: A single MS patient presenting gait ataxia, instability, spasticity, exec-
utive dysfunction and attention deficits was selected as a case study for interven-
tion. We applied our NS protocol for six weeks and recorded different aspects
of the individual’s interaction with his environment, in terms of motor control,
interoception, perception and spatial embodiment.

Results: Following our applied protocol, the individual showed clear improve-
ment in his motor coordination, significantly reduced gait ataxia, ability to con-
trol dual-task functions, as well as improved static and dynamic balance. He also
presented significantly reduced spasticity, improved sensory awareness and better
embodied cognition. Overall, he showed an evident improvement in his daily

functionality.

Conclusion: With further refinement, our NS protocol can provide important
insights about brain learning and motor-cognitive regulation, in the context of
therapeutic interventions for mild and progressive MS-related ataxia.

Keywords

Feldenkrais method, Multiple sclerosis, Ataxia, Brain-body intervention,
Neuroplasticity

Introduction

MS is an inflammatory, demyelinating chronic disorder of the central ner-
vous system (CNS) [1], which directly impairs axonal conductance and viability
[2]. Importantly, it is one of the leading causes of disability in young adults, with
socioeconomic impact in the United States and Europe [3, 4].

MS individuals exhibit several symptoms, such as ataxic gait [5], generalized
leg fatigue during walking [6], truncal ataxia [7], dysarthria [8], ophthalmolog-

ical signs [9], instability and progressive worsening of the proprioception [10],
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amongst others. Ataxia is quite a common symptom, especially
in patients with progressive MS who manifest lesions in the
sensory pathways and the cerebellum [11]; in fact, up to 85%
of MS patients display mild ataxia at some point in their life,
while 32% exhibit a severe form that can impair their everyday
functionality [7]. Of note, ataxia can be brought about due to
dysfunction of the cerebellum (cerebellar ataxia), dysfunction
of the vestibular system (vestibular ataxia) or dysfunction of
the sensory system (proprioceptive-sensory ataxia) [7].

'The cause of ataxia in MS is multifactorial. Lesions in areas
of the CNS controlling balance, coordination and movement,
especially the cerebellum, are often involved. The cerebellum,
a highly plastic region, plays an integrative role in multiple
circuits throughout the brain; it is connected, through parallel
connectivity loops, to parietal sensory and frontal motor areas
of the cerebral cortex, as well as areas involved in visual, audi-
tory and memory functions [11-14]. Importantly, not all MS
patients have lesions in their cerebellum; but those who pres-
ent such lesions perform worse in cognitive tests compared
to those who don’t. Nonetheless, cognitive-motor interference
during action has been poorly investigated [11, 15, 16].

It has been proposed that in MS there is an alteration
in the way in which affected brain regions communicate with
other areas of the brain that is, in their functional connectivity
(FC); in fact, a positive correlation between cognitive perfor-
mance and FC in brain regions, such as the medial prefrontal
cortex, the frontal pole, the left insula and the hippocampus,
has been established in MS patients [17]. Moreover, motor
dysfunction in MS has been associated with reduced FC in
crucial sensorimotor network hubs [17].

It should be stressed that MS individuals do not only
suffer in terms of motion and cognition, but also in terms of
their social life and personal relationships; as a result, they
often experience a reduced quality of life. Unfortunately, evi-
dence-based treatments that involve a multidisciplinary ther-
apeutic approach are missing. For the time being, there is no
such thing as a “universal” treatment for ataxia in MS patients,
nor does a specific drug for ataxia exist. Several approaches,
including pharmacotherapy, physiotherapy and surgical pro-
cedures (such as deep brain stimulation of the thalamus or
stereotactic thalamotomy [7]), are currently under investiga-
tion, but their implementation remains largely empirical. Par-
ticularly interesting though are certain motor rehabilitation
programs that are being used for managing postural and gate
disorders in MS ataxia [18], while improving cognitive func-
tion and coordination [19]. Importantly, it has been shown
that cognitive engagement during motor function has benefits
for the adult brain, including formation of new neurons and
increased connectivity among existing ones [20, 21]. Further-
more, it has been established that synaptic plasticity and there-
by connectivity is induced by physical activity through the in-
creased production of brain-derived neurotrophic factor and
other growth factors [22]. Of note, novel non-pharmacologi-
cal treatment approaches underline the crucial role of physical
activity in the release of neurotransmitters, such as dopamine
and serotonin; dopamine is crucial for movement regulation,
especially for voluntary movement, reward and motivation,
and its imbalance has been associated with fatigue in MS [23],

while serotonin is an essential regulator of exercise-induced

hippocampal neurogenesis [24].

In our recently published study, we presented the NS, a
novel methodology that can be used for the assessment of
sensory-motor-cognitive processes during action in MS pa-
tients; we demonstrated that an intensive, repetitive training/
assessment cycle has a positive effect on brain plasticity and
correlates with lasting beneficial changes during action. We
showed that the NS helps an MS individual engage actively in
a personalized framework, while dynamically participating in
the rehabilitative process [25].

In the present study, we have used the NS for MS-related
ataxia rehabilitation, in order to identify functional markers
that contribute to brain plasticity and long-term potentiation;
our aim was to develop a targeted intervention protocol for
MS patients exhibiting ataxia and to thus evaluate the effec-
tiveness of NS in such a context.

Method

Recruitment of subject

A 38 year old Greek male of Caucasian origin, clinically
diagnosed with MS in 2017, was recruited as a case study in
2023, after obtaining his consent. The subject presented gait
ataxia, postural instability, spasticity and executive dysfunc-
tion. In addition, he showed poor cognitive performance, es-
pecially in terms of working memory and attention.

At the time of his diagnosis, the patient had bilateral
superficial sensory disturbances along the lower extremities;
more specifically, he presented paresthesia’s proximal as well
as distal without any specific distribution pattern or intensi-
ty. His diagnosis was established based on MRI scans of the
brain, cervical and thoracic spinal cord (all of which showed
multiple non-enhancing lesions), as well as on cerebrospinal
fluid studies showing the presence of oligoclonal bands and
an increased IgG index, suggestive of MS. The patient showed
spontaneous remission within a few days and thus did not
receive any steroid bulk treatment. After three months, he
was placed on dimethyl fumarate treatment for the first three
years after his diagnosis (2017 to 2020); during this period, he
complained only occasionally of abnormal superficial sensory
symptoms in both hands and feet (of note, he could not recall
when exactly his upper extremity symptoms appeared within
this time). In 2020, similar superficial sensory symptoms re-
appeared in a constant and more pronounced manner, albeit
with fluctuating intensity. In addition, bladder dysfunction
appeared, mostly in the form of hesitancy. The same year, MRI
scanning showed a new enhancing lesion at the C2 level of
the spinal cord, which to date remains the only new appear-
ing lesion since his first diagnosis. The patient’s treatment was
thus switched to biannual ocrelizumab, which he continues to
receive until presently.

In February 2023, just prior to the initiation of the cur-
rent study, the patient’s neurological exam was as follows: His
higher intellectual functions were within normal in terms of
orientation, speech and memory, but there was slowness in the
execution of tasks. His cranial nerve exam showed oculomo-
tor abnormalities with impaired smooth pursuit movement.
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He denied having diplopia, although he had experienced it
once transiently during the previous years in association with
decreased left eye abduction. The patient also presented left
trigeminal neuralgia. As for his motor function, he showed de-
creased fine finger movements in both upper extremities, de-
creased plantar tapping, absence of pronator drift and muscle
strength 5/5 in all extremities. A mild-moderate level of spas-
ticity was observed in his lower extremities. Furthermore, the
patient’s posture was wide-based and got significantly worse
when he closed his eyes. He was unable to stand on his toes,
whereas he could stand on his heels moderately well. He had
significant difficulty walking in a straight line or hopping on
either leg. Alternating movements were slightly impaired in
both upper extremities and his heel-to-shin bilateral testing
also showed impairment. His deep tendon reflexes were 1* in
all testing areas of both upper extremities, 3* in knee jerks, 2*
in the left ankle and 4* in the right ankle. Finally, he had an
extensor plantar response on the right and no reaction on the
left.

With regards to the patient’s MRIs, other than the active
lesion at the C2 level of the spinal cord in 2020 there has nev-
er been a change in the number of lesions, which involve the
brain, the spinal cord from C2 to C6 level and the thoracic
spinal cord at the levels of T,, T -T' ,T,,-T, , most lesions be-
ing confluent. Of note, there was no change in his MRIs of the
brain, cervical or thoracic spinal cord between the beginning

of the study in March 2023 and August 2023.
The NS tool

The design of the NS has been described in detail in
our recently published study [25]. Briefly, the NS consists of
three sections, during which the practitioner collects data on
three sensory-motor-cognitive functional areas, in the form
of specific indicators (e.g. fatigue, spasticity, etc.). Section I
involves exploratory manipulation during functional integra-
tion (FI). In this hands-on approach, the practitioner stimu-
lates the subject’s senses, proprioception and tactile perception
through attention, to study and control the signs and symp-
toms of MS during movement patterns. Section II assesses
the subject’s perception-action framework through construc-
tive sensory-motor-cognitive patterns. Synchronization and
conditioning between internal and external stimuli, as well as
flexibility of responsiveness, are evaluated by means of aware-
ness-through-movement (ATM) training [26]. Section 11T in-
volves assessment by the practitioner and the individual alike
of reference actions, such as standing, walking, sitting and
dancing (in the form of a choreography). Of note, dancing is
selectively evaluated as a reference action, since it is known that
daily repetitive motor training enhances cortical synchrony in
different frequency bands and has been linked to the prepara-
tion, execution, perception and imagining of movement [27].
Sections II and III are recorded and used by the subject to
guide home-training sessions following auditory cues.

Importantly though, compared to our previously pub-
lished case study [25], in the present case, the following mod-
ifications were made: Section I focused on reducing spasticity
and increasing proprioception; in addition to all previously de-
scribed parameters, the following aspects were assessed: con-
trol of dorsiflexion and plantar flexion, reduction of sensory
disturbances and spasticity, control of leg flexors and extensors

in different planes, minimization of motor patterns’ range in
different body areas, increase of parasympathetic relaxation
response and connection of pelvis, crossing of head and chest
in relation to the midline, breathing patterns, motor imag-
ery, eye rotation, clearance of swing and forward propulsion,
weight-shifting according to midline and foot border percep-
tion. Furthermore, each week section II focused on a different
aspect: During week 1, specific focus was given on challeng-
ing balance in multiple positions using a rigid, 1-meter foam
roller (cylinder). The subject lied in supine position, placing
the foam roller on the ground, perpendicularly to his spine,
and used the roller as a simulation of his body’s midline, to
integrate cross-lateral developmental patterns and experience
left-right differentiation and reversibility of movement [28].
During week 2, focus was given on the use of breathing as a
coordinator for dynamic stability, using the foam roller as a
simulator of the midline, to explore the sagittal, parasagittal
and transverse planes [29, 30]. During week 3, focus was given
on swallowing activation [31]. During week 4, focus was given
on coordinating eye movement with the pelvis and shoulders,
using the foam roller [32]. During week 5, focus was given
on the dynamic stability during standing, as well as on motor
imagery [33]; while during week 6, focus was given on motor
control. Lastly, in section III, reference actions and choreogra-
phy focused on organizing the subject’s spatial cognition [34,
35] and dual task functions [36].

Procedure overview

The procedure involved one week of baseline evaluation
(Week 0), followed by six weeks of intervention (Weeks 1 - 6),
all of which took place at The Body and Brain Institute, in
Athens, Greece. During the entire procedure, different aspects
of the individual’s interaction with his environment, in terms
of motor control, interoception, perception and spatial embod-
iment, were recorded. Each week both baseline and interven-
tion consisted of a short self-report by the individual, followed
by assessment with the NS. More precisely: During week 0
(baseline evaluation), the subject was first asked to describe
any limitations he experienced in his everyday life. Next, sec-
tion I of the NS was performed by the practitioner, followed
by sections II and III, which were executed by the subject to
familiarize himself with the required movement patterns. All
instructions given by the practitioner in sections II and III
were recorded, so that the subject could use them as auditory
cues for home-training over the entire week. The following
week (Intervention week 1), the subject was first asked to give
a short self-report about his home training. Next, sections I,
IT and III of the NS were performed, appropriately modified
by the practitioner according to the subject’s responses during
self-reporting. Again, instructions for sections II and III were
recorded for use in home training. All subsequent weeks of in-
tervention (weeks 2 - 6) followed the above-described pattern.

Results

Baseline evaluation

Baseline evaluation at week 0 consisted of a short self-re-
port by the subject, followed by an evaluation by the practi-
tioner using the NS. During self-report, the subject stated that
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he experienced increased foot drop and difficulty in lifting his
left foot, both of which impeded his walking and caused him
tiredness. He also mentioned having lower back pain, speed
limitation during walking and a sense of pessimism. During
section I of the NS, which lasted approximately 30 min, the
subject presented spasticity; more precisely, on a grading scale
of 0 - 2, he scored a 1 (moderate). In addition, he exhibited in-
tense neuralgia (on a grading scale of 0 - 10, he scored a 4), but
also fatigue and limb weakness (he scored 5 and 3, respective-
ly). Other indicators, such as Babinski sign, hyperreflexia, tin-
gling sensations and numbness, were characterized as Off or
scored as 0 (absent). During section II of the NS, which lasted
approximately 30 min, the subject was unable to orient him-
self. His cognitive ability to perceive time and change rhythm
during action was uncoordinated. In terms of exhibiting con-
fusion during action (sadness, anger, etc.), the subject was eval-
uated as impeded. He was also unable to coordinate visual,
auditory and motor cues, showed inhibited movement (INH
MOV) in terms of tactile perception and displayed inability to
alternate between internal and external attention circuits. He
also presented limited proprioceptive ability. His basic func-
tional organization was uncontrolled, especially in terms of
side bending, rotation and counter rotation. Moreover, hold-
ing patterns during inhalation/exhalation/pauses were found
to be impeded. He was also unable to orbit and move around
a support base. During section III, which lasted 19 - 29 min,
the subject covered a 10 m distance in 11.2 s. Additionally, in
terms of swing time dynamics, the subject was found to be
unstable. Furthermore, in terms of counterbalance (evaluated
in minutes of side-by-side standing), the subject was found
to last 2 min, whereas, in terms of tandem stand, the subject
was unable to perform all standing combinations. Lastly, the
subject was given a final task: to learn and perform a short
choreography, guided by the practitioner; his performance was
characterized by instability in his stepping and general move-
ment flow, as well as ataxia, spasticity, imbalance and several
falls. Of note, a complete list of the subject’s results is given in
table 1 for all examined indicators.

Intervention week 1

After one week of home training, the subject came in for
the first cycle of intervention, already showing some signs of
improvement (Table 1, week 1). During self-reporting, he ex-
pressed feeling improvement in visuospatial awareness; he also
mentioned that all throughout the previous week he had start-
ed imagining his midline and feeling its transition from left to
right, and vice-versa, during movement. He specifically stated:
“I felt my midline being closer to my left, so I adjusted my
movement accordingly. I felt that the foam-roller movement
protocol stimulated sensorily my left foot”. During section I,
his fatigue and spasticity showed no change, but his neuralgia
did present a small decrease (he scored a 3 — one grade low-
er than the previous week). He also showed improvement in
some of the indicators evaluated within section II: He was able
to spatially orient himself, to coordinate visual, auditory and
motor cues, to alternate between internal/external attention
circuits (on) and to use internal maps to simulate movement
without execution (on). Finally, during section III, a slight im-
provement was seen in his walking speed (he covered a 10 me-
ter distance in 10.69 s, compared to 11.2 s during the previous

week); he was also able to orbit and move around a support
base (he couldn’t do so during week 0), he showed no short-
ening of his stepping length and was able to support himself
on one foot in order to move the other. During choreography
training, the subject was able to stand with his legs closed and
crossed; he was also able to spatially orient his left-right side.
In addition, he was stable while rotating the pelvis and started
being aware of his breathing in the left abdominal side.

Intervention week 2

During self-reporting, the subject mentioned that in his
home-training he had felt able to terminate or control his ac-
tions in a well-timed manner. During section I of the NS, the
subject showed, for the first time, a slight amelioration in his
spasticity and limb weakness (Table 1, week 2). His neuralgia
continued to decrease. During section II, the subject showed
the ability to perceive time and change rhythm during action
in a coordinated manner. More importantly, for the first time,
he displayed no confusion during action; he was found to per-
form fluid actions. All basic functional organization indicators
were also found to be clearly improved for the first time: his
flexion, extension, side-bending rotation and counter-rotation
were all controlled. In addition, the subject’s holding patterns
during breathing were improved for the first time. During
section III, the subject continued showing improvement in
his walking speed (he covered 10 meters in 8.61 s), and for
the first time he showed stability in terms of his swing time
dynamics, his actions and especially his performance during
choreography.

Intervention week 3

During self-reporting, the subject mentioned that over his
home training he had gained foot border perception, especial-
ly in the toes of his left foot; in fact, he mentioned feeling
emotional after moving his left foot toes for the first time.
He also reported that he had been able to walk more than
20 min, had better motor control and did not get dizzy when
flexing his cervical spine during dancing. During section I, the
subject continued to show slightly decreased spasticity, but for
the first time he also showed significantly less fatigue (Table
1, week 3). His limb weakness showed further reduction com-
pared to week 2, whereas his neuralgia remained steadily low-
ered. In section II, the subject’s cognitive ability to perceive
time and change rhythm during action remained improved;
he was found to be coordinated. His improvement in terms
of confusion during action also continued; he performed fluid
actions, an improvement which, importantly, was maintained
thereafter all throughout the procedure. Moreover, the subject
continued to be able to coordinate visual, auditory and mo-
tor cues. With respect to his basic functional organization, the
subject’s performance continued to show improvement for all
indicators. Further amelioration was also seen during section
III: The subject was able to cover a 10 m distance in 8.54 s,
continuing to show a small, yet steady, gradual decrease in the
time required to complete this specific task. He was also able
to perform side-by-side standing that lasted more than 1 min.

Intervention week 4

During self-reporting, the subject mentioned that, over
the previous week, he had been able to increase the time he
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Table 1: Results during baseline evaluation (week 0) and all throughout intervention weeks (weeks 1 - 6).
Weeks ‘ Week 0 Week 1 Week 2 ‘ Week 3 ‘ Week 4 Week 5 Week 6
Section I: Exploratory manipulation during F1
Babinski sign Off Off Ooff Off Off Off Off
Spasticity 1 1 0-1 0-1 0-1 0 0
Sensory disturbances
Fatigue 5 5 5 3 2 0 0
Tingling sensations 0 0 0 0 0 0 0
Numbness 0 0 0 0 0 0 0
Limb weakness 3 3 2 1 1 0 0
Other 4 3 2 2 1 0 0
Hypperrflexia Off Ooff Ooff Off Off Off Off
Section I1: ATM sequences
Perception/action
Spatial orientation Unable Able Able Able Able Able Able
Cognitive ability to perceive time U dinated Moderately Coordinated | Coordinated | Coordinated Movement | Movement
aﬂclg change rhythm during action neoordinate coordinated oordimate oordinate oordinate viscosity viscosity
Confusion during action (sadness,
anger, fear, doubt, discomfort, and Impeded Impeded Fluid action | Fluid action | Fluid action | Fluid action | Fluid action
body parts recognition)
Coordination of visual, auditory, and Unabl Abl Abl Abl Abl Abl Abl
motor cues nable e e e e e e
Tactile perception INH MOV FMTA FMTA FMTA FMTA FMTA FMTA
Alternation between internal-exter-
nal attention circuits Off On On On On On On
Scanning measurement
Using internal maps to simulate
movement without execution Off On On On On On On
Sensing tonus, and asymmetries Unable Able Able Able Able Able Able
Basic functional organization
Flexion Uncontrolled Uncontrolled Controlled Controlled Controlled Controlled Controlled
Extension Uncontrolled Uncontrolled | Controlled | Controlled | Controlled | Controlled | Controlled
Side-bending Uncontrolled Uncontrolled | Controlled | Controlled | Controlled | Controlled | Controlled
Rotation Uncontrolled Uncontrolled | Controlled | Controlled | Controlled | Controlled | Controlled
Counter rotation Uncontrolled Uncontrolled | Controlled | Controlled | Controlled | Controlled | Controlled
Signs of optic neuritis
Eye fatigue/pain during movement Off Ooff Ooft Off Off Off Off
Reduction of visual acuity/visual field On Off Off Off Off Off Off
Eyeball Eyeball Eyeball Eyeball Eyeball
Eye movement difficulties Modcrate(lfr Moderate(ljy coordinated | coordinated | coordinated | coordinated | coordinated
controlle controlle
movement movement movement movement movement
Respiration
Breathing rate Increased Decreased Decreased Decreased Decreased Decreased Decreased
Holding Eig;g:iso?;g;i ti:t;halation/ Impeded Impeded Improved Improved Improved Improved Improved
Swallowing activation Off Off Off Off Off On On
Section I1I: Reference actions (Walking, standing, and sitting)
Walking speed 11.2s 10.69 s 8.61s 8.54s 8.2s 7.8s 7.47 s
Shortening length of stepping On Ooff Off Off Off Off Off
Increasing of double leg support Off Off Ooff Off Off Off Off
Decreasing of single leg support On Off Ooff Off Off Off Off
Swing time dynamics Unstable Unstable Stable Stable Stable Stable Stable
Counterbalance
Time of standing position 2 min 2 min 2 min 3 min 3 min 3 min 3 min
Side by side stand < 1min 1 min > 1 min > 1 min > 1 min > 1 min 2 min
Lr,for>10s
Lr,rL for | (moderately
> 10 s (not comfort- | Lrand Rl for Lr RLIR £
easy); Rl able); rL for | > 10 s (with 18 (’ 'th%r
Unable in all Rlfor 5s; Lr, | Lr,rL, Rl for for 10 s >10's (not | lots of trials); | . 5\
Tandem stand . ’ . 7 | trials); rL for
combinations rL, IR unable |5 s;1R unable | (moderately | easy,with2 | rL for > 5 s); :
RN > 10 s (with
comfortable); tnaf;), Rlfor | IRfor10s 2 trials)
IR for 5's 10 s (with (not easy) rials
(not easy) | difficulty); IR
for 10 s
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Dynamic sitting position

Orbiting and moving around a base

of support Unable

Able Able Able Able Able Able

Note: The Babinski sign is evaluated as either on or off; spasticity is evaluated as on (2), moderate (1) or off (0); sensory disturbances are measured on a
0 - 10 scale; hyperreflexia is measured as on or off; spatial orientation is evaluated as able or unable; cognitive ability to perceive time and change rhythm
during action is evaluated as uncoordinated, moderately coordinated, coordinated or movement viscosity; confusion during action is evaluated as impeded
or fluid action; coordination of visual, auditory, and motor cues is evaluated as able or unable; tactile perception is evaluated as INH MOV (inhibited
movement) or FMTA (facilitated movement through attention); alternation between internal/external circuits and use of internal maps to simulate
movement without execution are evaluated as on or off; sensing tonus, and asymmetries is evaluated as able or unable; all basic functional organization
indicators are evaluated as controlled or uncontrolled; eye fatigue and reduction of visual acuity are evaluated as on or off; eye movement difficulties are
evaluated as lack of eyeball rotation, moderately controlled or eyeball coordinated movement; breathing rate is assessed as increased or decreased; holding
breathing patterns are assessed as impeded or improved; swallowing activation is evaluated as on or of%; shortening of stepping length, increase of double
leg support, and decrease in single leg support are evaluated as on or off; swing time dynamics is evaluated as stable or unstable; time of standing position
as well as side-by-side standing are evaluated in minutes; tandem stand is evaluated in terms of standing ability for several seconds, with one foot in front

back); orbiting and moving aroun

of the other (Lr: left foot stable/right foot in front, rL: left foot stable/right foot back, Rl: right foot stable/left foot in front, IR: right foot stable/left foot
g a support base is evaluated as able or unable.

spent mounting on a climbing wall and to feel his midline as a
cross-section of his right eye; furthermore, he said that he had
felt able to perceive movement according to his new kinesthet-
ic information, while also realizing that he still had difficulties
in emotional processing (he specifically stated: “I feel emo-
tionally confused and distracted”). Finally, he mentioned being
able to monitor himself spatially, predict errors and make cor-
rections on downhill and narrow roads. During section I, he
continued to show decreased fatigue and decreased neuralgia
signs (Table 1, week 4). In section II, no significant change
was seen compared to week 3; improvement in all examined
indicators was steadily maintained. The same applied for sec-
tion III; a slight further amelioration, though, was seen in the
subject’s walking speed: He was able to cover a 10 m distance
in 8.2 s. During choreography, he was able to easily coordinate
movement while performing the set of prelearned sequences.

Intervention week 5

During self-reporting, the subject mentioned that he had
been able to lengthen his exhalation, stay balanced with his eyes
closed and move his midline according to the movement. Im-
portantly, he mentioned that he had started socializing, using
public transportation and predicting behavior. During section
I, the subject showed improvement in general (Table 1, week
5): He showed no fatigue, no spasticity, no limb weakness and
no neuralgia signs. During section II, he finally showed move-
ment viscosity in terms of cognitive ability to perceive time
and change rhythm during action; improvement in all other
examined indicators was steadily maintained. During section
IIT he continued to show further amelioration in terms of his
walking speed: He was able to cover a 10 m distance in 7.8 s.
All other indicators steadily maintained an improvement.

Intervention week 6

During last week’s session, the subject came in expressing
straightaway tremendous enthusiasm. Therefore, following his
strongly motivated mood, self-reporting was omitted. During
section I, the subject’s improved performance was main-
tained; his spasticity, as well as all his sensory disturbances,
were absent (score = 0). During section II, his cognitive ability
to perceive time and change rhythm during action remained
improved; he exhibited clear movement viscosity. He also re-
mained free from any confusion during action, showing clear
action fluidity. In addition, he was still able to coordinate all
visual, auditory and motor cues. In terms of basic function-

al organization, the subject continued to show clear control.
During section I1I, the subject continued to show an improved
performance: He was able to cover a 10 m distance in just 7.47
s and to maintain his balance while swinging. In addition, he
was able to effortlessly stand side-by-side for 2 whole min. In
fact, the subject stated that it was now easy for him to perform
this movement protocol and that he felt comfortable execut-
ing it. Additionally, when assessed in terms of tandem stand
ability, he could stand for 10 s with his right foot stable and
his left foot either in front or back, as well as with his left foot
stable and his right foot in front. Surprisingly, with his left
foot stable and his right foot back, he managed to stand for
more than 10 s. Finally, the subject showed clear improvement
in performing his short choreography while listening to his
music of choice.

Discussion

We recently described the design of a novel tool, the NS,
which enables practitioners and MS patients alike to assess
changes in sensory-motor and cognitive processes during ac-
tion; our tool includes specific repetitive movement patterns
and intensive home-training, aiming at achieving targeted in-
tervention [25]. In the work, we applied the NS to a single
female MS patient, to establish a proof-of-concept study [25].
Here, we have moved forward, by applying the NS to a male
MS patient with severe ataxia, to further solidify the efliciency
of our approach and gain insight into the usefulness of the NS
in the context of MS ataxia.

The NS is essentially a rehabilitative protocol; it is based
on the FM, a neurodevelopmental approach that focuses on
internal and external integration, while experiencing and
directing movement [37]. Our method incorporates both
hands-on (FI) and verbally guided (ATM) movement compo-
nents, which aim specifically at altering cortical, sensory and
motor maps through experience and training [38].

We applied our NS approach to the selected subject, for
a total of seven weeks, one week of baseline evaluation and
six weeks of intervention. We found that the NS contribut-
ed significantly to the individual’s improvement in terms of
motor coordination, static and dynamic balance, gait ataxia,
spasticity, sensory awareness and embodied cognition. Namely,
his fatigue levels had decreased already by week 3 and were
completely absent by the end of week 6. His spasticity started
showing signs of decreasing by week 2 and was completely
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eliminated by week 5. With respect to his perception/action,
the subject also showed great amelioration: Already by Week
1, he was able to spatially orient himself, to perceive time and
change rhythm during action in a moderately coordinated
manner, and to coordinate visual, auditory and motor cues.
Several indicators that were evaluated in the context of his
basic functional organization, such as his flexion, extension,
side-bending, rotation and counter-rotation, showed improve-
ment one week later by week 2. Of note, the subject’s walking
speed showed a small, yet steady, increase all throughout the
procedure: He started off covering a 10 m distance within 11.2
s at week 0 and ended up covering the same distance within
7.47 s by the end of week 6.

It is worth further elaborating here on two specific param-
eters in the subject’s performance that showed improvement:
First, already after one week of intervention, the subject came
in mentioning that he had felt able to terminate or control his
actions in a well-timed manner-an aspect controlled by the
left dorsolateral prefrontal cortex and the dorsal anterior cin-
gulate cortex, which are important for developing adjustment
mechanisms during exercise [39]. Second, his performance in
the counterbalance movement test was largely impressive: In
this sort of test, what is usually assessed is whether the indi-
vidual can last standing for 10 s; however, this time duration is
adjusted, according to the abilities of each subject. In our study,
at baseline evaluation, the subject was able to stand for more
than 10 s; therefore, we changed the time scale according to
his potential and made assessments on a minutes’ scale, rather
than a seconds’ scale. Importantly, this further showcases the

personalized profile of our NS approach.

It is also worthwhile commenting on the subject’s per-
formance in dance. When the subject came in for his baseline
evaluation at week 0, he showed evident difficulties in per-
forming a rather simple choreographic syllabus. However, by
the end of week 6, the subject’s ability to perform the cho-
reography showed obvious improvement. Dancing involves
balance and motor coordination associated with the step-by-
step control of goal-directed movements; it can improve an
individual’s balance, postural control and stability, functional
mobility and rigidity [40], and it is for this reason that we
chose to incorporate it in our NS approach. In fact, it has been
shown that dance training leads to structural brain changes,
primarily in the sensory and motor regions, as well as in the
connections between them, providing faster conduction and
enhanced coordination between these areas, both of which are
crucial for the expression of dance [27].

It should be stressed at this point that the subject was
asked to select his favorite song to which he would perform his
choreography as part of home-training. He chose “Epirotica”,
a music style originating from Epirus, a region in the north-
western part of Greece, where his family roots are based. The
subject mentioned was that this music had a great impact on
him; and being able to dance at his village’s festivals seemed to
work as a significant incentive for him. The rationale behind
encouraging our subject to choose music that would evoke
positive feelings and/or memories was that, when dancing, the
brain’s motor and auditory regions are both activated, since
dancing requires motor coordination and synchronization

with music. These regions are linked to the brain’s emotional
processing centers [41-43]; therefore, an emotional reaction
to music and movement is also involved. In fact, emotional
detection, integration and evolution in an individual have been
linked to enhanced theta and gamma synchronization in brain
regions, such as the orbitofrontal cortex, superior temporal
sulcus and amygdala [27].

'The uniqueness of our NS approach lies in the fact that
the subject is given the ability to assess his own performance,
both during home training and while going through each sec-
tion with the practitioner’s guidance. Moreover, the subject
could express questions and comments, both in terms of the
scale and of the process itself. Most importantly, because of the
subject’s dynamic participation, the practitioner can monitor
his/her responsiveness and alteration capacity through brain
learning. During the entire procedure, the subject in our study
was encouraged to express his feelings in relation to the NS.
His feedback (“I have better connection with my left side, this
is huge” (week 1), “I understand and monitor my improve-
ment” and “I was able to grab a cup from the kitchen table,
whereas in the past I used to drop it” (week 2), “Thank you so
much, I have no words” and “I want to strengthen my leg, let’s
find a movement protocol” (week 3), “I reached 6.7 s of exha-
lation” (week 5), “I can recognize my improvement; I managed
standing on my own on the subway platform” (week 6)) was
not only used by the practitioner on a weekly basis, in order to
modify movement patterns based on the subject’s progress, but
it also promoted a sense of self-awareness that, in turn, led to
a sense of agency (that is, an ability to control his own actions
and, through them, events in the external world). Importantly,
connectivity between the frontal cortex areas, which develop
motor plans for voluntary action, and the parietal areas, which
monitor outcomes, plays an essential role in the successful
computation of agency, which ultimately helps develop motor
control, timing and planning of action [44]. Obviously, such
dynamic participation helps build confidence and achieve bet-
ter results.

Nonetheless, our study presents several limitations, which
are worth noting: First, our protocol was implemented on a
single individual, as a case-study for MS ataxia. We therefore
recognize that more conclusive results about its efficiency can
only be drawn upon its implementation on a larger number of
patients. Secondly, our approach is only empirical; ideally, it
should be combined with imaging analysis and other technical
and/or clinical applications, to obtain a fuller, more detailed
image of the patient’s progress.

Our methodology highlights the need to redefine ther-
apeutic approaches under the scope of a body-in-the-brain
model [45]. According to this model, the body responds to
temporary coherent settings, depending on the information it
perceives through constructive neural maps, to facilitate the
development of individualized adaptations to environmental
cues, as well as its own biological regulation and the main-
tenance of vital processes [45]. Contextualizing the environ-
mental influence through an individual’s experience can form
the basis of a novel approach for improving ataxia symptoms
in MS patients.
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Conclusion

Overall, our results show that, with further refinement,

the NS protocol can provide important insights about brain

learning and motor-cognitive regulation, in the context of

therapeutic interventions for mild and progressive M S-related
ataxia.
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