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Abstract

The purpose of this study was to assess the effects functional electrical stimulation (FES)
training of the hand and arm in persons with multiple sclerosis (MS). This is a case series of four
individuals with MS with varying hand and arm dysfunction, argadhded Disability Status
Scale (EDSS) scores ranging from-3.0. Two participants completeehbur FES sessions, 3
times per week for 8 weeks and two participants completed 10 weeks. Every session the
following four hand and arm exercises were perforarethe nordominant limb: feeding,
forward reach and grasp, opposition and lumbrical pinch on the Xcite iFES Clinical Station
(Restorative Therapies, Baltimore, MD). Pre and pesting was divided into two days. The
first day i ncl umdéudctiontes, th&kuhctiosal Ineper@encelMaasure
(FIM; self-care only), the Capabilities of Upper Extremity (CUE) instrument and the Grasp and
Release Test (GRT). The second testing day participants performed grip strength testing (palmar
and tip pintr) and two tasks on a haptic wrist device; a tracking task and a proprioception task to
assess the effects of the FES training protocottéating was completed within 222 hours
prior to the first FES session and ptesting was within 72 hours of tffieal FES session. Three
of the four participants showed marked improvements in palmar and tip pinch grip strength.
Participants did not show meaningf ul i mprovem
grasp and release test provided mixed resmits participants improved, two were inconsistent
across the 6 items. When assessing the functional questionnaires, virtually no change was seen
on the FIM and the CUE. Regarding the haptic wrist device testing, some improvement was seen
in the tracking ang@roprioception task but most was not meaningful improvement in the trained
limb. Anecdotally, most of the participants reported experiencing improved function in day to

day life. The results of this study suggest that thnweekly FES of the hand and amith the



Xcite clinical station for 8.0 weeks may elicit functional improvements in individuals with MS.
However, more research is required to better understand optimal training parameters and limitations

of this therapy.
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Introduction

The process dbeing diagnosed with multiple sclerosis (MS) can be long and frustrating
due to its complexity and varying symptoms present in the early std§eSdciety, 201P
Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system (CNS),
affecing the brain and the spinal cord such thatitisalatingmyelin lining that ensheaths the
nerves is attacked and damaged, causing chronic inflammation and a disruption of nerve
impulses and transmissiokl§ Society, 201P This disruption in the systeresulsin a number
of motor, sensory, autonomic and cognitive symptoms and each symptom can range in severity
in each individual and i mpactMSWBackty,01% compone
National MS Society, 2016Worldwide, there ar@.3 million peopldiving with MS. Canada
has one of the highest rates of MS worldwide, with, approximately 77,000 cases, which
translates to 1 in every 385 Canadians. Even with sy peopleaffected by this disease the
cause is stilunknown. However, rrent esearch suggests that a combination of lifestyle,
environmental, genetic and biological factors may all contribvt $ociety, 2019National
MS Society, 201p

Motors y mpt oms associated with MS often i mpact
include muscle spasms, fatigue, weakness, contractures, and reduced ROM and coordination.
These symptoms can be experienced throughout the entire body, involving both uppedlimb an
lower limb function MS Society, 201P Regardingehalilitation after MS, the emphasis is often
on improving function of the lower body, as gait is commonly affected in most neurological
diseases. However, strategies to improve upper limb functiohdsetwho experience MS
related motor symptoms in the hands and arms is still necessary. The combination of wrist

movement (flexion/extension, radial/ulnar deviation) and forearm rotation provides the distal



upper extremity with immense movement capabdifaied many degrees of freedom, allowing
one to perform fine and gross motor tasks that require coordination and precision. Without
optimal function of the upper extremity, activities of daily living (ADL) become increasingly
more difficult to perform, andome tasks may not be possible to complete at all. With this loss
of function comes a loss of independence which in turn, has a high correlation to decreased
quality of life; often seen in those with MS [sadak et al, 1996Mitchell et al., 200h

Regular exercise itheform of resistance training, aerobic exercise, yoga, or high
intensity interval training (HIIT) can improve overall fithess, cardiovascular health, muscle
strength, balance and fatigue, which in turn can have a positive impact typ guiifie [ Petajan
& White, 2000;Wonneberge& Schmidt 2019;Guoy et al, 2012;Salgadoet al., 2013
However, these forms of exercise seldom target the upper limbs and hands in a way that may
impact functional improvements in those with M3a[gas,2011; Taylor et al., 200p

Functional electrical stimulation (FES) may offer more promise than traditional exercise
as a means to improve upper limb strength and function, and research in the last decade has
demonstrated such improvementshastroke ad spinal cord injured populations [Popoweic
al., 2006;Venugopalan et al., 20]L&s well as those with MXutlu et al, 2017;Patil et a,
2015;Sampson et al., 201.5A study conducted in 2016 investigated the effects ofadé€k
protocol consisting of 18-thour sessiaminvolving FES combined with passive robotic support
during a reaching task in persons with M&npson et al., 201L5A range of 1833 minutes of
adual stimulation was involved which resulted in an average tracking improvement of 12.8%
and 23.6% for the elbow and shoulder, respectiv&fyrjpson et al., 20L5-urther, a reduction
of 49.2% and 48.8% of maximal stimulation was required to effectiwatyptete the tasks on

the elbow and shoulder, respectively. Taken togethesgfindings suggest that the participants



were gradually becoming more efficient in successfully completing the reaching tasks following
the FES trainingAlthough such researéh positive and encouraging, more research involving
newer technologies and functional impact is certainly warranted. In recent years, a company
called Restorative Therapies has designed a FES device known as the Xcite, that can be used to
mimic functionaltasks and ADL. For example, with the electrodes applied to the upper limb and
hands, movements such as forward reach and grasp (as if reaching and grabbing a cup), or
lumbrical pinch (similar to holding onto a coin or picking up a pen) can be evokerharetit
The Xcite provides a simple but precise interface that holds over 40 ggeammed functional
movements that the user can customize to best meet their needs. This device is currently being
used in rehabilitation centers as therapy for variousohggical conditions including stroke,
spinal cord injury (SCI), cerebral palsy (CP) and MS but there has yet to be a formal study
conducted on its effectiveness.

The purpose of the present study is therefore, to investigate the effects-ofeeten
thrice weekly, FES training intervention on upper limb strength and function in individuals with

MS.

Literature Review

Background and Epidemiology of Multiple Sclerosis

Multiple Sclerosis (MS) is an autoimmune disease of the central nervous system
(affecting the brain and the spinal cord) whereitiselatingmyelin lining ensheathing the
nerves is attacked and damaged, causing chronic inflammation and a disruptiam of ner
impulses and transmissioM$§ Society, 201P Inflammation accumulates in the brain and spinal
cord, eventually resulting in further neurodegeneration and demyelination of the efferent/afferent

pathways thus, decreasing motor, sensory and autonomiaildéggsm[MS Society, 201P



This neurodegenerative disease was first recognized by clinician, Jean Martin Charcot in
1868 Frohmanetal.,2011. Then, the diagnostic criteria wi
which included speedmpairments, intention tremor and nystagmus. Today, the process of
diagnosing a person with MS is much more extensive and several tests are conducted. A medical
history, a neurological exam and clinical symptoms are fundamental to the diagnosis process.
Preliminary symptoms that may be experienced and help in the diagnosis include vison
problems, tingling and numbness, pains and spasms, balance issues or dizziness and fatigue.
Also, performing an MRI and evoked potentials are useful in confirming a suspé¢Stease
[MS Society, 201p

MS affects nearly 1 million individuals in North America and 2.3 million worldwide.
Canada has one of the highest rates of MS worldwide, with, approximately 1 in 385 Canadians (
more thari77,000) diagnosed with the diseas®B8019 [Canada, 2019]

In most cases, diagnosis is determined during young adulthoetd(€ars of ageMS
Society, 2019National MS Society, 2016However, there are cases of younger children as well
as older adults being diagnosed. Also, womertlaree times more likely to get MS and overall,
this condition is more common in people of a Northern European backgidatidrjal MS

Society, 201p

Types of MS

Often times MS begins with a clinically isolated syndrome (CIS), which is the first
episode of neurological symptoms caused by inflammation and demyelination in the CNS. To be
considered a CIS the episode must last at least 24 hours, however, experiencing this does not

necessarily mean that the person has or will haveM&8dnal MS Society2014. After a CIS,



if an MRI scan detects brain lesions similar to those seen in MS, the chances are high for the
person to experience a second episode and develop relapsiitgng MS National MS

Society, 2016 Once diagnosed with MS the personl Wi classified into one of the four types

of MS described below. See Appendix A for further description of each classification.

The most common type of MS is RelapsiRgmitting Multiple Sclerosis (RRMS), which
is characterized by clearly defined attdekésodes of new or increasing neurological symptoms
followed by periods of partial or complete recovery, referred to as remidéadioal MS
Society, 201p Remission providea period of timan which all symptoms may disappear, or
some symptoms may gtnue and even become permanent but there is no measurable
progression of the disease at this time. The intensity of each relapse may increase, decrease or
stay the same as the previous episode and each bout is unique in every case. Following a relapse,
the new symptoms may disappear without causing any increase in level of disability, or the new
symptoms may partially disappear, resulting in an increase in disability. Approximately 85% of
people with MS are initially diagnosed with RRMSdtional MS Socity, 2014.

The second type of MS is Secondary Progressive MS (SPMS). Approximately 50% of
people initially diagnosed with RRMS will develop SPMS within2lDyears which involves the
consistent worsening of neurological function over time, either withitbiout sporadic relapses
[National MS Society, 2016

The third type of MS is Primary Progressive (PPMS), which is characterized by a
worsening of neurological function from the initial stages, without early relapses or remissions.
At various times théisease can be characterized as a¢tivth sporadic relapses) or not active,
as well as with progression (worsening of the symptoms over time, with or without relapses) or

without progressionNational MS Society, 2016



The final type is Progressilelapsing MS (PRMS). This type involves steadily
worsening neurologal function with occasional relapses from the initial stages of the disease.
Those who have been diagnosed with PRMS are now considered to have primary progressive;

active or not activgNational MS Society, 2016

Etiology and Pathophysiology of MS
Etiology
The cause of MS is stillnknown.Current research suggests that a combination of
lifestyle, environmental, genetic and biological factors may all contrit&$ociety, 2019
National MS Society, 2016Some examples of lifestyle and environmental factors that may
increase risk of MS include low vitamin D levels, childhood obesity, and smoking. Genetics are
a key factor since an expression of a changed gene of the human leukatayen (HLA)
family, specifically, HLADRB1, can influence the immune system to be unable to discriminate
bet ween our own bodyds pr ot eiMBsSocetn @d0lpAhose mad
more recent theory | ook sbicane maybeta cdanteitautorttothea nd h o
damaging of the bloceldrain barrier (BBB) and in turn signal the immune respobse 4t al,

2011

Pathophysiology

As mentioned previously, MS is an autoimmune disease which attacks the myelin sheath.
The demyelination is accompanied by an inflammatory reaction wall$ and macrophages as
well as axon destruction via lesions. Myelin is the primary target of dastrumut axons, nerve

cells and astrocytes are also affected, to a lesser d&ymtameda et al., 20L.2ZThere is an



ongoing destruction of myelin referred to as active lesions, in which macrophages and activated
microglial cells infiltrate the tissue. These cells are responsible for the uptake and removal of the
myelin debris. It has been said that demyelination caesEred to some degree through
remyelination, from the neighbourirgigodendrocytedut, axonal destruction is irreversible
[Ontaneda et al., 20L.2This differential degree of damage is illustrated in the relapsing
remitting functional impairment. Inframation and demyelination cause many of the sporadic
relapses, whereas the baseline or unremitting neurological impairments are due to the axonal
destruction Lassmann et al., 200IResearch suggests that the inflammatory process is driven
by a Thimediatd autoimmune responsecélls are believed to play a role in causing
impairment in this disease due to the ability ofITh(a Tcell subtype) to open the blodwlain
barrier and then cause axonal damage and neuronal[@edtmeda et al., 20LBlood samples
show that an elevated number of autoreactheells with the cytokine spectrum ohT cells are
present in those with MS, backing tili®ory Ontaneda et al., 201Rassmann et al., 2001

Another contributing factor to the pathology of MS dre white matter lesions, however,
new research has discovered gray matter lesions are also present. These cortical lesions appear in
the early stages of the disease, accumulate over time and may even exceed white matter lesion in
progressiveMS [Ontanedateal.,, 2012 Cor t i c a l | esions usually have
leukocytes and more prominent neuronal degeneration compared to white matter lesions.
Cortical atrophy occurs early in MS and worsens more rapidly than white matter atrophy. This
progression coelates more strongly with physical and cognitiv@airment Dntaneda et al.,
2017.

Complete neural repair and remyelination is unlikely to be achieved, however,

remyelination does occur naturally to some extent. Once CNS tissue damage occurs, the



oligodendrocyte progenitor cells migrate to the lesions where they differentiate-into re
myelinating oligodendrocytes that spread processes to demyelaxatesl Dntaneda et al.,
2012;Lassmann et al., 20DIEvenin the early stages of the disease and stasstruction,
remyelination is unable to compensate for the continuing demyelination in most people. It is
thought that multiple mechanisms may contribute to the failureryelination Lassmanret

al., 2001. The mechanisms involved in triggering thi®pess are still uncertain and therefore,

finding successful therapies has been difficult.

Physiological Consequences of MS

Inflammation and the immune system play a key role in initiating the damage to the CNS
but it is the resulting lesions that determine what deficits the person will experience. The
differences in symptoms between people with MS, both in type and severéygdien the
location and size of the CNS lesions. Sensorimotor deficits and problems in physical functioning
of the extremities result from cerebellar, brain stem and spinal cord lesions, whereas cognitive
and psychological deficits are due to lesionsfrontal and parietédbe Bishop & Rumirill,

2015.

Sensorimotor Deficits
Fatigue. Persons with MS can experience two different types of fatigue, either cognitive
or physical. Unlike abkdodied individuals fatigue occurs and presents somewhataetitily. It
can be dueitoumtibsgorwhen a | imb i s weakened -
asked to perform, feeling similar to general muscle fatigue [Sch&chapiro, 200B
However, completely eliminating movement or exercise of eftetinbs, resulting in muscle
atrophy can also cause fatigue. Another type of fatigue that is commonly experienced among the

8



MS population is called lassitude, where an overwhelming sleepiness comes about abruptly and
severely at any time of the dagdhajiro & Schapiro, 2003Crayton& Rossman, 2006
Approximately 80% of people with MS experience fatigue and half of these cases report it as
being their most debilitating symptom§ Society, 2019Giovannoni2006;Crayton &

Rossman, 2006

In 2007, Grain and colleagues completed qualitative and quantitative assessments of
fatigue in 79 poplewith MS and 51 control subjects using the vigilance test and a vigorimeter
test RO07. The vigilance test assesses mental fatigue in terms of mistakesaatidn time, it
requires the participant to listen to a series of high and low tones with the goal of detecting any
irregular tones in the sequence. To test physical fatigue, grip strength was assessed using the
vigorimeter test, requiring the particigan squeeze a rubber ball 10 times, alternating hands, at
3 second intervals at maximal eff@@reim et al., 2007]Compared to the healthy controls, the
MS group demonstrated significantly lower levels of concentration shown as omission mistakes
and slaver reaction time during the vigilance test (MS: 3#idtakesand 43.1RT; C: 45.7
mistakesand 50.6RT converted to the -Btandard scores). When assessing physical fatigue there
was a significant decrease in strength over the 10 trials in the MS grongasiag from 0.88kp
to 0.80kp opposed to the control group who only decreased from 1.10kp to X30ékpét al.,

2007.

A study by Petajan and White used transcranial magnetic stimulation (TMS) to observe
central conduction impairments prersons witiMS before and after a fatiguing taskr(8nute
maximal grip test)2000]. At rest, motorevoked potentials (MEPs)yerereduced, more
dispersed, and varied greater in MS participants and after a fatigslknd/EP was reduced to a

greater extent, varied m®mand recovery of the MEP was prolongBetfjan& White, 2007. An



interesting aspect of this study was its ability to asaedgterpret cortical excitability. Before

the fatiguing exercise, all groups demonstrated an increased MEP amplitude agrctshtl

motor conduction timeGMCT) during the contralateral hand grip, showing that facilitatory
mechanisms were normal/present at rest. However, following the exercise, MS subjects were
unable to facilitate the MEP with contralateral hand dgegtdpn & White, 2007. This confirms

that there is a loss of muscle strength associated with prolonged physical activity that cannot be
increased by effort. Assessing what goes on before and after exhausting tasks allows us to better
understand the fundamergatf fatigue in MS.

Muscle WeaknessA common symptom seen in those with MS is muscle weakness. In
ablebodied people when muscle weakness or atrophy is seen it is usually from a lack of
exercise. In the case of MS, muscle weakness can be attributetth iodctivity as well as a
problem in transmission of electrical impulses to the muscle from within the CNS [ScRapiro
Schapiro, 200B In MS, other common symptoms can cause or worsen muscle weakness such as
spasticity and fatigue. When muscle tone @ases due to repetitive spasms it can limit ROM but
also restrict the strength of its antagonist muscle as it may cause it to lengthen over time. This
interconnection between symptoms makes it nearly impossible to separate them when creating
management andeatment plans, therefore, they are usually treated in combination. If spasticity
and/or fatigue can be reduced it provides the person a better chance to improve muscle strength
[Schapiro& Schapiro, 200B Muscle strength can also decrease as the diggagresses and
depending on the stage of the disease and lesion severity, individual strength deficits can differ.
Muscle weakness can also be a catalyst for a number of other functional problems as it becomes
more severe. [@er persors with MS, with more severe symptoms tend to have loss of

coordination and motor control due to muscle weakness. Research conducted by Kmishnan
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2008 found that there was impairment of strength across dynamic and static tasks [Kaishnan
al.,200§.

Grip strengthwas assessed in a study examining central and peripheral effects of
fatiguing exercise in 10 healthy controls, 16 MS subjects with hand weaknes&/)disd 16
MS subjects with normal motor function (MEM) [Petajan& White, 200Q. A custombuilt
hydraulicforce transducer was used to compare average peak force (nbeiigen the 3
groups Controls achieved an average of 622mmHg, the MS group with normal function
averaged 516mmHg and the MS group with weakness averaged 406mmHg. The time for the
participantgyrip strength to decline to 50% max took longer in the control group (29sec)
compared to MM (18sec) and MSV (15sec) further demonstrating the muscle weakness and
fatigue that is present in MS [Petaj@White, 2000Q.

Contractures. Prolonged muscle te and constant short joint angles lead to
contractures, which are characterized as hardening of muscles, tendons or other tissues which
lead to joint rigidity and reduced flexibility. In most cases, contractures are present in the hip
flexorsand hamstrms due to prolonged sitting from whee
ability to stand upright without assistance or walk, with or without assistive devices.

A study examining the prevalence of joint contractures, stiffness and muscle weakness in
those with MS was done in Australia2014 Hoang et al., 20140ut of the 330 participants
with MS, 56% of them reported having contractures in at least one major joint. Although
contractures are more prevalent in the lower body, this study estimatedogpegrevalence
(averaged across right and left sides) as follows: shoulder 8.3%, elbow/forearm 3.5%, wrist/hand
2.5% Hoang et al., 201# Another study assessed spasticity of those with MS and 84%

reported at least minimal spasticity (31% minimal, 19%6117% moderate, 13% severe and

11



4% total/prevents daily taskRizzo, 2004. It was revealed that ortbird of those with MS

modify or eliminate daily activities due to spasticity. It was also concluded that there is a strong
correlation between musaleeakness and contractures at large joints of both the upper and lower
limbs and an inverse relationship between quality of life (QoL) and spastsigyity Hoang et

al., 2014.

Spasticity. Due to spasticity and muscle atrophy persons with MS maegfsrience
decreased range of motion (ROM) in affected joints. Spasticity can occur simultaneously or
sequentially as increased muscle tone during active moveorahisng passive stretching. It
can also be unprovoked and persistent, transient and sometimes painful fPAedjti| 2017.
Upwards of 80% of people with MS experience spams in some capa@tgdn& Rossman,

2006.

Aside from limiting their efficieny in completing reaching tasks, decreased ROM in the
upper limbs can also affect gait patterns. A study conducted on 52 adults with low severity
RRMS and 25 healthy ageatched controls measured upper extremity function during gait
[BonnefoyMazure et al.2017] Those withMS walked slower, with increased mean elbow
flexion and decreased overall amplitude of elbow flexion during the gait cycle. There was also a
significantly higher average movement of the arm angle in the sagittal plane compared to contro
group BonnefoyMazure et al., 2017]This study as well as other studies have described a
relationship between arm swing and gait speed, explaihatif reduces energetic coshay
play a role in stability as well dacilitate leg movement#\ decrased ROMn arm swingmay
be di sr upt iduetodesser angudad somenalfidannefoyMazure et al., 2017

Nerve Pain.Persons with MS may experience many different forms of pain but one that

is more closely link to MS is neurological pain. This form of pain is usually reported as being

12



significantly more severe than noeurological painCrayton& Rossman 2006 Nerve pan
occurs due to the damage of demyelination of the CNS, such that interference of transmissions to
the brain result in misunderstood signals presented as humbness, shooting or stabbing pain,
crawling or burning sensations anywhere in the body withoueddfS Society, 201P It can
come about anytime during the day or night and last seconds to hours, not only disrupting daily
activities but possibly sleep as well. The main treatment for neurological pain is-an anti
convulsant pharmaceuticalthough it, and other drugs for neuropathic pain do not completely
resolve it MS Society, 2019Crayton& Rossman, 2006

A study conducted in 2017, determined the relative association between daily changes in
pain, fatigue, depressed mood, andrative function against 4 outcomeeell-being,
participation in social roles/activities, upper extremity (UE) functioning and lower extremity
(LE) functioning [Kratzet al., 201F. Daily pain was associated with decreased social
participation (B=1.00;P= 0.002), UE functioning (B%.04; P=0.01) and LE functioning (B=
0.71; P= 0.04). Although nerve pain is not ph

ability to complete simple tasks physically and mentally can be devastitig ¢t al, 2017.

Functional Impact

Although no case of MS is the same, many symptoms such as chronic pain, spasticity,
diminished strength and coordination, muscle fatigue, bladder dysfunction and sensory
impairments are commonly presel3 Society, 2019National MS Society, 2016These
symptoms can cause debilitating effects on wrist and upper limb function, making it difficult to
complete daily activities. For example, if there is a high degree of spasticity in the wrist

extensors, oveirhe muscle tone increases, stretching and weakening the flexor muscles. In

13



severe cases even a maximal muscle contraction of the wrist flexors cannot overcome the force
of the extensors, leaving the wrist in an extended position until passively stretched.

Reilmann and colleagues conducted a study in 2013 assessing quantitative motor
assessment on persons with MS as well as a matched control group. Grip strength of a pincher
grip was tested with a force transducer device allowing grip force variabilitygdan isometric
grip to be tested. Those with MS had significantly higher variability during tlse&ihd grip
force (5.2) trals compared to the control group (3.Bejlmannet al., 2013 These findings
illustrate how daily activities can be more challenging for those with MS, by having irregular
grip forces gffecting their coordination needed for lifting or carrying obje&silmannet al.,

2013.

Another study assessed upper limbtondunction inpeople withMS with an
instrumented action research arm test (ARAT), evaluating the ability to hold and carry various
objects as well as the niele peg test for precision graspir@@gpfpinellaet al., 2014 The 12
healthy participants @h21 participantsvith MS wore single inertial sensors on their wrist,
accelerometers and gyroscopes signals were also used to determine the duration of each task as
well as a jerk index for smoothness of movement. ARAT tasks completed gyotipwvith MS
were significantly slower and less smooth compared to the control group by 70% and 16%
respectively Carpinella et al., 2034 This study showed that completing everyday tasks with
upper limbs can be difficult for people with MS but it was also insiglagub the specific
challenges. They directly compared a healthy controbaratticipantwith MS completing a
subtask of ARAT by measuring angular velocity across time and break down the task into 5
sections: reaching, manipulation, transport, relesse return. The time required for the

participant withMS subject to manipulate and release the object accounted for much of the time
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difference, showing that grasping and releasing are the greatest d€cpiklla et al., 2014
See appendix B for gph depicting the comparison.

Further, a study by Squillace and colleagues in 2015 assessed fine and gross motor
function in 36 adolescents with MS against 36 control adolescents, and these researchers found
that one may be more affected than ttieep[Squillaceet al., 2015 Using a hand dynamometer,

a ninehole peg board (NHPB)nd a purdue peg board (PPB) the researchers found significantly
lower scores in left, right and both hands for fine motor taskse group with MSompared to

the agematched control group. When comparing the NHPB tests, the time stoiesgroup

with MS averaged 25.1s and 26.6s compared to the control group who averaged 19.7s and 19.8s
right and left hand, respectively. A similar superior performance by the cgritg) was seen

in the PPB; with the average peg scores of 15.4, 14.0 and 12.6 compared to the MS group who
scored an average of 12.6, 11.0, and 9.6 for the right, left and both hands, respectively [Squillace
et al., 201h However, gross motor functionddnot show a significant difference between the

two groups $quillaceet al., 201h

Autonomic deficits

The autonomic nervous system (ANS) controls many important aspects of the body,
including efferent neurons, smooth muscle, cardiac muscle and gland cells in an involuntary or
automatic fashion. As a result of demyelination, disruption to the central€ehtbe
autonomic system is frequently seen in MS, impacting what signals, if any, are sent from body to
brain and vice versa. Since lesions rarely affect one concentrated area, a complex network of
symptoms from both the sympathetic and parasympatlystieras are seeMjerklebachet al,

2006;Lensch& Jost, 201). As a result of this complexity much is yet to be understood
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regarding ANS deficits in MS, such as cardiovascular issues, pupillomotor, or sweat gland
changesilerkelbachet al., 200& Two aras that are commonly impacted and better understood
are bladder/bowel function and temperature regulation.

Bladder/Bowel dysfunction Yet another uncomfortable symptom of MS is bladder and
bowel dysfunction. This can present in a number of differensyaynstipation, urgency due to
detrusor hyperreflexia, incomplete emptying of the bladder, and/or incontinence. Dysfunction
can worsen in association with impaired muscle control, spasticity and cognitive impairment
[Crayton& Rossman, 2006 Similar to dher symptoms of MS, there can be a cascading effect,
such that bladder dysfunction can cause other serious health conditions, UTIs are much more
common due to the dysfunction making treahtmore difficult as antibiotics have limitations.
Untreated andeoccurring UTIs can put a healthy individual in the hospital let alone someone
with a compromised immune system. Aside from the negative health implications it also changes
a personb6és washroom routine; perhapuw daily | a
assistance from a caregiver and with that, something that should take a few minutes may now
take an hour. To help mitigate the physical discomfort and the emotionaj stnajary can be a
solution to soméndividuals[Crayton& Rossman, 2006

Temperature dysregulation For many people with MS temperature regulation is
affected and can be quite distressing. Due to the research interestsersavity in MS
because of its nature of triggering symptoms, it can be forgotten that temperature
dysregulation/dysfunction also means esénhsitivity. While an overwhelming feeling of heat or
having a lower threshold in tolerating warmer temperatures is common, it is equally as common

for people with MS to be sensitive to the cdlll Society, 2019Bobryk, 2016. As mentioned,
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most research is focusedonhsa¢ nsi t i vity as it can inhibit
activity and exercise by bringing on symptoms.

A study put temperature to the test, exploringgweling to see if it coulimprove
symptoms of heagensitivty in persons wititMS [Reynoldset al., 2011 Cooling the head and
neck for 660minutes effectively decreased core temperature by 0.37°C which resulted in
improved performance during anginute walk task and timed tgndgo test. Although no
significant changes occurred for grip strength, this could still be a safe and effective addition to

an exercise regimen for somebody who has MS and isskaattive [Reynoldst al., 2011

Cognitive and psychological deficits

Aside from the many physical deficits that a person with MS may experience, they may
also encounter cognitive and psychological impairments. There is a high prevalence of
depression in the MS population, compared to the general population with a lifetwvaéepce
of approximately 50% and an annual prevalence of 20% [Si&gbernethy, 200h There are
a number of reasons as to why the rate of depression is so high in the MS population including
other symptoms such as fatigue or spasms that cause sdeégnps, other symptoms altering or
inhibiting the completion of daily activities, the location of lesions or frorregisting cognitive
impairments $iegert & Abernethy, 2005Most cases of depression in MS appear to be in the
early stages, as the persadjusts to the diagnosis. It also seems to worsen with the accumulation
of greater disability, impairment of ambulation, reducedcai€, and clinical relapses [Turner
et al., 201§ The literature around depression in MS is quite extensive but menetisec
research has shift to explore anxiety in MS. Presently, research suggests that higher levels of

anxiety may be associated with longer disease duration and may be more common in SPMS
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and/or in women with RRMSTurneret al, 2016;Joneset al., 2012 With these high rates of
mental health problems, a better assessment and management should be investigated to provide
greater help to people with MS.

Cognitive deficits involving shoitierm memory/working memory, new learning,
information processingnd executive functioning occur in roughly 40% of MS cases but the
literature is not clear that it progresses linearly over‘engn prognoseJrayton& Rossman,
2006;Siegert & Abernethy, 200Q5In a study conducted on 200 people with MS, 46% reported
cognitive impairment with 34% being memory and 33% being executive functioning problems
[Siegert & Abernethy, 20Q5Any degree of cognitive deficits can make daily tasks more
challenging and frustrating for the person with MS and possibly their caregispouse. Even
simple tasks such as creating a grocery list, using smart phone efficiently, remembering
appointments and making decisions may become taxing.

QoL. The motor, sensorautonomicand cognitivampairments described above may
greatlyreduce ne 6s i ndependence an &adovnicketalr, 1996; t hei r q
Mitchell et al., 200% Whether the physical/musculoskeletal symptoms are appearing separately
or in combination, function can be greatly impacted not only causing inconveniences but, in
some cases, a part or ftilne caregiver may be needed. Even if little assistance igedgthe
loss of independence and the stress of letting somebody into your home and training them can
take its toll on their mental health. Another
nature of varying highs and lows and overall progogssver time, the impact on health and
function changes day to day and year to year. This inconsistency also decreases quality of life.
Booking events and appointments ahead of time can be troublesome since it is impossible to

predict how stangwilbeonanygvénsdaysanydrirpe. Many people who have
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MS even experience shifts in limitations and capabilities throughout the day. They may feel
strong and alert in the morning, become fatigued, weak and incapable of completing usual tasks
by mid-afternoon and then regain strength and energy again later in the ev@ntagé¢da et al.,
2017.

Persons with this neurological disease have shown a strong susceptibility to depression as
previously mentionedJadovnick et al., 199&wibel, 2009. The plysical impairment that
comes with MS and the lack of independence is a key factor in developing depression. In a study
conducted in 2009, pain and/or physical impairment which impacts daily activities and quality of
life is present in 86% of persons withZwibel, 2009. If these symptoms could be mitigated
through physical therapy and exercise this may greatly reduce depression and improve overall
quality of life [Mitchell et al., 2005Zwibel, 2009. For some of the other symptoms such as
bladder/bowetysfunction, cognitive impairment and anxiety other forms of therapy such as
cognitive behavioural therapy, and pharmaceuticals may be required to provide relief. Peer

support is also key in aiding those with MS and improve their QoL.

Treatments Aimed at Improving Strength and Function After MS
Pharmacological Treatments

The majority of treatments for persons with MS involve disease modifying drug(s) which
slow the progression of the disease, lessening the severity of relapses and femgitson
duration ph.d, 2008 These immunosuppressant drugs such as corticosteroidslatelférons
work to stop the Cell from crossing the blood brain barrier (BBB) or lessen the degree of
which the FCells react to the neurons within thiain, limiting the amount of immune response

it signals to the systenNpqvi., 200§. By reducing the immune response this lessens the amount
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of inflammation and demyelination that occurs thus, reducing the severity of the symptoms.
Research is continuihgtrying to improve the drug plans for people with MS, to find medicine

to help everybody, and better limit the progression of the disease. Still, medications for MS have
unwanted sideffects and can be prohibitively expensive and other strategies tovienfpealth

and symptoms in the MBopulation are needed.

Exercise RehabilitatiorAfter MS

In the early stages of MS, the functional deficits may be relatively simple to manage with
the use of specific rehabilitation strategies and some medicafiems{ein, 201p Over time
the disease changes, and with that overall function does as well. Therefore, the interventions in
place should adjust to match the demand. As explained previously, the symptoms can become
guite complex as they worsen, or newicle$ can arise and impact one another. The treatment
should reflect this and take a mdiisciplinary approach with different physicians and therapists
whohavealong er m per spect i vfa xdgsEioiry 204 For the purpasef ¢ k
improving strength and function it may be most effective to use physical therapy as the primary
strategy. Physical rehabilitation includes many specialized facets including, massage,
physiotherapy, chiropractic treatments, osteopathy and exeTbisrehabilitdion and treatment
prescription for MS has changed greatly over the last several decades. One of the biggest
changes concerning recommendations for physical therapy is the attitude towards exercise and
rehabilitation, and some controversy as to how togpites exercise to people with MS still
exists today. Although exercise is beneficial in creating a healthy lifestyle, those with MS were
traditionally discouraged from participating in exercise for fear of aggravating their symptoms

[Dalgas 2011. As menioned in the previous section, heat impacts those with MS to a greater
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extent than abkeodied persons, and traditional dogma stated that ex@nciseed increases in
body temperature may trigger relapses in individuals with MS. Exercise was not recadmend
as a treatment tool until after 1937 because many physicians thought that visual impairment and
paresis would likely occur during exercise due to a dysautonomia, resulting from temperature
dysregulationDoringetal.,201PEx er ci se was al so thought to be
increase fatigue, nerve pain or cognitive impairments, thus fugtacing the ability to
compl ete ADL. This theory is -8%WwoheM&a s Uht hof f
population do experiendgemporary worsening of neurological symptoms when body
temperature is elevated [Dawsal., 2010Doring et al., 201R However, this does not mean
that all physical activity should be completely eliminated from the lives of persons with MS.

Presentlyexercise is commonly suggested as a form of treatment for those with MS,
albeit a few modifications and safety consideration may be needed. As mentioned previously,
muscle weakness after MS is due, in part, to poor transmission of nerve impulses, and thus,
resistance movements completed to exhaustion may fatigue the nerve further and not provoke
muscle growth [Schapir& Schapiro, 200B Luckily, there are many forms of exercise and
modifications that can be matte each individual. Exercising through thtyle of yoga, aerobic
training, HITT or resistance trainingay be effectivexercise for persons with MS [Okenal.,
2004;Sampson et al., 20156ilipi et al., 2011

In a sixmonth study, participating in either a yoga or aerobic cycling classisagttify
improved measures of energy and fatigue on the multidimensional fatigue inventory (MFI) and
profile of mood states (POMS) compared to an inactive control gfoken et al., 2004 The
yoga classes were 9finutes long, 19 poses were performed aneesek, and the aerobic

cycling classes followed a similar format. The initial and finahiButes consisted of stretching,
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and participants were instructed to exercise aBa@ the 1€point Borg scale of ratings of

perceived exertion (RPE) and congneycling until they were fatigued, felt onset of symptoms

or reached their personal goal (1hr for most subjects). Occasionally, the cycling group were
required to add some arm, trunk and balance work during the session. Significant improvements
were seelin the yoga and the cycling groups in general fatigue (14.7 tofd3y@gaand 13.2 to
12.1for cycling) and energy (43.1 to 51f@r yogaand 45.7 to 52.8r cycling). The yoga only

group also experienced improvements in health transigéidncing their score from a 42.9 to

35.7. Mental health also improved in the cycling only group as their score increased from a 79.2
to 83.7 Many studies have examined the effectiveness of using yoga as a management strategy
for MS symptoms including paimental health, fatigue, spasticity and balance [F€ank

Elarimore, 201p From interventions ranging from@8eeks to émonths in duration most have

found improvement in either energy or reduced fatigue, improved mood/mental health, quality of
life and ®me improved balance or gait [Guri&inanici, 2015;Frank & Elarimore, 2015

Grossmaret al., 2010 However, several studies have found that there is cognitive benefit, there
is not strong evidence that yoga can improve physical or functional deSlait¢afloet al., 2013;
Garrettet al., 2012 As a rehabilitation strategy, yoga may work most effectively when

partnered with another form of exercise that elicits physical adaptations that work to minimize
functional deficits.

Resistance training hagén a staple exercise regimen for decades in the general
population and in more recent years, it has been effectively implemented in rehabilitation plans
for those with MS. Filipi and colleagues found that people with MS of varying disabilities
benefittedrom a 6month standardized whole body resistance training prodfdipi [et al.,

20117). Patrticipants exercised for 50 minutes twice per week focusing on strength development in
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lower body, upper bodyrunk and balance, and unilateral exercises werepaésented in the

later stages of the training. Improvement was seen in all exercises based on resistance/weight
used during sessions except for the participants with the most severe disability (ER$®H 7.5

the abdominal crunches due to unknown reastms majority of resistance training studies

ranging from 3 weeks to 5 months show muscular strength improvements as measured by MVC,
EMG, 1RMs, or rate of fatigue in men and women with varying severities oKjbthpdeet

al., 2012;Taylor et al., 2006Dodd et al., 2011Dalgas 201]. Depending on the length and
intensity of the program, changes of -2 knee extensor MVCs, 14% 1RM arm press or
10%22% peak knee flexor torque can be sdaylor et al., 2006; Dodd et al., 2011; Dalgas,

2017). Selfreported fatigue has improven progressive resistance trainisigdies as well as
depression assessments but there are conflicting results in mood or qualitylltifes[2011;
Sabapathy et al., 201Dodd et al., 2011 Lastly, gaitperformanceshows mixed findings

following strength training. Improvement has been seen in the timed up and go test (TUG)
ranging from 8%l3%, as well as the stair climb test (SCT), and chair stand test (CST) with 12%
and 28% increases respectiveiaylor et al., 2006Dalgas,2011DeBolt & McCubbin, 2004;
Sabapathyet al., 201D However, these tests rely more on strength during short duration
compared to longer and more ghitused tests such as@ 6-minute walk tests, timed 2ot

walk test, and 10ninute walk teswhich show conflicting results from a number of different
progressive resistance trainisdies Dodd et al., 2011Filipi, 2011;Taylor et al., 2006;

Broekmans et al., 20).1Progressive resistance training is an effective form of exercise and has a
place in MS rehabilitation to improve muscle strength, but, more research is needed to clarify the

other functional benefits it may consistently provide.
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Another traditional form of exercise commonly used is aerobic training. This form as also
been seeto be beneficial to the MS population. In aw8ek intervention conducted by
Gappmaier and colleagues (year), 17 pariip with MS performed arm/leg ergometry 3
times/week for 40 minutes. \Aekak, HRreAk, peak work rate, as well &snctional measures
including the Tmed getup and go (TUG), #nin-walk test (6MWT), Stair climbing test (ST)
and tests of balance [Functional reach (FR) and Berg balance test (BBT)] were measured before
and after the exercise training program. Increas&<Chpreak (18%), peak work rate (25%), as
well as an improvement in TUG18%), and ST-@0%) were seerJappmaier et al., 2005
However, FR and BBT scores and 6MWT distance remained unchanged following the exercise
training. Skjerkbaek and colleagueskaoslightly different approach and had 6 individuals with
MS perform 10 uppebody endurance interval training sessions acresseks while 5
individuals with MS performed more traditional rehabilitation that was individualized with a
specialized multidiciplinary team [Skjerbaedt al., 2014 The upper body exercises included
armergometry and arm/leg ergometry that consisted of a hybrid interval workountsiGuBe
intervals (6575% VOppeay Were performed with maximal sprints (80sec) performed até
end of each 3ninute intervals. The exercise group showed improvement ipdQpre: 645,
post: 950mI @min), a reduction of 13.2 and 6.2 points on the MS impact scale and major
depression inventory respectively, and no changes were seen in thgnaiafkjerbaek et al.,
2014. Aside from physical adaptation, some studies have used aerobic training in the form of
walking, recreational sports, or arm/leg cycles to help mitigate cognitive impairment and fatigue
in those with MS with varying degree§disability [Guyotet al.,2012 Chenetet al., 201§ As
shown, aerobic training improves many cardiovascular and fimeasuredyut this form of

exercise does little to no good for upper limb function.
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Research involving high intensiiiyterval training (HIIT) as exercise has shown promise
in being a suitable alternative as it avoids triggering thermosensiiGatypbellet al., 2018;
Dalgas 2011. Due to the nature of high intensity training, both aerobic and strength capacity
can bechallenged. In a study by Zaenker and colleag2@$q, participants completed an 8
week program with the initial 4 weeks involving one aerabierval cycling session and one
session of muscular strengthening, and in the remaining 4 weeks particgdedsoae other
session of their choid€aenker et al., 2016Results showed muscle strength increases in
guadriceps and hamstrings by 10% at varying speeds. Other improvements included increases in
VO2zpeakand maximal tolerated power by 13.5% and 9.484,the SEF59 selfquestionnaire
showed an improvement in vitality, emotional and generalbastig [Zaenker et al., 2016An
8-week program with 40 people with MS compared HITT to moderate continuous endurance
training in the form of cycling 3 times/wiedéor 30 minutes [Wonnebergé& Schmidt, 2019 A
few different assessments were completed, includingpddPambulation as measured by the
25-foot walk test (T28-WT) and fatigue based on the fatigue severity scale (FSS). Only the
HIIT group showed sigficant improvements in V&eak(pre: 26.7, post: 29.7ml/min/kgand no
change was seen in BT or FSS from either group\jonneberger & Schmidt, 20LMore
research needs to be done to further investigate the amount of improvement that can be achieved
through HITT although improvements in upper limb function are unlikely with this form of
exercise.

Although these various forms of exercise can elicit cardiovascular, muscle strength,
overall health and fitness improvements, in some cases improvenoagitive symptoms or
even gait, they do little for function of the arms and hands required for ADL, even in the few

training programs that incorporated uppedy exercise.
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Functional Electrical Stimulation (FES) After MS

FunctionalElectrical Stimulation (FES) was first used as a rehabilitative treatment in the
19606s to cor reta.t201d This pechhique ihvoled/datiry adhesive
electrodes over top of the muscles, which are in turn, connected by a set of Idesl$écthe
FES machine. Small amounts of electrical current (approximatef0mA) are then sent to the
electrodes, which go on to stimulate peripheral nerves, resulting in involuntary muscle
contractions.

The primary purpose of FES is to help minienrauscle atrophy and promote muscle
hypertrophy. Other benefits include improved circulation and decreased spastiifyist,
2018; Daly et al., 1996This technique stimulates the muscle using surface electrodes, enabling
a bypass of the central nenssystem. By stimulating the muscle fibers through the peripheral
nerves, persons with a damaged CNS can achieve muscle contractions and mdW8rienst,
2018; Daly et al., 1996

FES has been used as a rehabilitation technique for several dectiddly;in those who
have had atroke and those with a spinal cord injury. Over time this technique has been adapted
to training and rehabilitation for those with M&$ Trust, 2018 There have been several
studies showing the benefits of FES cyclinghose with MS [Edwards et al., 201&hang et
al., 2011, Street et al., 20[L3n a study conducted by Edwards et al 2018, eleven participants
with MS were randomly allocated to FES cycling exercise or passive leg cycling three times per
week for 24weeks Edwards et al., 2018A number oftests were performed pre and post
intervention including, Time@5-Foot Walk (T25FW), Timed up and Go (TUG}Minute

Walk test (2MW) and the tRem MS Walking Scale (MSW&2). Walking speed, endurance,
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as well apeak knee flexion and extension forces were also measured before and after the
intervention Edwards et al., 2018Results showed that the FES training elicited clinically
significant improvements in walking speed during the T25FW (0.15m/s or 22.9%spcaéer
FES compared to no change in the control group) as well walking endurance duringithae?
walk test (27m or 11.7% increase compared to the control group). Improvements were also seen
in VO2peak(13.8%) andNVRpeak(15.3%) as well as knee exsam strength (21Nm a 22.7%
increase) Edwards et al., 2018

Central fatigue is a primary limitation in daily life for those with MS. An eigbek FES
training regimen of the quadriceps resulted in a reduction of general, central fatigue as well as a
slight increase in knee extensor maximal contraction stre@jtar]g et al., 2011 Initially
maximal and supramaximal quadricep contraction was tested. Then the participants completed an
at-home training protocol for eight weeks, three days per week, B@@si each session. The
stimulation steadily increased for the first two weeks until it elicited 40% of MVC and then this
intensity was used for the remainder of the intervention.

Another study by Street and colleagues in 2015 used FES over the pemmeahnthe
fibular head or the popliteal fossa, and over the motor point of the tibialis anterior on 187 (falling
to 166 after 20wks) individuals with MS{reet et al., 20]5Participants used FES during
walking for 20 weeks to mitigate foot drop. Tiesult of the study demonstrated significant
improvement in walking speed during a 10m walking test from 0.07m/s to 0.11m/s, a 27%
improvement. This improvement exceeds the threshold required for clinical relevance of
0.05m/s. The intervention also redudkd physiological cost of walkingjfreet et al., 2015;
Krause et al., 20Q7Improving walking function to a clinically relevant degree allows

individuals to experience daily life with more independence. If clinical significance can be
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achievedviaFESfr gait, a similar FES protocol target

clinical significance in completing activities of daily living. This hypothesis has been
demonstrated several times with persons who have suffered a stroke VeS@jgpalan edl.,
2015;Kutlu et al, 2017;Patil et al., 201p

A small study using FES on the upper limb had two participant groups, a SCI group and a
Stroke group. Persons with SCI received 5 consecutive sessions (1 hour long) of FES treatment
on the hand and foaem during a reach and grasp tadbdkin et al., 201B Persons who
suffered a stroke received FES treatmetitodr long on the triceps for20 days. Both groups
benefited from the stimulation and improved their Action Research Arm Test (ARAT) score to
an average of 22 (+8 points) and 30.85 (+3.4 points) out of 57, for the stroke and SCI, groups
respectively Hodkin et al., 201B This demonstrates that even after a short period of time,
functional improvements can be seen when using FES in these pmopsilat

Recently, studies are beginning to examine the effects of FES aftdfiM8 ¢t al.,
2017;Sampson et al., 201.5A study conducted in 2016, analyzed the effects FES combined
with passive robotic support during a reaching t&sdnjpson et al., 201L.5Persons with MS
took part in a 1@veek intervention that consisted of 18ndur sessions with 183minutes of
actual stimulation. Tracking accuracy and percent of maximal stimulation were measured
throughout each session. There was an average traokmgvement of 12.8% and 23.6% for
the elbow and shoulder, respectiveBampson et al., 201L5A reduction of 49.2% and 48.8% of
maximal stimulation required to effectively complete the task on the elbow and shoulder,
respectively, were seeBoth of thesameasures suggest that the participants were gradually

becoming more efficient in successfully completing the reach tasks. The result of the many
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studies with persons with a SCI, paraplegia or tetraplegia, or suffering from a stroke, suggest that
using FESon the upper limbs of persons with MS may elicit similar functional benefits.
Mechanisms underlying improvements with FEBerapy

There are both peripheral and central mechanisms responsible for the positive effects of
FES. The peripherahechanisms include improvements in muscle mass, increased blood flow
and reduced spasticit${ijith, 2008. Research has also shown an improvement in energy
exchange allowing for improved oxygen transport within the stimulated tissues through FES
[Daly etal., 1996. The primary central changes that provide benefit include cortical
reorganization and neuronal plasticiujith, 2008. Since FES utilizes surface electrodes the
stimuli activate both motor and sensory nerve fibers, attributing to the changeliication of
cortical connectivity Daly et al., 199p Possible nerve regeneration, neuroplasticity, enhanced
delivery and secretion of tropic factors have also been proposed mechanismsirdkted
central changes. Nerve regeneration using FE®&&s successful in animal studi€aly et al.,
1994. In a study using rabbits, further insight in nerve regeneration by stimulation was collected
and the recovery may be due to nerve regrowth or functional connections being estaklished |
& Hopf, 1983. Electrical stimulation has been shown to promote remyelination of nerve fibres,
and thus, the repeated muscle contractions associated with FES exercise may enhance peripheral
nerve transmission and muscle strengitix [& Hopf, 1983. The mechanism beldnFES
induced remyelination is not fully understood and requires more research however, electrical
stimulation has shown to increase protein metabolism of nerve cells which is assumed to aid in
the maintenance of myelin and improved motor actiiix [& Hopf, 1983. A more recent
article published in 2019, has concluded that electrical stimulation promotes neural stem cell

(NSC) development and growtBHu et al., 201P Since biophysical changes can be triggered at
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the cell surface, membrane proteins sastenzymes, membrane receptor complexes and ion
transporting channels are affected through altering charge distribution with FES. Electrical
stimulation has been shown to play a role in
migration, prolifeation, alignment and differentiatiothhe most significant effect being during
migration and differentiationZhu et al., 201P Electrical stimulation encourages NSCs to
migrate to the injured site and induce neurogenesis as well as neurite outgrootie@tadion
[Zhu et al., 201P

The mechanisms outlined above have been shown to account for thedtE&d
functional improvements in animalBly et al., 199pand individuals who have suffered a
stroke, SCI or traumatic brain injurigfiwards et al2018. The peripheral adaptations
mentioned above have also been seen in persons with MS, however, more research is required to

confirm whether or not the central mechanisms are also experienced.

Purpose andHypothesis

Statement of Purpose
The purpose of this study is to investigate the effects of-aéak unilateral FES
training intervention on upper limb strength and function, in the exercised limb compared to the

control limb, in individuals with MS.

Hypothegs

| predicedthat therewvould be functional improvement in the exercise trained limb only
due to enhancement of muscle strength and neural adaptetidamonstrated by improved
scores of th&ollermandest, the Grasp and Release Test (GRT), the Capabilities of Upper

Extremity Instrument (CUE) and the haptic wrist device tasks.
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Overview of Study Design

Study Design and Participants

Participant recruitment occurred between November 2019 and Jai@z&ryThe study
included three exercise sess@er week for ten weeks. Testing sessions were conducted prior
to beginning the 1@veek protocol and at least-Z42 hour s after each part.
session, and each phase of testing (pre, post) required two vidi&sturs apart. Partiapts
with a chronic MS of varying severity were recruited from the Bid@gara Centre for Health
and WeltBeing Power Cord exercise program. Inclusion criteria included (1) relapsing
remitting or secondary progressive MS with an EDSS betwek(KBrtzke Expanded Disability
Status Score), (2) at leasygar post diagnosis. Exclusion criteria inclug&dunstable medical
condition within 2 weeks prior to testing, (2) had been performing upper body exercises on the
Xcite <8wks prior to preaesting.

Fiveindividuals, (4 females, 1 male) age 58.4 +7.9 years with chronic M81)ly&ars
postdiagnosis, EDS$3.0-7.0) were recruited for participation in the stuBwrticipantc was
not able to complete two of the three ptesiting sections (functional tested haptic wrist
device tasks) due to COVHD9, questionnaires were completed via phone Th#. study
received ethical approval from the Brock University Research Ethics Board (File {46319
DITOR/HOLMES). All data was collected esite at Brock Uniersity and the Brocliagara
Center for Health and WeBeing.

Prior to the first session, each participamasbriefed on the workings of the Xcite
machine and the testing and training requirements of the study by reading and signing informed

consent and verbal explanation.
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Table 1: Participant Characteristics

Type of MS EDSS SEX AGE TIME POST-  TRAINED
(YEARS)  DIAGNOSIS HAND/ARM
(YEARS)
RRMS 3.0 F 45 12 L
RRMS 7.0 F 66 32 L
SPMS 6.5 F 60 29 L
SPMS 6.0 M 59 37 R
RRMS 6.5 F 62 41 R
AVG * SD 5.8+1.6 58.4+7.9 30.2+11.17

*Participant 4 is righthanded, but has greater impairment in his right hand due to MS

Testing Session 1

The first testing session included two measures of grip strength using a hand
dynamomete(Jama® Smar) and two tasks completed on the haptrcst device. All tests were
performed on both hands and took approximately 35 minutes in duration. Once the participant
was familiar with the tests the session began. First, palmar grip strength was measured.
Participants hel d t hhaheidwhaoleshand, iirgersearodns onk lzandte!l e s
and thumb around the other, then they squeezed their hand into a fist as hard as possible. Two
trials were completed on both hands with 1.5 minutes of rest between each trial. Second, tip
pinch grip strength as measured. In this test participants held the dynamometer using the tips of
their fingers on one handle and the tip of their thumb on the other then squeezed as hard as
possible, imagining pinching a piece of paper. Two trials were completed on bofgwitnd.5
minutes of rest between each trial and the average of the two attempts (for each hand) was
recorded as the maximum grip strength. Both forms of grip strength were conducted in a seated
position with arm down at their side since not all participavere able to confidently complete

the task standingNote that for each participant the hand dynamometer handle was set according
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to the size of their hand, the lower handle should lay across their proximal interphalangeal joints
while the upper handllay across their palm.

Next, participants were seated in front of the haptic wrist defii¢astBot, Genoa, Italy)
with their forearm placedn the arnplate,so their hand was grasping the handle in a neutral
position see appendix D for images of testing sefupe first task on the haptic wrist device was
active trackingjn which theparticipant traced a figure 8 shape on the monitor by tracking a dot
as itmoved around the shape. Participants were asked to follow the dot to the best of their
abilities using their hand/wrist strength. The figure 8 shape allows the wrist to move in flexion,
extension, radial and ulnar directions. Tametdot moved at +25 degrees per second in
flexion/extension and +A45 degrees in radial/ulnar. The target moved at a mean speed of 8.6
degrees per second and took 20 seconds to complete one repetition. Participants were asked to
perform2 repetitions of the completed shdpe 3 separate roundgith 1.5 minutes of rest in
betweenThe first round of 2 lapwere used as familiarizatiand thereforemitted from the
results The haptic device recordeéide 2D position of the participasttarget, in relation to the
desired targefThe accuracy of each trial was determined by calculating the magnitude aherror
degrees between the participants target location and the desired/optimal lpgation
). Performance was measured in two ways, tracking error and figtwal &acking error
measures the displacement between the target and the participant over the course of the trial,
whereas figural error assesses accuracy, meas
path/shape during the trial.

Lastly, a poprioception test on the haptic wrist device was condudteel device moved
the participants® hands to a predetermined wr

returned the participant to the starting (neutral) position. The participant waastexhto move
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the device (exerting muscle activity and effort) to the position that the device previously
completed. Participantsad their eyes closetlring the trials anderein a quiet room. This
proprioception task includes movitige hand intavrist flexion and extension only. Participants
performed 12 repetitions of each target at an angle of 23® #With the robot positioning the
hand at a speed of 15° per second during the passive trials. All wrist joint angles were
randomizedTwo measugs of performance were calculated; matching error and error bias.
Matching errorcan be thought of as absolute error, as it is the angular deviation from the target
measuring accuracy during the activity, whereas error bias also considered the difébBon o
error, over or under shooting the target (leftward being negative and rightward being positive).
Both haptic wrist device tasks were performed on both hands. It should also be noted that
the following joint angles were measured on both sides tw dtloa similar body position
during postesting,elbow flexion, shoulder abduction, shoulder flexion and shoulder lateral

rotation.

Testing Session 2

Between 24 and 4Bours after the completion of Session 1, participants attended a
second testing ssion to perform a set of functional tests and questionnaires. First, participants
performed the Sollerman Hand Function Test which inwbbath hands. This test involde
completing 20 tasks testing functional grip that is commonly used in daily livirggtaBks
requiral the participant to use a numberdifferent hand grips such as, palmar, pulp pinch,
lateral pinch, tripod, fivdinger pinch, diagonal volar, transverse volar grip and extension grip.
Many of the tasks have been mounted to a wooderfAapendixE, Fig.5) for ease of test

administrationThe subtests include using a Yale lock, picking up coins off a flat surface,
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Zipping a coin purse, lifting small wooden blocks, lifting an iron, using a screwdriver, picking up
nuts, unscrewing a jar lid, doing up buttons, cutting flah with a knife ad fork, writing with
a pen, folding a piece of paper and placing in an envelope, using a paperclip, lifting telephone to
ear, turning a door handle 30°, pouring water from a jug and from a cup. These tasks were
performed in a seated position with the taston a tableirectly in front of them. The tasks
werecompleted consecutively, in a specific order with minimal rest in between. The participants
received a brief description of the task before attempting it. Seventeen of the twenty subtests are
done wih a singlehand, and the remaining threerecompleted with both hands. Each task had
a time limit of one minute to complete and the participant was scored on a scalebaded on
their ability to complete the tls. The guidelines/order of subtestspring and depiction of the
test kit can be found in appendix Bfter completing the Sollerman test with either hand they
completed the Capabilities of Upper Extremity Instrument (CUE) questionnaire.

The CUE is a questionnaitkatfocuses ontheindivdual sé abil ity to re
and push with their arms, move their wrists and use their hands and fingers. There are 32
guestions, most regarding unilateral function and some regarding bilateral function. Each
guestionwasanswered using apoint scale representing s@kérceived ability to perform the
action (tunable to perform,-¢an perform without difficulty). The responsesresummed into
a total score and a percent of normal function se@scalculated, using thequation (total
scorel 32)/192 X 100%.Left and right hands/arm functiamereanalyzed separately.

Next, the Functional Independence Measure (FIM) was compiBted=IM is a
guestionnaire which assesses various activities of daily living (ADL) inape®s | i f e i nc|
self-care, bowel management, locomotion, transfers and cognition-@oiat/scale. For the

purpose of the current study, only the s®lfe section of the questionnaire was assessed. This
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section assesses the independence of therpetsen doing the following: eating, grooming,
bathing, dressingpper body, dressinlgwer body and toiletingThe responseseresummed
into a total score and assessed.

Lastly, a final functional test was performed. The Grasp and Release Test (GRT) is
arother functional assessment to measure hand capabilities. There are six objects that the
participantwasasked to pick up (using a palmar or lateral grasp), move and release with each
hand, one at a time. The objects incllydepeg, paper weight, fork,dak, can and videotape.
These objects were chosen to represent one or more objects commonly used for ADL. The
participant was scored based on how many times they were able to pick up, move and release the
object within 30 seconds, (mean number of succkssfupletions and mean number of failures
performed in 30 seconds, for each object over 3 trials). If a subject fails to move an item, they

score zero for thatarticular item

Training Sessions

The XciteiFES Clinical Statioly Restorative Therapiesr t he o0 Xci ted6 ut il
method of active therapy that coordinates electrical stimulation of peripheral nerves resulting in
FES induced functional tasks of the upper limbs, lower limbs and full body. The Xcite comes
preloaakd with a therapy program library stored on the stimulator. All tasks are preprogramed
with default values, coordinated patterns and the ideal muscles to be used to complete that task.
However, al | tasks can be pes.Oeercanladjusted t o f it
stimulation strength, add/remove stimulated muscles, add pauses during a task and slow down or
speed up the entire movement of any task. The order in which muscles contract or the specific

grade and rate of stimulation being sent caneatianged. These parameters are permanently
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set by software to ensure smooth and fluid movements are made for every functional task. This
device uses the same principles as traditional FES machines, using surface electrodes that
connect to leads of the stulator control panel.

Participants completed a ek training program with the Xcite machine. There were 3
sessions per week, with every session involWug upper limb exercises that were performed
by thenon-dominant(affected)hand/arm, allowinghte dominant hand/arm to serve as a control.
The exercises were performed in the same sequence each sefsliowasfeeding, forward
reach and grasp, opposition and lumbrical grEsgctrode placement for the four Xcite
exercises can be found in Appen#. The participants completed two set26f30 reps of each
task every sessiodependingos t i mul ati on | evels and stage of
taking approximately 50 minutes including-sgt and restA profile was then set up on the Xcite
where their exercises were stored. Prior to the first training session each participant went through
the four exercises and had each muscle/muscle group involved in the task tested to determine the
appropriate stimut&on intensity required to perforthetask or as tolerated (ranging from 8 to
80mA, depending on stimulation tolerancE)e pulse width for every task for every participant
was 250us and the pulse frequency was 40Hz. Other alterations such as thepsedatif each
task and audio cues were made as needed with each participant. If the participant required
manual assistance to complete full range of motion of the exercise it was provided each session
as needed. After all the stimulation levels weresetla saved to the particip:
began their training, completing the previously specified repetitions and sets for all four
exercises.

Individualized programs and alterations were alloytedield the most benefit for each

participant. As thearticipant advanced through the ten weeks, training was progressed by
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increasing the stimulation intensitgs individually toleratedvery other session (as needed to
achieve full muscle contraction and joint excursidtgr example, the intensity magve been
increased by 2 mA over the extensor digitorum muscle, in order to achieve greater range in wrist
and finger extension to open the hand. In addition, training was progresisetdaging

repetitions (by 2) every-3 sessions, adjusting the speédhe task to make it comfortable and
functional for the participant as was well as decreasing any manual assistance that was provided.
Each participant had their own set of electrodes for their exercises, and program adherence was

tracked and reported hige student investigator.

Results

Participant 1

Participant 1 complete8lweeks of training with the Xcit&3 sessions in total.

Strength Tests:

Grip Strength

Palmer grasp and tip pinch were measured pre and post trionimgth the trained (nen
dominant) and control (dominant) hands. Participant 1 showed a small reduction in grip strength
for the palmer grasp in both hands. The trained hand showed a reduction from 22.2kg at pre
testing to 18.2kg after ttweeks of traning, while the control hand showed a reduction from
23.8kg at preesting to 19.5kg at posesting. In contrastip pinch strength increased in the
trained hand from 8.8kg at ptesting to 9.1kg after ti@week FES program, while tip pinch

strength m the control hand decreased from 10.3kg at@séng to 8.8kg at posesting.
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Functional Tests:

Sollermans Hand Function Test (SHFT)

Participant 1 showed a om®int improvement on the SHFT (from 75/80 to 76/80)
following the8-week training prograrm the trained limb, with no change in the control limb
(78/80at pre and pogesting.

Grasp and Release Test

The following table shows the number of successes and the number of failures for each of
the six tasks at pre and pdassting for both the trained (natominant) and control (dominant)
hands.The rumber of successes increased, but number of fails alszaged] for some of the
tasls, likely due to the overall increased number of grasps. Improvement in number of successes
wereseen in all six objects, and a mix of improvement and decline in number of fails was also
seen across the six objects, likely duéhgreat increase number of gragfben successes
and failures are expressed as a percent of the total number of graspdy increase is in the
fork in the trained hand. A similar pattern was seen in the control hand, increases were present in
theweight and the forkWWhen trials were averaged across the six items it appears there was
improvement in successes in both hands but the opposite is present when the data is taken as a
percent.

Table 2.0a Grasp and Releadeata

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successey Failures | Successe{ Failures | Successe{ Failures | Successe{ Failures

Peg 28.5 0 61 4 34 1 60 2.5
Weight | 48.5 1 50.5 6 50.5 0 55.5 05
Fork 345 15 44 05 33 1 43.5 0
Block | 46.5 2.5 96 25 51 1 88.5 2
Can 475 2 765 6.5 53 1.5 86.5 5.5
Tape |55.5 0 86 55 56 05 84 55
AVG 435 12 69 42 463 0.8 69.7 2.7
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Table 2.0bGrasp and Release Data as a percent

Trained Control

Pre-testing Posttesting Pre-testing Posttesting

Successes Failures | Successey Failures | Successey Failures | Successes Failures

Peg 98.% 1.1% 95.3% 4. 7% 97.1% 2.%% 96.6% 5.4%

Weight | 95.9% 4.1% 90.9% 9.% 98.1% 1.9% 99.5% 0.5%

Fork 94.6% 5.4% 99.3% 0.7 96.7% 3.3% 100% 0%

Block | 98.6% 1.4% 97.5% 2.%% 100% 0% 98.4% 1.6%

Can 97.4% 2.6% 92.7% 7.3% 98.1% 1.9% 95.8% 4.2%

Tape | 99.4% 0.6% 93.7% 6.3% 99.5% 0.5% 93.8% 6.2%

AVG 97.5% 2.5% 94.9% 5.2% 98.3% 1.8% 97.4% 2.9%

Functional Questionnaires:

Capabilities of Upper Extremity (CUE) Instrument

The CUE ranges in total score from324 and percent of normal function score can be
calculated as well. The trained (rdoaminant) limb showed smallincrease in total score and
normality, from 104 to 109, and from 37.5% to 40.1%, respectively aft@&wleeks of training.
A small decrease was seen in the control (dominant) limb, which went from a total CUE score of
110 (40.6% normality) at preestirg, to a total CUE score of 108 (39.6% normality) atpost
testing.

Functional Independence Measure (FIM)

Only the selcare portion of the FIM was used for the purpose of the study, 42 being the
highest possible score achievable. Also, questions werearswie based on t he par:’
ability to use both hands together, not individually. Participant 1 showed no change before and

after the8-week program for the setfare portion of the FIM, scoring a 42 on both tests.
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Haptic Wrist Device:

Tracking

For this task participants complet2dounds of 2 laps of the figu&track Tracking
errorand figural error wrecalculated for each of thHerounds and an average was taken.
Tracking erromeasureshe displacement between the target ang#récipant over the course
of the trel, whereas figural errorassesses c ur acy, measuring the part.
recreate the target path/shape during tlaé for both of these measurestor valuesloser to
zerodemonstrated greataccuray of the participars trackingabilities The table below
displays the averages and standard deviations -aapdepostesting for the trained (nen
dominant) and control (dominant) limb.

For the trained limb a decline in f@mance was seen in the tracking task as
demonstrated bgn increasetrackingerrorby 0.3 and figural erroby 009 from pre to post
testing A similar decline was also present in the control limb, tracking error increase8 dnyd.
figural error by 0.8 from pre to postesting.

Table 2.1 Tracking task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Tracking | Figural | Tracking | Figural | Tracking | Figural | Tracking | Figural
Avg() | 1.6 063 |164 072  |126 071|176 0.9
SD 0.23 0.0B8 |0.04 0.06 0.1 0.1 001 0.002

Proprioception

The proprioceptiotask involved 12 continual attemptsraplicatevariouswrist angles
produced by théaptic wrist robotThe table below displaybe twotypesof error used to
measure performance in this task. For both types of, oo shows perfect performance, a

positive number shows error towards the right and a negative number shows error towards the
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left. Due to tle increase in values across both error types in extension and flexion we can

conclude that no improvement was seen prel postesting in either the trained or control

limb.

Table 2.2 Proprioception task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Matching | Error | Matching | Error | Matching | Error | Matching | Error
Bias Bias Bias Bias
Extension | 3.48 -242 | 4.84 484 |4.64 -3.70 |5.05 -4.06
Flexion 3.84 0.74 |6.12 4.17 6.77 -4.78 | 4.89 0.03

Participant 2

Participant2 completed the full 10 weeks of training with the Xcite, 30 sessions in total.

Strength Tests:

Grip Strength

Palmer grasp and tip pinch were measured pre and post training for both the trained (non

dominant) and control (doming hands. Participarshowedmprovemenin grip strength for

the palmer grasp in both hands. The trained hand shaweadpaovementrom 5.1kg at pre

testing to7.3kg after the 10 weeks of training, while the control hand showeédcaeasdrom

14.Xg at pretesting to 5.6kg at posttesting.Tip pinch strengtlalsoincreased ifboth hands

Thetrained handmprovedfrom 1.7kg at pretesting to2.1kg after the 1@veek FES program,

andthe control handhcreased fron3.9%kg at pretesting t05.5kg at posttesting.
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Functional Tests:

Sollermans Hand Function Test (SHFT)

Participant2 showed d@wo-point improvement on the SHFT (frobi/80 t013/80)
following the 10week training program in the trained limb, wihly a onepoint changen the
control limb from 47/80to 48/80.

Grasp and Release Test

The following table shows the number of successes and the number of failures for each of
the six tasks at prand postesting for both the trained (n@tominant) and control (dominant)
hands. Number of successes increaand,thenumber of failslecreasedn all six tasks,
showing an improvement in the trained handhe control hand, there was a decline in the
number of successesfiour of the sixtasks and a small improvement two tasksmost of
which were not meaningful changd@fiere was aimprovement in number of faila two
objectsand no changm theother four itemsThis holds true when assessing the successes and
fails as a percent of the total number of grasps.

Table 3.0a Grasp and Release Data

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successey Failures | Successey Failures | Successey Failures | Successey Failures

Peg 0 1 25 0 6 1 8 05
Weight | 0 1 1 0 8.5 0 115 0
Fork 15 1 6 0 6 0 5 0
Block | 05 1 05 0 9 0 6.5 0
Can 0 1 05 05 7 15 5 0
Tape 0 1 05 0.5 8.5 1.5 75 0.5
AVG 0.3 1 1.8 0.2 7.5 0.7 73 0.2
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Table 3.0bGrasp and Release Data as a Percent

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successe§ Failures | Successey Failures | Successe§ Failures | Successe§ Failures

Peg 0% 100% 100% 0% 85.7% 14.3% 94.1% 5.9
Weight | 0% 100% 100% 0% 100% 0% 100% 0%
Fork 60% 40% 100% 0% 100% 0% 100% 0%
Block | 33.3% 66.7% 100% 0% 100% 0% 100% 0%
Can 0% 100% 50% 50% 82.4% 17.6% 100% 0%
Tape 0% 100% 50% 50% 85% 15% 93.8% 6.2%
AVG 15.5% 84.5% 83.3% 16.7% 92.2% 7.8% 98% 2%

Functional Questionnaires:

Capabilities of Upper Extremity (CUE) Instrument

The CUE ranges in total score from324 and percent of normal function score can be
calculated as well. The trained (Rdominant) limbshowedvirtually no changén total score
and normality, fron83to 31, and from 37.5% to 40.1%, respectively after the 10 weeks of
training. Asimilarlack of effectwasalsoseen in the control (dominant) limb, which went from a
total CUE score 081 (25.%% normality) at predesting, to a total CUE score @8 (23.9%0
normality) at postesting.

Functional Independence Measure (FIM)

Only the selcare portion of the FIM was used for the purpose of the study, 42 being the
highest possible score achievable. Also, questions wereamswie based on the par:
ability to use both hands together, not individually. Partici@gatemonstrated a twpoint

changeafter the 18wneek program, scoringj7 on the pretestthen 19 on the posest
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Haptic Wrist Device:

Tracking

Participant 2 experienced great difficulty in completing the tracking task with the trained
limb as demonstrated by the great tracking and figural error value however, there was
improvement seerkigural error improvedoy 2.31from pre and postesting Tracking error
improved by4.6 but this is not a meaningful change due to the high-inttevidual variability
recordedThe control limb demonstrated a decline in performance from pre tdgsbstgin
tracking error With adifference ofl.66) and virtually no change in figural error (with a
difference 010.34).

Table 3.1 Tracking task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Tracking | Figural | Tracking | Figural | Tracking | Figural | Tracking | Figural
Avg(®) 22.97 5.28 18.27 297 6.33 1.71 7.99 2.05
SD - 1ga1 138|154 |01l |093 009 136  |007

Proprioception

The proprioception task involved 12 continual attempts to replicate various wrist angles
produced by the haptic wrist robot. TaBl@ displays the two types of error used to measure
performance in this task. For both types of error, zero shows perfémtnpance, a positive
number shows error towards the right and a negative number shows error towards the left. There
was a small decline seen in matching error and erroirbtag extension trials of the trained
limb, changing from 12.17 to 13.92 axkP.17 and-13.92 respectivelyin the flexion trials of
the taskthere was smallimprovement in matching error from 8.50 to 7.77 in the trained,limb
however, this was not a meaningful charfgg the control limb, small improvemem®&reseen

in matching eror from 5.73 to 5.21 and error bigs42 t0-4.91 in the extension trialsut were
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not meaningful As for the flexion trails in the control limb, there were small declines in
matching error from 4.80 to 5.30 and in error bias frdr80 to-5.30.

Table 3.2 Proprioception task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Matching | Error | Matching | Error | Matching | Error | Matching | Error
Bias Bias Bias Bias
Extension | 12.17 -12.17 | 13.92 -13.92 | 5.73 542 |5.21 -4.91
Flexion 8.50 -850 |7.77 -7.77 |4.80 -4.80 |5.30 -5.30

Participant 3

Participant3 completed the full 10 weeks of training with the Xcite, 30 sessions in total.

Strength Tests:

Grip Strength

Palmer grasp and tip pinch were measured pre and post training for both the trained (non
dominant) and control (dominant) hands. Particifgestiowed a smalhcreasean grip strength
for the palmer grasp in both hands. The trained hand shawiatbaovemat from 20kg at pre
testing to22.1kg and the contrahand showedraincreasdrom 24.7kg at pretesting t025.5%g at
posttestingafter 10weeks of trainingln contrasttip pinch strengtliecreased ilboth hands
the trained hand from 8kg at pretesting t08.5kg, andin the control hand frorB.9%g at pre

testing to7.9kg at posttestingafter the 10wveek FES program
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Functional Tests:

Sollermans Hand Function Test (SHFT)

Participant3 showedvirtually no changen the trained limlon the SHFT (from 4/80 to
75/80) following the 16week training progranmgs well asn the control limb from 75/80to

76/80, with only a one point change in both.

Grasp and Release Test

The following table shows the numbersafccesses and the number of failures for each of
the six tasks at prand postesting for both the trained (n@tominant) and control (dominant)
handsln the trained hand, thaumber of successes increagethree of the six taskdecreased
in the otter three tasks and timamber of failsdecreasedr showed no chang@/hen this data is
expressed as a percent of the total number of grasps, an increase in successes is seen in all six
items as well as decreases in failures in all itéiffsen successes @mailures are averaged
across the six items, a small improvement is seen in the trainednamel control hand, there
was an improvement in the number of successes in two tasksdautinein the otherfour of
the six taskslong withan increase amo change in the number of faiBmall decreases in
successes and increases in failures are seen in the first three items when the data is expressed as a
percent in the control hand. The last three items showed no change in successes or failures in the
control hand. When successes and failures are averaged across the six items, a small

improvement is seen in successes and a reduction in failures of the control hand.
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Table 4.0a Grasp and Release Data

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successey Failures | Successe{ Failures | Successey Failures | Successey Failures
Peg 26.5 05 35 0 27 0 335 05
Weight | 29 05 34.5 0 29.5 0 345 05
Fork 135 05 15.5 0 15.5 0 15 05
Block | 45 05 38.5 0 44 0 39.5 0
Can 44 0 41 0 44 0 395 0
Tape |41.5 0 42 0 425 0 425 0
AVG 333 0.3 34.4 0 338 0 341 0.3
Table 4.0bGrasp and Release Data as a Percent
Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successey Failures | Successe{ Failures | Successey Failures | Successey Failures

Peg 98.1% 1.% 100% 0% 100% 0% 98.5% 1.5%
Weight | 98.3% 1.7% 100% 0% 100% 0% 98.6% 1.4%
Fork 96.4% 3.6% 100% 0% 100% 0% 96.8% 3.2%
Block | 98.9% 1.1% 100% 0% 100% 0% 100% 0%
Can 100% 0% 100% 0% 100% 0% 100% 0%
Tape 100% 0% 100% 0% 100% 0% 100% 0%
AVG 98.6% 1.4% 100% 0% 100% 0% 9% 1%

Functional Questionnaires:

Capabilities of Upper Extremity (CUE) Instrument

The CUE ranges in total score from324 and percent of normal function score can be

calculated as well. The trained (Rdaminant) limb showedreincrease in total score and

normality, from 1@ to 113, and from 3.6% to 4.2%, respectively after the 10 weeks of

training. A small decrease was seen in the control (dominant)wittbascae of 107 (39.1%

normality) at pretesting, tol05 (38% normality) at postesting.

highest possible score achievable. Alse gut i on s

Functional Independence Measure (FIM)

Only the selcare portion of the FIM was used for the purpose of the study, 42 being the

wer e

answered

48

based



ability to use both hands together, not individually. ParticiBasttoweda two-point

improvement, with a preesting score of 37 to 39 aftére 10week program for the setfare

portion of the FIM.

Haptic Wrist Device:

Tracking

Participant 3 demonstrated a small decline in performance in the trained limb with an

increased tracking error value o£8, and figural error value of B5. The control limb

demonstratedirtually no changén the trackingerrorand infigural error with decrease of only

0.06 and 0.09rom preto posttestingmeasuresrespectively

Table 4.1 Tracking task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Tracking | Figural | Tracking | Figural | Tracking | Figural | Tracking | Figural
Avg(°) | 1.08 048 1.36 0.73 143 0.72 1.49 0.75
SD 0.02 0.04 0.12 0.05 0.11 0.12 0.16 0.16

Proprioception

The proprioception task involved 12 continual attempts to replicate various wrist angles

produced by the haptic wrist robot. The table below displays the two types of error used to

measure performance in this task. For both types of error, zero shows perfermance, a

positive number shows error towards the right and a negative number shows error towards the

left. There was aimcrease irall values across both error types in extension and flestiowing

that no improvement was seen{aed postesing in the trained limbA decline was seen in the

extension ti@s of the control limb in both matching error and error b#ia$8 to 6.72 anet.17

to -6.72 respectivelyHowever, there was an improvement seen in matching error from 5.46 to

3.72 and ermobias from-5.56 t0-2.97 in the flexion ials of the control limb.
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Table 4.2 Proprioception task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Matching | Error | Matching | Error | Matching | Error | Matching | Error
Bias Bias Bias Bias
Extension | 4.66 -4.66 |5.89 -5.89 |4.18 -4.17 | 6.72 -6.72
Flexion 2.65 -0.61 |5.42 -5.42 |5.46 -556 |[3.72 -2.97

Participant 4

Participan4 completed weeks of training with the Xcit&3 sessions in total.

Strength Tests:

Grip Strength

Palmer grasp and tip pinch were measured pre and post training for both the trained (non
dominant) and control (dominant) hands. Particigiestiowedvirtually no changen grip
strength for the palmer graspthre trained hand, which tested2at7kg at pretestingand25.8&g
at posttesting while the control hand showedmallimprovemenfrom 29.9kg at pretesting to
32.7kg at posttesting. In tip pinch strengtlan improvement was seanthe trained hand from
8.%Kg at pretesting toll.4g after8-weeks of FEStraining while tip pinch strength in the
control hand decreased from 8Ky at pretesting t09.6kg at posttesting.

Functional Tests:

Sollermans Hand Function Test (SHFT)

Participan4 showed d@hreepointchangeon the SHFT (fron69/80 to 722/80) following
the8-week training program in the trained limb, with no change in the control liGiBQ)

Grasp and Release Test

The following table shows the number of successes and the number of faillgasiaf
the six tasks at pre and pdassting for both the trained (na@ominant) and control (dominant)
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hands. Number of successes increasedss all six tasks in both hantisthe trained hand, the
number of failires did not change and in the contrahd, no change was seen in thtems,but

a small reduction was present in the other three ité/hen expressed as a percent, one item
showed improvement in successes and failure, the others showed no change in the control hand.
In the control hand, three items showed improvement and three items showed no change in the
successes or failure¥Vhen sucesses and failures are averaged across the six items, virtually no
change is seen in either hand when expressed as a percent.

Table 5.0a Grasp and Release Data

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successey Failures | Successe{ Failures | Successey Failures | Successey Failures
Peg 205 2 265 2 28.5 2.5 46 05
Weight | 29.5 0 56.5 0 31.5 0 57.5 0
Fork 13 0 21 0 13 0 21.5 0
Block | 40.5 0 65 0 44 1 65.5 0
Can 40.5 0 64.5 0 45 05 62 0
Tape |43 0 69 0 48 0 73 0
AVG 312 0.3 50.4 0.3 35 0.7 543 0.1
Table 5.0bGrasp and Release Data as a Percent
Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Successey Failures | Successe{ Failures | Successey Failures | Successey Failures

Peg 91.1% 8.9% 93% 7% 91.%% 8.1% 98.9% 1.1%
Weight | 100% 0% 100% 0% 100% 0% 100% 0%
Fork 100% 0% 100% 0% 100% 0% 100% 0%
Block | 100% 0% 100% 0% 97.8% 2.2% 100% 0%
Can 100% 0% 100% 0% 98.9% 1.1% 100% 0%
Tape 100% 0% 100% 0% 100% 0% 100% 0%
AVG 98.5% 1.5% 98.8% 1.2% 98.1% 1.9% 99.8% 0.3%
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Functional Questionnaires:
Capabilities of Upper Extremity (CUE) Instrument
The CUE ranges in total score from324 and percent of normal function score can be
calculated as welParticipant 4 showedrtually no change, with onlg 4pointreduction in the
both thetrained (nordominant)and tre control (dominant)imb in totd CUE score fronm80to
76, and from25% t022.9% normality after the8 weeks of training.
Functional Independence Measure (FIM)
Only the selcare portion of the FIM was used for the purpose of the study, 42 being the
highest possible score achievablesAl, questi ons were answered bas:s
ability to use both hands together, not individually. Particigasttowed no change before and

after their 8weels of trainingfor the selfcare portion of the FIM, scoring36 on both tests.

Haptic Wrist Device:

Tracking

Participant 4 experienced a decline in performance in both limbs. The trained limb
showed an increased tracking errordbgand figural error by @9 from pre to postesting. A
greater decline was present in the control limb, as the tracking errorsedreyb.5, with
virtually no change ifigural errorwhichincreasedy 005 from pre to postesting.

Table 5.1 Trackingtask errorvalues

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Tracking | Figural | Tracking | Figural | Tracking | Figural | Tracking | Figural
Avg(®) | 1.69 0.78 5.89 117 2.09 1.08 7.59 1.13
SD 0.05 0.1 1.18 0.07 059 0.2 0.79 0.03
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Proprioception

The proprioception task involved 12 continual attempts to replicate various wrist angles

produced by the haptic wrist robot. The table below displays the two types of error used to

measure performance in this task. For both types of error, zero shows perfermance, a

positive number shows error towards the right and a negative number shows error towards the

left. A decline in performanceasseenwith increased values @f.17 to 5.95 irmatching error

and 2.89 to 5.95 in error bias in the extensiaistin the trained limb. However, in the flexion

trials of the trained limb, an improvement is seen in both types of error, from 6.16 to 2.60 in

matching error and from 5.10 to 0.80 in error biage to the decrease in values across both

error types in etension and flexion we can conclude that some improvement was seangre

posttesting in the control limb.

Table 5.2 Proprioception task error values

Trained Control
Pre-testing Posttesting Pre-testing Posttesting
Matching | Error | Matching | Error | Matching | Error | Matching | Error
Bias Bias Bias Bias
Extension| 4.17 289 [5.95 595 |8.48 8.48 |5.52 3.85
Flexion 6.16 5.10 |2.60 0.80 |6.22 6.22 |3.76 0.59
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Table 6.0 AbsoluteChanges Préost in trained limldcontrol limb

Participant 1 | Participant 2 | Participant 3 | Participant 4

Grip Strength: Palmar (kg) 4.054.3 /+0.8 +0.15
Grip Strength: Tip (kg) +0.251.55 1/0.75 /0.95
Sollerman 1/0 2/1 11 3/0

Peg +2

Weight +3
Sg’;‘sgsi”d Fork /-1 /-0.5
(successes) Block 0/2.5 6.5/4.5

Can /2 3/4.5

Tape /1 /0
FIM 0 2 2 0
CUE 5/-2 -2/-3 5/-2 -4/ -4
Tracking Tracking -0.38/0.5 +4.6/1.66 0.28/0.06 4.2/15.5
(Error) Figural 0.09/0.28 0.34 0.25/-0.09 0.39/-0.05
Proprioception: | Matching 1.36-0.41 1.79+1.48 1.232.54 1.78
Extension Error Bias 7.26/-0.36 1.79+0.51 1.23/2.55 3.06
Proprioception: | Matching 2.28 +0.730.5 2.77
Flexion Error Bias 3.41 +0.730.5 4.81

Green indicatedikely improvement, red indicateslikely worsening, black indicatesno
change Likely changes are based adCIDs or clinical thresholdgGrip strength and CUE
or percent change beyond that in baseline testingGRT, Tracking) or greater than 10%
change from pre to post testing (Proprioception)

Testimonials

Participant 1

Overal, this participant noticed functional improvement in daily activitre®lving her

trained limbeven thoughhertraining progranwas cut short due ®ome negative effects she
experienced outside of the Xcite sessi@tsewas able to share her experiences in a-gisty
interview.

Al di d raboutweek?2 oa3 thatholding the steering wheel was much easier with
my lefthand (nood o mi nant / trained hand) than it was
without my assistive device. o0

bef
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When askedf she noticed a difference when performing any of the functional tests, she
shared this experience regarding the haptic wrist devieepdepostesting.

filt was frustrating, it was hard to do and | wanteddgbup out of the chair to move it
(pretesting) and instantly from doing it yesterday there was a differencet(posg t i ng) . I coc
believe how much it (wrist movement/control) flowed and how much of an ease there was, it
kind of blew me away likehod i f f er ent i1t was, 1t was insane,
tight, it wasno6t difficult, | wasno6t struggld]

Participant 2
Although this participant reported improvements in daily life, not much of those
improvaments were experienced in the hand or arm direatyreaterfeelingof confidercein

attempting taskeas noted

fiGetting off the coomode( an assi stive device for toileti
war mer , | am al ways freezing and now | don
shoul dersé holding my bladder better, hard

She also noted an improvement in sleep amalvenergy throughout the day as
increased. This participant planned to continue training with the Kcitepes of eliciting
greater improvements, specifically in the hand.

Participant 3

A positive outcome and experience with the Xcite were also tegphtmomParticipant 3
and she was able to elaborate in the-gtsty interview.

fil can hold things up longer, like a coffee @otimé | can squeeze it better with my left

hand and hold it upé when | am putting on ear
(battle ropes exercise) this arm is holding i

Al can take things and not wo hand/(lefdra@inednuc h a
han i s not going to | et go of 1t.2o0

Al di dndt have any trouble moving around wh
have to use both hands for that, both arms actually went up and did it (with ease),
sometimes | caindo thata wel | . 0O
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She also noted improved fatigue and planned to continue training on the Xcite to further
her gains and improveer other limbThis participant finished off the interview with this
statement:

Al think it i1if 1t could continue it woul d
noticed that strength in that arm (leBut it has got to be longer, | could have done more of the
grasping repetitions. 0

Participant 4
Participant 4 had mixed reviewsregard tadhe outcomes angrocess of the studyle
shared how although he felt improvements in hand function it was not consistent.

fil tried early on with my barometer, which was chopsticks and sometimes it would be
easier, sometimesas not, it differed. So, it had become too difficult for me to use chopsticks,
now it depends sometimes itos @Bohatrdotbadel $o0

Due to hypersensitivity, his training sessions with the Xciteewacomfortable at times

and he hoped the outcome would be sizable to outweigh the discomfort.

AieOn the whole, ités a type of therapy tha
tell there was a marked i mprovement if | w
Discussion
Main Findings

To our knowledge this is the first study using the Xd#eS Clinical Statioras a mode
of rehabilitation/exercise, specifically in the hand and arm in persons witfi MScasestudy
has shown that some functional improveneal be evoked from a 18veekXcite FES training
protocol.When grip strength was testedthe trained hand of the 4 participants impred
their palmar graspanging from 0.2kg t@.3kg and 3 participants improdeheirtip pinch

betweer0.3kg to 2.5kg.Similar results were seen in the control hand, 3 participants showed
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small improvements in palmer grasp varying from 0.8kg to 2.75kg with 1 participant decreasing
by 4.3kg. The reverse was seen in tip pinch, 3 participants showed small dedjripsirength
ranging from0.75kg to 1.55kgnd 1 showed a small increadfel.5kg A study assessing ddg-
day variability in both hands of riglitominant healthy male and female adults (age43)Gand
found that variability was 4.99% for the right haantt 3.04% for the lefflrossman et. al.,
1990] Knowing this information, 3 of the 4 chang@simprovements, 1 declinggen in the
palmar grasp and tip pinch of the trained hand are true chdrgebe control hand, all but one
participant showed tile change§ improvements, 1 declin@) the palmar grasandall
participants showed true change in tip piftimprovementg3 declines) The lack of
improvement seen in the tip pinch grip strength, was not an expected result of the study,
especiallyconsideringinger dexterity was incorporated the Xcite exercises.

In the Sollermans hand function tealt 4 participantshowed verymall increases in
their scores from pre to petsting;1 point, 4 points, 1 point and 3 poimtsthe trained limtall
of which are likely not meaningfuls for the control limb, 2 participants improved their scores
by 1-pointpre to postestingand the other 2 participants showed no chadgéortunately, the
Sollermans hand function test currently does not have an established minimal clinical important
difference (MCID) or minimal detectable change (MCD) in neurological patients but there is a
MCD for burn victims that ranges from 6679 [SCIREProject, 2020Weng et. al., 2010The
changeseportedn the present studyerequite a bitsmalker than tis andthus,we can assume
they are not clinically significant.

As for the grasp and release test, all 4 participants improved in number of successes using
the pegthe weightand the forlkwith a range of 1o 32.5with an average improvement afl9n

the trained handAn improvement was also seemnthe trained hanth 2 participantaising the

57



block by 49.5and24.5with oneparticipantshowng no changeindonewith adeclineof 6.5
Lastly, 3 of the 4participans improved in using the caryt®.5, 24,29 and the tape by b, 26,
305 with participant Jailing to improvewith 2 objectsin the trained handn the control limb,
all 4 participants improved number of successes with the peg and weigiriasithses ranging
from 2to 25, averaging 11.4Two participants improved their successes with the fork, blcek
and tape while the other 2 participants performed less successes comparddsingréhe
improvements ranged froB15to 37.5and the worsening ranging frddnbto 4.5. The outcome
for number of fails in the control limb varied for each partioiga each for the six objects.
Since he grasp and release test does not have a MCID or MCD estabtlsh@ércent change
between trials at baseline were calculated and then compared to the percent change pre and post
testing. If thepre- post testinghange was greater than the iAtmdividual variability it was
considered a meaningful change.

The results from the questionnaires showed a split response with 2 of the 4 participants
improving by 2 points eaabn the FIMand 2 participantsnproving on the CUE by 5 points
each.The FIM does not have an MCID established and seeing as the improvements were so
small for a questionnaire scoring out of 42, the changes were not seen as me&regstlidy
repored the CUE hamng a MCID of 6.26.3 but this is still higher than the change seen in this
study[Marino et. al., 201B

Overall, the 3 participants did not improve on the haptic wrist device tracking task and 1
participant showed a reductdckingerror by4.6 pointsand figural error by2.31points in the
trained limb Similar results were seen in the control liralh,4 participants displayedoorer
performancevith both error typescreasingin the wrist extension/flexion matching activity on

the haptic wrist device 2 participants showed greater erroit@sténg in both directions and 2
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participants only showed imprement (less error) in flexion of the trained limb. However, there

were a range of improvements in at least one direction in the control limb, 1 participant showing
improvement in both directionMlajority of the changes recorder watecreasem performance

and thecases wheranprovement was seen it was often too small to be considered meaningful.

For the tracking task, the percent change between trials at baseline were calculated and compared
to the percent change pre and gtesting. If tke pre post testing change was greater than the
intracrindividual variability it was considered a meaningful change. Since the proprioception task
was only one trial, changes that were greater than 10%toppesttesting were considered

meaningful.

As previously mentionedsome participants experienced improvement in the control limb
whichmay bedueta phenomenon r efdaircradhisddsmibesarengtlt r o s s
gain orimprovement irperformancen the untrained limb following unilateral trainiig
intervention[Lee & Carroll, 2007Fimlandet, al,. 2009 Crosseducatiorcan occur with
training accomplished byoluntary muscle activation or unvoluntanuscle activatiomas seen
in FES.Research suggests tladiterations imeuralcontrolsuch aseural drive oincreased
circulationareresponsible for this effesinceno changeappearsn crosssectionakurface area,
muscle enzymactivities or fibre types in the untrained lirfiee & Carroll, 2007 Fimlandet,
al,. 2009. Althoughtheimprovements seen in this stugre small to moderate in magnitude,
this form of rehabilitation does show promasea means to improve hand function in those with
MS.

Participantenjoyed their experience with the XciEESclinical station with some
feeling improvementandsome nonoticing much change over the training progrost

participants were interested in continuing training to maintain and achieve greater improvement.
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Clinical Significance

As previously mentionedesearctexaminingFESon the hand and arms péople with
MS is limitedhowever there has begpositiveoutcomesin al1l0-week studythat used FES and
passive robosupport to complete a reaching task, there avagbstantial improvement in
tracking 0f12.8% and 23.6% for the elbow aslioulder, respectivefsampson et al., 2015].

Other studies involving FES training in the MS populati@reappled to the lower
bodyto determine ifimprovements irtardiovasculafitnessand strengtiperformances well as
overallwalking ability were possibleThese studieganged from 8 to 24 weeks in duration,
either in acycling or muscleisolated formaall of which yield clinically significant
improvement [Edwards et al., 20X8hang et al., 2011, Street et al., 201bhe 8-week staly
conducted byChang and colleaguéscused orstimulatingthe quadriceps/hichimproved knee
extensiorand reducgeneral fatigug2011]. Another studyn 2015applied FES over the
peroneal nerve at the fibulaead anaverthe tibialis anterioduring walkingto determine the
effects orfoot drop andover the 20week interventiortlinically significart improvemeniwas
seen inthe10m walk tesby 27%[Street et al.2015] Edwards and colleaguesilized FES
cycling for a 24week periodto determine the effecia many walking tes, includingwalking
speedas determined bthe T25FW andwalking endurancas determined bthe 2minute walk
test and both increased by 22.9% drid7%respectivelyThere were also increasi@sVOzpeak
(13.8%)andWRpeak(15.3%) as well as knee extensor strength (22[Eyards et al., 2018].
The improvements seen in the abovementioned FES studies seem to be notably greater than the
improvements seen in the present study that used thei KEigzlinical stationWhen
improvemensg weredetectedn our participantsnostweresmallacross the many testdany

studies involving FESveremore than double the length of theesenstudy,which likely
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contributesalarge parof the substantiatlifferencein resultsseenbetweerthis study andhe
literature.Althoughthere ispotential for the Xcite to be an effective mode of rehabilitative
exercisethere will be limitationf its effectivenesas well.To gainconsiderable functional
improvementsxcite training nay need to bémited to people wittMS who experiencenild to
moderate levels dfand dysfunctionThere may be a poimt whichfunctional movement may
not beable to beeturnedthrough FES training. Wheassessing the participants used in other
FESliteraturethe EDSS scoresommonlyrangedwithin the lowestkeverity or the migdange,
either 10to 4.0 or 30to 6.5[Chang et al., 201 Edwards et al., 2018, Street et al., 208iteet
and colleaguestated thaFES is generally usddr people with SPMS or PPM8hos EDSS
level is between .0-6.5leads to successfuitigation of foot drofStreet2017. As EDSS
scores worsefeven at 5.1) less improvement is seaamdoften onlymuscle strength
maintenancés achieved to aid in standing or transfi8treet 2017]Note that the participants in
this study ranged from a@to a7.0, putting our group on the cuspwhere literaturdnas
witnessed the most gairtdowever, EDSS scores pertain primarily to walking function which
has little to no relevance to our hand and-fooused Xcite trainingWhen assessing each
parti ci p gretasostediirg imghe Grasp and Release Teste was a patterthe
participant with the lowest EDSS score of 3.0 showed the greatest improvements and the
participant with the highest EDSS score of 7.0 experienced the least amount of improvement.
The other participants whose scores were 6.0 and 6.5 showed moderateimgnts in number
of successed his correlates with the idea that persons with a greater level of disability will not
show as great as improvements as others with a lesser degree of distdotyer, when
assessing the Sollermans Hand Function Testimprovementacross the participants were

more similar regardless of their EDSS score. Perhaps, this is due to the robustness of the
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activities involved in the test battery and much change is not expected to be seen based on time
to completahetask.

This range also supports the reason for seeing varying elffetsteen eacparticipant
andperhapdetween the testa the same individual, with some testjuiring more or less
dexterity or overall strengtlParticipant 1 is a great exampde, (s)hevorsenedn palmar grasp
strengthstarting a2.2kgand ending at 18.2kig the trained handdowever,(s)heimprovedin
tip pinch strength, from8.8kg to 9.05kg in the trained haadd maddargedevelopmentin
successful grasps and releases in the @Rdssall six objects.

Thereis more to uncover regarding FBS treatment for MS that is outside the scope of
this study mainlythe mechanisms involvedlthough the underlying mechanismstbé
function of FES and hovt interacts withablebodied, SCI and Stroke patiertiiesomewhat
understoogdthere is notthe sameevel of understandingf the mechanisms at wovkith MS.

In this study, iis possible there were both neural adaptations as well as peripheral,
strength adaptations perd. Participant 1 demonstrated improvement in the functional tests,
Sollermans and GRT but did not show improvement in grip stremgith alludes to neural
adaptations rather than peripheral being the source of chiimgje ability to perform tasks
improved without showing signs ofcreased strengtParticipants 2, 3 and 4 all improved grip
strengthwith mostly positive changes other functional taskand haptic wrist devicesting
and thus, functional improvementeyhave beeie due to peripherand neural adaptation
over the duration of the prograince there were signs ioicreased strengts well as some
increase in ability to perform various functional tasks, both mechammydeinvolved in

these cases.
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Limitations

There were &w limitations present in this study. First, $tedy was limited to amall
sample size due tihe specific, special populatiemder investigatioandthe relatively small
recruiting pool due to other egoing researcin the same facilityRecruitmenwas also
hindered by theonsiderable time commitmethtat the study demandesl)}minute sessions, 3
timesperweek, for 10 weeks which was not feasible for many interested parties.

Secoml, the size and duration of the study was also directly affected by the outbreak of
COVID-19. One participantsdé6 training was cut
drop out due to the inability to compete the minimal amount of Xcite traingsjoses.

Third, due to thegreat noveltythat thehaptic wrist devicg@resents more timmay have
been neeeldto appropriatelyfamiliarize the participants with the systeithis would havéed to
a moreaccuratdesting measure as the learning effeotld havebeenaddressed prido testing
andreducethevariability between trials

Anotherlimitation of the study is thaheremayhave beesomeinconsistency with
electrode placememver the 2330 sessionamong thearticipans. Small differencesn
placementnay have been present betweenitikviduals assisting with the studgome
adjustmentsvere alsaequired tosatisfythe participants comfodver the course of the
intervention.

Lastly, since many of the testing measures do not have established MCDs/MCIDs,
thresholds based on int&ral variability were determined to help distinguish if changes were
meaningful. Evenvith thesethresholdst is difficult to confidently concluded thgignificance of

the results
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Future Directions

This study shows th&EStraining of the hand and arwith the XciteiFES clinical
stationhas the potential to evoke selectedctionalupper limbimprovemers in those with
moderate severitylS. However, further research needs to be condustgdbigger sample size
to better understarttie duration and volume of the trainirgguired toevoke more prominent
change. As mentioned in the testimonials, some of the participittthat if the study were
longer more changes would be pres&tudies that assess the impact of FES on special
populations range ilength,but manyareupwards of 20 weeks, with sesssaanning from 3 to
5 times per weekJhang et al., 2011, Edwards et 2D]1§.

Future research should alegplore the mechanisnbghind functional improvement that
areachievedwith Xcite training in those with MSAlthough there is extensive information
the mechanisms that attribute to the positive outesmwhEES mostfindings arebased on
healthy, ableebodied individuals or those with a SCI or stro®ée have assumed that these FES
mechanisms translate across many neurological cond#tiaisas MShut there is not definitive
research stating thatdoes.Research should also investigate what types and severities of MS
respond best to FES in termsstfength gains and functional improvements, and to what degree
hypersensitivity or dulled sensation may impact this therapy

Another avenue that this research can explore is coupling this Xcite training with other
forms of exercise such as resistamaing, yoga or traditical physiotherapyThere are similar
studies that pair variodsrms ofexercise together thatould support this idegDkenet al.,
2004,Zaenketret al.,2014. Perhaps with more intensive training involving props related to the

Xcite task and/or adding resistance training waarkoke more substantiahprovements
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Conclusion

The present studyg the first to utilizethe Xcite iIFES clinical station as a mode of
exercisaehabilitationand assesss effecton hand and arrfunction of persons with MS he
effectiveness of thriceveekly training for 810 weeks is equivocal garticipantsshowed a
range of adaptations with some magesindicatingmeaningfulimprovementsomeworsening
andsome showing no chang&/hen assessing each participant individually, three showed
notableimprovement in both grip strength and functional tests suggesting they experienced both
an increase in nacular strength anfdinction The other participant demonstrat@thor
improvement in some of the functional testit worsenear did not improve in grip strength
which mayindicat that functional improvement was diwesome neural adaptat®rmlowever,
as this was a case seraxl the changes were smalik difficult to drawconclusions o the
impact this study holds within this field of resear€hture research in this topsould greatly
benefit the MS populain and helpo find modes of exercise tmprove independence and

guality of life through upper bodyES training.
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Appendix A

Figure 1. Types of MS
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Appendix B

Figure 2. Carpinella study: The time required for MS subject to manipulate & release the object
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Appendix C

Figure 3. Types of Grips used in GRT
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Appendix D

Figure 4. Startingposition on Haptic Wrist Devid@eutral grip)
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Appendix E

Figure 5. Depiction of Sollerman Hand Function Test kit
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Figure 6. Sollerman Hand Function TeSrder of Subtests

Table 111, The 20 sublests comprising the Sollerman grip function test

1. Put key into Yale lock, turn 90° 11, Cut Play-Doh with knife and fork
2. Pick coins up from flat surface, put into 12. Put on Tubigrip stocking on the other hand.
purses mounted on wall 13. Write with pen

3. Open/close zip 14. Fold paper, put into envelope

4, Pick up coins from purses 15. Put paper-clip on envelope

5. Lift wooden cubes over edge 5 cm in height 16. Lift telephone receiver, put to ear
6. Lift iron over edge 5cm in height 17. Turn door-handle 30°

7. Turn screw with screwdriver 18. Pour water from Pure-pak

8. Pick up nuts 19. Pour water from jug

9. Unscrew lid of jars 20. Pour water from cup
10. Do up buttons

Table 1.Sollerman Hand Function Test scoring guidelines

Sollerman hand function test in tetraplegia 169

Table 11. Guidelines for scoring of subtesis

Score

The task is completed without any difficulty within 20 seconds and with the prescribed
hand-grip of normal quality 4

The task is completed, but with slight difficulty, or the task is not completed within
20 seconds, but within 40 seconds, or the task is completed with the prescribed
hand-grip with slight divergence from normal 3

The task is completed, but with great difficulty, or the task is not completed within
40 seconds, but within 60 seconds, or the task is not performed with the prescribed

hand-grip
The task is only partially performed within 60 seconds 1
The task cannot be performed at all 0
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Appendix F

Figure 7. Electrode placement for feeding task
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Figure 8. Electrode placement for forward reach and grasp task
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