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Abstract

Multiple Sclerosis (MS) is an auvimmune mediated inflammatory and
degenerative disease of the central nenaystem characterized by loss of myelin and
axonal integrity MS often lead to an accrual ofvalking disability andworsening of
fatigue Exercisedependent plasticity in theentral nervous systemwhichinvolves
upregulation of growtipromoting neurotrapinsand suppression @fflammatory
cytokines may help restortost ability to walk Although aerobic training is an
intervention that can potentially improve walking disability and reduce fatigue, these
factors are also significant barriers to partitipgin exercise. Furthermore, because of
thermal dysregulation, exerciggduced increases in body temperature leads to temporary
worsening of symptoms in some MS patients. The purpose of my doctoral work was to
develop and determine the feasibility ofgl@menting a progressively intense aerobic
treadmill training, in a room cooled to 16°C, for people with MS having walking
disability, fatigue, and heat sensitivity.

In the first study, | critically appraised and consolidated the research in animal
modelsand clinical trials in order to determine the optimal training dosage and outcomes
for a future exercise trial. The second study showed that people witielst8d disability
consumed about three times more oxygen to complete relatively simple mobilittyesct
such as rolling in bed, when compared to age anarsgghed healthy control$he
results of this study supported the importance of testing therapeutic aeaobigy for
this cohort of patients with barriers to exercisagch as fatiguehe thrd study outlined

the effects omaximalaerobic exercise on neurotrophins and inflammatgtgkines
i



among people with MS and controlhe final study established preliminary evidence for
the feasibility of conducting progressively intense aerobicitrgian a bodyweight
supported treadmill in a room cooled to 16°C. The benefits included significant
improvementsn walking speedatigue, aerobic fitness, and quality of life, while
simultaneously altering serum levels of blood biomarkers of recovenyasulorain

derived neurotrophic factor and interlew@nshifting the balance betwesspairand
inflammation Randomized controlled trials are needed to substantiate these preliminary
findings, which in turn could lead to effective training options ogeliving with MS-
related barriers to exercise participation.
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Chapter 1 Introduction

1.1 Prevalence of Multiple Sclerosis

Multiple Sclerosis (MS) is an autoimmune demyelinating disease of the central nervous
system (CNS) affecting over 2.2 million people worldwideheglobal age-standardized
prevalencef MSis estimated to be 30.1 cases per,@@0population with North America and
northern European countries making up the high prevalence zone (>100 cases)08)'1T0e
agestandardized prevalence was the highest in North Amgr&h6cases per 10000, 95%
Confidence Interval [CI153.21 177.1), withan estimated9,419 Canadians living with MS in
2016". For comparison, n Nort h America, MS has about t
disease (170 to 180 per 100,00a0d is 50 times more common than Amyotrophic Lateral
Sclerosis and related Motor Neuron Disea8e3 per 100,000. Furthemore, future projections
suggest that the prevalence of M#il increase to 430 p&00000by 2031 corresponihg to
133635 Canadians living with MBy therf. Since MS affect people in the most productive
period of their lives (between the ages of 16 and 40), there is an urgent need to develop better
treatments for MS in order to reduce disease bdrden

Although North America and parts of Europe report some of the highest rates of MS in
the world, prevalence rates vary considerably withaséregions and even with a country. For
example, @nadian studies have reportd® prevalence estimates low asl79.9 per 10000
in British Columbi& to as high ag813.6 per 10@00in SaskatchewdnRegions also show a
north-south gradient with higher prevalence rates in areas further from the egaatexample,
the prevalence of MS in the United States per 100,000 population was highemniortheast and

mid-west regions (377.4 and 353.1 respectively) compared to western and southern regions
1
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(272.7 and 272.6 respectivefy)Additionally, the Atlas of MS an online tool developed by the
MS International Federationgportedhe highest prevalence iEurope to be 189 per 100,000
in Swederin the north andthelowest to be 2D per 100,000 in Albanian the soutf,

Recent research attributes these nedhth differences to exposure to sunlight and levels
of vitamin D because of vitamin DO6s role in r
to MS patholog}’. A recentMendelianrandomizatiorstudy (n=33,996)determined that all four
single nucleotide polymorphisms associated withhg8roxyvitamin D leved from sunlight
were associated with an increased risk of, ji®viding strong edence foithe causal role of
vitamin D levels in MS susceptibility. Furthermore, researchers have also destnated direct
functional interaction of vitamin D with the major genetic locus which determinesdWdS
supporting environmental influences in the pathophysiology of MS (discussed in more detail
below)?. Neverthelessthe prevalence of MS is rising in thegher income countries ofufope,
United States, and Canada, which has been at least partially attributed to earlier diagnosis and
improved survival rates in recent yeaildS remains one of the most complex and puzzling

neurologicaldiseases in the worldnd consequently, the field is evolving rapidly.

1.2 Incidence of Multiple Sclerosis

While the prevalencef MS has beeincreasingsteadilyoverthe pastentury repeated
surveys show that incidenoé MS in Western Europe andaradais higherin recent yearthan
those observed decades Hgblotably,the incidence of MSvasfound to behigher in specific
ethnic groupsfemales, anéamily clusterssupporting the belief that theregenetic
susceptibility to M$* 15 In a retrospective cohort study conducted in tingtdd Stateswith

more than 9 million ersonyears of observationhé incidence of MS was highest in blacks



(10.2, 95% CI 8.412.4), followed by whites (6.9, 95% CI 6718), HispanicsZ.9, 95% CI 2.4
3.5), and AsiansX.4, 95% CI 0.72.4)'>. In addition recentand historicafindings confirm that
MS occurs more frequently in women than AfeSincetheearly 1900s, female to male ratias
been increasing from unigit:1)to mote than 3:Iconfirmingthe growingincidence of MS in
femalesin recent decadeshen compared to maf€s!® Interestingly, there was a higher
transmission rate tihe daughtergrather than sons) ofothers and fathesgho had MSodds
ratios, 2.72 and 1.65 respectivéf)Furthermoretheincreasing incidence of M®attends to
cluster in familie®’, providesstrong support for genetic etiology in MSor instancethe MS
concordance rate increases with the extent of genetic similarity between indRfiefu&er
example, the rate &S concordance monozygotidwins range betweenl8 31% whereasn
dizygotic twins it ranges betweeri 5%°%2?2. However, thdack of full (100%)concordance rate
in monozygotic twingand large differencsgabout 30%between monozygotic and dizygotic
twins (who share intrauterine and postnatal environmerpecgsgely)can be taken as evidence
of environmental factors playing an important role initteddenceof MS in addition to
genetics®,

Although researchers recognize the dual role of genetics and environmental factors in
MS, the relativel rapid increase in incidence over the past few decades points to environmental
origins'”- 8 When genetic factors are held constant/ironmental factors such as sunlight
exposure, vitamin D, and latitude are thought to operate at populatioft.|&ueh
epidemiological evidence leads to the hypothesis that the interaction between genetic and
environmental risk factors (such as ethnicity, sex, birth order, pfdugln exposure to
sunlight, vitamin D, latitude, and viral candidates) detersin@e e 6s suscehti bil ity

Furthermorethe potential interplay of lifestyle factors such agarette smoking, obesity,

3



hormonal replacement therapyddater childbirth may have increased the susceptibility for MS
in females®. Overall, genetic, environmental, and lifestyle factors regulate the immune system
which is believed to be the source of dysregulation seen in MS. As discussed below,
immunological mechanisms includimgtibody and complemenmediated damage, glutamate
medatad excitotoxicity, proinflammatory cytokine secretipformation ofradicals,and celf
mediated damage through T ceifsonocytesmacrophagesand microglia, are known to lead to
the damage of myelin sheath and axons in the &Nmhis interplay betweegenetics,
environmentallifestyle, and immunological factorsuggest that some aspects of the disease are

modifiable while some others are fiot

1.3 Pathophysiologyand clinical courseof Multiple Sclerosis

MS istraditionally characterized as an autoimmune inflammatory disease of the CNS,
mediated by an aberrant immune resgwmagainst CNS tissue, particularly myglinteins
Recent findings show that MS is associated witite than 100 gengandthe majority of the
geneticloci associated with MS risk contribute to known immunoldgittiong®. It is thus
widely accepted that aberrant immune responses playmportant role inhe pathogenesis and
progression of M3, At first, focalinflammatorylesionsstart toappear within CN$lue to
autoimmunemediated Tcell attack®. The acute development of lesions is followed by a gradual
resolution of inflammatiorieadingto furtherdegradation of myelin arakong®.

Abnormalimmune responses during the inflammatory cascadg&ibute to
demyelination and axonal loss in K¥SRecent evidence suggests that B c€lB8+ T cells,
macrophages, and the innate immsypstem also take part in the inflammatory cascades of MS,

in addition toinitial CD4+ T cellactivatiorf>. The hallmark of MS pathahysidogy is the

4



synthesis of oligoclonal antibodidsiringtheinflammatory proce<s. The presence of
oligoclonal bands and elevated immunoglobin G/albumin indices in cerebrospinaréuskd
for the diagnosis of M&. Furthermore, the effectiveness of ainflammatory and
immunosuppressive therapies in MS further substantiatestterlyingautoimmunemediated,
inflammatory pathophysiolody. However, h a novel animal modeff demyelinating
encephalomyelitis induced/imonocytesand dendritic cells, mice have been shown to develop
substantial demyelination with minimal inflammatory response thatiependent of CD4#&nd
CD8+ T cellg’. These findings raise the possibility that the initial step in developing MS lesions
could be independent of immune cells, in at least some people with M8re is considerable
debatem the research community regarding which inflammatory and cell death pathways are
being activatetf and whéher immune dysfunction precedasfollows neuronal dysregulatiéh
It is interesting to observe that lesions may not always correlate with clinical symptoms and
patients who are newly diagnosed witOvertS of t e
past decade, there has been a greater appreciation of the role of neurodegeneration in
accumulation of disability in M3. In any case, in addition to immuneediated lesions, people
with MS also have progressive neurodegeneration that is sometimes difficult té’deteking
diagnosis and dlical staging of MS challenging.

Therefore, th017McDonald criteria fothediagnosis of MS, having evolved over
time, include<linical andimagingassessments to supplemkatitoratoryfindings allowing more
rapid, accurateand specific diagnosis According to themost recen017 revisions of
McDonald diagnostic criteria for MS, a provisional disease phenotype as per disease progression

(relapsingremitting, secondaryrogressive, oprimaryprogressivie(Figure 11), anddisease



coursewhetheract i ve or not, must be sgckical imaging, based

and laboratory findings.
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The most recertonsensus about M&thophysiologys that itbegins insidiously with a
prodromal phase lasting at ledétyears before thelinical onse{Figure 1.1% Prodromal
symptoms of MS that precetige clinical onset of symptoms include gastrointestinaiary,
and anorectal disturbances, fatigue, insomnia, anxiety, depression, headavhepastypes
of pair’®. AlthoughMS pathophysiology durinthe prodromal phase is poorly understoitds
known thatpeople with primary progressive form of MS had more nervous system related
symptomsduring MS prodromevhencompared tdhose with relapsingemitting MS?6.

Bjornevik, Munger* demonstrated that serdevels of neurofilament light chain, a sensitive
biomarker of neuroaxonal degeneration, were increaskeastsix years before the clinical onset

of MS. Therefore, MS prodromal symptoms could be attributed to the subtle loss of grey matter
and axonghatoccur slowly over timgsuch aghatdemonstrateth people with early MS who

are considered to hadeo evidence of disease acti\ity The presence of neurodegeneration
along with new, r edenoélivationmgakes WIS exteematydétedogens n g 6
with wide-ranging sympton?s.

The clinical features of M&hich reflectestablishedS pathologyincludeacute or
subacute motor weakness, walking difficulty, balance problems, limb asgsisticity pain,

L6 Ermitte sign(electric shocKike sensations on the back and linthsing neck flexio,
fatigue, heat sensitivitiJhthoff phenomenopndoubk vision, vertigocognitive deficitsand
sensory impairment$ Neurologists use a ratebserved categorical ale, the Expanded
Disability Status Scale ((EDSS) ranging from 0, no symptoms, to 10, death due to MS), to
describe the progression of MS in an individtiallearly all individuals with MS (93%) report
difficulty in walking withintenyears of diagnosighich explains why walking ability is the

main criteron used in the EDS'& The second most common symptom is fatigue witiie than
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80% of people with MS repanig fatigue as their most disablisymptont!. Furthermorein up
to 80% of people with MS, increase in body temperature wsrsestsymptoms of M&.
However,walking difficulty remains thenain concern among people with MS as it dases

their quality-of-life (QOL) and socioeconomic statffs*345,

1.4 Mechanisms ofrepair and recoveryin Multiple Sclerosis

Despite the fact that MBathologyresults in accumulatingalking disability®®, there is
evidence that the CNS is able to adapt and repair itself in MS. For example, eseanth
suggestshatthe return of lostvalking abilitywas associated with remyelinatférin addition to
remyelination, he recoverof walking abilityhad alsobeen attributedb thecellular
mechanisms of recoverguch aghereturnof nerve conduction with redistribution of axonal
sodium channetg restoration of action potentiaty blockinga subset opotassium channéfs
and compensation by intact neural traftfhese adaptive mechanisms in the CNS offer a
window of opportunity to recover from the manifestations of MS, such as loss of walking
ability®L. However, it has been shown that a high volumgadtftrainingat moderate to vigorous
intensityis required tanitiate the above mentioned cellular mechanisms of recauety
improvewalking ability?2.

Aerobic exercisen a treadmills an effectivevay to improve walkingability in people
with MS, at least in the short tePfEvidence suggests that aerobic exercise increases moto
neuron excitability by decreasing potassium channel conductance and altering-gatee
sodium channel kinetié$ Such acute modulation of ion channel performahaing exercise
occus due toactivity-induced changes in calcium entry into nrateurons as well as

neurotrophin leveR8. Neurotrophins, such as brailerived neurotrophic factor (BDNF)



recognized as modulators of neuroplasticig upregulated during aerobic exer&isalthough
BDNF does not cross the blood brairrier in large amountst resting stat®¥, increased

neuronal activity induced by enriched environment (such as aerobic exercise) upregulates BDNF
expression in the hippog®us and cortéX Furthermore, @peated bouts of aerobic exercise

result in chronic changes in gene expression of ion channel syndicating consolidated
recovery within CNSFigure1.2)*%. Such activityinducedtranscriptionathanges in thENS

could benefit ptients with MSwvhen recovering from rapse or decline iwalking ability?,
Furthermorerepeated bouts of aerobic exercisbichleads tarecurrent acute exerciseduced
inflammatory challengesould result in attenuation of chronic systemic inflammation
Proinflammatory cytokinesush as interleuki® (IL-6), had been reported to increase acutely in
response to higintensity aerobic exercise bouts withr2nute intervals compared to workload
matched continuous exerci&eSuch acute exercisaduced increases in 16 achieved during
aerobic training had been attributed to reduction immicrsystemic inflammation, albeit not on
every occasion, as the induction of6lappears to be influenced by the specifics of exercise
parametef8. Therefore, progresgely intense aerobic training that aims to increase fitness or
physical activity status could result in the reduction of chronic systemigtade inflammation,
such as one encountered in Mgure1.2)®2. However, several barriers to participating regular
exercise such as physical disabilityjdat, and heat sensitivity exist for people living with

MS®3, Furthermore, whether aerobic exercise on a treadmill could restore walking in the longer

term (nonths later) is not known.
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Figure 1.2 Mechanisms ofrecovery in Multiple Sclerosis.

X-axis: exercise sessions (in daysj)axis(A): increasingevels of blood markers. -éxis (B):

increasing intensity of aerobiraining Original figure © Augustine Joshua Devasahayam.

11



1.5Barriers to exerciseparticipation

Althoughaerobictrainingcanimprove walking andeducethe perception of fatiguen
people with MSjt is important to acknowledge thatth these factors are also major barriers
exercise participatioamong people with M, For instance, i a national survey conducted
among people living with MS (n=743), it was determined that physical disability was the major
predictor of exercise adherence (at moderatehggidintensities) for both ambulatory and ron
ambulatoy individual$“. As gait rehabilitation is an important part of therapy that aims to
improvelevels ofphysical activity, partipation, andndependencegsearchers and clinicians
have employetbodyweightsupported treadmi(BWST) trainingusing an overhead harness, to
overcome some of the challenges of providing treadmill training for people with walking
impairments Besides mviding motorized assistance on treadmill while walking, bodyweight
supportsystemprovides additional help and saféty individuals with MSwho attempto walk
faster during training sessiane recent years, the bodyweight support safety harnessrsiste
become an important tool to mitigarercise barrierFigure1.3)%°.

Second only to walkingisability, fatigueis oneof the most commonly reportdshrriess
to participating in exerci$§® In acrosssectionakurvey conducted among people living with MS
(n=417), the top three barriers to exercise participation identified were excessive tiredness,
impairment, andack of timé&’. Although there are concerns abthg potential exaerbation of
fatigue due to exercise, current evidence suggests that regular ettaroisg mayresult in
clinically important reduction in fatig& In a recent metanalysis the authors recommended
thataerobicexercisecanbe prescribed to people with MS without harm and that aerobic training
may reducefatigue by-4.2 pints (95% CF6.7 to-1.7) on the Fatigue Severitg&e (FSS) of

7.4 points (95% Ci11.9 to-2.9) on modifiedFatigue Impact Gale (MFIS)®®. It is alsoknown
12



that individuals with MS have greater (61%) chance of improved fatigue foll@xeigise

training®®. Furthermore, individuals who take part in regular exercise training are likely to obtain
two times larger effect improving fatigue (effect size = 0.45) than interferons (effect size = 0.2)
prescribed to reduce MS exacerbations and progré&siaierestingly, improvements intfgue
werenoted only in those who obta@idaerobic fitness gaif$ During aerobic exercise, skeletal
muscles produce and use lactate as &fuk$ aerobic exercise intensity increasesjgen
consumption(V-©y) increasesnd lactate accumulates to act asaster regulator of fatigue

through lactate shuét mechanisnf$. One important observatidrom previous research is that
increased resting serum lactate levels and rapid accumulation of lactate during aerobic exercise
are a function of increasing disability, deconditioning, and fatigyeople with M%.

Therefore, it appears that training must be progregsatiiallyto higher intensity to improve
oneds fati gue an dindrderttoraeos svorseninmnof M$ sympeomsi during
suchhigh-intensitytraining, progressive increase inworkloedh di vi dual i zed t o on
may help mitigate fatigue acting as a barrier to exercise particig&igure1.3)’4. Without
exercise, patients with MS fitlemselves in a vicious cycle of deconditioning and worsening
fatigue’™.

Since aerobicexerciseelevatedody temperature, patients often complain of temporary
worsening oMS sympbms duringand afterexercise, a significant barrier to exercise
participatiorf®. In particulat findings from previous studigésdicatethat aerobi@xercise could
temporarily worsen walking performandae toanincrease in body temperatdfe® It is
thought that heahducedworsening of symptomisi MS, which results in decreased ability
walk, is relatecto impairedpropagation of action potentials in demyelimb&rons’® & With

demyelination, increases in temperature as little &0 &suledin slowing of nerveeonduction
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and reversible conduction bldtkin contrast, exposing therrsensitive MS patients twold
temperature (1%) resulted in simultaneourmprovemenin bothconductiorblock and walking
velocity??. Pharmacologicaltadies have shown that symptomatic treatment by dikegs
daffampridinethat block potassium channelse same channels affected by Ataéstores
action potential conduction in demyeliadtaxons, thus improving walking speed in
approximately onghird of MS patients with impaired walkifiy However, current evidence is
insufficient to conclude that dalfampridine is superior to conventional walking training for
improving walking speed in people with M{SExercise interventions, therefore, must not only
be adapted for people with balance and mobility impairments but also accobatrfers to
exercise participation such hsat sensitivit§?. It is well known that arobic exercise increases
metabolic rate by 5 to 15 times aleoresting levelsand heat generated by the contracting
muscles further elevates core body temperature, which in turn could worsen symptoms of MS,
especiallyif the exercise environment is B8¥. Hence it is important tadetermine the
feasibility of conducting progressively intense aerobic training viderporating precooling
andor concurrentoolingmethodgo minimize the effects of heatducedMS symptoms

(Figurel.3).
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Figure 1.3 Graded exposure model for aerobic exerciseprescription in Multiple Sclerosis.

X-axis: exercise sessions (in days)axs (left): barriers to exercise participatiophysical

disability, fatigue and heat sensitivityand strategies to mitigate barriérsodyweight support,

individualized, progressive increase in exercise workload, and cooling strategies for exercise

(internali cold water, ice slurry ingestiomenthol mouth rinsesxternali cooling vest, cool air

using fans or aiconditioners, and iced towelsy-axis (right): target heart rate zones based on

o n em@dmal heart ratdMHR: maximal heart rat@©riginal figure © Augustine Joshua

Devasahayam.
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1.6 Methods ofcooling in Multiple Sclerosis

Cooling methodsised to mitigate thermal effects of exerase of two types: internal
(e.g.,cold water oiice slurry ingestionmentholmouth rins¢ and externald.g.,partial or whole
body cold waterimmersion, cooling garmentsyist spraycold air exposureyr ice towel
application¥°. Cooling methods can be applied either befduging, or simultaneouslyefore
and durilg exercis&. Coolingprior to exercise using external methods |aske temperature of
the circulating blood, which in tumeducethe core bodyemperatur®. When the magnitude of
cooling prior to exercise through external methods is sufficieatapacity to perform exercise
in hot enviroment increasg due to increase in the heat storage capacitijglecrease in the
perception of heat strain during exeréfsén individuals with MS immersingthe lower body for
30 minutes underwater (1617°C) prior to exercise (at 60% maximal aerobic capacity for 30
minutes), prevented increases in core temperatura\amded exercisenducedworsening of
walking performance ahfatigu€® 8% The degree or threshold required to obtain the benefits of
coolingbeforeexercise are not clear. For examg@etremecooling prior to exerciseaminduce
severevasoconstriction and/or decrease in muscular tempeya#sidting inimpaired exercise
performanc®. On the other handhild cooling prior to exerce may producan improvement in
exercise performance without aalgjectivephysiological chandg® Finally, it is important to
acknowledge thathysiologicaleffects of cooling prior to exerciggeshort term. For example,
benefits of coolindefore exercisevereoften lostor diminishedafterabout 20 to 25 minutes of
continuous exercesin healthy individuaf, andbenefits ofcoolingbeforeexercise were lost in
30 minutes after exercise in NfS%

In addition to methods to cool the bogigor to exercise (as discussed abovepling

methods applieduring exercise are effective in preventing thermal steaid facilitating
16



exercise performang® For example, cooling during exercise using external methods sach as
ice vestreduced skin and core temperatures, improved exercise capacity, and reduced thermal
strainin healthy individual¥. In arandomized pilostudy(n=18),which evaluated the effects of
wearing a coolingest(8°C) in a temperatureontrolled room (20 22°C) duringa sevenweek
training programpeople with MS demonstrated improved walking endurance emisiute

walk test and decreased fatigue on Multidimensional Fatigue Invéateligwever, in another
randomized study (n=10), which evaluated the immediate effgnte session)f wearing a
cooling vest (13C), people with MS did not repoatreduction in fatigue when measured using
visual analog scalé By contast,people with MS who walked on a treadmill while cooling one
hand (1822°C) through a rigid chamber airtight around wrist were able to walk for a longer
duration(35% more)n the same sessidnlt is worth noting that there haween increased
interest in cooling specific body regions sagtiace®, head’, neck®, torsd?, and hanéf to
studydifferential effects ofcold exposureduring exercisesSuc h met hods provi de &
order to dissipate heat produced by exercise. Other methods such as ingesting ice and cool
liquids seem to provide similar benefits. For examipigesting cold fluids (4°) during exercise
increased cycling capacity by 13% and ingesting ice slurryX°C) during exercise increased
cycling performance by 2.4%mong healthy individual®. In MS, drinking cold water {.5°C)
increased tolerance to exercfee longer duration with no significamadteration in eitherectalor
skin temperature, when compareditinking thermoneutral water (3T)*% It is important to

note that, although beneficial,ducooling methods may not be tolerable to some people. For
instancepeoplewith MS who participated in the study described ahogporteddiscomfort

while drinkingcold watert%2 Similarly, cooling devices such as vests and garnveers

wrought with concerns about skin irritation, excessive weight, and iecéencé®®, There is a
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need to develop cooling methods that can be practically and comyaafgidied during exercise
in order to make aerobic exereimore tolerable for patients. Whether cooling methods could be
employed within a rehabilitation strategy to provideragtermbenefit to fitness or walking is
not known.

Cooling the room in which exercise takes place, using air conditioning, is a reasonable
and simple method to permit aerobic training for people with MS who are heat seRsitkia,

Carey!%

reported that healthy individuals were able to exercise for a longer duration in a
chamber cooled to°€, when compared to 2G or 4C°C. In thestudy byGalloway and
Maughant®, the optimal room temperature that permitted the lorgestise duration among
healthyindividualswas11°C, when compared to°€, 21°C, or 31°C at similar workload They

also reportedhathealthyindividuals consumed less oxygg@ndicative of less effortyvhile
exercising at 29C'%, Similarly, Hinde, Lloyd!% reported that healthy individuals consumed less
oxygenwhile walking at 10C or 20°C when compared teb°C or -10°C, suggesting that room
temperatures betweenIdto 20°C may be beneficial to both maximizing exercise duration and
tolerance, and minimizing oxygen cost dhdrmal strainSuch methods could heseful for

people with MS. For examplen people with MS, maximal voluntary contraction torque
measured from plantar flexors was higher after exercising at 65% maximal aerobic capacity for
30 minutes in a cool room.§°C) when compared to exercising angar workload in ambient
temperature (ZLC)1%. These findings suggestat the cool room temperature5{C) might have
alleviated heainduced strain on the CNS, allowing for improweduntary muscular

contractiod®’. In a randomized study (n=54yhich evaluated effects @b-week aerobic

training program conducted in an ambient terapae with extra air fans to ensure adequate heat

loss, people with MS demonstrated significant increase in aerobic fithess (22%) at the éhd of 15
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week, and decrease in fatigue measured using Profile of Mood Seaieat(1d" week®. These
studies, conducted among péowith and without MS, support thsitategies such as
performingtreadmiltbased progressively intensagrobictrainingin a climatecontrolledcool
room(between 1€C to 20°C) presents a practical treatment optiorminimize oxygen cosand
thermalstrainwhile improving walking ability in people with MSWhether combining the safety
and support of 8WST system along with cooling would provide longerm benefits for

people with MSrelated walking impairments is not cle@hus, the overarching aim tife

doctoral workoutlined in this thesig/as to devise, develop, and measure the effects of a novel
exercise paradigm in a cool environmg&°C) to improve walking ability among people with

MS.

1.7 Rationale/Objectives of he studies

Most studies examining exercise and walking interventions have excluded people who
have severe walking problems (ED$8.0); individuals who arguably, could benefit the most
from suchinterventions®® Thecool roomwalking training program developed and tested in this
thesis specifically targeted this subgraipeople with MS who typically employed ambulatory
assistive devices in order to walk. By creating a tolerable intensive walking training program
with attention tcsafety (using an overhead support harness) and heat sensitivity (cooling the
room t016°C), the intention was to elevate the volume of training to levels that have been
previously identified to promote neuroplasticity and suppress inflammation in onestdoe
lost walking ability®®. To date, there are no training strategies devised to improve walking
ability in people with MS, while positively affecting blood biomarkers of neuroplasticity and

inflammationalthough indings fromanimal studiesupportthat a high volume of training at
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moderate to vigorous intensity is required to additessemultiple targets simultaneously
(neuroplasticity, inflammation, and walkiftf. As discussed in the previous sentipeople

with MS do not tolerate exercise training at moderate to vigorous intelstio symptoms such
as fatigue and heat sensitividyen thouglaerobic training has potential to affect multiple
rehabilitation targetsncluding fatigué®® 110 Since the field of exercise training among people
with severe MSelated walking disability was limited, my doctoral work was planned in four
stages.

The first stage of my doctoral work wasewamineand systematically review the
evidence supporting exercise aimed at restoring walking amdigduals living with MS
related moderate to severe walking disahilitiis stage of the research also examined the state
of the evidence regarding the use afdal biomarkers of neuroplasticity (such as neurotrophins)
as indicators of recovery. The results of this review would inform the subsequent stages of the
research; outlining appropriate outcome measures and the optimal dosage (frequency, intensity,
time, ype) of exercise.

Since fatigue is part of the vicious cycle that prevents participation in exercise and
exercise is known to improve subjective and objective levels of fatigue (e.g., oxygen costs of
tasks), the second stage of the research aimed tachahacterize fatiguamongpeople with
MS having severe walking disabilifpmbulatory aid usersThis stage was designed to address
two issues: (1) What is the extent of fatigue among this group of people wittakit®)ysevere
walking disability and, (2 Which fatigue outcome measures would be most suitable touse
exercise intervention study in this group? In this stage of the reskarebstigated whether
people with MS consumed more oxygen when compared to age anthsshed healthy

individuals while performing typical mobility tasks and whether the oxygen cost of mobility
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tasks (especially, walking)agrelated to perceived exertion and fatigue. Gitreta
relationship exisbetween oxygen cost of walking and fatigue in people with MS)ave a
reason to postulate that high volume of training at moderdtighontensity targeted to improve
walking ability would not only affect biomarkers of recovery (neuroplasticity and inflammation)
but also improve fatigue, a known barrier to exergarticipation.

The thirdstage of the thesexaminedvhether blood biomarkers of neuroplasticity
(BDNF andinsulin-like growth factorl (IGF-1)) and inflammation (It6 andtumor necrosis
factor (TNF)) could be used as biomarkers in the future exercise intervention study. The study
examined whether these potential blood markers vetsged to indicators of MS symptom
severity (which are potential rehabilitation goals) such as walking speed, balagoe, fatd
aerobic fitness.

The previous three stages informed the final and fourth stage of the thesisainigch
to examine the feasibility aind measure the effects of a progressively intense, BWST training
in people with MS having severe walking alidity in a room cooled to €. In this study, |
have investigated a progressively intense but personalized training strategy (3 times per week for
tenweeks starting at 80% of selélected walking speed with training zeset between 40 to
65% heartate reserve) in people with MS having severe walking disability, fatigue, and heat
sensitivity. The main aim of this study was to determine the feasibility of conductingusuch
intensive training strategy in those with multiple barriers to exerciseipattian. The secondary
aims were to determine whether such personalized training strategy devised to ingpnove
walking ability andblood biomarkers of recovery had any impact on walking speed, fatigue,

aerobic fitness, anQOL.
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1.8 Specificobjectivesof the studies

The four stages of the thesis are described separately in Chapters 2, 3, 4, and 5 (Chapter 1
is the thesis Introduction).

Chapter 2The primary goal of thérst study was to systematically evaluate the clinical
studies examining the effiscof aerobic training on the recovery of walking ability in people
with MS. The secondary aims of thest study were (i) to determine the aerobic training
parameters (frequency, intensity, type, and time/duration) that enhanced both walking ability and
blood biomarkers in people with MS, and (ii) to determine the extent to which aerobic training
protocols from animal studies can be translated into clinical practi® study has been
published inthe Multiple Sclerosis Internationain 17 October 20158,

Chapter 3The overarching aim of the second study was to characterize the oxygen cost
of typical mobility tasks with a specific focus on people with progressive MS while exploring its
relationship to perceiveexertion andatigue The primary goal of this study was to determine
whether there was a difference in oxygen cost of the typical mobility tasks (stadhngsin
bed, supine lying to sitting, sitting to standing, walking, climbing $tepsveen people with MS
andhealthy individuals matched for age and sex. The secondary aims were (i) to investigate the
changes in perceived exertion and fatigue reported by people with MS and healthy controls while
performing mobility tasks, and (ii) to investigate the relationshgis/een oxygen cost of
mobility tasks, perceived exertion, and fatiglieis study has been publishede Archives of
Physical Medicine and Rehabilitatiam 23 April 2019,

Chapter 4Theprimary aim of the third studyas to measure serum levels of
neurotrophins (BDNF, IGR) and cytokines ((It6 and TNF) in people with MS and compare

with healthy individuad matched for age and sex. The secondary aim of this study was to
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determine whether serum blood markers (BDNF,-IGH.-6, TNF) were associated with
indicators of MS symptom severity such as walking speed, balance, fatigue, and aerobic fitness.
The pilotdata from thistudy has been submitted fbposter presentatiat an international
conference. This manuscript not submitted elsewhere for consideration

Chapter 5The primary aim of the fourth study was to determine the feasibility of
conducting a vigrousBWST training in a cool roon16°C) for people with MS using
ambulatory assistive devices, wheelchairs, and mobility scooters. The secondary aims were (i) to
examine both immediate and letegrm (3month followrup) impact of training on walking
speed spatiotemporal gait parameters, fatigue, aerobic fitnesQ@ng and (ii) to determine
whether training altereserumblood markers of neurdgsticity (BDNF) and inflammation (IL
6). This study has been pustied in thé8MC Neurologyon 22 January 203%.

Since the formatting varies for each journal and the referensevistlap, the references
have been formatted in ti&iperscript Vancouveryde andare consolidated at the end of this

thesis after the Discussion (Chapter 6).
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Abstract

Introduction: Walking is a high priority for people with multiple sclerosis (PwMS). It remains
unclear if aerobic exercise can improve walking ability and upagégueurotrophinslhis

review aims to consolidate evidence to develop optimal aerobic training paraioeteinsince
walking outcomes and neuroplasticity in PwWMS.

Methods: Clinical studies examining aerobic exercise¥@ weeks, having outcomes

walking with or without neurotrophic markemsere included. Studies utilizing animal models of
MS were included if they employed aerobic exercise with outcomes on neurological recovery
and neurotrophins. From a total of 1783 articles, 12 clinical and 5 asintiés were included.
Results: Eleven clinical studies reported improvements on walking ability. Only two clinical
studies evaluated both walking and neurotrophins, and neither &muncrease in neurotrophins
despite improvements walking. Patientsvith significant walking impairments were
underrepresented. Lorigrm follow-up revealed mixed results. Two animal studies reparted
positive change in both neurological recovery and neurotrophins.

Conclusion: Aerobic exercise improves walking ability PwMS. Gains are not consistently
maintained at 2to 9month followup. Studies examining levels of neurotrophins are
inconclusivehecessitating further researd@erobic exercise enhances both neurological

recovery and neurotrophins in animal studiesmstarted 2 weeks before induction of MS.
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2.1 Introduction

Multiple Sclerosis (MS) is a demyelinating autoimmune disease affecting approximately
2.3 million people worldwid&. Improved health care has led to people living longer with MS
and diseasenodifying drugs have helped more patients remain stable in their did&H8e
However, relapses and slow decline of function still occur over time and most people with MS
(PWMS) will develop permanent physical disabifity'3!16. The rehabilitative approach to MS
has primarily focused on teaching compensation for physical impairments rathéysteaing
neuroplasticity and recovery of functiéH' 118 Recent research suggests that neuroplasticity
does occur among PwWM%’ and there may be more opportunities for recovery after relapse than
was previously believetf’.

Walking isof high priority for PwMS!?! and there is a need to develop effective
treatments to mitigate the progressive difficulty in walking experienced by P& Ideally,
rehabilitative interventions should maximize walking ability, while simultaneously facilitating
plasticity of neural pathways that execute walking to foster-teng restoration of funicin 1°°
110,124 Although the exact tlelar cascades underlying the neural plasticity for walking remain
to be explored, there is a general consensus suggesting that such plasticity may take place
involving neuroplastic markers at the site of injury and/or lesith&®

Aerobic exercise is one intervention that has potential to affect multiple underlying
targets such as enhancing markers of neuroplasticity, attenuating neural inflamamation,
improving tolerance for physat activity, and because of reciprocal limb movemeittalso
helps restore walking ability®® 1% Evidence suggests that aerobic exerpimotes
neuroplasticity by upregulating neurotrophins such as brain derived neurotrophic factor (BDNF),

nerve growth factolNGF), neurotrophif8 (NT3), and neurotrophig (NT4)2712%, Among
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these BDNF has been thought to have great potential as a therapeutic agent due to its ability to
cross the bloodbrain barrier (BBB)2°. There is, however, a report thaven in the presence of a
pronounced BBB disruption, there is no significant increases in plasma BDNFfévels
Nevertheless, BDNF is suggested to play a central role in neuroplasticity as wellcaseexe
induced enhancement in learning and memdry33

The regulation of neurotrophic factors has been implicatéukirepair of neural
structures damaged by the demyelination process, resulting in functional recovery intfwMS
Current literature suggests that a single exercise bout and/etelongraining could transiently
increase BDNF synthesis and induce a cascade of neurotrophic and neuroprotectivEé®ffects
Recent researdmasreporedthat an acute bout of exercise could alter BBB permeabifity
which in turn, could result in larger BDNF release adttaw weeks of training (possibly
through repeated spells of altered BBB permeability). In line with this view, theanalgsis by
Dinoff et al **® concludel that regular aerobic trainirrg2 weeks elevatkresting BDNF levels.
Therefore afamiliar functional task such as walkingudd be incorporated as an aerobic
exerciseelevaing BDNF levelsandfostering longterm improvements on walking performance
among PWMS. Wens et.aF” explored this idea by studying the effects of ax@&tk combined
training program tat included cardiovascular treadmill training and reported significant
increases imirculatingBDNF and exercise tolerance on a seated bike test among persons with
relapsingremitting MS.However, it is uncleavhethersuch aerobitype training could inease
both BDNF levels and neuroplasticity required for walking in Pwi¥Sforming thebasis of
this review. Furthermore, the exact exercise paramitengoke change walking ability

(while upregulating neurotrophins) in terms of FITiequencyjntensity,time, andtype)
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principleshave not beediscussed® ?° It is essential for therapists to describe aerobic exercise
in terms of FITT principles in order to titrate the appropriate doSdge

The primary aim of this review was to systeivaty evaluate thelinical (human)
studiesexamining the effects of aerobic exercise on walking ability in MS. The second aim was
to determine the aerobic exercise training parameters (FITT) that enhance both walking ability
andproneuroplastic biomarkgineurotrophinsih PwMS. The third aim was to analyze the
extent to which aerobic exercise protocols evaluated in animal research can be translated into

clinical practice.

2.2 Methods

2.2.1 Eligibility criteria

Randomized clinical studies that evaluatieel effects of aerobic/endurantype exercise
programs (swimming, walking, jogging, bicycling, treadmill etc.) among PwMS for a duration of
at least 3 weeks were eligible for this revi&wudies with outcomes on walking abilifgrimary
study outcome) aluating spatigemporal parameters and/or endurance along with or without
serum levels of neurotrophins (BDNF, NGF, N&BdNT4) were included.

We also included randomized controlled studies in animal models of MS (experimental
autoimmune=ncephalomyelitis (EAE) or cuprizond&nimal studiesn which aerobieype
exercise (voluntary/forced treadmill, wheel runniogswimming etc.)was evaluated for its
effects on gait and neatrophins in the blood/muscle/brain/spinal cgrdrformed bdt before

and after disease inductiomere included
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The studies that evaluated slpaced exercise or combination training with low aerobic
workload (yoga, tai chi, memory tasks, resistance training, etc.) were excluded. Only English

language articles welincluded.

2.2.2 Searchstrategy

A systematic literature search was conducteduinMed EMBASE, chrane Scopus,
and Physiotherapy Evidence Database [PEDro], using a combination of keywords (multiple
sclerosis, aerobic exercise, nerve growth factoratmphic factoyand walking) and
MESH/EMTREE terms in the respective databdseine supplement,an Suppementary
Material available online at https://doi.org/10.1155/2017/481p9B80 authors screened and
assessed the eligibility of each articleagpely. Review articles and eligible articles were hand
searched for relevant references. The search strategy is presented in th2.Figsigethe
adapted Preferred Reporting Items for Systematic Reviews andAviatgses (PRISMA)

guidelines from Cdarane review updatés®.

2.2.3 Methodological quality assessment

The clinical studies (n=12) included in this systematic review were assessed for
methodological quality using the Phytherapy Evidence Database (PEDro) scale critétid*
The quality of the clinical studies was classified as good for PEDro seédsirfor 4-5, and
poorfor < 3140141 These categories were selected based on previous research that conducted
sensitivity analyses comparing results with-ofis set at PEDro scores 4 td6 4! The animal
studies (n = 5) were assessed for methodological quality using the SYstematic Review Centre for
Laboratory animal Experinmtation (SYRCLE) risk of bias tool, an adapted version of the

Cochrane risk of bias tool developed for clinical studfés
32



2.2 4 Data extraction and analysis

Studies that compared the outcomes on walking ability (spatiotemporal parameters and/or
endurance) between aerolype exercise and neaerobic type exercise or wdist control were
included for metaanalysis. The data, vehe available, from long walking tests that assessed
endurance (@ninute and @minute walk tests) and short walking tests-(déter walk test
(mWT), functional ambulation profile (FAP) from GAITrite walkway) that assessed
spatiotemporal parameters of walfiwere subjected to medmalysis as previously performed
by Miller et al.1*3 A strong association betweemnute and éminute walk test results
provided uswith the jusification to combine the data from these two long walking t&4ts
While both 10nWT and FAP calculated by the GAITrite software are short walking tests
measuring seléelected walking speed, the latter is a composite score integrating values of
preferred walking speed and biomaalcally related spatiotemporal walking parameters. This
provided us rationale to combine the results from these two short walking tests. The data from
studies reporting on energy cost (oxygen consumption in mL/kg/min) of walking were also
included for anlysis in a separate group.

The mean scores measured after the intervention period in experimental and control
groups were used to calculate effect sizgsThe sign of mean scores were reversed, where
needed, to ensure all scores are aligned such thiivposalues on forest plot (right to the
vertical line) favoedimprovements on walking ability due to aerebjpe interventions and the
negative values on forest plot (left to the vertical line) fadevait-list control group or non
aerobictype intewention.The standardized mean differences were calculated, as the outcomes
pooled together in a group had different units of mea3ime benchmark proposed by Cohen

wasused to describe small£0.2), moderatedc0.5), and large ¢=0.8) effecs of aerobc
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exercise on walking ability*>. The chisquared (&) value and? index were calculated to
measure heterogeneity and insistency, respectively, among the studies included for-meta

analysis.
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Screening Identification

Eligibility

Included

Records identified through
database searching

(n = 1763)

Additional records identified

through othesources (n = 0)

A4

4

Records after duplicates removed (n = 1488)

\ 4

Records screened

A 4

(n = 1488)

Full-text articles assessed fq

Records excluded (n = 1448)

Reasons for exclusion:

TReviews(n = 52)

fNot astudyon multiple
sclerosign = 3)

Exercise < 3 weeks (n = 1393

eligibility = 40

Studiesincluded = 17

(clinical = 12;animal = 5)

Figure 2.1 Flow chart - Systematic search strategy
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fNo walking outcomeén = 2)

I Exercise duration was less
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2.3. Results

In total, 12 clinical studies and 5 animal studies were included in this review.

2.3.1Methodological quality results

The methodological and reporting quality of the sel@éainical studies isummarized in
Table2.1. Only 5 out of 12 clinical studies mentioned intentiortreat analysis. None of the
clinical studies reported blinding of subjects/therapists. The mean score of PEDro was 5.5 (SD:
0.9, range: &) for 12 clinical studies. The quigl of the clinical studies according to the total
PEDro scores was good in 7 studies and fair in 5 studies. None of the clinical studies were of

poor quality as per PEDro scores.
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Table 2.1 Methodological quality assessment of the clinical studies included in this review

Articles included PEDro Scoring criteria PEDro
1 2 3 4 5 6 7 8 9 10 11 Score*
Ahmadietal*® Y Y N Y N NN N N Y Y 4/10
Aydin et al'4’ Y Y N Y N N N Y NY Y 5/10
Dettmersetaf*® Y Y Y Y N N N Y N Y Y 6/10
Schulz et al'#° N Y N Y N N N Y NY Y 5/10
Rombergetal® Y Y N Y N N N Y Y Y Y 6/10
Braendviketa. Y Y N Y N N N Y Y Y Y 6/10
151
Collettetal™ Y Y N Y N N Y N Y Y Y 6/10
Rampelloeta®™ Y Y N Y N N Y N N Y Y 5/10
Briken et aft>* N Y N Y N NN N N Y Y 4/10
Vaney et al*° Y Y Y Y NNNNY Y Y 6/10
Schwartzetal® Y Y Y Y N N Y Y N Y Y 7/10
Straudi et at®’ N Y N Y N NY N Y Y Y 6/10
Total Score 9 12 3 12 0 0 4 6 5 12 12

1. Eligibility criteria; 2. Random allocation; 3. Concealed allocation; 4. Baseline comparabil

Blind subjects; 6. Blindherapists; 7. Blind assessors; 8. Adequate foligw9. Intentiorto-treat

analysis; 10. Betweegroup comparisons; 11. Point estimates and variability; *The eligibility

criteria item in the PEDro scale does not contribute to the PEDro score; Y. Y&k Nd = 0;

PEDro. Physiotherapy Evidence Database; n. Sum of scores; %. Percentage.
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The methodological quality of animal studies includethis review is summarized in
Table 22. None of the studies concealed the allocation of animals, randmu$ed the animals,
blinded the investigators and outcome assessors, or selected the animals randomly for outcome
assessment (TableZl. The mean SYRCLE score was 4 (SD: 0.7, rang®:f8r 5 animal
studies. We note that it is still not standard pradbaendomize treatment allocation or blind
investigators and outcome assessors in animal research. We calculated SYRCLE score for each
animal study to highlight methodologic gaps and overall poor reporting qualityhéviever,
not recommended to gratiee quality of these studies (as good,,fand poor) using summary
scores for each study #ss will require assigningiweightto specific domains in the tqol

which in turn will be difficult to justify'#2.
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Table 2.2 Methodological quality assessment of the animal studies included in this review

Articles included SYRC L E iGsk of bias too| scoring criteria SYRCLE
1 2 3 4 5 6 7 8 9 10 Score

Bernardesetat® N Y N N N N N N Y Y 3/10

Patel et al**® Y Y N N N N N N Y Y 4/10

Wens et al®° Y Y N N N N N Y Y Y 5/10

Klaren et al1®! Y Y N N N N N N Y Y 4/10

Patel et a}®? Y Y N N N N N N Y Y 4/10

Total Score 4 5 o 0 O O O o0 5 5

(1) sequence generatio(2) baseline characteristic€3) alocation concealment4) random

housing;(5) blinding T investigators(6) random outcome assessmdidj;blinding i outcome

assessorgg) incomplete outcome data addresg8iino selective outcome reporting;0) no

other sources of bias; (ye9 = 1; N(no) = 0; U (unclea) = 0; SYRCLE: SYstematic Review

Centre for Laboratory animal Experimentationsuim of scores; %percentage.
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2.3.2Summary of clinical studies

We identified twelve clinical studies that evaluated the effects of aerobic training on
walking outcomes (walking endurance and the spatiotemporal parameters of gait). Data on the
FITT parameters and the outcomes on walking ability in the clinical stadigeesented in
Table2.3. Fivestudies examined treadmihiaining protocolgd#® 151 15857 three studies tested
leg cycling protocold*® 152. 153 gne study compared rowirggidarm and leg cycling traininty*
two studies evaluated a combination of aerobic and strengthening ex&difeand one study
evaluated a calisthenics protoéol

Of these twelve studies, eleven reported significant improvements in walking ability
(Figure2.2). Among these eleven studies reporting recovery of walking, eight studies reported
improvements on walking endurance (distance covered in a fixed time, time takenrta cove
fixeddistancéd var i abl es that represent a change on
and eight studies reported improvements on spatiotemporal parameters of walking
(biomechanical efficiengynamely step length, stride length, cadence, lggg support time,
andvelocity) (Table2.3). In total, we identified five types of aerobic interventions that improve
walking ability: treadmill training, robeassisted treadmill, cycling, calistheniasdprogressive
repetitive endurance/strengthegiactivities (Figure.2). Only three studies investigated the

effectiveness of an aerobigpe-intervention on PwWMS having severe difficulty walking (Figure

2 2) 155-157_
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Robot assisted treadmiill training (48) 1 *

Robot assisted treadmiill training (47) 9 g ——

Robot assisted treadmiill training (46) 9

Rowing, arm or leg cycling (45) 9 *

L eg cycling (44) 4 *

L eg cycling: intermittent/continuous/combined (43) *

Treadmill (42) 9 *

Combined aguatic and circuit exercises (41) 9 *

L eg cycling (40) H *

Combined aerobic and strengthening exercises (39) 9 *
Calisthenics (38) 1 *
Treadmill (37) 9 *

T T T T T T T T 1

0 1 2 3 4 5 6 7 8 9 10

Figure 2.2 Aerobic interventions for varying disability levels

x-axis: the Expanded Disability Status Scale (EDSS) score ranges from no disability (0) to death
(10). At 6.0, patients use walking aidsayis: the aerobic exercise interventions of experimental
groups in the clinical studies included in this revi&®tatistically significant improvements on

walking performance
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Table 2.3 Outcomes on walking ability and neurotrophins from clinical studies

Pre to Post Changes on Walking abflity

Changes on Walkin¢ Pre to Post Changes

Intervention Walking endurance

Spatiotemporal parameters ability during follow on Neurotrophiné

up assessmenits

Treadmilfvsyoga®®® 9§ 2 min WT (nZ m WT ( m NT NT
Calisthenic§ hospital NT z m WT ( m NT NT
basedvs home based

147

Combined aerobic and y  spaded walking distance NT NT NT
strengthening on treadmill*;

exercise8vs combined § wal ki ng dur

stretching, balance anc treadmill*;

coordination exercises §y r el ati ve wa

148 (time and distance) *

Leg cyclind* vs wait ~ NT g Figure of NT BDNF, NGF
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list control4° walking coordination;

3m walking ceordination

score
Combined aquatic Z 500 m wal ki Zz 7. a@3feetnwalking NT NT
aerobic and circuit time (secs)*
resistance exercistgs
no intervention°
Treadmillvsstrength Z oxygen eptéey Functional NT NT
training 1! walking: improved work Profile score*;

economy* Z root mean

vertical acceleration*

Leg cyclingd® Yy 2 midstaneet| Kk Z TUG* (secs No changesin2 NT
continuous vs (considering all participants weeks; min walk distance
combined vs together at 6 weeks during TUG (secs) from 6 to 12 between post and 3
intermittent!>2 12-week long intervention); weeks during 12veek long month follow up;

Post hoc analysis on 2 min intervention yTUG* (se
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walk distance revealed that
the highetintensity
intermittent exercise group
would have shown
significantly greater
improvements in wiking
mobility if the study had beel

powered with a sample size

between post and 3

month follow up

of 123;
Leg cyclind*vs y 6 minWT di sy sp NT NT
neurologic Cost of walking (mL
rehabilitation>3 O2/kg/m)
Rowing, arm or leg Considering all NT NT No association

cycling® vs waitlist

group%4

intervention groups together
there is no association

betweerb min walk testand

betweerthe change
scores oBDNF and

6 min walk test®*
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BDNF change scorés*
y 6 min WT (a
cycling)* reported in their

pilot randomized triat®®

No change in
resting serum BDNF
levels after 22

training session®*

Robot assisted

treadmill trainiry® vs

overground walking

155

3 min WT (m/s) 10 mWT (m/s)

No change
between baseline
and post, %, 9"
month follow up on
movement counts
and mins of physical
activity over 3 METs

on accelerometer;

NT

Robot assisted

treadmill trainiry® vs

conventional walking

treatment>®

6 minWT distance

Z TUG

10 m WT (m/s);

(secs)

change between
baseline and'g 6"
month follow up in

TUG (secs)%;

NT
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No change from

baseline on 6mMinWT

and 10mWT;
Robot assisted y 6 minWT di s 10mWT (m/s); No change NT
treadmill trainiry® vs TUG (secs) between baseline
conventional walking and 3 month follow
therapy®’ up in 6 minWT, 10

mWT and TUG

scores

Aaerobietype intervention in the experimental grodipesults from experimental group; *significance at p < 0.08hanges not
significant; NT: not testd; m: meter; min: minute; secs: seconds; m/s: meter per second; ft: feet; BWS: body weight support;
walk test; TUG: timed up and go; MFU: month follow up; RAGT: robot assisted gait training; BDNF: brain derived neurotropl

factor; NGF: nerve growthattor; METs: metabolic equivalents
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2.3.3 Effects ofaerobic exercisetraining on walking ability

Data from the studies that measured the effects of aegi®oexercise on
spatiotemporal walking parameters fMT and FAP scores) showed a statistically significant
improvement on walking ability (SMD = 0.83 [confidence interval (Cl): 0.16, 1/54],01,1% =
28%) favoring aerobic exercise. Pooling together two studies that measured the effects of
aerobictype execise on walking endurance-(@inuteand 6minutewalk test scores) showed a
trend favoring aerobic exercise (SMD = 0.59 [@114, 1.32]p=0.11,12 = 0%). The outcomes
on energy cost of walking also showed a trend favoring aerobic exercise (SMD = 06b(&;I:
1.32],p=0.06,1? = 0%). The participants in the studies included for raetalysis'*® 1> 15had
mild to moderate walking impairments (EDSSo 6). Overall, there is a large effect of aerebic
type exercise on improving walking ability (spatiotemporal parameters) in peojhe mand-
moderate walking impairments. Please refer to online suppldnientorest plot on walking
outcomes from the clinical studies included for rremtalysis. All other outcomes on walking
and neurotrophins in both clinical and animal studies werenluded for metanalysis due to
lack of comparison with a control group intervention having lower exercise work load or varied

responsiveness of the outcome measures with similar consfiticts

2.3.4 Retention ofgains after theend of aerobic intervention

In total, only four of the twelve studies evaluated the retention of training effects after the
conclusion of aerobic interventigRigure2.3) 152 155157 Among these, two studies found no
difference in walking ability from baselit€> *’and two studies reported mixed restités1°¢
(Figure2.3). In those with mixed findings, a study on leg cycling reported gains retained from

end of intervention othe 2-minute walk test but reported detrainingtonedup andgo (TUG)
a7



results during their follovup assessmeft?, and a study on robot assisted treadmill training
reported improved TUG results but no difference from baselinerométe and 1éneter walk

testst®® (Figure2.3).
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Leg cycling: 2minW T [43] =
Leg cycling: TUG [43] =
Robot: TUG [48] =

Robot: 6minW T [48] =

Robot: 10mW T [48] =

OO 0000

Robot: TUG [47] = *
Robot: 6minW T [47] = O
Robot: 10mW T [47] =] O
R obot: PA levels [46] = O O
| L] | | ] L]
0 2 4 6 8 10

M onths Post Intervention

* Gainsretained from end of intervention or improved from baseline

[0 Nodifference from baseline

Figure 2.3 Summary of follow-up assessment findings after end of aerobic exercise

interventions

X-axis: time of followup assessments (in months}aXis: walking ability outcomes in the
studies that had followp assessments. minWT: minute walk test; mMWT: meter walk test: TUG:

timed up and go test (in secs); Robot: refdisted treadmill training; PA: physical activity.
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2.3.5Exercisemethodsthat improve walking ability

Our results indicate that most aerobic inventions that utilize the reciprocal motion of
walking (taskspecific training146: 151 15957 a5 well as those that do rt6t% 152154 improve
walking ability. Two studies that investigated treadrfghit-specific) training reported
improvements on both walking domains (endurance and spatiotemporakpensgt® 151
(Table 2.3). Studies on robedssisted treadmill training (n = 3) reported varied reswith one
study having no improvements on both walking domains compared t@axard walking
training*®> and the other two studies reporting improvements on TUG anihiite walking
endurance respectively compared to conventional walking therapie@@.a) 1°¢ 17

There were conflicting findings in the studies that provided aerobic exercise without gait
training such as leg/arm cycling, calisthenasdcombined endurance and resistance training.
One study that evaluated leg cycling reported improvemer@&sninute walking endurance but
notin the cost of walking (mL &kg/m) >3 Another study that evaluated three different cycling
protocols reported improvemeimt TUG after the first 6 weeks of imteention but showed
reversal of training effects duringrBonth follow-up assessmetit?, and lastly, a study on leg
cycling reported improvemenis figure-of-8 walking but notn 3-meter walking ceordination
149 (Table2.3).

We summarized the findings in Talda to identify the parameters of exercise that
improve walking endurance and sipatemporal parameters separatéligure2.4 presents the
duration, frequengyand intensity of aerobitype exercise programs (experimental group)
evaluated in the studies included in this review. The exercise parameters that improved walking

ability were as follows
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Frequency: three times per week for at leas8 Gveeks
Intensity: 40-75% age predicted maximum heart rate 668006 work rate for those with low td
moderate levels of disabilitfEDSS < §; maximum walking speed tolerated for peoplewnigher
levels of disability EDSS> 6)

Time: at least 30 minutes psession

Type: aerobictype of training on a treadmilEDSS < 6)/leg cycling (EDS$6)/game
based or combined aerobic and strengthening exercise (EDSS < 6)/calisthenics (ED88bo#.5

assisted treadmill (EDSSH
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Figure 2.4 Summary of exercise parameters

X-axis: total duration of exercise program (in weeks), frequency of exercise sessions (number of
days per week), duration of exercise sessions (in minutes per session), and intensity of exercise
sessions in each study included in this review. Leftx¥: exercise duration and frequency.

Right Y-axis: exercise intensity (1: very light, 2: light, 3: moderate, 4: hard, 5: very hard, and 6:
maxi mum (adapted from ACSM6és guidelines for e
2013)1%5 The measures of dispersion (mean and standard deviations) of exercise parameters are

indicated ly the horizontal lines transecting the data points
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2.3.6 Exercisemethodsthat improve both walking ability and neuroplastic outcomes

We identified eleven clinical studies that reported significant improvements on walking
outcomesout of which two measured both walking and serum levels of neurotroffhitré
In the study by Schulz et &f°, aerobietype leg cycling for 8 weeks (30 min/session; twice a
week; at 75% maxvatts intensity) improved walking ability as measured using a figti&
walking test. A significant decrease in lactate levietSdre 2.5+1.8; after. 2.1+2.3mmol/l) was
noted after a 3Gninute endurance test after the interventloywever, there were no statistically
significant preto-post changes in resting BDNF, NGF;6l..sIL-6R, ACTH, cortisol,
epinephrineor norepinephrine levels in the blood. Thigggests that increased aerobic fitness
(improved lactate response) achieved through leg cycling did not influence resting levels of
neurotrophins among PwWMS. However, there was an increase of BDNF in the training group
(descriptively) while levels in theontrol group decreased. This was noted on both resting levels
as well as acute response ter8lhute endurance test.

In the study by Briken et a** walking endurance was assessed before and after 22
sessions of intervdl/pe aerobic rowing/arm/leg cycling-@sessions/week; for 9 weeks;
stepwise progression of intensity). No association between the change aicéminute walk
distance and BDNF was found considering all 3 intervention groups toggtHeowever, hey
found an increase in@inute walk distance after intervention (arm/leg cycling groups) in their
pilot work 183, The authors noted nonsignificant increase in the resting BDNF levels after 22
training sessions and attributed the reason for nonsignificance to small sampie size

There is not enough data to extrapolate our findings and suggest optimal exercise

parameters that could improve walkiagdupregulate neurotrophins. However, based an tw
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clinical studies*® 1> 163the FITT parameters that improved walking ability with a trend

towards anincrease in neurotrophins weas follows

Frequency: 2 to 3 times peweekfor at least 8 to 9 weeks

Intensity: light to hard (Figure.5), intervattype trainingand stepwise progression
of intensity with similar total workload

Time: at least 30 minutes per session

Type aerobietype leg cycling EDSS< 6)

2.3.7 Summary of animal studies with outcomes ongait and neurotrophins

We identified 5 studies that investigated the effe€aerobic exercise on neurological
status and neurotrophins in animal models of bi8ite supplement). Only two studies
showedsignificant improvements in neurological status and both instituted exercise for 2 weeks
or morebeforeEAE induction®®® %°(Figure2.5). Four out of five studies reported significant
change with exercise on the levels of neurotrophins (BDNF or NGRgrain (n = 2), spial
cord (n =1), serum (n =]1and muscle (n = 1pgline supplement). All of these studies also
initiated exercisdeforeinduction of EAE. In one study (41), although there was no difference in
hippocampal BDNF between sedentary and exercising (foreadmill, voluntary wheel
running) mice, higher amounts of exerciser@positively correlated witla higher concentration

of hippocampal BDNE®! (Figure2.5).
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Forced swimming [49]

Forced treadmill [51]

Forced treadmill [50]

Forced treadmill [53]

Forced treadmill [52]

Voluntary wheel running [52]
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Total Exercise Duration (in days)

Bl cxercise before EAE induction

E xercise after EAE induction

Figure 2.5 Summary of the results of aerobic exercise interventions in animal models of MS

X-axis: total number of days exercised by the animals in the experimental group in the animal
studies included in this review.-aXis: aerobic exercise interventions in theemxmental groups.

*I mprovements in neurotrophic markers; Almpro
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In animal models of MS, FITT parameters thaist consistently improved both

neurotrophins and neurological outcomes veeréollows

Frequency: daily exercise for at least 14 days before induction of EAE

Intensity: at least 60% maximum workload or 55% maximal oxygen consumptiof
Time: at least 30 to 60 minutes per session/day
Type: forced aerobigypetreadmill running or swimming

24 Discussion

The American College of Sports Medici®®qSM) 16° recommends 180 minutes of
progressive aerobic exercise at an intenditgbout 40%70% oxygen consumption reserve or
heart rate reserve ranging betweeraf14 levels on a rate of perceived exertion (RPE) score
for 3-5 days per week, in order to maximize health and fithess benefits for PwMS. However,
these exercise recomnaations are designed to address cardiorespiratory fithess and not
walking impairments and neuroplasticity.

In this review, we sought to identify the optimal type of aerobic exercise and training
parameters that could lead to improvemeémtwalking abiliy in PwMSandpromote brain repair
through the upregulation of neurotrophic factors. We report five key findjihghe clinical
studies were of fair to good quality and consistently showed that aerobic interventions (ranging
from mild to vigorous inteniges) improved walking endurance and spagimporal parameters
of gait in people with EDSS scores less than 6 (able to walk independentiryentions that
did not employ the reciprocal motions of walking.(ivehich were not taskspecific) improved

walking endurance more consistently than theyfalidhe spatiotemporal paramete(®) very
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few studies examined whether effects were sustained after cessation of the interaedtion

those that did showed that most outcomes return to baseline wigvinraonths (3) people with
severeMS-related walking impairments (EDSS 6 and above) were relatively underrepresented in
the studies(4) in clinical studiesneurotrophins were not reliably changed with aerobic exercise
(5) in animal studiesoth neurtrophins and neurological status were improved when aerobic

exercise began more than 2 webkforethe induction of EAE in the animal.

2.4.1 Aerobic exercise with or without gait specific training

Our findings from 1Zlinical studies suggest that aerobic exercise targeting the reciprocal
movements of gait per se is not required in order to improve walking in MS. Participants also
improved walking endurance and walking quality with nongait activities such as leg/arm cycling,
swimming, and calisthenic®hysical therapists, therefore, can use multiple aerobic exercise
modalities to affect gait. This is particularly important for hemased and communHyased
exercise which may make use of arm cycling or swimniing.findings ae similar to those in
chronic neurological conditions like stroke, cerebralpalsg d Par ki n¥&%which di s e a s
showed that multiple methods can be employed with similar benefits in walking. For example,
Nadeau et al®® ®’reported from their LEAPS trial that both tasecific locomotor training
and impairmenbased home exases were equally effective in improving comfortable/fast
walking speed as well asréinute walking distance in stroke. Kumar and Osttt&tompared
the effects of tasbkriented training and proprioceptive neuromuscular facilitation exercises in
children with cerebral palsy having difficulty walking and reported improved gait velocity with
no difference between the two gpsu Similarly, Shulman et a° found that treadmill and

resistance training did not differ in i mprovi
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2.4.2 Sustainability of the benefits ofaerobic training

Only four of the 12 studies examined whether improvements were sustained after
cessation of the training program and most showed that outcomes return to baseline within a few
months (Figure.3). It isnot clear whether participants stopped exercising after cessation of the
study or whether there was deterioration in the disease during the-tgdl@eriod Our exercise
recommendations may not result in neuroplasticity of walking as we did not obsegerim
restoration of function in the clinical studies included in this revieveome cases, especially in
more progressive disease, maintairtimgbaseline is considered a positive outcome. For
example, among people with chronic incomplete spinal ogury (a more stable neurological
condition), thrice weekly body weight supported treadmill training for one year resulted in
retention of gains up to 8 months after the end of the intervelifidfuture studies, in addition
to meauring outcomes at followp, should also record physical activity levels (accelerometry)
to determine whether newbained skills are being incorporated into everyday activities.
Interventions shouldlso be designed such that they could be continueoha¢ lor in the

community and the benefits are sustaitéd

24.3Underrepresentation ofpeoplehaving gait impairments

It is important that research undertaken to improve gait include people with MS who have
problems with walking. Eight of the 12 studies included participants who had EDSS scores less
than 3 and even E[551, suggesting very minimal impairment levels (Figug. Clearly, more
research is required to determine whether walking outcomes can be changed in PwWMS who have
already acquired walking difficulties. The results of interventions using-edsistedreadmill

were promising®® 37 Although Vaney etla'®® noted clinical benefits to practice walking over
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ground compared to robassisted treadmill, high volume of training and high walking
impairment (slow walking speed) could be the determining factors for success using robot
guided treadmills. In order to tailor aerobic interventions for those with higher degrees of
walking impairnent, it would be prudent to involve patients as partners and consultants in the

research process in order to meet their né€&ds

2.4.4 Need fomovel exercisestrategies

People having an M&lated disability often report higher rates of exeramskiced
fatigue!’3. Future research should focus on investigating strategies to increase the tolerance to
vigorous intensity aerobic training load without increasing the training side effects such as
fatigue. An examm@ of such a strategy will be to conduct higtensity interval training using
basic functional tasks (getting up from bed, sit to stand, and walking) for those with high MS
related disability as it malye more effective in optimizing recovery than perfmrgncontinuous

training at similar total workload.

24.5Translating research fromanimal models to theclinical condition

We aimed to examine the findings in animal studies to determine their applicability to
MS clinical research. Of the five studies exaimg aerobic exercise in an animal model of MS
(EAE), exercise benefited walking and increased neurotrophins only when instituted two weeks
or more before EAE induction. This suggests that aerobic exercise is likely neuroprotective but
provides little beafit when employed after MS is induced in the animal. The neuroprotective
effects of exercise have been reported in animal models of ischemic$triokehich exercise
enhanced neurogenesis, angiogenasid synaptogenesi& possibly providing redundancy and

tolerance to subsequent injuiyhe findings reported in this review may support the notion that
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exercise may be able to reduce the impact of MS relapse rathettinany theoutcomeafter
relapse. A major caveat to translating findings is that the animal studies report neuroprotective
effects of aerobic exercise, whereas clinical studies have found positive benefits of aerobic
exercise following MSClearly, moreresearch is required to disentangle the timing, duration

and intensity of earcise before and after MS relapse.

2.4.6 BDNF upregulation and neuroplasticity of walking

We also showed thawith only two clinical studies and four animal studies examining
BDNF as a potential biomarker of plasticitige results are inconclusiw& whether serum levels
of BDNF indicated exerciseelated repair of the CN$lowever, a recent metmalysis of 13
studies oramixed population (80 MS patients out of total 703 paseshowed increased
magnitude of BDNF responsivity and higher resting levels of BDNF after exercise trefhing
Further research examining both resting and exeinideced levels of BDNF is needed to
elucidate the relationship between plasticity and neurotrophins irAlit8tionally, it is
important to consider the influence of factors such as sex, genetics, nusntioking and other

confounders while examining the impact of exercise on BENF

25 Conclusion

Consolidatedkvidence suggests that aerobic exercise training can improve walking
ability (spatiotemporal walking parameters) in people having MS without severe walking
impairmentsin this review, we have outlined the optimal aerobic training parameters (3&kmin 3
week for 6-8 weeks at mild to vigorous intensity) that improved walking in people with EDSS
scores less than 6.0 (able to walk independemtlfhough individual studies reportedat gait

specific and nogait-specific types of aerobic exercise imprdumth endurance and
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spatidemporal parameters of walkintpe effects of the aerobic exercise were not sustained
more than six months after the end of intervention. There is a need to build exercise programs for
people living with MS having higher disabilitgspecially EDSS 6.0 or above, to restore their
lost ability to walk.

In PWMS, the serum levels of neurotrophins measured at rest did not significantly change
after completing a course of aerobic training. In contrast, the animal studies show significant
change in botmeurological recovery and neurotrophins in blood, muscle, and nervous tissue

especially when aerobic exercise begins 2 weeks before EAE induction.

2.6 Limitations

There are some limitations in this review. First, despite a carefully conducted search
strategy we cannot be sure that all studies were identified. Second, we did not include articles
published in languages other than English. Third, because of the wjiwénsiterventions and
outcomes, we were unable to include data from all selected studies in otarmals. As more
research emerges, calculation of effect sizes using actual mean differences would be clinically
useful.Fourth, both clinical and anirhstudies included in this review had methodological gaps
(Tables2.1 and2.2). For example, none of the clinical studies blinded therapists and none of the
animal studies ensured allocation concealment or random housing of animals. Clearly, there is
needfor high quality research in the field of aerobic exercise interventions to improve walking in

MS.
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Supplemenary Material s

a. Search terms used in thgstematic search strategy:

The following search terms were used for PubMed and adapted for Embase, Cochrane, Scopus and PEDro to find ¢
studies:

#1  (("Multiple Sclerosis"[Mesh]) OR ("multiple sclerosis"[tiab]))

#2  (("Exercise"[Mesh]) OR (aerobic OR exercise ORsWIR swimming OR walk OR walking OR jog OR jogging OR
run OR running OR bicycle OR bicycling OR dance OR dancing))

#3  #1 AND #2

# 4 ((ANerve Growth Factorso[ MeSH Terms]) OR (Br g

#5 #3 AND #4

The following search terms were used for PubMed and adapted for Embase, and Scopus to find animal studies:
#1  (Experimental Autoimmune EncephalomyelitisfMeSH Terms])
# 2 (AExercisedo[ MeSH Ter ms])

#3 #1 AND #2
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b. Forest plot of comparison for walking ability outcomes between aerobic exercise atidtwaittrol or noraerobic exercise

from clinical studies:

Experimental Control Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% Cl
1.1.1 Spatio-temporal Walking Parameters
Agrohic Cycling vs Neuro Rehab [Rampello 2007] jikd) 18 53 a1 18 5 249% 0.20[-0.93,1.39]
Treadmill vs Strengthening [Braendvik 2015] 942 ar 11 90.3 .2 15 435% 0.71 [-0.09,1.52] T
Treadmill vs Wait-list Contral [Ahrmadi 201 3] -7.O07 0 1.03 10 -9.47 1.52 10 31.6% 1.459[0.47, 2.51] —
Subtotal (95% CI) 27 30 100.0% 0.83 [0.16, 1.50] i

Heterogeneity: Tau*=0.10; Chi*=2.77, df= 2 (P =024}, F=28%
Testfor overall effect 2= 2.44 (P = 0.01)

1.1.2 Walking Endurance

Aerohic Cycling vs Neuro Rehab [Rampello 2007] 332 108 53 308 110 5 AITH% 0.20[-0.93 1.39] —
Treadmill vs Wait-list Contral [Ahrmadi 201 3] 139.9 20,78 10 11905 2712 10 B245% 0.83[F0.10,1.79] ——
Subtotal (95% CI) 16 15 100.0% 0.59 [-0.14, 1.32] -

Heterogeneity: Tau*=0.00; Chi*=0.66, df=1 (FP=042); F=0%
Testfor overall effect £=1.59 (P =0.11)

1.1.3 Energy Cost of Walking

Aerobic Cyeling ws Meuro Rehab [Rampello 2007] -0.2 0,07 6 -022 009 a  3A9% 023096 1.42] —
Treadmill vs Strengthening [Braendvik 2015] -11.38 0 1.33 11 -1266 1.57 15 B81% 0.84 [0.02, 1.66] ——
Subtotal (95% CI) 17 20 100.0% 0.65 [-0.03, 1.32] o
Heterogeneity, Tau®=0.00; Chi*=0.69, df=1 (F=041), F=0%
Testfor overall effect £=1.88 (P = 0.06)

N

) . Favours Control Group  Favours Aerobic Exercise
Testfor subgroup differences: Chi®=0.26, df= 2 (P=088) F=0%

Figurea: Forest plot of comparison for walking abilitypatiotemporal parameters, endurance and energy cost of walking); Risk of
Bias categorieg A: random sequence generation (selection bias), B: Allocation concealment (selection bias), C: Blinding of

participants and personnel (performance bias), D: Blgqwdf outcome assessment (detection bias), E: Incomplete outcome data
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(attrition bias), F: Selective reporting (reporting bias), G: Other bias; Cl: confidence interval; df: degree of freepemeftage; P

= p value
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c. Table onsummary of animal model studies included in this review:

Selected Aerobic Frequency/Intensity/Time Neuroplastic blood/tissue Disease status/
Trials Interventiort markers Gait outcomes
Bernardes Forced Progressive adaptation in swimming pool: Brain and spinal cord In exercising EAE mice:

et al*>® swimming days 1 to 4; followed by progressive load BDNF levels (in pg/mL) in  hind limb paralysis

test on day 5; followed by training with both brain and spinal cord improved*; decreased

intensity set at 60% maximum weight homogenates* weight loss*;delayed
obtained in load test; development of EAE
Before EAE induction: Swimming for 30 signs*; demyelination in
min/day, 5 days/week, for 4 weeks; After brain and spinal cord*

EAE i nduct i o4nductibr)30c

min/day
Patel et al Forced Habituation: 5 days, daily treadmill run Whole brain concentrations No significant difference in
159 treadmill progressing from 10 to 50 min at 55% of BDNF (in pg/g), NGF (in clinical disability scores
running maximal oxygen consumption at O grade; pg/qg) in exercising EAE

Training: Rodents ran 60 mins on day2 1 rodents*
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and 90 mins on days-30 with an
increasing intensity stang at 15 m/min for
30 mins then increased to 30 m/min for th

remaining time

Wens et

al 160

Treadmill

running

Habituation: progressive increase in runni Serum BDNF (in pg/mL)*
duration and intensity over®&eek period

using short electric shocks, until a running

duration of 1 hour and a running speed of

18m/min (25° inclinabn) was reached;

followed by EAE & treadmill running daily

for 1 hr/day for 10 consecutive days

Delayed peak disease
occurrence in exercising
mice*; No difference in
peak disease severity
between exercising and
sedentary mice; The
hindquarter paralysis score
(1-5 scale) tended to
improve (p=0.07) over time
in exercising mice with no
difference in the degree of

recovery on the last day of
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experiment

Klaren et voluntary Voluntary wheel running (housedincages No s i gni y c an Nochange in clinical
al 16t wheel with running wheel 50 days), or forced  exercise delivered during disability scores
running, treadmill exercise (subjected 5days/week remission after the initial
forced of running on a motorized treadmill (DC5; disease onset levels of
treadmill JogaDog, Ottawa Lake, MI) at a 5% grad¢« hippocampal BDNF (in
exercise, 14 m/min, for 30 min for 36 days) pg/mg)
sedentary
Patel et al Forced As described by Patel et'&P BDNF and NGF No difference ironset of
162 treadmill concentrations in soleus (ir clinical disability, disability
running pg/mL)* y in exercis

Agerobic intervention in the experimental group; *significant results; & and; CB1: cannabinoid receptor type 1; EAE: mtaberin
auteimmune encephalomyelitis; BDNF: bragterived neurabphic factor; cFOS: a 380 amino acid protein; NR1: subunit of
functional NMDA glutamate receptor; CD3+: a type | transmembrane protein found on T cells; Ibal: ionizedloaidinghadapter
molecule 1; TNF: tumor necrosis factor; m: meter; min: minule;éadurance training; ST: strength training; pg: picogram; mL.:

milli -litre; mg: milli-gram
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Chapter 3 Oxygen cost during mobility tasks and i relationship to

fatigue in progressive Multiple Sclerosis.

Devasahayam AJ, Kelly LP, Wallack EM, Bghman M. Oxygen Cost During Mobility
Tasks and Its Relationship to Fatigue in Progressive Multiple Sclerosis. Archives of
physical medicine and rehabilitatic2019 Nov;100(11):207#2088. doi:

10.1016/j.apmr.2019.03.017. Epub 2019 Apr 23.

As thefirst author of this Elsevier articl@lease note thatretain the right to include it in
my doctoralthesis,as this documens not published commercially. Permissioom
Elsevieris not requiredas | havecitedthe journalArchives of physical medine and
rehabilitatiordbas the original source. For more informationcopyrights, please visit:

https://www.elsevier.com/about/cbusiness/policies/copyright#Authaghts
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Abstract

Objective: To compare thexygen costs ainobility tasks between individuals with
progressive multiple sclerosis (MS) using walking @dd matched controlndto
determine whether oxygen cost predicted fatigue.

Design: Crosssectional descriptive.

Setting: A rehabilitation research laboratory.

Participants: A total of 14 adults withprogressiveMS (mean age- SD [y], 54.048.46)
usingwalking aids and age andsexmatched controlaithout MS (N=22)
Interventions: Participants performef mobility tasks (rolling in bed, lying to sitting,
sitting to standing, walking and climbing steps) weaanmprtable metabolicart
Outcome Measure(s)Oxygen consumptionM®,) during mobility tasks, maximal®,
during graded maximal exercise test, perceived exertion, anththstedfatiguewere
measurd on a visual analogue scélefore and after mobility tasks.

Results: People withprogressiveMS had significantly higheoxygencost in all task
compared to controls (p<.0%)limbing steps (3®times more in M rolling in bed
(3.53), walking (310), lying to sitting (2.®), andsitting to standing (1.82)here was a
strong, positive correlation betwetaskinducedfatigue andxygencost of walking,
[13]=0.626, =.022).

Conclusions:People withprogressiveMS usel 2.81 times more energgn aveagefor
mobility tasks compared to controReople with progressivdS experienced
accumulation of oxygen cost, fatigue, and exertion when repeating tasks and higher

oxygen cost during walking was related to greater perception of fatigue. Our findings
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suwggest that rehabilitation interventions that increase endurance during functional tasks
could help reduce fatigue in people with progressivewis usewalking aids.
Keywords: Activities of daily living,Cardiovascular econditioning Fatigue Multiple

sclerosis,Oxygen consumptigrRehabilitation
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3.1 Introduction

More than 80% of people with Multiple Sclerosis (MS) report fatigue as their
most disabling symptofhand those witlprogressive M3eport greater tigue compared
to people with relapsingemitting diseasé’® 1’°However, there is a paucity of
randomized controlled studies aimed at reducing fatigue in progressivé MS.
fundamental challenge in studying fatigue in MS is its multifactorial nature involving
several potentigbathophysiological mechanisrf§:1%6 Subjective fatigués typically
rated using questionnaires while objective levels are quantified by measuring decrements
in strength or slowed recovery after exereissually referred to as fatigability? 187
Although subjective fatigue and fatigability are likely link€8ideclines in performance
duringmaximal voluntary contractions (fatigabilitiave notbeen showmo predict
perceived fatigue in ME" 189192 Mayo et al*®’ suggested that the subjective perception
of fatigue might be related to oneds abil.
related to physical decortitining due to physical inactivit?® Deciphering the
relationship between perceived fatigue and ability to use oxygen could facilitate
developing effective rehabilitative treatments.
Oxygen consumptioper unit time(V©>) is a measure of the voluméaxygen
used by the bodgndis a reliableandivd el v used met hod to quant
level of physical fitnes$® If physical deconditioning contribugéo fatigug!®® 8’then
increased/®. duringmobility tasks éuch asolling in bed, sitting to standingic.)
would be accompanied by elevated subjectategue.In support of this notionyhen

calculatingv-®; per step(oxygen costluring walking and climbing stajysCoote et at®
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found that people witMS using bilateral support for walkir{§3% with progressive
MS) consuned more oxygenompared to individuals matched for age and sex without
MS. However, the oxygen cost of other mobility tagkdling in bed,supinelying to
sitting, siting to standing) were not evaluated, nor was the relationship to perceived
fatigue e;xamined!®* Interventions aimed at building capacity, reducing fatigue and
lessening the energy costs of mobility tasks would likely be beneficial for people with
MS-related disability. For example, in a study among deconditioned older adults,
repetitive bed mobility training improved task performatiéel®®Although not assessed,
such improvements may have been accompanied by a reduced perception of fatigue and
reduced energy cost> 1%To date, there have been no studies measuring oxygen cost of
typical mobility tasks with a specific focus on people with progressive MS while
exploring its reldbnship to perceived fatigue and exertt§At®

Theprimary aim of this study was to determivbethertherewasa difference in
oxygen cost ofmobility tasks (rolling in bedsupinelying to sitting, sitting to standing,
walking, climbing stepshetweerpele with progressiveMS andindividuals matched
for age and sex without M$he secondary aims were (1) to investigate the changes in
perceived exertion and fatigue while performing mobility tasks in people with progressive
MS compared to controls, and {B)investigate the relationships between oxygen cost of

mobility tasks, perceivedxertion andfatigue.

73



3.2 Methods

3.2.1 Study design

This was acrosssectional descriptive study.

3.2.2 Participants

Following approval from thélealth Resarch Ethics Board (# 2016.044),
participants were recruited froamoutpatient physiotherapyr MS clinic. Participants
were included in the study if they (1) hadonfirmed diagnosis of M@ith a progressive
disease&ourse (secondary or primary progressagper the McDonald criteff¥; (2)
passed the physical activity readiness questionnaire or a physical activity readiness
medical examinaticfi’; (3) were between 18 @4 years of age; (4) had no MS relapse in
the previous 90 days; and (5) used a walking aid and atxdeeto walk indoors at least 20
meters.The controlgroup consisted ohdividuals matched for ade-3y) and sexwith no

diagnosed medical conditions.

3.2.3 Sample size

With the alpha set at 5% and a power of 80%, the minimum sample size was
estimated to be between 18 to 22 participants in. tGtaisideriry previousstudies that
compared/©; betweerpeople with MS andnhatchecdcontrols?°? 23we aimedto recruit
14 people with MS and 8to 14 matched contrall®wing a 25% drop out after

recruitment.
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3.2.4 Experimental design

After obtaining written consenthé participants attend&dappointment®n
separate days$-igure3.1A), to complete baseline assessments and oxygen cost
measurements during mobility tasK$ie participants chose the appointment time

(between &AM and 6PM) at their convenience.

3.2.5 Baseline assessments

Baseline assessments included collectingl€thographicharacteristics of the
participantancludingage, sexheight, body weightnmonthandyear of initial MS
diagnosis, current type of MS, type of walkird ased, and smoking status; E&verity
of fatigue using th&atigueSeverity Scale?®%, (3) impact of fatigue using thi odified
FatiguelmpactScal&®®; (4) vitality (energy level and fatigue) using théality subscale
of theMedicalOutcomes Study 36 itenrh8rt Form Health Sirvey?°® 29 and (5)
maximal graded exercise test (GXIgingatotal bodyrecumbent steppas per the
protocol adapted by Kelly et?df wearing a facemask connected via tubing to a breath

by-breath metabolicarf to determinamaximalV-©; (V©2ma).

3.2.6 Oxygen cost measurements during mobility tasks

Oxygencost measurements were performed between the third and seventh day
after GXT (sed-igure3.1A). Theparticipants completed 5 minutes of each of the 5
mobility tasksin random orderHigure 3.1B): (1) rolling side to siden bed (2) supine
lying to sitting on edge of bed3) sitting ona firm bed(seat height standardized having

knee joint flexed at 90 degrede standingvith or without the use of handgl) over
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groundwalking on a praneasured 5-foot longpath on a corridorand (5)climbing ard
descending stepsThe marticipantsperformedeachtask wearing a portable bredly-
breath metabolicart and a wireless digital heart rate sensor chest $®apticipants
rested in a seated position for 10 minutes to ensure resting state befiong Wea
portable metabolic carthe oxygen cost measurements began with further 10 minutes of
quiet sitting to collect resting metabolic rdt&Tasks were completed asalf-selected
comfortable pacwith a 5minute resting period following each ta3ke number of
repetitions performed (faolling in bed, lying to sittingsitting to standiny the distance
walked (in meters) and the number of steps climbed were codiftedreathby-breath
data obtained (in L-mifiper breath) from thportablemetaboliccartwas averaged to
provide values for every 30 seconds. The mé@a (in mL-mint) during steady state
(from 180 to 300 seconds during each mobility task) was calcifféted

The perception of physical exertimras measured using modifi@wbrg rating of
perceived gertion (RPE)scalé!! immediately beforandafter performingeach tasksee
Figure3.1B). The perception of tigue wasmeasuredising a 10émillimeterlong
horizontal visual analogue scalA'S) from 0 (no fatigue) to 100 (extreme fatigue)
before and after performing all five taglsgeFigure3.1B). Thetaskinduced fatiguavas

calculated by subtractingpstfatigue score fronprefatigue score.
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(A) Experimental design

Session 1 Session 2 Session 3
0 1 7 8 12 15 days
Demographics, Graded Oxygen cost measurements,
Self-reported exercise test Task-induced fatigue,
fatigue Rate of perceived exertion
: :
Baseline

(B) Oxygen cost measurements

Task 1
Task 2
Task 3
Task 4
Task 5

0 5 10 15 20 25 30 35 40 45 50 55 60 65 minutes

Lr rt t 1t r t 1 1|
L1 Rate of perceived exertion [
Fatigue Fatigue

Figure 3.1 Experimental design and oxygen cost measurements

A. Experimental design: data was collected on 3 different days withsdt3eo 7 days in
between graded maximal exercise test and oxygen cost measurements; B. Oxygen cost
measurements:-4xis: 5 mobility tasks performed in random order (rolling in bed, lying

to sitting, sitting to standing, walking, climbing steps); NOTEBJrithe upward pointing
arrows represent data collection time points (fatigue using a straight horizontaini00

long line representing a VAS and perceived exertion using the modified Borg scale of

perceived exertion) and the dotted horizontal line reptesesting in seated position.
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3.2.7 Statistical analysis

The oxygen cost of mobility taskexpressed imL-min?t-kg™* perrepetition
relative to the amount of work done wagasured forolling in bed, lying to sitting,
sitting to standing tagierformed or per metemwalked orperstep climbedThe
distribution of variables (assumptions of normali@reassessed both by visually
inspecting the histograms andxgalots, and throught&piroWilk tests(p>.01)212 213
The homogeneity of variance was checked ukmgr e n e §&.05)befere¢ using
independent tests to compare groups.aésumptions of normality amedjual variances
were notmet independensamples ManaNhitney U tests were used to anady
differences between groug=or categorical variables, the&sorchi-squaretest was
usedto comparendividuals with MS and cdrols. If 1 or more of the cells had an
expected frequency of 5 or less, the Fisher exact test was used for categorical variables.
Friedmantest?'#followed by Dunn multiple comparison test, was used to detect
differences irthe RPEfrom baselindgtime point 18" minute; sedrigure3.1B) to
completion ofeach mobility taskMultiple t tests with HolmSidak correctionor
multiple comparisons were performed in consecutive order (from first to fifth aasks
each time point imsolatior), to determine if the differences be®vethe group means
(oxygen cost, heart ratBPE) weregreater thathoseexpected by chancé. repeated
measures Wilcoxon signadnk test was used to detect statistically significant differences
between faigue measured before and after mobility tasks sgere 3.1B) in both MS

and controls separately.
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The relationship between oxygen cost of 5 mobility tasks and fatigue were
analyzed using the following steps: (i relationshipbetween oxygen cost of 5
mobility tasks, perceived exertion, and fatigue inWM&ee st i mat ed by Spearr
correlation coefficienty(). When multiple correlations were conducted, a Bonferroni
correction was performed® 21%Second, a simple regression analysis was conducted to
determine the relationship between oxygen cost andrtdsiced fatigugmean fatigue
post score minus mean fatigue pre scorefgpae 3.1B). If assumptions of normality
andequal variances were nimiet, the variables were legansformed before using simple

regression analysis to explore the relationships.

3.3 Results

Twenty-two patients with MS and 16 agandsexmatchedndividuals wihout
MS inquired abouthis study. After checking eligibility criteria, we enrolled 14 patients
with MS and 8 ageandsexmatched controlsThe recruitment of controls was stopped
after all participants with MS had an age and gender makehcontrol subjects matched
more than 1 person with M®necontrol subjectiropped out of thstudy (not
contactable) and was not includedheanalysesThe fatigue and physical fithess
measuresTable3.1) were completed by all participants with M8 14) and all but one
control subject (n = 7)Iwo participantsvith MS did not completeherolling in bed task,
1 participantwith MS did not complete lying to sittin@ndl other participantvith MS
did not complete lying to sitting, walkingnd sta-climbing tasksThe data from all
participants were included for all analyses, regardless of whether they completed all 5

randomly allocated taskall participantswith MS used a walking aid (dsed a single
79



cane, 2 used a single cane and an afddeorthosis 2 useda singlecaneor awheeled
walker,5 used a wheeled walkeand1 used avalker or awheelchair) There were no
significant differences in mean age, badgss indexand resting metaboliate between

MS and controlsK valuesbetween .275 and 1).(seeTable3.1).

80



Table 3.1 Participant characteristics

Parameters Characteristic Controls MS
Mean (SD) Mean (SD)

Demographics
Age (in years) 50.71 (12.08) 54.07 (8.46)
Sex (n) Females/Males 4/3 10/4
BMI (in kgt-m?) 27.44 (3.76)  27.74 (7.56)
Smoking habit (n) Yes/No 0/7 5/9
Years since MS diagnosis NA 16.57 (9.69)
Type of MS (n) RRMS NA 0

SPMS NA 10

PPMS NA 3

PRMS NA 1
Fatigue
Fatigue severity scale total score 12.71 (3.25)  51.93 (7.70)
Modified fatigue impact scale total score 5.71 (9.46) 43.93 (7.49)
SF-36 Vitality/Energy/Fatigue 87.14 (9.06)  37.14 (18.16)

Fatigue at rest before mobility tasks on VAS (in m

Task induced fatigue on VAS (in mim)

5.79(5.07)

14.57 (16.98)

18.57 (22.13)

33.36 (22.12)

Physical Fitness

Resting metabolic rate (mL-mirkg™)
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3.80 (0.45)

3.54 (0.76)



Maximal Vi, (mL-min-kg2) 33.04 (8.95)  16.35 (6.39)

Respiratoryexchange ratio at maximsi®» 1.13 (0.09) 1.03 (0.13)
Maximal heart rate (beat-mij 168.26 (16.83) 131.57 (23.16)
Maximal oxygen pulse (mL-be&f 16.46 (3.22)  11.05(3.91)

“statistically significant difference between two groups at p<0.0&umt/frequency;
BMI: body mass index; kg: kilogram; m: meter; NA: not applicable; RRMS: Relapsin
Remitting MS; SPMS: SecondaBrogressive MS; PPMS: PrimaRrogressive MS;
PRMS: ProgressivRelapsing MS; Si86: medical outcomes study-#&m short form

health survey; mm: millmeter; mL: milltlitre; min: minute
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3.3.1 Oxygen cost of mobility tasks

Theoxygen cost of mobility tasks was almost 3 times greater in MS than controls:
climbing steps (3.60 times more in MS), rolling in §8b3), walking (3.10), lying to
sitting (2.50), and sitting to standing (1.8Zpble3.2). Although there was substantial
variability, on average, the participants with MS used 2.81 times more energy for
mobility tasks compared to matched contréligre 3.2). Since the number pople
who smoked was greater in the MS group (n = 5) and smoking could affect oxygen cost
measurements,”?!® we examined the effect of smoking. Smoking status was not
significantly different between participants with MS and contBts 123) (sed able
3.1). Furthermore, thenere no significant differences in the oxygen costs of the 5
mobility tasks between people who smoked and people who did not smoke in the MS
group P values between .190 and .683). Type of gait aid could also affect oxygen cost, so
we split the MS grouprad compared values between those who used unilateral (n=6) and
bilateral support (n=8) during walking. There was no significant differdpneal(ies
between .240 and 1.0) in the oxygen costs of the 5 mobility tasks among the subgroups
based on type of walking aid.

Participants with MS used a higher percentagé®imaxcompared to controls in
all tasks:climbing stepg91.0 vs 79.%), sittingto standing88.0 vs 55.0%alking

(700 vs 43.0%), lying to sitting (66.0 vs 51.0%), and rolling in bed (58.0 vs 36.0%).
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Table 3.2 Oxygen cost of mobility tasks

Mobility tasks Group Oxygen cost(mL-mint-kg™®)
Mean (SD) p Value

Climbing steps Controls  0.08 (0.04) 0.001
MS 0.27 (0.21)

Rolling in bed Controls  0.07 (0.02) <0.0001
MS 0.24 (0.14)

Walking Controls  0.04 (0.01) <0.0001
MS 0.14 (0.09)

Supine lying to sitting Controls  0.20 (0.05) 0.001
MS 0.50 (0.21)

Sitting to standing Controls  0.14 (0.03) 0.046
MS 0.26 (0.25)

Mean Controls  0.11 (0.02) <0.0001

oxygen cost MS 0.30 (0.15)

“statistically significant difference between two groups at p<0.05;
“oxygen consumption (mL-mihkg™) per repetition of tasks, per mete

walked and per step climbed; mL: miliire; min: minute; kg: kilogram
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Walking = I MS

Bl Controls

Rolling in Bed —
Sitting to Standing —]
Climbing Steps p—] ¢
Lying to Sitting —]
0;0 0:1 0j2 013 0:4 0:5 016

Oxygen cost (mL'min°kg'1 per repetition of tasks,
meters walked, steps climbed)

Figure 3.2 Oxygen cost of mobility tasks in MS and controls

NOTE. X-axis, oxygen cost of tasks-akis, 5 mobility tasks. *Statistically significant

difference between 2 groups at P<.05.
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3.3.2 Accumulation of oxygen costexertion, and fatigue

The oxygen cosaiccumulated over time and wsignificantly higher in
participants with Mt second, third, fourth, and fiftasks(measured in consecutive
order irrespective of the type of task performiédure 3.3A) compared tothte controls P
values between .001 and .043).

The heart rate accumulated over time and was significantly higher in participants
with MS compared to controls at the start of first, second,, third fifth taskgFigure
3.3B; P values between .003 and .Q1®he heart rates were significantly higher at the
start of fourth and fifth tasks (at the time point§'4@d 5¢' minute respectively) from
the resting state (at the time point™inute;seeFigure3.3B) in both MS and controls
(MS: Friedman statigt = 19.78, p= .0014 controls: Friedman statistic = 22.265p
.0003.

The perceived exertion accumulated over time and was significantly higher in
participants with MS at the end of &lmobility tasks compared to the controisgure
3.3C; P values between .0004 and .Q3Both participantsvith MS and controls
perceivedhat the tasks were significantly effortful compared to resting (at time pdint 10
minute;seeFigure3.3C) (MS: Friedman statistic = 96.48x.000%, controls: Friedman
statistic = 49.34P<.0007).

The perception of fatigue after completing mobility tasles significantly higher
in MS than controlsR=.007). The perceived fatigue measured after mobility tasks (at
time point 55 minutestigure 3.3D) was significantly higher than resting levels (time

point 5 minutesFigure3.3D) in both MS (Wilcoxon signerank,P=.001) and controls
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(Wilcoxon signed rank®=.028, howeverb minutes later (at time point 60 minutege

Figure33 D), control subjectsdo | evels of fatigtl
(Wilcoxon signedank, P=.528 whereas thearticipans withMS did not recover during

that period, remaining significantly elevated compared to baseline (Wilcoxon saied

P=.016.

87



(B)

~~

<

N—

60 End

".
m .
_HOH O i i
czzie 4 @ O i3
- e ‘
lll' llllll *J’ W @\ * e
-~ .~ =) d i
Pt * -
= = g v
* @0 | % ] 8 \ T e
Tz \ g £
P T N | =
CH . n g \ w S
.,/ ............ =) = .._ ROl
.1\!_1,.._‘ \.\.umu [ = K 5 o £
et et ; @ N Y =
X == & E ) w £
T = . (o] “
B TR0 S =
PESI fd ! 3 S (]
ool L« % 3 :
- @!mlf,..,,..-- - B v
o P LT =) 3 \ \
g T O = e » o | S
2 o " v 5 : Pl
Zz O R =& o O itw
I :
® O Lz ® 0 ile
S o S ) «n S 2 2 2 2 @ = o
o (=] ® =] ~ o uw - (7] (3] v
v— —
(uip ww gof)
unu.jedq) ey JIed N
(-t peaq) 9)ey J1edH 9eIS INJo[euL [ENSIA
m € U0 Pa.Insedwt Insne g
-
= .0
r h P m 6
< il e
° R
o B *4- @ O it
L > \ /
e _Q e g / =
\ g = N /; i w
; g \ { i
! = 2 *.TT.I_ @ * o
- —@— I S ; !
iy " _..0._ « < \. i S
i H E £ ! i
: : = ¢ el
._ .. - £ S e "
\ \
——— HCH & H b3 Y 4
\ i =] A h el
: ) T E 5
\ \ o p ¢
__ _ 2 i e Qi &
+ —— o s 2 ; o
H / N u N ! |
: / ] \ ; :
__ \ e . kY ' —H»
- ! z P i
2 : / = - D e St S
2 H—o—+0 Z Z g Tty
£ = 3 £ o=
v 3 - v 3 i
= O = = U it
b 4 i
® 0 = ® O ile
Bod
w3 +m oa = 5 7 e w T M A = 2
S S s = S <

(paquuIp sdajs ‘payjjem sa3)m
‘sysey jJo uonnadaa xad
_-wv_._-:_EH_Ev 1502 WSAXQ

(31838 YOI PAYIPOIA 0T 01 0)
UOILIIXY PIAINIRJ Jo ey

(€)

Time (in minutes)

88



Figure 3.3 Oxygen cost, heart rate, rate of perceived exertion, and fatigue during mobility tasks in MS

A. Oxygen costs of mobility tasks accumulates over time in participants with MS but not controls. B. Heart rate during rest

periods is significantly higher in pagipants with MS compared to controls. C. Perceived exertion accumulates over time in MS

but not controls. D. Participants with MS experience greater fatigue during mobility tasks than controls. NOTE. Dotted

horizontal line parallel to axes indicates sting in seated position; solid horizontal line parallel taxés indicates the

duration in which mobility tasks were performed in random order. *Significant difference from bas@lme @@ 5; ASi gni f i c &

difference between MS and controldPat 05.
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3.3.3 Oxygen cost of walking was related to taskduced fatigue, but not fatigue

measured on questionnaires in MS

There was a significant relationship between oxygen cost of walking and task
induced fatigue)([13]=0.626,P=.022 Table3.3, Figure 3.4A) in MS. After correcting
for multiple correlations (0.05/5=0.03%> ?1%the relationship between oxygen cost of
walking and tasknduced fatigue in MS was no longer statistically significahe
oxygen cost of mohty tasks (rolling in bed, lying to sitting, sitting to standiagd
climbing stairs) other than walking was not significantly correlated withitakced
fatigue P values between .188 and .j46eeTable3.3). The oxygen cost of mobility
tasks was rtoassociated with fatigue measured using questionnaires (Fatigue Severity
Scale (total score), Modified Fatigue Impact Scale (total score) and the ViEaéaygy
or FatigueSubscale of the Medical Outcomes Studyitésn Short Form Health Survey;

P values between .083 and .948geTable3.3).

Further analysis was carried out to verify the relationship between oxygen cost of
walking and tasknduced fatigue as it was closer to significance at the adjusted alpha
level. First, among participants with M&gre was a strong, significant relationship
between oxygen cost of walking and RPH13] = 0.720,P=.006 (Figure3.4B) and
heart rate)( [13] = 0.923,P<.0001) (Figure3.4C) measured immediately after
completing the walking task, aftadjusting for the distance walkdolut not in controlsK
values, .760 and .148 respectively). Nexgimaple linear regression confirmed that
oxygen cost of walking (logransformed variable) was a significant predictor of-task

induced fatigueR=.025, explaining 38% (2 = 0.38) of the variation in taskduced
90



fatigue.The simple linear regressions between {iaskiced fatigue and oxygen cost of
tasks other than walking (legansformed variables) were not statistically significént (

values between .08hd 506).
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Table 3.3 Relationship between perceived fatigue and oxygen cost of mobility tasks

in MS

N Variables 1 2 3 4 5 6 7 8 9

1 Rolling in bedv®: -

2 Lying tositting V©; 539 -

3 Sitting to standing/©> 315 .448 -

4 Walking V@ .582 .483 .275 -

5 Climbing steps/©> .064 .252 .000 703 -

6 FatigueSeverity Scale -.131-.085 .022 -.432 -.498 -

7 Modified Fatigue Impackcale-.060-.217 -.189-.154 -.415 .375 -

8 Vita”ty/Energy/Fatigue SRBe .219 .261 -.077.160 .351 -.525 -.437 -

9 TaskinducedFatigué 105 .385 .301 .626* .390 -.590*-.073 .327 -

N: number of variablegcorrelation is significant at th@.05 le\el (2-tailed);" correlation

is significant at the 0.01 level {@iled);" the vitality/energy/fatigue subscale of the mec

outcomes study 36 item short form health survelgange score (post minus pre)

calculated from fatigue measured beford after mobility tasks oNAS
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