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ABSTRACT

People with incomplete spinal cord injury (iSCl)veathe potential for recovering walking through
plasticity-induced changes in the remaining neanauitry.Current rehabilitation for walking attemspto
induce such changes by providing relevant sensoputs and motor commands through repetitive
practice.Current rehabilitation fails to activehcorporate arm movements despite being naturalyved

in human walking. The overall goal of my thesis waslemonstrate that active arm involvement through
arm and leg FES-assisted cycling improvesovergrwaiidng afteriSCl. Specifically, my pilot
studyevaluated the changes in walking after 12 w@dkhe intervention in individuals with chron8Gl.
Arm and leg FES-assisted cyclingwas effective irprioving walking speed and endurance. Balance,
motorand sensory scores,and gait kinematics imgravenost cases. The reflex modulation improved in
every case suggesting that neuronal reorganizdptasticity)was involved. Hence, arm and leg FES-

assisted cycling is worthy of further investigation
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Chapter 1LINTRODUCTION

1.1. SPINAL CORD INJURY (SCI)

The spinal cord plays an important role in the gemiance of motor, sensory and autonomic functidns o
the body below the neck. The innervations to motwes emerge from the spinal cord at differentlev
(Last, 1949; Sharrard, 1964). Likewise, the sensdfgrents are innervated at the correspondingdesie
the spinal cord(Eccles, Fatt, Landgren, & Winsbutp54). This information interacts in the spinal
networks via synaptic connections of motorneursegsory neurons and interneurons, allowing it &zhe
to various sites of action (e.g. muscles, mototecon the brain)(M. E. Schwab, 2002). An injurytte
spinal cord affects the person’s sensory and natidities which are critical for functions suchlzsance,
hand movements, autonomic regulation, and locomofd@pending on the level and severity of the wjur
some functions may be lost and some may be spaled tthe injury level. As a consequence of thislos
of function, the insults to the spinal cord seweidfect the quality of life of those who suffeofn it(Tate,
Kalpakjian, & Forchheimer, 2002). In addition tetmotor, sensory and autonomic deficits that theyn

itself originates, other health-related, psychatagand economic complications arise after suftgarscCl.

1.1.1. CURRENT INCIDENCE AND PREVALENCE OFSCI

In Canada, the incidence of SClhas been estimatbe #¥,259 cases per year, of which 3,675 survige t
initial insult. The prevalence has been estimatede@f approximately 86,000 people in Canada(Fé&rry
Baxter, 2010) Two age groups stand out as the afstted by SCI: The young adult population due to
violence and accidents and the older adult pomuiatinainly due to falls. For instance, the incidem@s
highest in the 20-29 year old group in Alberta, &a(Dryden et al., 2003)This group of individuads/é
many years ahead of living with the devastatingaff of SCI. Not only personal but financial chadjes
accompany a SCI. The financial care requirementrgbvidual with SCI over a lifetime ranges fron61.
to 3 million dollars(Farry & Baxter, 2010). The t®$nvolved vary depending on the level and seyerit
the lesion. The economic burden imposed on the liiggniof those affected not only include the

significantly higher costs for healthcare, but alswer income of their families compared to average

1



families (Christopher and Dana Reeve Foundatiof920The impact of SCI goes beyond the economic
aspect since it involves a significant reductiothia quality of life perceived by those affecte@td, et al.,
2002). Hence, there is an incentive for developimegrventions that help prevent SCls, but also dhas

help improve the quality of life of the people wEICI.

1.1.2. CLASSIFICATION OF SPINAL CORD INJURIES

According to their etiology SCIs can be traumaticnon-traumatic. Traumatic injuries occur when an
external object strikes the spinal cord causingm@ssion, flexion, extension, rotation or disti@tiof the
spinal cord(Dumont et al., 2001). The principalsmsifor this kind of injuries are motor vehicleideats,
falls, or violence(Dryden, et al., 2003; Rainet@&aGchwab, 2001). Non-traumatic injuries may be eaus
by cancerous tumors, ischemic or hemorrhagic evevitin the spinal cord, malformations, and

degenerative diseases such as multiple sclerosisfigaet al., 2009; Citterio et al., 2004).

Spinal cord injuries can also be classified acewydio their outcome: Paraplegia or Quadriplegia.
Quadriplegia involves the impairment of functionsthe arms, trunk, legs and pelvic organs. Parépleg
involves the impairment of only trunk, legs andvelorgans. In addition to that, injuries can bemed
complete when practically no sensory or motor fiomg from regions below the lesion are preserved or
incomplete where some motor or sensory functionggions below the injury are preserved. It hambee
estimated that approximately half of the spinabcojuries are incomplete (Marino, Ditunno, Donoy&n

Maynard, 1999).

The classification method that is most commonlyduesed that describes the injuries with more déathe
ASIA (American Spinal Injury Association) Impairnte8cale (AIS). This scale classifies each injury by
the resulting level of motor and sensory impairreenthe AIS maps the body into regions called
dermatomes according to their sensory innervatmnsach segment of the spinal cord. In a similay,wa
regions called myotomes are defined for the matoeivations. Each dermatome and myotome is graded
according to the sensory and motor capacities révagin. Dermatomes can be graded on a 0 to 2 scale
where 0 represents no sensation, 1 representsradpsensation,and 2 represents sensation with horma
intensity. Myotomesare evaluated with a 0 to 5 esaghere Orepresents total muscle paralysis and 5

represents active movement, full range of motioONR against gravity and full resistance to be



considered normal(Figure 1-1).According to the gesadelow the level of the lesion, each SCI is diasls

as:

A. Complete injury. No motor or sensory functiorgerved inthe sacral segments S4-S5.

B. Sensory Incomplete injury. Sensory but no médoction is preserved below the neurological leavad
includes the sacral segments S4-S5, and no matatidm is preserved more than three levels belav th

motor level on either side of the body

C. Motor Incomplete injury. Motor function is preged below the neurological level, and more thalf ha

of the key muscle functions below the single neagimal level of injury have a muscle grade lessitBa

D.Incomplete injury. Motor function is preserveddye the neurological level and at least half of Key

muscles below the neurological level have a mug@de 3 or more.

E. Normal. Motor and sensory function is normal.S{A, International Standards for Neurological

Classification of SCI Revised, 2011).

In order to classify an injury as C or D it is alsquired that one of the following two conditiobe
present: 1) voluntary anal sphincter contractio?)sacral sensory sparing with sparing of motoicfion

more than three levels below the motor function.

1.1.3. PROGRESSION OSCI

Immediately following an insult to the spinal cadtte blood-brain barrier (BBB) breaks and neutraphil
enter the lesion site causing edema. The primguyyins caused by the direct disruption of spirisstie
and the events that take place during the firsttortevo hours after the initial insult (Norenbe&mith, &
Marcillo, 2004).The hemorrhage and blood flow inttion due to edema affect first the grey matbet,
later expand to the white matter rostrally and edlydThis process continues into the chronic ptessene

of the mechanisms for secondary SCI.

The progressive damage of the tissue surroundimgnitial lesion is known as secondary injury(Bagich

et al.,, 2009). This group of complex mechanismsdpce vascular changes, electrolyte changes,



biochemical changes, edema, and metabolic changhe spinal tissue(Tator & Fehlings, 1991). Finst
pathways lead to ischemic damage of the spinaludissthe direct mechanical damage to
microvasculature(Fairholm & Turnbull, 1971); ancetHecrease in sympathetic tone which may cause
bradycardia and hypotension affecting the tissudup®n(Dumont, et al., 2001; Guha & Tator, 1988).
Meanwhile, the edema, hemorrhage and neutropHilration continue. After ischemia and reperfusion
events, the tissue around the injury site is dahdéyethe formation of reactive oxygen species thiéiite
the oxidation of proteins, lipids and nucleic aciés., oxidative stress (Lewén, Matz, & Chan, 200the
destruction of cell membranes triggers excitotdy{€iaden & Simon, 1988).Excitotoxicity is defined a
the extreme activation of excitatory neurotransmitteceptors (e.g. glutamate) that allow intrad¢atiu
accumulation of N§Agrawal & Fehlings, 1997) water, and Calong with extracellular Khat alter the
cell physiology and cause death(Schanne, Kane, ¢f,ofinFarber, 1979). In particular, accumulation of
Cd* along with mechanical stress and inflammation affmitochondria resulting in the release of
apoptogenic proteins (Dumont, et al., 2001). Addilly, excitotoxicity releases reactive oxygencige
resulting in more cell death. Cell death in thenapicord activates microgliafor removal of necrotic
debris.Although microglial activity prevents furthéamage, it has been demonstrated that microti@a a
releasesneurotoxins (Giulian, Vaca, & Corpuz, 1998) this induces necrotic cell death which is

worsened by the accumulation of macrophages anghgeytes(Jones, McDaniel, & Popovich, 2005).

The accumulation of proteoglycans around the lesfeates a growth-inhibitory environment(Bradbury &
Carter, 2011). Although the glial response is effecin resolving the edema and restoring the BBig,
microglia and macrophages leave a scar formed hynemive tissue and fluid-filled cysts, the
mesenchymal scar(Norenberg, et al., 2004). Theracf Astrocytes generates the astroglial scarchvhi
isolates the lesion site and releases neuroinmjbittlecules. Axons retract, causing an influx @
release of caspases and cytochrome and more ietrathese processes continue and cells die due to
apoptosis(Abe et al., 1999; Beattie, Shuman, & Bxban, 1998; Emery et al., 1998). Demyelination due
to axonal damage and oligodendrocyte apoptosisesafusther conduction impairment(Abe, et al., 1999)
Finally, remyelination and plasticity take placeridg the chronic stage and their outcome depends on
whether or not some neuronal networks were spahedevents that integrate the secondary injury may

take place simultaneously. The exact progressiomadly events is unclear since different modelS©f



present different responses with more or less gitgethan human SCI and several mechanisms may lead
to the same pathway for cell death (e.g. ischemit @xcitotoxic events may lead to the liberation of

reactive oxygen species) (Dumont, et al., 2001).

Clinically, during the first 1 to 6 weeks after S&Icomplete loss of voluntary movement, sensatih a
reflexes below the lesion is observed. This stagenbwn as spinal shock(Bastian, 1890). The re&son
spinal shock may be the interruption of descendimguts which normally maintains the level of
excitability of spinal neurons. It has been demeist that alpha and gamma motor neurons (MNs) have
reduced excitability during this period (HiersemeinZurt, & Dietz, 2000). After a few weeks, thexbr
reflexes become excitable again and the musclerenwrers for most patients. With time, these raspe
become more and more easily excitable up to a goionths later) when they can present exaggerated
spasms(Dietz & Sinkjaer, 2007). Some subjects dutirs time present episodes of autonomic dysrigflex
(AD): hypertension, intense perspiration and hehdamwing to a bladder or rectal stimulus. Electrica
stimulation may induce AD as well. After the flexasponses are fully developed, the extensor reflex
become excitable again(Hiersemenzel, et al., 2000¢arly as 6 months post injury, these extengaresl
reflexes become exaggerated, allowing the legsetnain extended , thereby aidingin standing and

stepping(Macht & Kuhn, 1948).

1.1.4. TREATMENTS DURING THE ACUTE PHASE

The pathology of SCI is complex. Some of the preessfollowing SCI have both destructive and
regenerative effects (e.g. macrophage and mictoglEponses may generate the glial scar, but atso a
regeneration) (Dumont, et al., 2001; Hagg & Oud&f¥6; Norenberg, et al., 2004; Oyinbo, 2011; Tator
& Fehlings, 1991). Therefore, treatments to contt@ damage after SCI have to consider multiple
approaches or consider carefully the time of irgation. Neuroprotective therapies are used in otader
reduce the membrane breakdown and ameliorate tomdery injury. Some examples of neuroprotective
therapies are glucocorticoids such as methylpretbng, opiate antagonists such as naloxone, gial s
inhibitors such as Cethrin, Na+ channel blockechsas Riluzole(Ates et al., 2007) and other sulostsin
that have combined effects like minocycline. Megiigtnisolone reduces edema, inflammation, relefse o

free radicals and glutamate(J. M. Schwab et al0620Naloxone may counteract the depression of the



central nervous system (CNS) after SCI (Olsson,ri8aa Nyberg, & Westman, 1995). Minocycline
decreases microglial activity and thus reducesamalrand glial apoptotic mechanisms (Beattie, 208H)
these interventions have been tested in animal imotdat few have shown the same positive effects in
humans. Methylprednisolone has been tested incaliniials with humans. The improvements were small
but not significant and the benefits were betteemvit was administered within the first three hoafter

the injury (Bracken et al., 1997).

1.1.5. TREATMENTS DURING THE CHRONIC PHASEREPAIRING THE INJURED

SPINAL CORD.

Recovery of the lost motor, sensory and autonoomctions is important for people with SCI. In avay

in 2004 people with SCI expressed what would mmgtrove their quality of life and their integratiaro

the community. The top three functions for peopithwguadriplegia were: regaining arm and leg fucti
(47%), sexual function (13%), and upper body stieragnd balance (11.5%). The top three functions for
people with paraplegiawere: sexual function (26.,78tadder and bowel function (17%), and upper body
strength and balance (16.5%). Walking movement naaked fourth for people with paraplegia (15.9%)
and fifth for people with quadriplegia (7.8%)(Anden, 2004). Another approach to investigate the
priorities for the SCI population was through patiand clinician panels. Eight out of nine patipahels
and two clinician panels preferred walking as aovecy outcome over other elements of the mobility
Functional Independence Measure (FIM)(P. L. DiturPatrick, Stineman, & Ditunno, 2008). Hence, most
rehabilitation strategies focus on these functioidentified three different approaches to treaS@l:

Compensation, restoration and regeneration

Compensatiomefers to any training or therapy that promotedaggment of an ability lost after the injury
by a different strategy using the remaining aleitiof the subject. An example for this is the iran
focused on using crutches, walkers or wheelchairauinbulation in people with paraplegia. Compensati
strategies are preferred for individuals with coatgl injuries since their prospects for recovery or

rehabilitation are very low.



Restorationaims to restore the functions of the individudeafed by SCI as closely as possible to their
state prior to the SCI. In other words, to revdteedisability (Banovac & Sherman). The extent tuok
restoration is effective depends much on the sgwvefithe lesion. Individuals with iSCI may bendfibm
the early initiation of restoration strategies(DiwbR006).In particular, individuals with injuriesassified
as AIS C have obtained the greatest motor impromsrafter discharge and 1 year. Approximately 40%
of them had injuries classified as A or B afterithiejury which shows the potential for recovery tbis
particular group(Marino, et al., 1999). The rehitdttiion program that | completed in this thesigiimed at

improving walking through restoration of the locamofunction.

Regeneratioraims to reestablish the original function of tipénal cord. The regeneration of the damaged

tissue after SCI has been attempted by many rdsgaoaps.

Although some authors use regeneration and regtoriadistinctly to refer to therapies that aimraverse
the disability, | separated the regeneration arsloration strategies in order to differentiate hbesw
therapies that focus on the performance of thetfomavithout necessarily recovering the damagesligs
(restoration) and those that aim to recover thetlesue or connectivity of the spinal cord (regatien).
The ideal is that both overlap in that restoratanfunction may produce anatomic regeneration (e.qg.

anatomic plasticity) and regeneration may bringutlaofunctional restoration.

Schwab classified the strategies for repairingliting regeneration and restoration) the injurethap

cord into four categories(M. E. Schwab, 2002) :

1. Promoting the regrowth by enhancing the expoassf neuronal regeneration proteins and the ativa

of neurotrophic factors. The largest effort in thiea is focused on using antibodies to block dnewt
inhibitory molecules such as Neurite outgrowth itar protein or Nogo-A (Brittis & Flanagan, 2001;
Delekate, Zagrebelsky, Kramer, Schwab, & Korte, D0Trhis therapy is already in clinical trials in

humans. (Thuret, Moon, & Gage, 2006).

2. Bridging the lesion with a growth-permissive fégial. Some of the materials used are olfactory
ensheathing glia, Schwann cells, embryonic andtadeim cells, embryonic neural tissue and hydrogels

with growth-enhancing substances. These technigtegurrently under investigation in animal models,



but some have reached human clinical trials (BradBuCarter, 2011; J. M. Schwab, et al., 2006; ®tur

et al., 2006).

3. Remyelination by implanting Schwann cells arigadendrocytes. The regrowth of the myelin in sgare

axons would reestablish the function of the neuraetworks involved(Liu et al., 2000).

4. Enhancing CNS Plasticity in two forms: synaptiasticity or anatomical plasticity. The collateral
sprouting is one of these mechanisms for anatonpilzticity. The challenge has been to guide these
collaterals to their original targets or to somkenttarget where they can reestablish a similavort and
obtain improved function(Dunlop, 2008). Some reskeagroups agree that repetitive practice of task-
specific movements is essential to achieve plagtiltihas been demonstrated that rhythmic motetesys

in animals and humans are capable of adapting &&@ning or changes in external conditions(Pearson
2000). An example of this is the incline walkingses horizontal walking. It has been postulated tia
walking behavior is modified after adaptation, aifproduced by the same rhythmic motor systems(E.
Zehr et al., 2007). Within this framework, it colld argued that plasticity can be induced by natifip
training as well. This idea will be discussed ia thllowing section of this introduction.Plasticitgn have
positive effects (e.g., rehabilitation with repetit practice) and negative effects (e.g. reinforeetmof
spasticity, autonomic dysreflexia and pain) (Die2911; Hagg & Oudega, 2006). This section is only
intended to provide a perspective of the curreatapies offered for regeneration after SCI, but glete
reviews on the topic can be found elsewhere (Gebaminelly, & Popovich, 2011; M. E. Schwab, 2002;

Thuret, et al., 2006).

1.2. INTERVENTIONS FOR IMPROVING WALKING AFTERSCI

Regaining walking function was the most importaspect of recovery for only 7.8 % of the people with
spinal cord injury that were interviewed(Anders@®04). Despitethis, clinicians report that theirlSC
patients repeatedly ask them about their chancesléing (Subbarao, 1991). It is understandablé tteay
desire independence in ambulation in order to haeee access to the community and improve their

quality of life. Consequently, an important focus research in spinal cord injury is dedicated to



independence in ambulation via the recovery of mated sensory functions necessary for walking or

compensatory ambulation strategies.

1.2.1. COMPENSATORY AMBULATION STRATEGIES

During the chronic phase, physical rehabilitatibaerapy can be focused on compensation or restoraio
team of professionals including, but not limitedptaysicians, therapists, nurses and counselorsehhes
approach for each function depending on the pragnfis each type of injuryand previous clinical
experience (Banovac & Sherman; Kirshblum, GroahKMley, Gittler, & Stiens, 2002). It was thought
that after damage to the adultCNS, the lost matoctions couldonly be recovered during the first on

two years post-injury but improvements have beg@onted in many individuals during the chronic stage
after SCI(Piepmeier & Jenkins, 1988).The old payadicaused rehabilitationto be focused on
compensation, a strategy that intends to overcdmenmpairment by finding other means (e.g. usirgy th
uninjured parts of the body) for achieving the fiimeal goal without directly restoring the lost
function.The goal of this approach is to train pfagient to be as independent as his/her conditiows at

the moment as soon as possible. Compensation ah@®ancludepassive weight bearing, passive
stretching, balance training, standing and steppiith an emphasis on the effective use of assistive
devices(Dobkin et al., 2003). The inpatient reli@ion therapy is reduced to weeksfollowing the
discharge from acute care(Banovac & Sherman). Degpdwing evidence of motor recovery with training
during the chronic stage after SCI, only a smaitestage (approximately 12%) of people with SClehav
access to regular exercise with a trained theréfireierson, 2004).This may be due to financial tiidons
since insurance companies have determined thdtig®lof coverage based on a compensatory approach.
In some cases, individuals with SCI are not prodidéth any rehabilitation program during the chioni

stages despite having regular visits with the ptyist.

Compensation strategies may beeffective in intéggathe patients with SCI to the community although
some researchers have proposed that they mighllgdhinder the restoration of walking because sis&
devices change the gait kinematics by promotingu$e of the arms for load bearing. This can cause

secondary complications such as hip hiking duriregswing phase (Visintin & Barbeau, 1994).



1.2.2. ANIMAL STUDIES SUPPORTING CURRENT LOCOMOTION REHABITATION

PARADIGM

The development of rehabilitation protocols for mment disorders like SCI and stroke requires chngi
the interaction of the damaged neuronal networkae® to locomotion. First it was necessary to imbta
level of understanding about such interactionsctid@hysiology methods in humans can be used to
research such networks indirectly, but their resalte influenced by many external factors difficult
eliminate without invasive techniques. Therefotee specific configuration of the neural circuittyat
produces the locomotor behavior can only be ingagtid throughmore basic scientific methods. Animal
models allow access to their underlying neural uifrg and eliminate many external factors. The
investigations of locomotion after deafferentatispinal section and decerebration have given insigb

the mechanisms and helped in the development of rebabilitation interventions after stroke and SCI.
They have also generated enough evidence to sughgoekistence of CPGs: a neural network that ptese
a cyclic activity capable of producing rhythmic mobutputs (e.g. locomotion) without external irgut
CPGs in mammals are thought to exist in the spioadl to control locomotor movements by alternating
activation of the flexor and extensor muscles @& kimbs (Grillner & Zangger, 1979). Since 1910, the
“stepping reflex” was discovered indecerebratequipelds. Surprisingly, this “stepping reflex” suffére
little to no alteration in the absence of cutaneafisrent inputs (Sherrington, 1910). Many otheaseh
described since then the capacity of the spinatl dor produce locomotor— likeoutput. Supraspinal
commands can initiate (Gordon, Dunbar, Vannesta)Belan, 2008)and interfere (Gordon & Whelan,
2008) with the spinal locomotor pattern. Afferenpiits are responsible for changing parametersisf th
activity such as stance duration and speed, buithie alternation pattern remains the same(Carlson-
Kuhta, Trank, & Smith, 1998; Smith, Carlson-KuhfaTrank, 1998). Lovely and colleagues demonstrated
that cats with experimental SCI improved more tlg#pping capacities after they were trained tp stea
treadmill with partial weight support rather tharsi to stand (Lovely, Gregor, Roy, & Edgerton, 1986
therefore highlighting the importance of appromriatferent input during the training. The age attime

of injury influences the level of recovery as wslith, Smith, Zernicke, & Hoy, 1982).
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Similarities between quadrupeds and humans in Hilityato generate locomotor-like patterns in the
absence of supraspinal input, the relationship &etwextensor and flexor motorneuron pools, and the
capacity of interlimb coordination support the éxge of similar CPGs in humans(Dietz & Harkema,
2004; S. J. Harkema, 2008). and make it possibleérdansfer findings in animal models to human
SCI(Dietz, 2002). Evidence-based therapies usaethiindings to outline the parameters of new

rehabilitation interventions.

1.2.3. BODY WEIGHT SUPPORTED OVERGROUND OR TREADMILL TRAINIG

Animal studies have demonstrated that the adult €N to a certain extent, recover walking andditan
abilities by repetitive practice after iISCl(Lovelt al., 1986). It is likely that activity-dependgrasticity
in spinal networks is responsible for the recovierthese animals (De Leon, Hodgson, Roy, & Edgerton
1999). Consequently, a variety of interventionsehbeen evaluated that exploit this capacity angqse

different ways in which to recover walking afterISC

Body weight supported training is the rehabilitatichnique most studied. It is based on findirgd t
stepping after spinal cord injury can be achievembugh intense practice with functionally-relevant
sensory input such as load and stretch (Barbedi8)2@ased on this principle, a rehabilitation puoatl
with kinematics very close to walking has beene@sh people with incomplete spinal cord injury.dgo
weight supported treadmill training (BWSTT) is &habilitation technique that involves the use of a
treadmill to regulate the stepping speed and agbdady weight support system which allows forigpt
stability. The rehabilitation program is designediriduce stepping with physical assistance in tveet
limbs and increasing the loading through the legsyressively. It is delivered according to four ibas

principles:

1) Maximize weight bearing on the legs by unloadimgarms with a body weight support system;

2) optimize sensory cues like cutaneous feedbattkersoles of the feet and walking speed;

3) optimize the kinematics so that the movemenhefoints resembles those previous to the injang
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4) maximize recovery strategies while minimizingrgensation strategies(Susan J. Harkema, Behrman, &

Barbeau, 2011).

During BWSTT the arms should be unloaded and frem fthe use of assistive devices. Arm swinging is
encouraged with the idea that this will help depedmpropriate balance responses(Behrman & Harkema,
2000). Even though these indications are parhefBWSTT, the benefit of having simultaneous active
arm swinging has not been demonstrated or quashtffeer reviewing the literature in two databases:
Pubmed and SciVerse (Scopus) with the keywords “awwing” and “spinal cord injury” and
“gait/walking/BWSTT” | found no published data treiswers whether BWSTT with arm swing improves
the outcome of gait rehabilitation. Body weight gaged treadmill training has been successful in
improving walking outcomes in people with iSCI @nit was first proposed. Subjects with chronic SCI
classified as ASIA C or D have improved their watkispeed and endurance significantly after
BWSTT(Field-Fote & Roach, 2011) and BWSTT with cderpentary overgroundtraining(S. J. Harkema,

Schmidt-Read, Lorenz, Edgerton, & Behrman, 2011).

1.2.4. ROBOTIC-ASSISTED LOCOMOTOR TRAINING

Robotic-assisted locomotor training was developecktiuce the intensity of physical work requirecthsy
physical therapists so that BWSTT sessions coultbbger. Several systems have been developed that
integrate a robotic gait orthosis or electromectarioot plates in a treadmill. Examples of thegstems

that are commercially available and currently usedehabilitation centres are the Gait Trainer GTI
(RehaStim, Germany), the Lokomat (Hocoma AG, Switrel) and the LokoHelp (Woodway GmbH,

Germany).

The advantages of robotic-assisted BWSTT are thatluces the intensity of the physical labor penfed
by the therapists, provides a more consistent patef movements and allows having longer
sessions(Colombo, Joerg, Schreier, & Dietz, 208@)dies using robotic-assisted locomotor trainiageh
demonstrated that it is effective in improving galitility. The use of robotic devices has been airitid
because they have failed to demonstrate an addexh@age of longer sessions of BWSTT over manual
locomotor training (Dobkin & Duncan 2012; FieldtEo& Roach, 2011). The disadvantage of robotic-

assisted BWSTT is that the equipment is very expeng-or instance, the Lokomat's price is $400,000
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USD approximately without considering maintenanestg (Neuroxcel, Palm Beach, FI, USA). The cost of
a physical therapy session in the United Statelevdrom $75 USD to $350 USD, making from 20 to 6
years of daily sessions (5 times per week) with ¢bst of a Lokomat.The median annual salary for a
physical therapist in the United States is 76,3BDUBureau of Labor Statistics, 2012-13), and anig
physical therapist is required for Lokomat guidaaoel setup.From a rehabilitation centre adminisinat
perspective, if we compare the cost of the Lokowitth the cost of hiring only three physical thestpj
then the Lokomat costs less and therefore its aitoui may be justified. The functional improvengnt
obtained using robotic assistance during locomatmining did not exceed those obtained with manual
assistance (Field-Fote& Roach, 2011). Therefore,hilgher cost may only be justified by the numbfer o
clients served by a single robotic-assisted locomotining device. Another critic to the first g@ns of
robotic-assisted locomotor training devices was tivay did not require that the subject activategirtlegs
voluntarily, so the subject could be just passivard) training sessions. Volition may be importéottthe
plasticity in neuronal circuits to take place(BaBbpovic, Tarkka, Sinkjaer, & Grey, 2008). Thisus has
been solved by providing verbal encouragement dutiaining sessions and by the development of a

biofeedback function in the new version of the Lt (Lunenburger, Colombo, Riener, & Dietz, 2004).

1.2.5. OVERGROUND"SKILL TRAINING"

An alternative to BWSTT has been proposed whicteimed skill training. It is based on the idea that
rehabilitation training has to be task-specificinitorporates ten walking tasks that the subject®enter

in real-life walking. Following alternating threeomth periods of either BWSTT or skill training, fou
subjects achieved results with skill training tgatbeyond the minimal clinically important (MCI) lua of
0.05 to 0.06 m/s for the SCI population and theindmprovement with BWSTT. Their result could be
explained by the fact that overground skill tragirs more task specific than BWSTT. This study
contributes to the debate about task specificitgralSCI and about treadmill training being reatifgsk
specific for overground walking after iSCI. Thishabilitation strategy proved effective in a grodpfaur
individuals, but it still has to be tested for effcy in a larger group of individuals (Musselmaou&d,

Misiaszek, & Yang, 2009).

1.2.6. FUNCTIONAL ELECTRICAL STIMULATION
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Neuromuscular Electrical Stimulation is a technidg@t allows the activation of the motor nerve gsin
train of pulses of electric current in order togwoe a muscle contraction. As opposed to directtaolas
stimulation, nerve stimulation requires consideydbks current to produce the same strength of nhasc
contraction. This is owing to the difference in theeshold current for excitation between muscld an
nerve tissue, given by the stimulation strength uration curve. The strength — duration curve is
characterized by its rheobase (the stimulationnsitg required to produce a response given anitafin
long pulse) and chronaxie (the stimulation pulseation required to obtain a response twice thelvhse).
The rheobase and chronaxie for neural tissue aseten those of muscle tissue. For muscle, ttenelie

is approximately 0.01 ms and for muscle 2 ms.Foneli electrical stimulation or FES is the applicatdf
neuromuscular electrical stimulation in order toduce movement for a specific function. Whenever th
lower motor neuron is healthy, as it is commonra8€l, the use of FES with lower current intensgy
possible.Direct muscle stimulation has been usdéer 8CIl to reverse muscle atrophy in denervated

muscles (Kern et al., 2005).

Functional electrical stimulation is used extenlsivafter SCI. Some applications are for cardiacimgc
phrenic nerve pacing, and restoration of bladdewd) and sexual function. FES is also used to resto
movement in skeletal muscles of the trunk, the uppe the lower extremities (Gater Jr, Dolbow, T8ui
Gorgey, 2011; P. Peckham & Knutson, 2005). Soméoaasitinclude Transcutaneous Electrical Nerve
Stimulation (TENS), the use of electrical stimuatifor treating pain, as a form of FES (Gater drlg
2011), but since it does not involve movement it not be considered as a form of FES in this revie
The interest of my work is related to FES as aapeutic tool to exercise and rehabilitate walkiftgra

SCI.

1.2.6.1. ELECTRICAL STIMULATION OF EXCITABLE TISSUE

The cell's membrane acts electrically like a chdrgapacitor, having two different concentrationsouis
inside and outside separated by a dielectric whgeherates a potential difference of about -70m\théf
membrane is depolarized in a small region pasttteshold (-55mV), an influx of Naons will result inan
Action Potential. This process happens normallynfiaiscular activation, but it can also be triggdogdhe

injection of an electrical current through the WissThe electrodes can be arranged relative tdattget
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tissue in three different ways which define the mad stimulation: bipolar (both electrodes closét)p
monopolar (only one electrode close to it) anddfigfimulation (both electrodes distant from it) ais

the case for surface stimulation. The intensityhef response is determined by the axonal diamétereo
target nerve, the stimulation pulse amplitude dmal gtimulation pulse duration. The larger the akona
diameter, the more excitable the axon will be duthé larger currents it may receive across its brame.
When an electric current is injected into a cert@sue, the axons with the larger diameter wilcte the
threshold for firing an Action Potential before throns with smaller diameter. A motor unit (MU)aB
alpha motor neuron (MN) and all the muscle fibérgnnervates. Each muscle is a bundle of fibers of
different types that are intermingled and give tiescle particular speed to react, strength anddaility
characteristics. Typically, the axons with largéandeter innervate the fast fatigable fibers. During
voluntary muscle activation, slow acting fibers aeeruited first, but FES activates fast fatigaldson
units first. This is known as reverse recruitmerttesr The recruitment of fatigable MUs of FES imple
challenge if the muscle force produced has to bmtaiaed. The continued use of FES can induce long

lasting changes in the composition of the musclei(FReckham, Mortimer, & Van Der Meulen, 1973).

There are several types of stimulators developedasdor FES.Depending on the purpose of FES,
implanted, percutaneous or surface stimulation refepred. Surface stimulation is the least invasive
although it has the disadvantages that deeper ssuacé hard to stimulate and that the effect mayao
isolated to a single muscle. Surface electrodedeamade of diverse materials, but self-adhesivzdgel
electrodes are the most common. Surface electiar@eslaced above the “motor point” in order to prosl
the strongest and most isolated contraction withlgast amount of current. The area of the eleesod
depends on the target muscle, the strength of éseedi muscle contraction and the sensation tateran
Studies have confirmed that the same current apisbugh a larger electrode produces the same forc

output, but causes significantly less discomfotthim subject (Alon, Kantor, & Ho, 1994).

Functional electrical stimulation is usually deligd as a train of current pulses.The amount oftrétec
current injected into the tissue (and therefore tbsulting muscle contraction) is influenced by the
stimulation frequency, amplitude and pulse duratfathe pulses are close enough the muscle does not

return to resting potential and the twitches mdaggether causing a “fused” contraction. This meiias
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the force produced by the muscle is maintained beyhe simple duration of each stimulation pulse.
Therefore, increasing the frequency produces a $mapgontraction, but since it implies that the oless
responding with a sustained contraction, it willdusceptible to fatigue earlier. Variations in pulgidth

and amplitude influence the strength of the comimacwithin the limits of the muscle’s capacity. rFo
implanted electrodes, intensities of 1 to 10mA ased whereas for surface stimulation intensities0fo
150mA are required. Typically, a biphasic stimubasnprised of a train of pulses smaller than 1ms and

with a frequency of less than 100 Hz(Prutchi & N&r2005) is used.

The first application of FES in humans was to acirfeot drop, the inability to flex the ankle dugitthe
swing phase of gait, by stimulating the common peab nerve(Liberson, Holmquest, Scot, & Dow, 1961).
Since then, the application of FES extended toratimescles and to multiple channels (Brandell, 1986)
Currently, it is used for stimulating the upperrertities (Long 2nd, 1963; P. Peckham et al., 2001;
Prochazka, Gauthier, Wieler, & Kenwell, 1997) ahe fower extremities for standing and stepping
(Graupe & Kohn, 1998; Hardin et al., 2007; Steimlet2006). Researchers and clinicians have deica
huge amount of effort in using FES to restore stamdnd stepping in the population with SCI, stroded
multiple sclerosis. Despite the success they hadeduring the last decades with several systenitabia
for clinical use, restoring standing and steppiag heen very challenging given the kinematic corifyle
and metabolic requirement of these two tasks. BE&ms for standing and walking often require alon
period of conditioning and the use of bracing systeto avoid muscle fatigue due to constant

stimulation(Gater Jr, et al., 2011).

1.2.6.2. FESASSISTED EXERCISE

Other research groups have used FES as a theapmlitto provide the health-related benefits cdreise

to the people with SCI (Newham & Donaldson, 200His application is known as FES exercise and has
been used since the 80’s in different forms. Itst fapplication was during cycling (Petrofsky, Rpd, &
Heaton lii, 1984). Later it was expanded to otleenfs of exercise. An online search for manufactuodr
FES ergometers showed that the forms availableleayecycling, arm cranking, rowing, stepping and
elliptical arm and leg movements. A new form of F&&rcise termed “Hybrid” combines voluntary or

FES arm cycling with FES leg cycling. Although soofethese systems combine arms and legs, they are
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either mechanically coupled (i.e. RT200, Restomfiherapies) or disengaged completely (i.e. RT300,
Restorative Therapies). There exists an opportdaitgleveloping a system which engages both arrds an
legs in a coordinated fashion through FES of arthlag muscles and not necessarily through a mechlani
coupling. This coordination would have an advantagehe iSCI population: the voluntary controltudth
arms and legs would be strengthened since suckeanige would require a voluntary effort to cooatin

them. This study is the first to apply such cooation through a visual feedback system.

Most of the equipment commercially available for§~&xercise is designed with the complete SCI irdmin
Nonetheless, subjects with iSClcould also take athge of FES exercise and use it for assistingerath
than replacing the movement of the legs. The mowmtaetivates load and stretch receptors of the lasisc
involved. This activation mimics the normal promeption and visual perception which reinforces the
voluntary control over these muscles. This has hesed by Page and colleagues in one subject with

iISCl(Page, Levine, & Strayer, 2007)

The risks of FES-assisted exercise are minimals@&hnclude skin burns if the electrodes do not make
proper contact with the skin, bone fractures if evese muscle spasm occurs and autonomic
dysreflexia.Most of the equipment that is currertiailable for clinical use has built-in mechanisfois

reducing the risk of the last two complicationss@dlprecautions like periodic replacement of surface

electrodes and skin inspection are necessary foistprevention.

1.2.6.3. BENEFITS OFFESAFTERSCI

Functional electrical stimulationwith low intensity applicable whenever there is a healthy motaraowe

and an innervated muscle; hence its use after S€irivenient.

There is a robust body of evidence that demonstriite health benefits of FES in the SCI population.
Functional electrical stimulation cycling slows doand reverses the loss of muscle mass (Baldisdack
Moraille, & Mysiw, 1998; Heesterbeek et al., 20@5) improves significantly the fatigability andestgth

of some lower extremity muscles(Duffell et al., 8DOMoreover, FES cycling prevents muscle atrophy
when initiated during the first year post SCI, whis the time when most of it occurs, but it is ast

effective in reversing the disuse atrophy in ched®Cl(Baldi, et al., 1998).
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The effects of FES cycling on bone mineral dengB)D) are not consistent since the results vary
depending on which bone is studied (Dolbow et 2011). Some studies have demonstrated that an
intensive program (more than 24 weeks, more thamiBd(per week) of FES cycling significantly increas
bone mass (Bélanger, Stein, Wheeler, Gordon, & £e2000; Frotzler et al., 2008; Mohr et al., 199t
other groups under similar conditions found indiigant changes (Leeds, Klose, Ganz, Serafini, &e@re
1990). Chen and colleagues proposed that the effeEES exercise on different bones is likely to be

dependent on the loading that the exercise invdi@aen et al., 2005).

FES-assisted exercise, like any other form of der@xercise if conducted regularly, improves the
cardiovascular health (Davis, Hamzaid, & Fornus}Q8; Wheeler et al., 2002). Subjects with SCI have
more sedentary lives than healthy individuals amelytwould benefit from any form of FES-assisted

exercise.

Beyond the benefits of FES that | have already ioeatl, there is a less obvious one. Since the first
studies of FES training, researchers reporteddtfiat prolonged use, some subjects were able forper
the movements even without stimulation (Vodovni®71). Later, several research studies have cordirme
that this is the case for many forms of FES (Steiral., 2006). It has been proposed that this lasting
effect is a consequence of neuronal reorganizatitrer at the cortical or spinal level induced b t

electrical stimulation of both the motor and affdreerves (Stein, et al., 2006).

1.2.7. ARM AND LEG FES-ASSISTED CYCLING A NOVEL APPROACH TO
REHABILITATE WALKING

A combination of leg FES cycling and voluntary aryeling known as FES hybrid exercise emerged with
the intention of offering an exercise regimen timlves more muscles and maximizes the benefits of
FES exercise. Several research groups provedfite@f in improving cardiovascular health beyondSFE
leg cycling alone (Franken, Veltink, ljzerman, Wi#r, & Boom, 1997; Heesterbeek, et al., 2005; Mutto
et al.,, 1997; Raymond, Davis, Fahey, Climstein, &t&, 1997). The arm and leg FES-assisted cycling
approach that | propose is similar to hybrid FESliog and to leg FES cycling. The difference isttthe

former involves the stimulation of both arms angslas needed to assist with the cycling movement.
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Rehabilitation strategies to recover ambulatioeraB8CI range from regeneration of neuronal circtots
compensation. BWSTT is a widely applied therapgrafSCI. Its efficacy has been demonstrated and
replicated in several studies. Functional eledtistimulation — assisted exercise has been usadgmve
cardiovascular health and muscle health. It has pegposed that these interventions could be cosbin
increase their effects. For instance, BWSTT has lbsed along with FES or with robotic assistance&o
research groups have concluded that important ivegnents can only be obtained by including
pharmacological therapy along with locomotor tragniDespite recent findings by Courtine and colleesg
suggesting that BWSTT is more effective when combimith electrical stimulation or pharmacological
approaches (Courtine et al., 2009), the effectisenef such an approach in humans is yet to be

demonstrated. In these rehabilitation protocoksrtie of the arms is ignored.

1.3. ARM INVOLVEMENT DURING THE REHABILITATION OF

WALKING

To any observer, it is obvious that humans swirgy thrms during walking. The arm swing is coordaahat
with the leg step cycle. For normal walking speélte ipsilateral arm moves anti-phase while the
contralateral arm moves in-phase with the legs @y@dtittle, & Baksh, 1994). This relationship wag no
studied in detail until the 1960s. Recently, theas been a moderate interest in the role the atays p
during human locomotion and the potential they hioreaffecting rehabilitation outcomes. This sewtio
summarizes the evidence that | have consideredojpoging that arms be involved in the rehabilitatad

walking through the arm and leg cycling paradigm.

1.3.1. ROLE OF ARMS DURING WALKING

Arm swinging increases the efficiency of gait. Hwinging of the arms becomes more pronounced during
running. During running, it helps to reduce exocomsof the center of mass, improve the uniformity of

running speedand contribute slightly to the lifir{iichs, Cavanagh, & Williams, 1987).

Contrary to the original conception of the arms mgvas passive pendulums during walking, it is well
established that the arm movement is a consequéramive muscle action. In 1939 Elftman demonsttat

indirectly that arm swing is a consequence of miascaction since the pendular force involved was no
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strong enough to move the arms by itself (Elftn889). Later, Fernandez-Ballesteros confirmed dhnatt
swinging is an action of the shoulder and upper mwnscles by recording the activity of these musales
defining an approximate pattern of muscle activatior the arms during the gait cycle. Even after
constraining the movement of the arms, an involyrgéep-related pattern of muscle activation pezdin
four arm muscles. Thus, the basic arm musculavigcis independent of the biomechanics and may be
part of a central pattern of activity in neuronatworks that involve both, arms and legs (Fernandez
Ballesteros, Buchthal, & Rosenfalck, 1965). Notyogiavity, but also muscle force are the drivingrces
behind arm swinging during walking(Gutnik, Mackidudson, & Standen, 2005). Recently, the view that
anti-phase arm swing is due to muscle activity alalenged by two different studies. In the firidy,
Pontzer and colleagues found, on the one handglations between the shoulder rotation due to &
rotation and the arm swing therefore concluding tha arms must act as a mass damper to reduce such
rotation. On the other hand, they recorded altarganhuscle activity during walking in the anteriand
posterior deltoids similar to that reported by Fewlez-Ballesteros (Pontzer, Holloway, Raichlen, &
Lieberman, 2009). In the second study, Collins, Adayk and Kuo supported a passive dynamics model
for arm swinging as opposed to active arm swingadyins. They were able to reproduce the arm swing
with passive elements hanging from the shouldetseafthy subjects (Collins, Adamczyk, & Kuo, 2009).
Their results explain the movement in the arms,rfmitthe presence or muscular activity in the aams

its relation to the leg muscle activity.

1.3.2. ARMS AND LEGS ARE COORDINATED VIA SPINAL NEURONAL NEWORK

Previous studiesin which muscle activity in the sumas recorded confirmed that, even if small, this
activity is present during walking regardless ofetiter the arms are allowed or not allowed to sveind

of changes in the mass of the arms. This suggleatsthe arm activity may be predetermined as plart o
walking. Beyond the different roles of the armstthee proposed by these studies, the consistenthein
arm activity confirms that a higher level of comtimin charge of producing this activity. The cdimated
nature of the arm swinging which maintains a freguerelationship with the legs during stepping sig
that an internal oscillator for both arms and I§ggesumably, the CPG) is involved in walking, swimg
and creeping (Wannier, Bastiaanse, Colombo, & D2®#1). As | have described in section 1.2.2 tlere

evidence supporting the existencein humans of Ci&scontrol the basic locomotor pattern similar to
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those found in quadrupeds. It is likely that suaiworks involve the arms and the legs given the
evolutionary past of the human species (Dietz, 200 owing to the presence of long projecting
interneurons from the leg to the arm motor neuronlp in the spinal cord (Nathan, Smith, & Deacon,
1996). An example of quadrupedal coordination imhns is baby crawling. Upon studying crawling in
babies and adults it was concluded that they falbwa lateral sequence similar to that of quadrupeds
that a gradual transition from gait to gallop maggest sharing of neuronal networks between these t

tasks (Patrick, Noah, & Yang, 2009).

The fact that arm and leg reflexes modulate eabbraduring walking further confirms the existende o
neuronal interactions between these two centegs &rm controlling and leg controlling) in the sdin
cord(Dietz, Fouad, & Bastiaanse, 2001). Based dimaiings in the cat that networks of interneurohnatt
mediate reflexes in the spinal cord are involvethscontrol of locomotion, researchers startedtitugpfor
similar modulation mechanisms in the human. Thetion of the spinal interneuronal networks in husian
can be studied through reflex activation (either wiechanical or electrical stimulation). By measgithe
evoked electromyographic activity of the muscleslaed relative to the onset of stimulation, resbars
can study the correlation between reflex respoaselsthe stimulation. Not only have responses @ th
muscles of the same leg (ipsilateral responsesh Beend, but also responses in muscles in the
contralateral leg (contralateral reflexes). Dietzl @olleagues found that cutaneous stimulatioménhteel
and mechanical perturbations in the leg also evekponses in the arms (interlimb reflexes) if &didi
during walking, but not during standing or sitti(@ietz, et al., 2001). In 2003, this was confirrestt
expanded upon when Haridas and Zehr measuredinnitereflexes to cutaneous stimulation that crossed
over from arms to legs and viceversa during wali@aglos Haridas & E. Paul Zehr, 2003). In an effort
understand the functioning of the networks invohieahe interlimb reflexes during locomotion, other
rhythmic movements were then studied. In 2004,dfrignd colleagues reported that H-reflex respoimses
the legs were modulated during arm cycling but wben the arms were static at the same position.
Interestingly, this modulation is independent oé timotoneuronal excitability (Frigon, Collins, & Zgh

2004).
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Unlike people with intact spinal cord, more tharfla the people with iSCI did not exhibit walking
related arm swing during treadmill walking. Amonther issues following a SCI, this absence may
indicate that the interactions between arms and tegt normally promote arm swing during locomotion
have been affected. The presence of arm swing ideimavith the type of device used for ambulatioe. (i
restrictive vs. promoter of arm movements durindkimg) (Tester et al., 2011). Hence, we could sjeeu
that the daily practice of walking related arm mwmeats in these individuals may result in the
development of arm swing. Whether this featureramdlated into better walking speed, efficiency or

kinematics is still unknown.

1.3.2.1. THE COMMON COREHYPOTHESIS

A robust group of interlimb reflex studies supptbit existence of neuronal networks linking arms leigg
during several forms of locomotion such as walkieyggling and recumbent stepping(Frigon, et al.,£00
C. Haridas & E. P. Zehr, 2003; E. P. Zehr & Harida803). This evidence led Zehr to propose the
common core hypothesis in 2005. After finding commfactors that explain the phase-dependent
modulation in response to cutaneous stimulatiorinduwalking, cycling and recumbent stepping, he
proposed that a shared network of neurons locatetheé spinal cord is capable of reorganizing and
producing the basic pattern of motor output forimas forms of rhythmic movements in humans (Zehr,
2005). Leg cycling, incline walking and stair climb share most of the interlimb modulation of walki
(Lamont & Zehr, 2006; E. Zehr, et al., 2007; E. IP2ehr, Klimstra, Johnson, & Carroll, 2007). Zehsf
proposed the idea that another activity that engafes common core of neurons can be used for
rehabilitation of a different pattern of movemeilimstra and colleagues demonstrated that neuratcb
paramenters are preserved among arm swinging acdéhgydespite mechanical differences(Klimstra,
Thomas, Stoloff, Ferris, & Zehr, 2009).What if dfeient form of locomotion (such as arm and leg
cycling) was used in rehabilitation after theseroeal networks were damaged due to injury? Would
walking improve?Leg cycling alone was effectiveimproving walking speed and independence in an

individual with chronic iSCI(Page, et al., 2007)oWd arm and leg cycling have the same or betfecef

1.3.3. ROLE OF THE ARM AND LEG INTERACTIONS IN CURRENT REHBILITATION

RESEARCH
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Some research groups have explored the possibflilgcluding the arms in the rehabilitation of wialé
after SCI. During BWSTT, for example, there is adi¢ation of unloading the arms to allow for proper
loading input to the legs. In a series of caseistidehrman and Harkema went beyond the sole diniga
and encouraged their subjects to swing the armiprosally during locomotor training (Behrman &
Harkema, 2000). This has been done through pokesi¢lad the arms in a reciprocal swing manually
moved by the physical therapist. Interestinglywés observed that after 9 weeks of BWSTT with arm
swing assistance half of the people with iSCI whespnted no walking related arm swing pre-training
incorporated it post-training. Logically, it has dme suggested that assistance for arm swing during
locomotor training may induce walking related arwirgy. One can speculate that this feature could be
related to improvements in walkingas it was relatedhanges in the use of assistive devices (Textat.,
2011). The effect of arm involvement and the specifeans through which it should be incorporated in

the rehabilitation of walking is still unknown.

Arm cyclic activity can shape the legs’ motor outpghrough interlimb neural pathways between the
cervical and lumbar segments of the spinal cord{lvashima, D. Nozaki, M. O. Abe, & K. Nakazawa,
2008). In parallel to these studies, a therapy litionsists of arm and leg coordinated movements lik
crawling, walking or running has been investigatée. Coordination Dynamics Therapy (CDT) consists of
re-integrating the activation patterns of distrémiheuronal networks that control different functiavith a
relative phase and frequency. A special devicereafotime coordination between arm and leg movesnent
in order to provide regulated afferent inputs te $ipinal networks. It also involves other movemeatted
“automatisms” that are supposed to reinforce sumbrdination like creeping, crawling, walking and
running. This rehabilitation therapy has been ¢iffecto some extent in people with stroke and SCI
(Schalow, 2003).Subjects with iSCI at sub C4/5 BB, after at least 6 months of a very intenseg@am

of CDT (30 hrs per week) were able to walk indemarily and regain walking, running, jumping and even
bladder function (Schalow, 2003). Although the effeof CDT are promising and it has been studied fo
over a decade, no published results demonstratét tiseeffective in a large sample of subjectshw&ClI.
Only a handful of case studies have been publisisath CDT and most of the subjects who participated
received the therapy during the first three ye#éter &CI. Unfortunately, the effect of the theramrsus a

spontaneous recovery during this time is diffidoltseparate. The outcome measures used in thestudi
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involving CDT are mainly magnetic resonance imagéshe spinal cord and a value for coordination
dynamics as opposed to standard measures for indepee of walking (e.g. WISCI or FIM) and walking
speed (e.g. 6-minute walking test, 10-meter walkexy). Their results are difficult to compare witther

rehabilitation techniques due to the differenceduration and evaluation methods.

In the aforementioned studies, the arm involvememnegarded as important to improve the leg motor
coordination for walking after SCI; and the facattlvarious forms of locomotion involving the armsda
the legs can improve this coordination is emphasik®netheless, it remains unclear which of thentof
locomotion available would be the best form of ilvirog the arms and which is the benefit of incluglin
them in terms of walking improvement. Practical siderations must be taken into account so that the

suggested therapy is not only effective, but aésalily available to the iSCI population.

1.4. SUMMARY

A spinal cord injury is a serious condition thakeimuptsthe motor and sensory pathways in the kpard.
Without having proper sensory input and motor aantthe muscle activation patterns in people with
iSClbecome disorganizedto a certain extent depgnalinthe level and severity of the SCI,resultingait
impairments. Research has focused on compensatidn re@habilitation techniques that have been
somewhat successful in returning subjects with ®CGin acceptable level of independence and mobility
The difficulties encountered in functionally, rathéhan anatomically, regenerating spinal neuronal
networks have led researchers to propose that &ination of therapies has better chances of impigvi
walking capacity. With iSCI there is a potentiat feorganizing remaining neuronal pathways in sach
way that they function again with the coordinatittrat locomotion requires. Locomotor training with
partial body weight support and its variations pdevregulated sensory input in order to reorgaiiee
spinal neuronal networks. It has been successfuliffiproving walking after iSCI, but it has not
incorporated the arms beyond their unloading dutimining. FES exercise improves cardiovascular
health, promotes muscle health and induces plgstitispinal circuits. It is an excellent tool natly for
assisting during rehabilitation in the movementtioé limbs, but also for providing regulated sensory
stimulation to the spinal circuitry. The specifari in which the sensory input must be deliveres mat

been determined. Nonetheless, the common elemesttsebn human walking and other forms of
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locomotion open the door for exploring the effedfs non-specific rehabilitation of walking. Such
rehabilitation should involve rhythmic and coordeth movements such as arm and leg cycling or

recumbent stepping maintaining a relative phaseff@ugiency between the arms and the legs.

A research therapy that promotes plasticity in apmeuronal networks involved in walking througtmar
and leg cycling and taking advantage of the benefitFES exerciseis proposed in this thesis. Itifled
several advantages in using the arm and leg cyplamgdigm. First, it relieves the physical therapisthe
extenuating job of moving the legs according to #tepping motion (as it is required for locomotor
training). Second, it incorporates the arms smgothtough an activity that influences the leg motor
output. Third, it eliminates the challenge for maining the subject in an upright position and tis&s of
falling involved becausethe cycling is performedileisitting. Finally, it takes advantage of the ukded

sensory input provided by electrical stimulation.

1.5. MASTER' S THESIS OBJECTIVES

The main goal of my master’s research was to etalie efficacy of a rehabilitation program for iiab

in the first pilot study that involvesFES-assistath and leg cycling after iSCI. Specifically, my nkimg
hypothesis was that FES-assisted arm and leg gyttierapy would be effective in improving walking
speed and independence of walking after chroni¢. Bl null hypothesis is that FES-assisted armlegd
cycling will not improve walking in individuals witchronic iSCI. My thesis is part of a larger stubat
will compare the effects of FES-assisted arm awgdclgcling with FES-assisted leg cycling in order to

determine the effect of active arm involvement tom tehabilitation of walking.

To test my hypothesis, a group of five individualigh iSCI received FES-assisted arm and leg cycling
therapy over the course of 12 weeks. | measuremdieally their walking ability and gait kinematics
along with balance, reflex excitability,and motardasensory responses below the lesion in order to

investigate the mechanisms of changes observedlking ability.

In chapter 2, | describe the methodology of theeeixpents | performed to test my hypothesis, theltes

obtained and their significance.
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In chapter 3, | offer a general conclusion to megsik; | place my results in the context of current
rehabilitation research for walking; and proposeneduture directions for the research of arm amg le

FES-assisted cycling.
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1.6. FIGURES AND TABLES
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Figure 1-1: ASIA sensory and motor evaluation form (ASIA, International Standards for Neurological

Classification of SCI Revised, 2011).
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Chapter 2ACTIVE ARM INVOLVEMENT IN THE REHABILITATION

OF WALKING AFTER SPINAL CORD INJURY

2.1. INTRODUCTION

Humans swing their arms in opposition to the legpflewvalking and running. Arm swinging significaytl
increases the efficiency of gait (Collins, et a2D09; Umberger, 2008) especially at faster speeat{Ghi
Park, 2000; CI Park, 2000). During walking, arm dad movements are coordinated and maintain a

frequency relationship between their rhythmic moti@/annier, et al., 2001).

Experiments in different species have demonstrdiadvertebrates are capable of generating syndaon
movements along the body axis that involve intgmsental coordination within the spinal cord(Akay,
McVea, Tachibana, & Pearson, 2006; Hill, Masino, @alabrese, 2003; Skinner & Mulloney,
1998).Interactions between cervical and lumbarrgelaents (likely through propriospinal neuronsgéts
produce coordinated locomotor movements betwees fand hind- limbs (Akay, et al., 2006; Ballion,

Morin, & Viala, 2001; NATHAN & SMITH, 1955).

Neuronal networks were positedto allow for cerdigmbar coordination in quadrupeds and to be also
present in humans,Longpropriospinal neurons mayelponsible for such coordination(Nathan, et al.,
1996; NATHAN & SMITH, 1955). Evidence for interlimboordination and reflex modulation in humans
during locomotion has been presented, and invabats arm and leg control centres in the spinal cord
(Dietz, 2002). Leg H-reflexes are modulated dunihgthmic arm movements (Frigon, et al., 2004) and
cutaneous reflexes are modulated between the wpoperlower limbs during walking, but not during

standing (Lamont & Zehr, 2006).
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After a spinal cord injury, the regulation of mopmatterns becomes disorganizedincluding the coatidin
of arm and leg movements that are normally pregdarihg walking. Hence, we believe that the arms can

play an important role in the rehabilitation of Wialy after a spinal cord injury.

A few research groups have explored this posgihilitough diverse approaches (Behrman & Harkema,
2000; N. Kawashima, D. Nozaki, M. Abe, & K. Nakazgv008; Schalow, 2002; Schalow & Zach, 1998);
however, none have evaluated the outcomes of ititeitventions for arm involvement on walking alyilit
Moreover, it is still unknown if arm and leg coardied movements that provide rhythmic afferent iripu

the spinal networks would improve walking abilitypeople with iSCI.

We hypothesized,first, that phasic sensory inpordimated with phasic motor activation during rhytb
arm and leg FES-assisted cycling exercise will mnprwalking speed, endurance and the patterns tifrmo
activation during walking in people with spinal domjury. Our secondary hypothesis was that the
improvement in walking ability would be owing toorganization of the neuronal networks involved in
locomotion. We proposed that such reorganizatiomlevananifest as improvements in sensation in the
upper and lower extremities, reflex modulation,anake and the whole limb coordination rather than to
pure muscle strengthening.In the present studyusesl arm and leg cycling equipment that allows the
generation of reciprocal movements between the amddegs, mimicking the movement of the swinging
arms during walking. FES was applied to the ma@xdt and extensor muscles of the arms and legs as
needed in order to assist in the production of mmm and deliver regulated sensory input to thaapi
networks. Resistance to the movement was increaseaddically through the training program whileth
cycling speed was held constant. The positive tegtlthis novel intervention in the first groupsafbjects
with chronic iSCI indicate that the training pagmi could be effective for improving walking in péep

with iSCI and should be further developed.

2.2. MATERIALS AND METHODS

2.2.1. SUBJECTS
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Five adults (4 male, 1 female) with a chronic inpdete SCI acquired more than 2 years earlier were
recruited to the study. We recruited subjects viiries classified according to the ASIA (American
Spinal Injury Association) impairment scale (Al € (more than half of the key muscles below the
neurological level graded 3 or less) or D (lessthalf of the key muscles below the neurologicakle
graded 3 or less). The injury classification wal-isported during the screening process and cowefit
later during the baseline assessments by the iythierapist. The study protocol and inclusionecii
were approved by the University of Alberta Humarséach Ethics Board. The subjects ambulated with
varying levels of assistance. Table 2-1 summatizesharacteristics of the subjects involved ingtly.

A list of each of the subjects’ medication was oi#d at baseline and any changes in dosage thratgho
the 12 week-training protocol were recorded. We asked the subjects to maintain the same level of
physical activity throughout the training periodll £he participants had intact innervation of th&im

flexor and extensor muscles of arms and legs wdilichved for the use of FES.

Before initiating the training and every 3 weeksr#after, clinical, biomechanical and electrophiggjcal
evaluations were performed. The pre-training (basgltests were repeated up to three times and the
results were compared to ensure the stability eflihseline measures. The outcomes of the periodical

evaluations were compared to the baseline measateme

2.2.2. FESASSISTED ARM AND LEG CYCLING

We used a combined arm/leg FES ergometer to aetthatarms and the legs simultaneously and generate
arm/leg movements resembling the coordination pte$e natural walking. One of three different
ergometers was used for training based upon paatiticomfort and equipment availability: 1) A custo
made combined arm/leg FES ergometer (ERGYS 2, Pheati Alliances, Inc. Fairborn OH, USA) and
(THERAvital, MedicaMedizintechnik, Hochdorf, Germgn2) RT200 “hybrid” FES system (Restorative
Therapies, Maryland, USA), and 3) Berkelbikelmp{Bgrkelbike BV, Sint-Michielsgestel, Netherlands).

In every case the flexion to extension intralatenadl interlimb reciprocity was maintained despitens
differences in the range of movement itself. F@tance, the RT200 presents a more elliptical moweme
rather than a circular one. The subjects had omne bbtraining 5 times a week for 12 weeks. Elecri

stimulation was delivered through surface electsadegeting the main flexor and extensor musclebef
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arms and legs as needed. Full use of the arms teasdeed whenever every myotome in the arms
received a score of at least 4 (active movemeninagaome resistance) and the participant was table
move the arm crank by him/herself. If these condgi were met,no electrical stimulation was appted
the arms (refer to Table 2-2 for a list of the mescstimulated for each subject). Settings for the
stimulation intensity were determined based upoam mhuscle response as follows. A) The minimal
intensity required to produce a twitch in the masdhreshold stimulation (TH), was used by the leg
ergometer as the minimal level of stimulation deted. B) The maximal intensity of stimulation (MAX)
was the level of stimulation that generated a nauscdntraction that was strong enough to produce the
desired movement without causing any uncomfortaelesations. We selected a target speed one level
above the highest speed at which the volunteerabesto cycle without stimulation and held it camt
during the training. The stimulation amplitude ieased proportionally to the speed lag (difference
between the target speed and the actual speed)MpX. Even when the participant was able to mbet t
target speed at times, at least TH level stimutaticas delivered to the muscles. We increased the
resistance manually on the ergometer as the taaipnogressed to challenge the participant, maintain
voluntary engagement in the exercise, and mairdaiagular level of sensory feedback that the laadin
would apply to the spinal networks. All parametergarding intensity of stimulation, speed, resistaand

frequency of rest periods were monitored and edtigra daily log.

2.2.3. CLINICAL ASSESSMENTS

Most clinical assessments: sensory and motor clsaageording to the AlS, Walking Index for Spinal
Cord Injury (WISCI), and Berg Balance Scale werefqrened after 6 and 12 weeks of arm and leg
training. Walking speed and walking endurance weeasured every 3 weeks. A trained physical therapis
performed sensory (light touch and sharp/dull) amstor evaluations in association with the AIS. One
limitation of our clinical assessments is that @mme physical therapist who supervised the training
performed the AIS evaluation. The sensory testivaguated two aspects: 1) Light touch, performed by
touching with a soft cotton swab each of the deoma&is and rating the person’s ability to sensenit; 2)
sharp/dull testing, performed using a sterile ne@aiid the blunt end of a long Q-tip stick, respetyi and

rating the participant’s ability to differentiateettween them. We applied the validated WISCI Il ickh
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assessment method to evaluate the need for aesiiivices during ambulation (Dittuno, Ditunno, &
Dittuno, 2001; J. F. Ditunno et al., 2000; Ditunfioet al., 2007). We evaluated balance using thg Be
Balance scale (Berg, Wood-Dauphinee, Williams, &kNavhich was recently validated for people with

spinal cord injury (Wirz, Miller, & Bastiaenen, 201

To test walking endurance, the 6-minute walking vess performed on an oblong track, 18.54 m lonyg, b
asking each subject to walk as fast and as sagepoasible. To test walking speed, we performdachad
10-meter walking assessment on a straight lineiollg the same instruction: to walk as fast aslgafe
possible(Butland, Pang, Gross, Woodcock, & Gedd8s2; Dobkin, 2006; van Hedel, Wirz, & Dietz,
2005). A distance between one and two meters wadédore the actual 10-meter distance (the point

where the stopwatch was started). Three measurestalen for each test.

2.2.4. BIOMECHANICAL ASSESSMENTS

To better describe the changes in walking abilitye evaluated the muscle activation patterns
(electromyography), kinetics and kinematics dumvagking. We used a Vicon motion capture and analysi
system with a full body model (PluginGait, Vicon ¥m System). These evaluations took place prior to
the initiation of training and after 6 and 12 weekdraining. Muscle activity during walking wascarded
using an AMT-8 EMG Wire Telemetry System (Borteomedical Ltd.). The signals were amplified with
a gain of 500, band pass filtered (10-1000 Hz) sewhpled at a rate of 2400 Hz. A 3rd order low pass
Butterworth filter (7Hz cutoff) was then applied ttee rectified EMG data using Matlab’sfilt-filt fetion
(The Mathworks, Natick, Massachusetts, U.S.A) tdewn-sampled by interpolation to 1000 samples. The
number of steps obtained per assessment sessied d@pending on the subjects’ ability to walk dgri
the session. The number of steps considered fartplar dataset is reported on the corresponfifnge.

EMG and joint angle data obtained from each stefewermalized to the percentage of gait cycle.

Gait cyclograms have been characterized for abthebloindividuals and proposed as a means for
evaluating clinically the outcome of interventicaféecting human walking (Charteris, 1982). In parar,
the regularity of the hip vs. knee angle cyclogrhas been related to improvements in walking after

iSCI(Field-Fote & Tepavac, 2002). We followed thexctor coding technique to calculate the regulaoity
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coefficient of correspondence of the hip vs. knegla cyclogram(Tepavac & Field-Fote, 2001). The
regularity can have values from zero (no correspand between cyclograms) to one (identical shape of
cyclograms). We calculated the area inside thevhiknee angle cyclogram using the polygon funcition
Matlab (The Mathworks, Natick, Massachusetts,U.SA}h as a measure of range of motion and the

extent of the hip and knee excursion.

2.2.5. ELECTROPHYSIOLOGICAL ASSESSMENTS

Changes in the monosynaptic reflex response camarbéndicator of reorganization of the neuronal
networks at the spinal level and may be correlatitti functional recovery(Phadke et al., 2010) We
assessed the strength and modulation of the Hxrefléhe most affected side of each subject whiting
with the leg fixed at 90 degrees knee flexion amel dnkle at the neutral position. We used a 1 njesi
pulse of electrical current to stimulate the pastetibial nerve and measured the resulting M-wawetor

evoked response) and H-reflex in the soleus mukobeigh surface electromyography (e.g., figure 6A).

We obtained H-reflex peak-to-peak amplitudes redato the M-wave peak-to-peak amplitudes, called H-
M recruitment curves, by increasing the stimulutensity gradually from a level below the H-reflex
threshold to a level at which a stable maximal MrvéMmax) was elicited. In order to characterize an
compare between the H-M recruitment curves at beselnd after 12 weeks of the intervention, we
obtained the percentage of Mmaxthat correspondédrtax (Y%oMmax@Hmax) and the Hmax/Mmax ratio.
Later, we set the stimulus intensity to a levelduaing an M-wave response of 10%Mmax(Phadke, Wu,
Thompson, & Behrman, 2007)and acquired ten H-refesponses for each of two conditions: with the
muscle relaxed, and with the muscle contractedO8s ®f its maximal voluntary contraction (MVC). To
obtain the MVC we asked the subjects to perforradalisometric contractions, measured the force aith
transducer attached to the foot and used 20% ohitjeest one. At the baseline assessment, for one
subject, the H-reflex with a stimulation intensthat produced a consistent 10%Mmax was not acquired
systematically and could not be extrapolated frown iH-M recruitment curves due to insufficient data
points. Therefore, we compared the results to tine@ks data instead and did not include the resdilts

this individual with the group results.
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2.2.6. STATISTICAL ANALYSIS

We present a longitudinal study where the five satsj acted as their own controls for pre-trainiagpost-
training comparisons. According to our hypothesis, goal was to investigate the effect that trgnising

arm and leg FES-assisted cycling may have on qatdifie measure in individuals with iSCI.

We performed a Wilcoxon matched pairs test forrémlts of clinical non-parametric tests such aggBe
Balance score and AIS. The p-value was calculatedaaconfidence interval of 95% was established to
consider significance. For the 6-minute distanckkedhand 10-meter walking speed, 3 measurements wer
obtained at each assessment period (baseline,Babd 12 weeks). We performed a repeated measures
ANOVA for the raw walking speed data obtained fdr articipants at all assessment sessions (3
measurements per subject per assessment period)rdér to identify if at any specific time point
significant changes occurred, we contrasted tha ftam each assessment period with the data frem th
baseline assessment. We calculated the regularityn@ean area of hip vs. knee cyclograms obtained at
each assessment period (baseline, 6 and 12 wékkstalculated the mean and standard deviations per
assessment per subject and performed paired tdestparing the assessment means with the baseline
means from all the participants. The p-value wasuwated and a confidence interval of 95% was
established to consider significance. After we waialied the mean of each group of 10 measurements pe
assessment of H-reflex peak to peak amplitude®%t Mmax, we normalized by obtaining the difference
between each assessment mean to the baseline neediviging by the baseline mean. In order to find
whether the differences between H-reflex resultsnfrassessment sessions were significant, a one-way
ANOVA and Fisher post-hoc tests were conductedhénrtormalized H-reflex data. Aiming to investigate
whether the MVC and M-max values remained stabteutfhout the training, a one-way ANOVA and
Fisher post-hoc tests were conducted in the nozeIMVC and M-max data. All statistics analysesaver
conducted using Statistica (StatSoft, Tulsa, OKAU3010). The kinematic and EMG data from the
assessment sessions were averaged point by pairtharstandard deviation was calculated. The esult

were then plotted and visually compared to thogainbd at baseline.
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2.3. RESULTS

All the participants completed 60 sessions (attl#ase per week) of one hour of FES-assisted amirieg
cycling. Clinical, biomechanical and electrophysgital assessments were conducted to evaluate the
effects of a novel FES-assisted arm and leg cydiaming paradigm on overground walking of five
subjects with iSCI. We present here descriptivdyaigmof the results. To the best of our knowledtés
presents the first systematic delivery of the dfferf a combined arm and leg training paradigmtifier

improvement of ambulation in people with iSCI.

2.3.1. CLINICAL OUTCOMES FOLLOWING FESASSISTED ARM AND LEG CYCLING

Evaluation at baseline according to the AIS indidasevere impairments in light touch sensationthad
differentiation of sharp/dull sensation for all gedis. The maximal total score was 104 points: 26 p
assessment, per side. Interestingly, after 12 weéksaining, all but subject #3 improved their sery
scores, with differences ranging from -4 to 39fegy2-1A). We performed a Wilcoxon matched paiss te
comparing baseline to post-training and found thase improvements were not significant (p=0.08e T
mean improvements are similarly distributed forhbstdes and both aspects evaluated (figure 2-1C).
Subject #3 presented improvements in the pin pgasking: 7 points for the right and 3 points foe tbft.

We observed the reduced scores in this individuahe light touch testing: -5 points for the rigirtd -9
points for the left (figure 2-1E). The improvemeirtssensory scores were unanticipated and may have
been limited to the dermatomes around musclesviegeelectrical stimulation. Hence, we classifietle

of the evaluated dermatomes by whether they redeélectrical stimulation or not for each subject.
Surprisingly, the sensory scores improved in magynétomes regardless of stimulated locations (@gur
1D). We asked whether the changes post-trainingtimulated dermatomes and in non-stimulated
dermatomes were significantly higher. After anatgzthe results with a Wilcoxon matched pairs test w

found that these changes were not significantitbeegroup.

The motor scores according to the AIS at baselimiicated impairments in specific muscles for each
individual. Post-training, the motor scores imprd\n all but subject #1, with differences rangfrgm -3

to 27(figure 2-1B). We performed a Wilcoxon matchmdrs test comparing baseline to post-training and
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found that improvements were not significant (p40.For subject #1, out of a total possible motwre

of 50 points per side (5 points per muscle), theumeer scored 46 for the right (all muscles graéled
except for the hip flexors with 4 and knee exteassith 2) pre-training, and 47 for the left (all sules
graded 5, except for the hip flexors with 3 andgldne extensors with 4) (figure 2-1F). Pronounced
hyperactivity was observed in the left ankle plaftéaor during the baseline evaluation. Following 1
weeks of FES-assisted arm and leg cycling, no ahavas measured on the right side whereas on the lef
side a reduction to 44 points (3 points reductiwa¥ observed. Along with this reduction, an improeat

in range of motion in the ankle and hip was repbdeecdotally due to a decrease in the contradature
ankle plantar-flexor and hip flexorwhich resultedthe inability to move through the new range vitib

same strength and a reduced score for these twolergr®ups.

At baseline, the mean Berg Balance Scale score3@amit of a total possible score of 56. After 12kse

of arm/leg cycling, the mean Berg Balance Scaleese@s 35 with changes ranging from -2 to 15 (f#gur
2A). We observed individual results and found tf@air out of five subjects improved their balance.
Without considering subject 5 who did not improtie balance score, we performed a Wilcoxon matched
pairs test comparing baseline to post-training fuhd that improvements were not significant (p#9.0
Although it is not included in the Berg Balance 8cave observed an improvement in the upright pestu
of subjects #1 and #3 while walking and standingufe 2B shows pre and post training pictures & oh

the subjects.

We assessed the need for assistive devices usng/k8CI Il scale. At baseline, all five subjectsrevat
least able to walk with two crutches, no brace mmghhysical assistance. After 12 weeks, only twnjesis
improved and required less assistance to ambBafere training, these individuals were capable fattd
safe to walk for 10 m with no devices, no braced aith physical assistance of one person (score=17)
After 12 weeks, they felt safe to try and walked & m with just one crutch or cane, no bracesramd
physical assistance (score=19).Although the twontgoimprovement according to the WISCI Il is
considered clinically significant (Musselman, 20Q#e subjects who presented this change did ndifyno

their regular mode of ambulation in the community.
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At baseline, the mean walking speed over a 10 oktwaas 0.49+0.22 m/s and the distance walked fer th
6-minute walking test was 175.48+62.46 m. Afte639 and 12 weeks of training, we found improversent
in the distance walked of a 6-minute walking texd & the walking speed of the 10-meter timed wajki
We contrasted the data from each assessment peiibdthe data from the baseline assessment. The
changes were significant for each contrast (repkareasures ANOVA, p<0.0005). This suggests that
significant changes in walking speed occurred ab/ess 3 weeks post-training. After 12 weeks of
training, there was a significant improvement dfdm/s (44+9%) ranging from 0.10 to 0.27 m/s in1Be
meter walking speed (repeated measures ANOVA, @88)0and of 42.85 m (30+£6%) ranging from 29.75
to 61.48 m in the walking endurance (repeated mieasdNOVA, P<0.0005) (figures2-3). The change in
the 10-meter walking speed was clinically significaexceeding the minimally clinically important
difference (MCID) of 0.06 m/s (Musselman, 2007). fhe best of out knowedge, the MCID for the 6-
minute walking test has only been estimated betwskrand 80 m for the population with pulmonary
disease by obtaining the minimal change that thé&ems perceived as an improvement.Therefore, we
calculated the standard error of the measuremdtivjSvith the formula used by Musselman for the 10-

meter walking test (2007):

SEM =s,=1—n

Where g represents the baseline standard deviation (6&hjiéand grepresents the reliability of the
outcome measurewhich was previously calculated ®&(or a group of individuals with SCI (van Hedel
et al.,, 2005). The estimated SEM for the 6-minutdkimg test was 10.81 m. For all the subjects, the

change in distance walked exceeded the SEM value.

2.3.2. OUTCOMES IN THE PATTERN OF MOTOR ACTIVATION FOLLOWIE FES-

ASSISTED ARM AND LEG CYCLING

After 12 weeks of training, positive changes websasved in the pattern of muscle activation forfiak
subjects. We classified changes in two: 1) Improirgdnsity of the electromyography signal obtained
during walking (figure 2-4A, 2-4B, 2-4D, 2-4E, 2-44hd 2-4H) and 2) improved pattern of activation of

that specific muscle during walking better resentplivhat able-bodied gait produces (figures, 2-4BD2
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and 2-4H).Although larger electromyography sigralniot necessarily better, it can be interpreted as
strengthening of the muscle. Our goal was to comhe pattern of muscle activation of the same
individual after the training. Hence, we did notaih any matched able bodied gait data and oniylaljs
able bodied subjects’ gait data obtained from WineA. (1991) as an example. By no means is this a
standard for our participants. One limitation ofngsthis data is the difference in the walking spesed

by the healthy control subjects and our SCI paréints. Furthermore, even if walking ability imprdvie

our participants, they might be using a differanategy thanhealthy controls. Hence, the changdhan
patterns in muscle activation can only be consilleepositive in the light of other positive changethe

walking ability.

2.3.3. BIOMECHANICAL OUTCOMES FOLLOWINGFESASSISTED ARM AND LEG

CYCLING

We found diverse gait patterns within the groupasdeline. As the training progressed, differerdteties
were adopted by each subject and shaped changiasirigait pattern. Therefore, we investigated Wwhet
there were any common elements in the improvemeresented by the subjects. An interesting finding
was that three subjects improved their foot cleagann subjects 3, 4 and 5 the improvement in foot
clearance coincides with increased muscle actiiiyng the swing phase in leg muscles (figures 22C

4F and 2-41).

We classified the sides by more affected and I&sstad based upon their motor and sensory AlSescor
The mean regularity for the hip vs. knee angle ayam at baseline was 0.39 for both sides for all
subjects. After 12 weeks of FES-assisted arm agdyeling, the regularity improved significantly @49

for the more affected side (paired t-test, p=0.QG8W 0.47 for the least affected (paired t-tesf.p038)
(figures 2-5E &2-5F). The mean area of the hipkvee angle cyclogram at baseline was 0.20 teghe
more affected and 0.21 defyr the less affected. After 12 weeks of FES-asdisrm and leg cycling, the
mean area improved to 0.25 dégr the more affected side and 0.29 ey the less affected side. These
changes were not significant according to a pairex$t (figures 2-5G &2-5H). Subject 4 had the &=ty
improvement in area measurements for both sidesecwohd largest in regularity for both sides (fegu®-

5A to 2-5D).
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2.3.4. ELECTROPHYSIOLOGICAL OUTCOMES FOLLOWING-ESASSISTED ARM

AND LEG CYCLING

At baseline, the mean soleus H-reflex peak to f@aaglitude at the stimulation intensity that prodiice
10% of the maximal M-wave was 3.6 mV at rest arRimV with 20% MVC facilitation. At the 6-week
assessment the H-reflex response was increaseithriee subjects at rest and for two with 20% MVC
facilitation, this caused an increase in the mé&anthe 12-week assessment, the H-reflex response wa
reduced significantly for all subjects under botimditions ranging from 0.3-2.2 mV reduction at rast
0.4-2.1 mV reduction with facilitation (figures B@nd 2-6C). It can be concluded that the MVC reredi
stable throughout the training since it was ontueed by 0.06 mV ranging from -0.66 to 0.41 mV #md
change was not significant (p=0.3747, ANOVA). Oe ttontrary, the M-max measured at rest did not
remain stable. Itwas significantly reduced by 0®04V ranging from -0.0008 to -0.0020 mV (p<0.05,
one-way ANOVA).In order to understand better theuraof the reduction in the H-reflex responseeat,r
we analyzed the change in two factors of the H-Mru#ément curve: the H-max/M-max ratiowhich
indicates changes in amplitude of the H-reflextretato M-maxand the %Mmax@Hmaxwhich indicates a
shift in the H-M recruitment curve (figure 2-6D)h& H-max/M-max ratio was reduced significantly by
0.0979 mV ranging from -0.0760 to -0.1127 mV aft& weeks of FES-assisted arm and leg cycling

(p<0.05, ANOVA). The %Mmax@Hmax did not change ffigantly (p=0.2073, ANOVA).

2.4. DISCUSSION

Our goal was to evaluate the efficacy of involvthg arms along with the legs in a rehabilitatiorapégm

to improve walking after iISCI. We hypothesized thahew training paradigm which consists of FES-
assisted arm and leg cycling would improve walkafter chronic iSCI and investigated some of the
mechanisms that led to the improvements. We foundravements in over ground walking speed,
endurance, balance and the need for assistive efevi/e also measured improvements in the foot
clearance and the pattern of motor activationégrrhuscles involved in walking. In addition, we s@ed

reductions in the excessive excitability of H-rgfleVarious mechanisms can account for the

aforementioned improvements which will be discussdtie following section.
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2.4.1. LIMITATIONS

There are several limitations to our study. Fing, have a small number of participants and so esults
cannot be generalized until they are replicatedl lewger sample. Another important limitation abtetudy

is the lack of blinding in general since the saegearchers involved in the assessments were ird/atve
the training sessions. We did not have a blindedighl therapist for the clinical testing which seemore
susceptible to bias. The participants were awaaettte goal of the research was to study walkirgytais
might have influenced their expectations and mdtiva We did not study the strength of other
musclesinvolved in walking such as hip flexorshe future, the same methodology used for MVC tgstin
could be applied to other muscles. Finally, our parisons were made within each subject. Therefoee,

were not able to assess the effect of any exeveiseis FES-assisted arm and leg cycling.

2.4.2. TRAINING PARADIGM

Humans engage in different forms of locomotion thmatolve the coordination of arms and legs (e.g.
crawling, cycling, swimming, rowing, walking andmming). Across walking, arm and leg cycling and arm
assisted recumbent stepping there is a stronglatiore which supports the existence of a commorraleu
network as the regulator of arm and leg rhythmicvements (E. Zehr, et al., 2007). Our goal was to
activate this common neuronal network through ar@sge that involved both the arms and the leggeOt
forms of rhythmic movements like arm swing duringlking, stair climbing, and recumbent stepping
require an upright posture which is not possiblesimme individuals with iSCI. On the contrary, aamd
leg cycling can be performed while sitting whichaisecure, comfortable position for people witapi
cord injury. Furthermore, one session of leg cylinaining significantly increased walking speed in
incomplete spinal cord injured participants by 1P#gdke et al., 2009). Therefore, we chose armend |
coordinated cycling as the best intervention tolng arms and legs for the rehabilitation of wadkefter

iSCl,

FES has been widely used to increase muscle maddi,(Bt al., 1998), reduce bone density loss(featz
et al.,, 2008), and improve cardiovascular healtleraSCI (Davis, et al., 2008). Page and colleagues

reported that ten weeks of a cycling interventiesisted with electrical stimulation exclusively the legs,
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helped a subject with iSCI improve motor scoresamgait velocity, and WISCI Il score (Page, et al.,
2007). In this study, we used FES to assist fiy@ests with spinal cord injury in the generatioraof and
leg cycling. The baseline mean walking speed ofpauticipants is similar to the baseline walkingegp of
the subject in the former study (0.49+0.22 m/sO/47 m/s). The improvements in our group are smalle
than the improvements in their subject (0.18 +@€.30.33), but this effect could be attributedridividual

differences since their subject had a lower lesliam any of our participants.

2.4.3. EFFECT OFFES-ASSISTED ARM AND LEG CYCLING ON SENSATION

The distribution of theimprovements in sensations wmexpected.Although the changes in sensation
according to the AIS were not significant, the fdnztt they were present not only in those areaseobody
over which stimulation was delivered, but also ansstimulated dermatomes is interesting and woothy
further investigation. In participants with iSChet use of FES applied to the common peroneal nerve
(fibular nerve) for assisting in dorsiflexion imwexd locomotor speed even after the cessation of
stimulation, indicating that FES can induce longfiteg changes in the nervous system (Stein, e2@06).
This phenomenon may be attributed to the electdgtaiulation of both, motor nerves causing a muecul
contraction, as well cutaneous and proprioceptamsary fibers. Sensory activation during FES-asdist
exercise involves stretch and load receptors whéfeeents project not only to cortical networkst hiso
synapse into propriospinal networks. These propi@d networks may be responsible for a global
response to the FES-assisted exercise and thegfdrerease in sensory scores of non-stimulatgidme

of the body. Furthermore, the vigorous activityttie whole body resulting from the FES-assisted aser

not only induces a sensory input to the spinal darch arm and leg regions, but to other regionwels

2.4.4. EFFECT OFFESASSISTED ARM AND LEG CYCLING ON MOTOR SCORES

The mean motor performance evaluated using the ASBle improved by 8 points. These improvements
were not significant, suggesting that muscle stiteragcording to AIS scale assessment cannot not be
considered as the only mechanism for the improvésnanwalking speed. Especially considering the
changes in reflex excitability and balance. In igatar, for one subject, we found an apparent rédonof

the score of the left ankle dorsiflexor (or L4 semt), and a reduction in the muscular contracttirdhe
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ankle plantarflexors which resulted in a largergamf motion (ROM). Testing for motor scores using
higher ROM of the ankle could have caused the flexsir muscles to appear weaker and obtain a lower
score. Unfortunately, the AIS motor score is inaataiif an external condition, in this case, a ¢feaim the
ROM, affects the muscle’s ability to produce a nalfGrade 5) contraction. Bearing that fact in mivwe
identify a limitation in the only use of the AlSrfassessing motor performance. We propose th&R @hd

and isometric muscle contraction force be measudiditanally.

2.4.5. EFFECT OFFES-ASSISTED ARM AND LEG CYCLING ON BALANCE

Interestingly, the balance improved substantialithough the changes in balance were not statiitica
significant, for three subjects they exceeded theimal clinically important difference for the Berg
Balance Scale for stroke of 6 points (Stevensof1pihd reported noticeable changes in balance glurin
their daily activities. This was an unanticipatédding since the training did not involve an uptigh
posture. Increases in muscular strength could explartially the improvements in balance, but werfd
that in the arm and leg muscles, these were noifigignt according to the AIS assessment. We did no
evaluate changes in the strength of axial muscleghvmay have contributed to the improvement of
balance and walking as well. The interaction witkire cervical, thoracic and lumbar spinal neuronal
networks of coordinated sensory inputs (e.g. leagktch and electrical stimulation) provided by deg
FES-assisted cycling may have strengthened suetoriet and enhanced walking and postural responses.
The effect of such coordinated sensory inputs idea in the improvements in sensation that to@cel

In subject #1, the improvement in balance coincigiés the reduction in plantarflexor hyperactivitshich

suggests another mechanism for the improvemerdlanbe.

2.4.6. EFFECT OFFESASSISTED ARM AND LEG CYCLING ON WALKING SPEED

Finally, the walking speed (10-meter walking) anstahce walked (6-minute walking) improved. Foisthi
group of individuals, the improvement in muscul@ensgth was not significant. This finding, togethéth
the improvement in regulation of spinal reflexeg(ereduction in H-reflex hyperexcitability) sugge that
walking improved due to a reorganization of spitietuits triggered by the sensory inputs providgdhe

training. The mean walking speed improved consikt@ver the training period. The small improverngen
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in walking speed during the first weeks of the imémtion and the apparent reduction seen duringthe
week assessment may be due to the developmemenf atrategy for walking which required conditiagin
and strengthening of various muscle groups betfocelild translate into faster walking. Improvemeints
endurance were consistent over the assessmentiparnd may be the result of better cardiovascudalttn

as a result of the FES-assisted exercise as hassheen elsewhere (Davis, et al., 2008).

The positive results in this group of individualgygest that even years after SCI and active paatiicin in
walking-related interventions (e.g., treadmill fiaig or overground walking exercises) a ceilingeeffin
walking ability has not been reached; and thestilisan opportunity for improvement. This is pattiarly
relevant in Subject #1 who was a very active irdligl and exercised daily at home by walking on a
treadmill. The uniqueness of the training paradigged in this study is that it systematically engagier

networks (i.e., arms) that have not been involveld¢omotor rehabilitation before.

Bearing in mind the encouraging results from thistgstudy, a study with a larger number of papats
with iSCI undergoing the same paradigm is needambtmborate the efficacy of involving the armsrajo
with the legs. The mechanisms underlying the impnoents in walking are likely related to induced
plasticity in spinal neuronal networks involvedvmalking due to changes in H-reflex excitabilitythe
positive changes in walking ability are confirmeg & larger study, we propose that this paradigmdcou

also be beneficial for individuals with traumati@im injury or stroke.

The results from this study suggest that involuimg arms along with the legs in rehabilitation @flking

is effective, but its advantage over interventiomsere only the legs are actively involved remains
unknown. Other questions remain unanswered bypihi¢ study. For instance, is the efficacy of FES-
assisted arm and leg cycling in improving walkirgfter than FES-assisted leg cycling alone? Also, is
FES-assisted arm and leg cycling as effectiveastotor rehabilitation techniques currently in preetfor
improving walking? Despite the fact that we uselideded clinical tests for spinal cord injury, wannot
compare our results to those from other intervastidor rehabilitation of walking. This is due to
differences in the duration of the intervention andthe methods used to evaluate outcomes between

different interventions. In order to perform syssgim comparisons with results from other rehakibta
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strategies for walking after iSCI such as body Wwegupported treadmill training and conventional

overgroundlocomotor training (Dobkin et al., 200@fger studies may be needed.

This training paradigm could be readily appliedhia clinic because the equipment required is aviailan
most rehabilitation centres. A key advantage ofgi$iES-assisted cycling for the rehabilitation aflking
is that it only requires one physical therapistdetting up and assistance compared to traditiooamotor
training which requires three or even four therapit® deliver. Therefore, effective therapy coulel b

delivered to more clients with the same staff reseu
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2.5.

FIGURES ANDTABLES

Time post Level of ASIA impairmen Mode of

Participant# Age (yrs.) Sexnjury (yrs.) injury scale ambulation
1 46 M 9 T10 D Crutches
2 58 M 40 C5-C6 C Walker
3 61 M 2 C3-C5 D Wheelchair
4 50 M 13 C6-C7 C Wheelchair
5 49 F 6 C2-C4 D Wheelchair

Table 2-1: Study participants. Characteristics of the five subjects involvedttie study. The mode of

ambulation refers to the one used for daily adgésiprior to the participation in the study.

Participant# Stimulated arm muscles

Stimulatedriegcles

Ergometer used

1 none Quadriceps, Hamstrings, Gluteus  Custom-maderetgr

2 none Quadriceps, Hamstrings, Gluteus  Custom-maadenetgr
Biceps brachii, Triceps, Quadriceps, Hamstrings, Tibialis

3 Rhomboids Anterior RT200

4 none Quadriceps, Hamstrings, Gluteus Berkelbike

5 none Quadriceps, Hamstrings, Gluteus  Custom-madenstgr

Table 2-2: Characteristics of the training. Stimulation was delivered to different arm ang ieuscles as

needed per subject. Two commercially available anchleg ergometers and one custom-made arm and leg

ergometer were used to deliver the training.
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Figure 2-1: ASIA sensory and motor scores. A. Individual results from the ASIA sensory evaioa and
group median indicated by solid line. N=5. Maxirsabre per subject = 104. B. Individual results frine
ASIA motor evaluation and group median indicatedsblyd line. N=5. Maximal score per subject =100. C
ASIA sensory scores on both sides separated bgpéeific test and side. Bar height (median), ebams
(range). D. ASIA sensory scores on both sides s¢paby stimulated and non-stimulated regions. Line
(median), box (25%-75%), whiskers (range) N=5. Sahthe dermatomes that improved in the sensory
assessment were not in the stimulated areas. Eje@uB3. ASIA sensory evaluation indicates
improvements on both sides for pin prick test, &weduction in score for light touch test. F. Sabjél.

ASIA motor evaluation. *Indicates contracture ift enkle plantarflexor.
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Figure 2-3: Walking speed. A. Individual distances walked measured duringeadurance test of 6

minutes. All subjects improved significantly. B.dimidual walking speeds measured during the 10-mete
walking test. All subjects improved significantl¢.. Mean distance walked + s.e. measured during an
endurance test of 6 minutes. Significant improvetmer 30+6% after 12 weeks were measured. N=5.
p<0.05 (paired t-test, P=0.00021). D. Mean walképged + s.e. measured during the 10-meter walking
test. Significant improvements of 44+9% after 12els were measured. N=5. p<0.05 (paired t-test,

P=0.0063).
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Figure 2-4. Muscle activation pattern and foot clearance.For all figures the green trace is the pre-
training measurement and the blue trace indicdiegbst-training measurement. The grey trace itgkca
the able-bodied data (Winter, 1991).A. Subject #A8tivity in the right rectus femoris improved peost
training. B. Subject # 5. Activity in the right tddis anterior improved post-training. C. Subje@&. #
Improvements in muscle activation patterns coinciitd an improvement in the right foot clearancel an
step length. D. Subject # 4. Activity in the leficéps femoris improved post-training. E. Subject.#
Activity in the left tibialis anterior improved pbfaining. F. Subject #4. Improvements in muscle
activation patterns coincide with an improvementha left foot clearance and step length. G. Subfex
Activity in the left biceps femoris improved pos&ining. H. Subject # 3. Activity in the left tibia
anterior improved post-training. |. Subject #3. hmyements in muscle activation patterns coincidé an

improvement in the left foot clearance and stegtlen
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Figure 2-5: Walking regularity. A. Subject #4 Left hip vs. knee cyclogram for qeeticipant walking
with crutches at baseline. B. Subject #4 Right Vv8p knee cyclogram for one participant walking with
crutches at baseline. C. Subject #4 Left hip veekayclogram for one participant walking with ches
post-training. D. Subject #4 Right hip vs. kneelegtam for one participant walking with crutchesspo
training. r=coefficient of correspondence. E. Impmd intersegmental coupling post training for theren
affected side was measured. Meants.d. N=5. F. Inggkintersegmental coupling post training for thesl

affected side was measured. Meants.d. N=5. G. Imggtanean area of hip vs. knee cyclogram post
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training for the more affected side was measureglamts.d. N=5. H. Improved mean area of hip vs. knee

cyclogram post training for the less affected sids measured. Meants.d. N=5.
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Figure 2-6: H-reflex response. A. Subject#5. Raw EMG activity of left soleus miesshowing H-reflex
response (latency indicated in parenthesis) andavew(latency indicated in parenthesis) at 10% of M
max. B. Significant reduction in H-reflex peak tegk amplitudes at rest normalized to baseline was
observed. Meants.e., N=4. p<0.05 C. Significantuctidn in H-reflex peak to peak amplitudes with
muscle activation of 20%MVC normalized to baselimas observed. Meanzs.e, N=4. p<0.05. D.
Subject#4. H/Mmax plotted against the correspongiarcentage of Mmax. In this case, we observed a
reduction in the Hmax relative to Mmax and a sbiftthe H-M recruitment curve to the right which

suggests a reduction in the excitability of thedflax.
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Chapter 3GENERAL CONCLUSION

The aim of my master’s thesis was to demonstrateaim and leg FES-assisted cycling improves wglkin

after iSCI through a pilot study with subjects wiBClI.

| hypothesized that arm/leg FES-assisted cyclingildvdmprove walking speed and independence in a
group of individuals with iSCI. by inducing plastibanges in the spinal networks involved in locaorot

To test my hypothesis, | evaluated a group of fingividuals who were capable of talking some steps
their own, but needed significant assistance tkwahrs after suffering an iSCI. They participaied 2
weeks of arm and leg FES-assisted cycling. My hygsis was supported by the significant improvements
in walking speed and endurance that took place. rEdection in the excitability of the monosynaptic
reflex pathwayis consistent with my hypothesis ghath changes in walking were a consequence diglas
changes in the spinal networks although it is mfficdent since we did not find significant shifgrof the
H-M curve (i. e. changes in the percentage of Mttt corresponded to Hmax). The quality of walking
improved in the step to step regularity over a nentf cycles, in the increased foot clearance,iaritie
change in the patterns of muscle activation thateberesemble those of able-bodied individuals.
Additionally balance improved in more than half thfe study participants and in two of them an

improvement in upright posture was evident.

Only one subject dropped out after 2 weeks of twgmam due to a preexisting neck pain, which was
neither alleviated nor aggravated by the trainifige fact that the remaining 5 subjects completexdh sun
intense training program denotes its feasibilitg dne motivation they had for the training. | penfed
interviews at the end of the training and all satgeexpressed their satisfaction and some mentithrad
the effects of the training improved some aspetttheir quality of life. Some of the participantses
requested to be part of the next phase of thisysidch will involve only legs FES-assisted cyclindy
research study is the first to show the benefitawofapproach that includes the arms actively in the

rehabilitation of walking. The positive resultstbfs study demonstrate that an innovative trainargy and
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leg FES-assisted cycling, is feasible and effeciivenproving walking after iSCI and should be hat

developed.

3.1. MECHANISMS FOR IMPROVEMENT OF WALKING

Undoubtedly, arm and leg FES-assisted cycling vifectéve for the five individuals that participatea

my study. | hypothesized that the improvements atkimg would be due to plastic changes in the dpina
neuronal circuits induced by the rhythmic sensdimation that the coordinated cycling movemeseli
plus the electrical stimulation provide to the CN®wrough this pilot study, | found evidence coresist
with my hypothesis. First, | found significant ingmements in walking butdid not observe significant
improvements in the motor scores or the MVCs irs thioup of individuals. Therefore, changes in
muscular strength likely played only a minor ratethie process of improving walking. Second, | fiban
significant reduction in the excitability of the IBas H-reflex. Several mechanisms may be respan§ibl
the reduction in excitability of H-reflex: One cdube the strengthening of the presynaptic inhibitio
pathways caused by the regulated activation of grba and 1b afferents of flexor muscles and the
voluntary engagement of the subjects during theitrg. Both inputs can interact with spinal intemnans

that are known to cause presynaptic inhibitiorhef $tretch reflex.

Finally, | found that four out of five subjects ingqved balance, three of them over the minimal céhi
importance difference (MCID) for stroke of 6 poif@tevenson, 2001). In order to understand spelifica

if the improvements in balance presented by thfébeoparticipants are clinically significant, tMeCID in

the Berg Balance Scale must be calculated. Ondaliimin of this study is that we did not obtain any
alternative measure of balance to use as an amclade for the MCID analysis. Conventional locomotor
training techniques give critical importance toigpt position during the rehabilitation and, consesutly,
have improved balance in subjects with chronic {SCJ. Harkema, et al., 2011; Musselman, et aD920

In contrast, during arm/leg FES-assisted cyclingsmms the subjects were not positioneduprightvaad
did not give any indication about the trunk andch@asition. The clinically important improvementsin
balance show indirectly that changes at the spieakonal networks that coordinate arms and legs for

postural responses took place. Another explanatitmy be that changes in vestibulospinal and
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reticulospinal pathways took place, but we did ewaluate them. Muscle strengthening may also have
contributed to the improvements in balance, but mator scores and MVC data suggests that its
contribution was not significant. Three sensoryuisptrigger postural responses for balance: muscle
proprioceptors, vestibular receptors (through bestispinal and reticulospinal tracts), and visumgduits.
The vestibulospinal and reticulospinal pathwaysquodirectly to motor neurons, but also interadthw
interneurons and long propriospinal neurons thatdioate interlimb muscle responses (Ghez, 1994¢. T
Arm/leg FES-assisted cycling provides the CNS wlifferent kinds of coordinated sensory inputs sash
load, stretch and electrical stimulation from aransl legs. The intense and vigorous activity engamsd
only arms and legs, but the whole body, providimgremore coordinated sensory inputs. Sensory inputs
that relay into interneuronal networks, may streegtthem and affect positively walking and postural
responses. In itself the improvement of balancanismportant outcome since it implies safer mopitd

perform activities of daily living and reduced rigkfalls (Wirz, et al., 2010).

In conclusion, the reduced excitability of the Hie® along with the improvements in balance demaist
that the strengthening of interneuronal networksinduarm and leg FES- assisted cycling may be

responsible for the improvements in walking.

3.2. COMPARISON TO OTHER REHABILITATION

INTERVENTIONS FOR 5CI

This is the first study of arm/leg FES-assistedingc One of my goals with this research was tabke to
produce results clearly applicable to the realityahabilitation. An issue that is evident uponiesving
the literature in the rehabilitation of walkinglfieis the lack of standardization of evaluation megls and
study design for interventions after SCI. Recerttlis issue was reviewed making evident that a exasiss
in the methods for studies investigating new fowhgait rehabilitation after iISCI must be met (Yafig
Musselman, 2012). Studies in chronic SCI produselte that are not comparable among themselves due
to different duration and intensity of the intertiens and different outcome measurements. Althomgh
study is a pilot one with a small number of paprits, | chose evaluation standards that go acuptdi

current literature in the field that allow for coason(Alexander et al., 2009; Dobkin , et al., 200an
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Hedel, Wirz, & Dietz, 2008). One aspect that isomtgd in all of them is the walking speed, balaand
some variations of the walking endurance. | workéth several studies that served me as a frame of

reference with which | could compare my results.

The first framework for comparison is the minimhhically important difference, or MCID, as repaitey
Musselman for changes in 10-meter walking spedib 6 0.06 m/s for the SCI population (Musselman,
2007). The changes in walking speed that my stbmesented were above this level. My second sourc
of comparison are other studies involving chroS€li subjects that have similar duration (12 weeks)
intensity of at least 30 minutes daily for at le8stlays per week. Recently, Field-Fote and colleagu
reported improvements in walking in a group of indiials with chronic iSCI after 12 weeks of ondair
different walking rehabilitation interventions: BWS$, BWSTT with electrical stimulation,
overgroundlocomotor training with electrical stimtibn, and robotic training. Although both grouds o
volunteers were classified as C or D according I8, Ahe mean walking speed at baseline was lower fo
their subjects than for my participants. They fouhd largest improvements in the group that trained
overground with dorsiflexion assist device(Fieldd-& Roach, 2011). This type of training requiredre
voluntary effort to initiate stepping than all tbthers that were performed in a treadmill. Improeets in
endurance are consistent with evidence from othES Fstudies that suggest that FES improves

cardiovascular health.
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Table 3-1. Summary of recent studiesfor improving walking in iSCI population. $:2 min walking test.

* : statistically significant 1:The results weretmpaiblished separately. This data is the mean @héorg

both groups: 1-3 yrs. Ang3yrs. post-injury/:Median values approximatedfrom Figure 2 in Musseim

K.E. et. al., 20009.
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3.3. FUTURE DIRECTIONS

The main goal of my research study was to demaesthat involving actively the arms through arm and
leg FES-assisted cycling is an effective intenamtio improve walking after iSCI. In order to fueth
investigate the effects of active arm involvemestualy of the effect of only leg FES-assisted ayglhas

to be conducted.

| propose that if the effects of Arm and leg FESisted cycling are larger than the effects of detyFES-
assisted cycling, a larger study that incorporatteer rehabilitation interventions currently innigal
practice such as BWSTT and skill training shoulccbrducted. This study should involve a larger damp
of individuals with iSCI. One weakness of my pigtudy is that | did not incorporate any blindingtire
evaluation process. This may be important regardilngcal assessments where the responses of the
participants have to be rated based upon rulesmdiyethe instrument but also by the perceptionhef t
rater. For the future studies involving other imtetions and larger samples, | propose that trginin
sessions direction and outcomes assessment shewaritied out by a different trained physical tipésts

blinded to the intervention characteristics ancestidbnes within the training.

Both coordination dynamics(Schalow, 2003) and defys FES-assisted cycling(Page, et al., 2007)regort
improvements in autonomic functions in their sut§etn my study, the subjects were asked not togha
anything about their medications during the tragnith would be interesting to test this trainingaidarger
group and to inquire systematically at each assesssession whether any changes in autonomic aumsti

were observed.
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