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Unilateral Srength Training and Mirror Therapy for Ehancing
Upper Limb Motor Function Postieke by MonikaEhrensberger

Abstract

Crosseducation of strength appears to be beneficial in the rehabilitation of injuries and
illnesses causing bilateral asymmetry. Furthermore, evidence for the effectiveness of
mirror therapy to enhance crossducation in the healthpopulationexists. Trg thesis
firstly aimed to investigate the clinical benefits of cresducation in posstroke
recovery, and secondly aimed establish if the combination of crogslucation and
mirror therapy can further enhance positive effecisthe upperlimb.

Chapter 2 revealed moderate evidence for the successful application ofedossation

in stroke patients. It has a positive impact on muscle strength, which potentially
translates into improvedfunctional ability. Additionally healthcare professionals
recognised unilateral strength training as beneficial adjunct therapyChapter 3
establisled excellent protocol reliability for maximal isometric elbow extension
measured with the Biodex System 3 Isokinetic Dynamometer,ghssingdeperdable
procedures when assessitige effectsof the subsequently applied unilateral strength
training programme Chapter 4investigated the feasibility and potential efficacy of
mirror-aided crosseducationtraining compared tocrosseducation training onlyon
upper limbmotor function post strokeCompliance wakigh without adverse effects.
Information regarding other important aspects of a randomised controlled trial could
also be providedThe additional use of a mirror did not augment the creskication
effect when chronic stroke patients trained isometricalljNevertheless the
combinatbn ofresultswarrantsfurther investigation of theeombinationtreatmentwith

an altered training protocol.

These findings suggeatpositive impact of(mirror-aided) crosseducationtraining on
post-stroke recovery.Considering the low risk for adversfexts and the by clinicians
identified benefits, the rehabilitation methodhay have potential as aadjuncttherapy
to standard rehabilitation. However, to provide conclusive evidenicd#yapowered trial
investigating the beneficial effects of mirrarded crosseducationtraining has tobe
conducted.

Vi



Acknowledgements

After three years of enjoyable, but hard work | would like to thank a nurob@eople
for their assistancd.very much appreciate your support:

Dr. Kenneth Monaghan, | could not havekad for a better supervisor. Your positivity

and enthusiasmwere O2 y (i 3A2dza=X LINRo6f Sya RARyYyQil SE
approachable at all times and guided me through every stage of the respaschss

yet allowing me to develop professional indepence and confidence.

My fellow researchers, especially Dan, over the last three years we have sudlges
overcome many challenge¥ou are not only a colleague, but also a frierttarnk you
for all your help

The staff of the ristitute of TechnologySligo Health Science & Physiology course,
especially Eimear, Joanne, Orla and Azura for your ideas, interest and assistance.

My parents Gisela and Heinz Ehrensberger for their continued support and for always
allowing me to make my own decisions, evenhéttmeans moving to Ireland in the
midst of an economic crisis.

Barry, your belief in my abilities and endless encouragement helped me to stay focused
and gave me the confidence to pursue a PhD qualification.

W2Ky W2S YAStdeszr F2N) {SSLAYy3I I NB2F 20SN
feeding trough even when finances were low.

Kelly and Orla, for tirelessly proof reading my thesis.

The healthcare professionals, especially Joanne, for referring plagients, and the
participants for volunteering their time to assist with my research; without you none of
this could have happened.

I would also like to acknowledge my funding sources, litich Research Council
t2a03INIRdzr S {OK2f I NAKALI YR GKS Lyadaadidz

VIiI



Table ofContents

DECIAIALION. ...ttt e e e e e e e Il
Publications and Academic Achievements to Date............cccoeoviiieereeiiiiieeee s Ml
Y €511 =T PP PUUUPPPPPPPPPRPPPOPRP VA ||
ACKNOWIEAJEMENLS.......cceviiiieiieeeeeeeeeeeeeveeivenreeennnnnss e e e eee e VA
TabIE Of CONENTS.....ciiiiiiiiie ettt e e e e IX
LISt Of TADIES. .....eeiieie e XV
LISt Of FIQUIES...ceeiiieiee ittt e e e e e e as XVI
LiSt Of ADDIEVIAIONS .......uuiiiiiiiiiiei e XVII
Chapter 1: Introduction and Theoretical Framework..........ccccoeeeeeiiiiiieeeeeeeeee 1
1.0 INEOTUCTION. ...ttt ettt e e e e e e e e e e e e e e e annnene e 2
1.2. Physical Impairments caused by Stroke...........ccoooiiiii 3
1.3. Cros®ducation of SIrength............ouvviiiiiiiii 5
1.3.1. Possible MechanisSms...........ccooiiiiiiiiiiic e 8
T g (o] I =T =T o)V PP 14
1.4.1. Possible MeChanisSms............cooiiiiiiiie e 15

1.5. Crosducdion and Mirror Therapy...........ceeeeeieiiiiiiiiiieiieeeeceeiee e 17
1.6. Knowledge Gaps and Thesis ObJeCtiVeS.......cccoeeevviviiiiiiieieeceeeeiee e, 21



Chapter 2: Clinical Application of Cra&sRication in Stroke Rehabilitation: A Systematic

LITEratUre REVIEWL. ... .eeiiiiiiiiiiee ettt e e 24
2.1, INTrOAUCTION. .....eeiiiei ittt e e e s 25
2.2. MEINOAS. ...t 27

2.2.1. Search Strategy.......ccccceeeiiiii i 27
2.2.2. Inclusion & EXCIUSION CrHEEMA...........uuuiiiiiiieeiiiiiiiiiieeee e 28
2.2.3. Risk Of BiaS ASSESSMENL......ccceiiiiiiiiiiieiee e 28
2.2.4. Data Extraction and SynthesiS..........cccoooiiiiiieiiiiieieiieeee 29
2.3 RESUIS ... 30
2.3.1. Identification Of STUAIES.........ccooiiiiiiiiiiiiiece e 30
2.3.2. Description of Studies............cooooiiiiiiiieeee 31
2.3.3. Description of RESULLS.............oooooiiiiiiieeeeeeeeeeeee s 35
2.3 4. BlIBS .. ittt aaaa e e e 38
2.3.5. CONFOUNAEIS ....cciiiiiiiiiiieitiie e D2
2.3.6. Strength of RESUIS.........vvviiiiiiiccere e A2
2.4, DISCUSSIONL. ...ceeiiiieeeie ittt e e e e e et ettt e e e e e e e s s s bbb r et e e e e e e e e esennneees 43
2.5. Conclusion and Contribution to Knowledge..........cccoovviiiiiiiiiiieiiieeene 49

Chapter 3: Protocol Reliability for Maximal Isometric Elbow Extension Measured with

the Biodex System 3 Isokinetic DyNnamoOmMeLer...........cuevviieeiiiiiiiiiiiiiieeeeeee e 50
I I [ 1 oo [Fod 1 o] o OSSP PRPPPP 51
3.2, MEBINOAS. ..o 54



0t N I = o | PP 54

3.2.2. PartiCIPANIS....ccviiiiieiieieiiiiieeeeiesiie s e e e e e e e e e as 54
3.2.3. EQUIPMENT ...t 55
3.2.4. Participant POSItIONING..........ccuuiiiiiiiiiieeee e 56
3.2.5. TESPIOLOCOL. . ...t 57
3.2.6. Data ANalYSIS.....cccooeiiiiieeee e 58
3.2.7. Statistical ANAIYSIS.....ccooiiiiiiiiiiiii e 58
3.3 RESUIS ... 59
3.3.1. Reliability ANAIYSIS........uuiiiiiiiiiieiiieee e 59
3.4, DISCUSSIONL. .....eeiiee ettt ettt e et e e e e e e e e e e e e s et e e e e e e e annnees 61
3.4 L. LIMITALIONS ....eeiieiiiieiee ettt e e 65
3.5. Conclusion & Contribution to KNnowledge.............uvuvvveiiiiiiiiiiiiiieieeeeeeeenn, 66

Chapter 4: Unilateral Strength Training and Mirfdrerapy for Enhancing Upper Limb

Motor Function Post Stroke: A Pilot Randomised Controlled.Trial..................... 67
2t O [V o To 18 ox 1o o PP EUPPR Y 68
4.2, MEINOAS. ... e ———————- 70

4.2.1. PartiCIPaNTS.......uuuiriiiieieeeeeiiiiiiiiiiieeee e e e e e ssiivineeeeeeeee e e s s snnnsenneee O
A (o Yo =T (U] = 71
4.2.3. OULCOME MEASUIES.......ceieeeiiiiiieeeeeeetaitae e e e e et e e e e e e eeran e e e e 71
A B [ 1 (=Y V=T o1 1o o RSP £
4.2.5. Statistical ANalYSIS.......ccooveieiiiiiiiiiie e L O

Xl



3 ROSUIS . e 78

4.3.1. Feasibility Outcome MeEaSUIES.......cccceveeiiieeiieee e 79

4.3.2. Efficacy OUtCOME MEASUIES...........uurrreriieiiiiiness e s e e e e e e 81

4.4, DISCHSION ....uuutiiiiiiiiee e e e e ettt e e e e e e e e e bbb e e e et e e e e e e s e e e bbb b e e e e eaeeeeaaaaas 92
4.4.1. Feasibility reSUILS. ..o 92

4.4.3. Intervention and EQUIPMENL.........coooiiiiiiiiiiiieeee e 103

444, LIMITATIONS .. .eeiiiiiieieiieiiiiii et e e e e e e eeeeas 106

4.4.5. Summery and Recommendations for Future Research............... 107

4.5. Conclusion & Contribution to Knowledge.........ccccoeveiiiiiiiiieeiieiiieeeeeeeee, 108
Chapter 5: General Discussion and ConcCIUSION..............cceevvvvevviiiveviviieiiiinnnnnn. 109
5.1. Main Results & Contribution of Knowledge.........cccoooeviiiiiiiiiinnninnnnn. 110
5.2. Future Directions and RecommendatiQnS.............eeeeeriiiieereeiniiieeeeeenee 113
5.3, CONCIUSION. ...ttt 114
RETEIENCES. ...t e e e e e e 116
APPENAICES ...ttt ettt e e e e e e e e et e e e e e e e e e e 130
Appendix A: Systematic Review PRISMA ChecKlist...........cccccooviiiiiiinnnnl 131

Appendix B: Crossducation of Strength has a Positive Impact on Risbke
Rehabilitation: A Systematic Literature REVIEW. ...........cooovviiiviiiiiieieeeeeennne 135

' LIJSYRAE /Y 9QGKAOFE !'LIWNRGEE FT2N) G4KS {(
Isometric Ankle Dorsiflexion and Elbow Extension Measured with the Biodex System

0 LAa21AYSOIAQ. .52Y.LY2Y.SOSND. .. 146

Xl



l LIWSYRAE 5Y {dz2o2SOiG LyF2NXIGA2Y {KSSG ¥
Maximal Isometric Ankle Dorsiflexion and Elbow Extension Measured with the Biodex
SystY o Laz2{AySiaAQ.52y.LY2Y.S0SND........ 148

' LIWSYRAE 9Y tINIAOALI GA2Yy [/ 2y&aSyid C2NY
Maximal Isometric Akle Dorsiflexion and Elbow Extension Measured with the Biodex

{eaildsSY o Laz2{Ay.S0A0Q..52).LY2Y.S.0.5NR..150

Appendix F: Participant Positioning félbow Extension Strength Assessment

according to the Biodex System 3 Manual...................ccccce e, 152

Appendix G: Analysis of Peak Torque, Rate of Torque [peveid and Average

Torque over a single contraction using the Biodex Advantage Software version 3.45
(Biodex Medical Systems, Inc., Shirley, New York, USA)............................. 156

' LIIJSYRAE 'Y 9OGKAOFE 1 LIWNRGEHE F2N) GKS {4
Mirror Therapy for Enhancing Upper Limb Motor Function Post Stroke: A Pilot
WEYR2YAASR ..LAL2.0...{.0.0ZRE.Q.coocveviiee, 160

Appendix I: Mini Mental State Examination.................cccccoveeiiiiiinceeeeeeee 164

Appendix J:GoA Sy i G2 /2y il OO0 FT2NXY FT2N G§KS { (dz
and Mirror Therapy for Enhancing Upper Limb Motor Function Post Stroke: A Pilot
WEYR2YAASR ..LAL2.0...{.0.0ZRE.Q.cooovevieeee, 167
 LIWSYRAE YY {dzoe2S0iG LyFT2NXIFGA2Yy {KSSi
Training and Mirror Therapy for Enhancing Upper Limb Motor Function Post Stroke:

I wlyYR2YAASR..tLAL20.. £ 0.dZRE.Q oo 169

Xl



' LIWSYRAE [Y tFNIAOALN GAZ2Y [ 2yaSyid C2NY
Training and Mirror Therapy for Enhancing Upper Limb Motor Function Post Stroke:

I wl YR2YAASR..LAL20.. £ .0.dZRE.Q v 175

Appendix M: Outcome Measure Protocols and Recording Sheets............... 177

XV



List ofTables

Table 1.1: Brain Activation Resulting from Unilateral Training with the Dominant Right

PN XXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXXX X

(@]]
0p)

¢ I HEMY {SIFENOK { 0N} GS3Ie aSRfAYSXXXXXX:

S HPHY 5SAONALIIAZ2Y YR wSadzZ Gda ZF 91 C

(@]]
—

¢ I

Table 2.3: PEDro Risk of Bias Assessment for All {ThiregzR A S & X X X X X X4 X X X X )

Ny

¢FofS HonY / 20KNIXYS wAaal 2F .Ala !aasSaay

¢CFoftS odmMY 5SAONARLIGAZ2Y 2F t I NIAOALNISEGAXX:

Table 3.2: Individual Results for Peak Torque, Rate of Torque DevelopmenteaiageAv

C2NJjdzS F2NJ 9F OK ¢SATXXXXXXXXXXXXXXEXXXXX:

Table 3.3: Means, Standard Deviation and Reliability Measures for Peak Torque, Rate of

¢2NJjdzS 5S@St2LIYSYd FyR ! @SN IS ¢ 2 NJj dzS X X X

Table 4.1: Demographic Charactedstof Participants at Baseline Megn5 6 w9 3 S0 X

¢CFofS ndHY WSONHZA GYSYd wkGS LISNI a2 ysdK XXX

Table 4.3: Results for Each Outcome Measure in MBBK X X X X X X X X X X XIX X X X ¢

XV



List of Figures

Figure 1.1: SchematiRepresentation of the Descending Pathway Modulating the

{ ONBGIEOK WSTEfSEXXXXXXXXXXXXXXXXXXXXXXXXXX:
CAIdzZNBE MPHY {OKSYFGAO wSLINBaSyilliAzy 2F |
Figure 1.3: Schematic Representation of the Cross Actjvatid & LJ2 1 KSa A & X X X X X
Figure 1.4: Exampleofthe SetLd F2NJ a A NN NJ ¢ KSNJ LB ¢ NI Ay A

Figure 1.5: Brain Areas Involved in C8sR dzOF G A2y YR a A NNESNJ ¢ KS

Figure 2.1: Flowchart of Study SelectioN2 OS 4 a X X X X X X X X X X X X X X X X X

CAIdzNE odmMY t I NIAOALI YO t2aA0A2yAy 36 F2NI

Figure 4.1: Participant Sétp During Each Training Session (MR dX J0X XXX 76 X

CAIdzNBE ndHY Cf2¢ S5AFANIY T HANMIXXKKERKK XENEXG S 2

XVI



List of Abbreviations

ARATC Action Research Arnmest
AROMc¢ Active Range of btion
AT¢ Average Torque over a Singlen@action

CAHAL Chedoke Arm and Hand Activity Inventory

CV¢ Coefficient of Variation

EMGg Electromyography

GABA GammaAmino-Butyric-Acid

ICCc Intraclass Correlationdefficient

ICKg International @assification of Functioning, Disability and Health
IHIg Interhemisphericrhibition

iM1 ¢ Ipsilaeral Primary Motor Grtex

ISPq Ipsilaterd Silent friod

LAC Lessaffected

LH London Handicap Scale

M1c¢ Primary Motor ©rtex

MA ¢ More-affected

MASCc Modified Ashworth Scale

MCIDg Minimal Clinically Important iflerence
MDCc¢ Minimal Detectable Bange

MMSEg Mini Mental $Sate Examination

MNSq Mirror Neuron §stem

MST( Mirror and Strength Training Group
MVC¢ Maximal Voluntary @ntraction

MVICq Maximal Voluntary Isometricddtraction
PT¢ Peak Torque

RCT¢ Randonmsed Controlled rial

XVII



RIC
RTDq
SICK
SMAQ
SPC
ST¢
Tlc
T2¢
T3¢
TMSC

Reciprocalrhibition

Rate of Torque Development
Short Interval Intracorticahhibition
Supplementary Motor fea

Silent Feriod

Strength Training OnlyrGup
Baseline Asessment
Postintervention Assessment
Follonv-up Assessment

Transcranial Magneticti&nulation

XVII



Chapter 1lintroduction and Theoretical Framework



1.1Introduction

Worldwide fifteen million people suffer a stroleach year, five million are permanently
disabled(1, 2)with hemiparesig3)and spasticity4, 5)the mostcommonly experienced
physical complications. Six to twelve months after stroke, 56% of patients with initial
upper limb hemiparesis will still show symptoms of three-sidedmuscle weaknesg3,

6) and 20-35% of patients are affected by spastioifly6). The reduced arm and hand
function has an extensive impact on independent management of Activities of Daily
Living and is further associated with high levels of anxiety and poorer perception of
health related quality ofife (7-9), thus improving upper limb function is deemed a

priority in strokerehabilitation (10).

Presently performed techniquese based on repetitey methods addressing the paretic
limb only (10). In many cases the impairment of the meaffected(MA)arm is too great

to be engaged in active exerci€El), which denies the possiliiiof independent home
training; therapist or family assistancs needed at all time$10, 12) Thus,therapy
sessions mainly take place in acute or outpatient settings and prove to be expensive,
labour intensive, and may require quite a lot of travel for patients in rural afE&sl4)
Consequentlythere is a need for novel postroke rehabilitationmethods, which
address the lesaffected (LA)arm only ensuring comprehensive, integrated,

community-based stroke rehabilitation and lortigrm managemen(2).

Qosseducation of strength the performance improvement in the untrained
homologous muscle after unilateral trainif@5, 16) has huge potential to address
bilateral limb asymmetry(11) and other aforementioned limitations to stroke

rehabilitationby training the LA limb onlyFurthermore, recent evidere suggests that



crosseducationeffects may be augmented when combining unilateral strenggining
with mirror therapy (17-20). To date this area remains largely unexplored and
recommendations have been made to investigate the biseof crosseducation
interventionsand of the ombination treatmentof crosseducation and mirror therapy

in the rehabilitation of unilaterally affected stroke patierftisL, 20)

In the following ection the pathophysiology of physical impairments caused by stroke
will be described. Thereafter, cresdglucation of strength and mirror therapyill be
introduced individually, and postble underlying meganisms discussed. h&

combination of both rehabilitation methods walsobe explored.

1.2. Physicdmpairmentscaused by Stroke

Stroke is an injury to the central nervous system caused by disruption of blood supply
and associated oxyen deprivation(21). Neurological deficits can result in physical
impairments such as hemiparesis and spasticity, generally associated with the side
contralateral to stroke (3, 4, 6, 22) Lesions to the motor cortex disconnect the
motivation and concept of a motor plan from itffectors Thus lemiparesis the
inability or difficulty to voluntarily recruit skeletal motor units, results in compromised

force output and movemenf23).

No consensus regardingpe definition and pathophysiology of spasticitpuld be
reached to date,reflecting is complexity and diversity24). The core feature of
spasticity is the hyperexcitability tie stretch reflex due to abnormal processing in the
spinal cord25), the balance between excitatory and inhibitory signals is distu@éd

26). The stretch reflex is controlled by two descending systems: the inhibitory dorsal

reticulospinal tract, which is under cortical control, and tl&ciliatory medial

3



reticulospinal and vestibulospinal tract, which are not under cortical coni28l).
Spasticity is caused when brain injuries disrupt cortical mechanisms controlling the
inhibitory pathways, thus excitatg signals are not counteracté@5, 26) Trompetto et

al. (25)illustrates descending pathwa schematically (Figure 1.1)

Supraspinal
spasticity-inducing

TR NG - Premotor cortex
lesion N._. 00— s

® —  ——— N y

e Vestibul lei No connection
= . = estibular nuclei
<\/entromedlal bulbar

reticular formation -

7 —

o)

Dorsal reticular formation/

Dorsal
reticulospinal
tract

Medial
reticulospinal
tract

Vestibulospinal
tract

Stretch reflex circuitry

Figurel.l (25) Schematic Representation of the Descending Pathways Modulating the
Stretch Rflex

The dorsal reticulospinal tract applies its inhibitory control over the stretch reflex
through the activation of postsynaptic inhibitory circuits located in the spinal (43l
their efficiency is generally decreased in patients with spast{@®29). Presynaptic
inhibition, the reduced release of neurotransmitters in the synaptic cleft, and post
activation depressionyhich isnot mediated by inhibitory spinal circuits, have also been

found to be depressed in spasipatients(25, 3034).

4



However, according to Graci€35) spasticity is only one component of spastic paresis
and specific manual assessment of abnormal reflex activity proves diff8@ltThus,
soft tissue contracturegesultingfrom disuse, spastic dystoniayhich isthe inability to
rest a muscle, and spastic -contraction, the simultaneous activity in agonist and
antagonist primarily caused by abnormal patterns of supraspinal descending, d

should also be considerd85, 37)

Motor recovery after stroke is attributeto brain plasticity or neural reorganisation.
Possible mechanisms include activation of dormant neurons, formation of new synapses
and pathways, and increased efficiency of existing netwdi®®). Furthermore,
appropriate sensty feedback from theparetic limbas well as a normalised excitatery
inhibitory balance between the two hemispheres are important factors for motor

recovery(17, 3%#40).

Crosseducation and mirror therapy intervegions may have the capacity to influence
abovementioned aspects of posstroke recovery, thus may be beneficial in

rehabilitation.

1.3.Crosseducation of 8ength

In 1894 Scripture et al.(41) first described a surpsing set of observations;
improvements in the contralateral upper extremity after a period of unilateral training
were noted (41). This phenomenon ibroadly referred to as croseducation and is
defined as theperformance mprovement in the untrained homologous muscléer
unilaterd exercise trainingl5). Skill as well as strengttansferto the contralateral limb

have been observe@42-44). Generally,the terms interlateral,bilateral or interlimb



transfer refer toskill related mechanismsvhereas crosgducation is used to describe

strength transfer(15, 44) This thesis W focus on the latter

Since its discoveryhe phenomenon capturedhie interest of many researchers;
numerous studies with very different results have been publis(#] 43, 4563). A
recent metaanalysisby Manca et al.(54) found definite evidence supporting ¢h
existence of crossducation. For the upper extremity average strength gain in the
untrained limb was 9% of initial strength (p < 0.0000), a significant positive
correlation ¢ = 0.61,p < 0.0005) betweethe percentage gain in the trained limb and
the untrained limb was also reportg®4). However depending on different aspects of
the training protocol, the magnitude of contralateral strength transfer can vary greatly
(0%- 100+ %)48, 49, 55)and strength gairs of the untrained limbhave previously

exceead strength gais of the trained limb(56, 57)

The contraction type andpeed, the chosen intensity, the novelty of the strength task
as well as training of the nemlominant or dominant limb play a deais role in the

extentof contralateral strength transfel5, 42, 45, 46, 55, 5@1).

Eccentric training protocolsesult in the highestaveragecontralateral strength gain
(17.7% p= 0003, followed by dynamic (15.99%% < 0.0000}, concentric (11.3%p <

0.0000) and isometric (8.2%p=0.0003 training regimes(54). Eccentric training
appears to modulatecorticospinal excitability r@d inhibition of the untrained
hemisphereto a greater extent thamther contractiontypes andprovides therefore a
more efficient stimulus for croseducation (59, 61) Other training protocol

characteristics such as higher contraction spgts 58)and highercontraction intensity

(> 85%0of maxmal voluntary contractiohalsoincrease the strength transfgbl). The



total number of contractions completed does not seem to have an effest 0.19

p>0.05 (54).

The novelty of the strength task and training with the dominant compared to the non
dominart limb maybe influencing fators (15) The dominant limb is more efficient in
learning a novel strength task and obtains a more comprehensive representation of the
movement, thus transferring more detadeinformation leading @ greater strength
improvements(15, 46) However, a recent study in healthy subje@t)as well as two
studies in clinicalpopulations (62, 63) report positive crosseducation effects,
irrespective of whethethe dominant or nordominant limb performed the training
protocol. Twentythree right handed, healthy adisl were randomly assigned toright-
handedtraining group (RHT) (n = 8), a {efinded training grougLHT)Yn = 8) or a non
training control group(CG) (n = 7). Participants performed a metronome guided
unilateral wrist flexiorextension training protocol with the assigned wrist. After 9
sessionsstrength in the trained limb improved significantdgmpared to CG (p < 0.001)
by 18% and 22% for the Rtand LHT respectiveltirength gains in the untrained limb
werenot significantly different (p=0.29) between tRHT (10%@ndLHT (15%), however
both groups significantly improved compared to CG (p < 0.001). Authors identi&ed
metronome paced traimg as an influencing factof42). It has been previously
suggested that externally paced unilateral contractions result in corticospinal
adaptations replicating responses created bgkillbasedtask, thus altering cortical
activity (64). The different trainingprotocol may have resulted in different motor
learning outcomecompared to previous workd2, 46) Overall, it appears that cross

education of strength is less uliiectional than previously thought.



Furthermore, dher nonmodifiable factors like gendd65)and age(52)do not gpear
to influence the successf crosseducationmaking unilateral strength training more
attractive for rehabilitation The application of unilateral strength training in psstoke
recovery is a relatively new concept. Chapter 2 discusses novel resiagings in

detail.

1.3.1.Possibléviechanisns

High intensity unilateral resistance training is suspected to mediate synaptic
connectivity within neural circuits allowing for increased and more efficient neural drive

to the untrained limb mediating fae output (66-68). Two theoretical mode|shoth
oFaSR 2y ySdzNIf LI I adAOAGE haveeénlprogasded f ! (
to explain the crosgducation phenomenoif66, 69) The hypotheses are not mutually
exclusive and may not be as diverse as previously believed; their involvement is related

to training task characteristi¢66, 69% ¢ KS W. A f I (i &3¥Umes that@ Gedva & Q
or improved representation of a movement pattern, resulting from unilateral training,

can ke accessed by both the trained and the untrained li(Rigure 1.2)69). It is

believed to be predominantly invadd during the transfer of novel, skidased tasks

which require sensorimotor integratiof69, 70) but can beapplied to crossducation

of strength as force production involves aspects of motor learning such as the inhibition

of antagonists or the cactivation of synergist(15, 66)

¢KS W/ Nraa !'Od0AdlIaA2yQ GKS2NE adzalLlsSodta i
activity, which in turn leads to concurrent adaptations in both hemisphé6€3 The

theory and understanding of croslucation were originally basd on the early

observations of motor irradiationa spill over of unintended motor activity the



untrained limb during forcefulnilateral strength training71). Since then research
could demonstrate increased excitability of the untradh ipsilateralprimary motor
cortex (iM1), and the occurrenas crosseducation without motor irradiatior(43, 70,
72). Thus, it is now generally accepted that credsication is mediated by the bilateral
cortical activation rather than the resutty motor irradiation(43, 67) Please refer to

Figure 1.3 by Ruddy et §9)for a schematic representation
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Figurel.2 (69) Schematic Representation of tBdateral Access Hypothesis

G- ¢ NI LINE a Sy ladlaptatidswhité\ cifcies intdiBdtel motSrRetworks. Solid
arrows represent processes occurring during unilateral training, dashed arrows
represent processes that are specific to subsequent movements of the untraing@) limb.
Adaptations generated during unilateralaining are established in brain centres
accessible to trained and untrained motor networks atikéi) are lateralised to motor
networks controlling the trained limb and accessible to the untrained limb
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Figurel.3 (69) Schematic Representation of theoss Activation Hypothesis

G- ¢ NB Ldhidhd r8lsted &adaptations, white cles indicate motor networkshe
solid arrow represents processes occurring during unilateral training

Hendy et al(73)providessi KS Y2aid NBOSyild SOARSYyOS adzLIL.
hypothesis, emphasizing the important role iM1 plays in the mediation of €ross
education of strength. During a unilatetatep training programmanodaltranscranial

direct current stimulationwas applied to increase excitability in the iMA.main effect

for group x time was discovered@=10.755, p<0.001)trength gaingn the untrained

limb of the group receivingnodal transcranial direct current stimulatiaignificantly
exceeded those mgorted for the group receiving sham stimulati¢gh3% vs. 7.6%, p =

0.039)(73).

Most research concentrates on elevated neural activity inghmary motor cortex¥11)

during and after unilateral exercise. However, the same applies to other cortical areas

10



(Table 11) (18). Ruddy et al.(74)discoveredncreasedunctionalconnectivity between
the right and leftsupplementary motor areaSMA) after unilateral training =0.05, T
(17) =1.72, d=0.81)hese findings were not predictive of the magnitude of trangfer
0.080.18, p=0.28).79) However, variations in structurabnnectivity correlated with
training outcomes, dower degree of SMA SMA structural connectivity exhibited
higher levels of transfgir=-0.57, p=0.01§74). The SMA is believed to play an important
role in preventing unwanted mirror movementa the contralateral limb(75). The
authors suggest that higher SMASMA connectivity represés a more effective non
mirroring network, supressing motor overflow during unilateral training more

successfully, thus reducing levels of strength or interlimb tran3)

Tablel1.1 (18) Brain Activation Resutiiy from Unilateral Training with the Dominant
Right Am

Brain areas activated in the left
hemisphere(trained)

Brain areas activated in the right
hemisphere(untrained)

M1*
Somatosensory cortex
Middle temporal gyrus

Inferior temporal gyrus
Occipital gyrus
Cerebellum
Premotor cortex
Supplementary motor aréa
Medial frontal gyru$

Caudal cingulate cortex
Precentral gyrus
Lateral premotor area*

M1*
Somatosensory cortex
Superior temporal gyrus

Occipital gyrus
Cerebellum

Supplementarynotor are&
Caudal cingulate cortex

Precentral gyrus
Lateral premotor area*

* activated elements of the Mirror Neuron System during and after unilateral

training with the dominant, right arm
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Transcranial magnetic stimulatig@iM9§ studies, focusing on the magnitude and nature
of activation in the untrained hemisphere, described a reductiosilient period (SP)
duration, a decline in sbrt interval intracortical inhibition (SICI) in the untrained M1,
and a decrease in interhemispheric inhibition (IHI) from the trained to the untrained M1
during and after unilateral strength training2, 43, 61, 76, 77Yhe duation of theSP

IS a measure of corticospinal excitation or inhibition, shorter durations indicate
increased net corticospinal excitabili@2, 78) Kidgell et al.(61)reported a significant
reduction in SP a27% and 82% decrease in SICI after 4 weeks of unilateral eccentric
wrist training compagd to a nontraining control group § = 0.008,p = 0.002)
Hortobagyi et al(43)described an IHI reduction of 30.9% over the course of 20 isometric
unilateral index finger abduction training sessions (p = 0.@08&)pared to a control
group &,72= 8.2, p = 0.000 The decrease in IHI and the tsderred strength became
progressivelyandmore strongly correlatedr = 0.72, p = 0.008providing first evidence
that crosseducation is, at least partially, mediated by changes in(4d] 69) Such
interhemispheric communication is widely believed to occur via the corpus call(Em
71). However, there must be other paths involved, as bilateral activity was noted in
patients with complete agenesis of this anatomical struct{rd, 79) Discussed
inhibitory processes are mediated by the neurotransmitter Garfnano-ButyricAcid
(GABAJ80, 81)andits role in crosseducation is currently under revie@2, 61, 76, 82)

It seems unilateral resistance training reduces the activity of GABdiated inhibitory
interneurons and GABA receptors in the untrained M1, thus allowing for increased

corticospinal excitability of the untrained motor pathwéd2, 76, 8284).

Few studies have investigated spinal mechanisms related to -echssation with

conflicting results.In the study by Hortobagyi et g48) electrical stimulation training

12



resulted in greater strength transfer (104%) than a voluntary contraction pro{8zés,

p < 0.05). Furthermore,@ecreae in Hreflexexcitability in the contralateral limb during
unilateral training of the upper limb could be previously noféd, 8587). Although the
mechanisms mediating the noted depression could not be precisely identified, authors
speculated that presynaptic inhibition might be responsibig6, 85) Changes in the
homologous maximal Jeflex amplitude as a result of chronic unilateral strength
training have not beeshown so far, however only the lower limb has been investigated
(51, 88, 89) A significant decrease of maximatredlex amplitude in the antagonistic
muscle of the untrained limfd=1.05p=0.006)as well as a nasignificant increase with
large effect size (d0.91, d=0.08 of the Hreflex amplitude at threshold in the tirained
homologous muscle were reported88). Furthermore, changes in spinal reflex
excitability and reciprocal inhibition on the untrained side could be shown after
unilateral stremgth training and croseducation in stroke patient$90). Collectively,
these results indicate that spinal circuits may play a small role in-exdbssation(51,

67, 8890).

Adaptations in the untrained skeletal muscle seem unlikely to medilage cross

education effect(57, 8, 91) In healthy individualscontralateral strength gain is not
accompanied by hypertroph{92-94), modification in contractile protein composition,
or adaptationsin muscle enzyme concentratiaor activity (57, 66, 9598). However,

muscle atrophy caused by disuse can be prevented with unilateral strength tr§@%ng
101) Thus,suggesting the existence of a mechanism bitig protein degradation
and/or activating protein synthesis, triggered by unilateral training muscle wasting

environment(67). Exact underlying mechanism have not yet been investigated and the

13



magnitude of peripherfactors influencing crossducation are probably fairly modest

(67)

In summary, adaptations mediatingrosseducation mostly occur atcortical or
supraspinalevel with changes in spinal circuits possibly playing a minor idéiral
alterationslead to more efficient motor commanit the untrained muscle, resulting in
contralateral strength increase. Contributing adagpas may vary depending on the

training protocol and involved muscle grou@®, 91)

1.4.Mirror Therapy

During mirror therapy I YA NNR NJ A & LJ |-s&fft& plané, geffegtingr LIS
the training limb as if it were theesting limb behind the mirro(Figure 1.4 Thus,
movements of a healthy limb can create the visual illusion of normal movement patterns

in a compromised lim102, 103)

Figurel.4: Example of the Safip forMirror Theragy Training
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In the early 90&Ramachandran and colleagues fidsiscribed positive effects of mirror
therapy in arm amputees for phantom limb pain reduction. The visual illusion of a
normally functioning limbreated by the mirror reflectiomllowed patients to seemingly
WNEB f S lphabtem limtKdbit of painfulp 3 A A2y & | YR W@2WA) NPt Q
Mirror therapy hasalsoshown positive effects on postroke motor recovery38, 39,
104, 105) A recent Cochrane review analysinige results of 14 studies witlb67
participants concluded that mirror therapynproved motor function of the upper
extremity, Activities of Daily Livingnd pain in pdicipants who had suffered a stroke
(105) Furthermore, a ase studyconducted by the Institute of Technology Sligo
Neuroplasticity Research Group, provided first evidence of positive effects of mirror
aided treadmill walking in posttroke rehabilitation(106) The subject was female, 50
years old and 47 months post strokélhe intervention consisted of 30 minutes of
treadmillwalking while observing the reflection of thessaffected (A (right) limb in a
custombuilt acrylic mirror apparatus3 times a week for 4 weeks. At pastervention
assessment thdodified Ashworth Scaléhe FugiMeyer Assessmertower Extremity

and the 10 Metre Walk Test demonstea clinically meaningful improvemen($06)

1.4.1.Possible Mechanissn

Effective motor control and motor learning depends on constategration of sensory
responses, whereby predicted sensory consequences of motor commands are
compared with actual sensory feedba(@07-109) Conditions such as amputations or
stroke can cause incongruence of efferent and afférsignals, possibly leading to
learned paralysisand painful spasm$102) Due to the dominance of vision over
proprioception(110) mirror therapymay be able to restore the interrupted efferenee

afference loop and allovior rehabilitation (40, 111, 112)Although it is often claimed
15



that neuroplastic adaptations nuiate the positive effects of mirrotherapy, exact
mechanisms remain speculative. A recent systematic review identified alterations in
three functional netvorks mediating perceptumnotor control processes, confirming
three not mutually exclusive hypothes@3) The visual illusion of (hormal) movemten

of the limb behind the mirromay cause a shift in attention toward the unseen (paretic)
limb (Hypothesis 1§103, 113) Deconinck et al(103) reported increased activity in
primary and secondary visual and somatosensory areas in the untrained hemisphere
associated with conscious awareness of sensorgldaek and movement monitoring,

information processing and attentiofi03, 114, 115)

Furthermore, he Mirror Neuron System (MNS) is believed to playrole in mirror
therapy (Hypothesis 2)18, 19, 116) mirror neurons connect sensory neurons with
motor neurons, thus movemerobservation of the mirror image causes subthreshold
corticospinal activity imitating the motor command that would regulate the observed
action in the limb behind the mirro(116-118) Mirror visual feedback immediately
increased activity in theuperior temporal gyrugl15)and elevated engagement of the
premotor cortex after training119) both areas have been previously associated with
the MNS. Furthermore, a study exploring the atephysiological mafestation of
mirror therapy, reported enhanced measurements associated vitith movement

execution and observatioralso indicatingecruitment of the MN§118)

The third functional network mediated by mirror therapy the motor networkwhereby
adaptations may occur in the untrained motor pathway (Hypothes{¢@3) Numerous
studies described increased excitability in the primary and premotor motor cortex

associated with the limb behind the mirr@g88, 119122) This ispotentially due to
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neutralisation of IHI from the trained to the untrained hemisph€&t@3) Furthermore
after 4 days of mirroaided skill trainingintracortical inhibition (ICl) increased in the
trained M1(p = 0.0)but decreased in the untrained M(p = 0.04)indicating decreased
excitability ofthe trained M1 but increased excitability ahe untrained M1(123)
Acute stroke patients or stroke patients with poor rehabilitation outcomes show an
excitatoryinhibitory imbalarce between the two hemispheres, witlrte excitatory
effectsin the contralesional hemisphere when moving the paretic limb. As the patient
recovers, activation shifts back towards the affected hemisphé@é, 124) As
aforementioned, miror therapyresulted in decreased excitability in the trained and
increased excitability in the untrained hemisphdfe23) thus mirror therapymay aid
normalisation of the activationmbalance. Recent studies carried out in a stroke
population indcate a similar trendjncreased activatiorof the affected hemisphere
and/or decreased activation of the contesional hemisphere after mirror thergpvere

reported(38, 39, 104)

1.5.Crosseducation and Mirror Therapy

Inter-limb transfer of skill can benharcedby mirror therapy(103, 119, 123andit was
previously hypothesised that the same principle applies for eealsgation of strength
(17, 18) Zult et al(18)and Howatson et al17)suggesthat the MNSmay not onlybe
involved when implementing mirror therapybut also durig crosseducation
interventions. Neuroanatomical brain structures representing the MNS are activated

duringboth training metlodsas illustrated infable 1.1and Figure 1.5 by Zult et &1.8).
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; Ventral premotor cortex
Medial frontal gyrus

Caudal cingulate cortex

Inferior temporal gyrus

Middle temporal gyrus

Lateral cerebellum

Dorsal premotor cortex
Supplementary motor area premotor cortex

Supplementary motor area

Lateral Caudal cingulate cortex

Superior temporal gyrus

Primary somatosensory \
Ventral somatosensory cortex Posterior medial
Medial occipital cortex cerebellum
gyrus Primary motor cortex
Medial occipital
Posterior mwedial gyrus .
cerebellum Primary motor cortex Anterior cerebellar lobe

Medial longitudinal fissure

Figurel.5 (18) Brain Areas involved {Drosseducation and Mirror ferapy

The model identifies the brain areas that interconnect the two hemispheres and play a
hypothetical (unfilled white arrows) or experimentally verified role (filled black arrows)
in crosseducation of muscle strength frorhé trained right to the untrained left limb.
Shaded areas indicate regions of the brain involved in the MNS and in mediating cross
education; darker shading means more definitive evidence.

Furthermore, similar excitationand inhibition patterns were noted for both

interventions separatel\(38, 42, 43, 61, 103, 123, 129 reduction in IHI from the

trained to untrained M1 was proven for cresgucation (43) and hypothesised for

mirror therapy(103) Similarly, a reduction in intracortical inhibition in the untrained

M1, and increased excitation of the untrained motor pathway is associaitfuboth

training methods (42, 61, 123) Potentiated, repeated activation of cortical areas

controlling the untrained limb may be generated and alterations in cortical excitatory or
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inhibitory processes may be augmented. Thativation thresholds of dornra
neurons can baltered,and already active neurons can be primed to ultimately increase
excitability of cortical areasesponsible for moto control of the untrained limi(17,

126) Furthemore, elements of the primary and secondary visual and somatosensory
areas, activated by reflection observation in a mifr may provide additional
informationto the untrained hemisphere compared to unilateral strength training alone
(17, 18, 20, 66, 67, 103)he increasedepeated activation of cortical areas controlling
the untrained limbalong with additional input from visual and somatosory systems,
may result ingreater and more efficient neural drive to the untrained limb, leading to
greater force production after a combihan training of crossducation and mirror

therapy(17).

Zult et al.(19)tested the hypothesis with 27 healthy volunteers. The study showed that
performing effortful wrist flexions while observing a mirror image of theving right
hand reducedSICI (9%, p<0.05h the untrained M1 compared with Rmirror
contraction and resting conditions with and Wwitut a mirror(R26= 6.9;pT n ®fmMn T
= 0.209) No effect of the mirror on corticospinal excitability of the untednM1 coud

be demonstrated. The authordiypothesised that the strong unilateral muscle
contractions (60% of maximal voluntary contraction) creladesaturation effect, in that

the generated level of excitation in the ipsiledé corticospinal pathway codinot be
further increased by mirror viewing. Mirror induced changes of SICI in the untrained M1
substantiate the ideahat mirror-aided crosseducationmight be more effectivehan
crosseducation alone (19). Proof of principle was delivered whefult el al.(20)
conduwcted a trial including 23 healthy adults randomised into a mitraining group

(MG) and normirror training group (NMG). After 15 training sessiangme main effect
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for strength changes in the trained wrist flexors was notéch{= 110.5p < 0.001, %

= 0.840, strength increased by 72% both groups In the untrained wrist flexorsa
groupx time interaction forstrengthchangeswvas identified(F21= 4.5pF n®fn T =
0.176) postintervention maximal voluntary contraction torqueas 13% higer in the

MG than the NMGQ < 0.05, d = 0.505trength gains in the MB1%) weresignificantly
higher thanin the NMG (34%, p = 0.04orticospinal excitability increased and SICI
decreased in the untrained hemisphere in the mirror as well as im¢memirror set up,

thus mirroraugmented croseducation of strengthmust be mediated by othe
mechanisms. The SReasured on the untrained side significantly decrea&iado)(F,
21=85pl N ®HAG28Iahd the IHfrom the trained to the untrained hemisphere
significantly increasefll1%)in the MGcompared to the NMGF., 14=4.7pl n ®Hny >
= 0.251) The described study provides initial evidence that the use of a mirror can
augment croseducation of strengthin healthy partigpants and is, at least in part,
mediated by altered inhibition (SP, IH20). The authors strongly recommend
investigating the effectef mirror-aided crosseducationon motor recovery in clinical
populations(17, 18, 20)Considering the low average strength gain in the untrained
upper limb (9.8%6) after unilateral trainings4), the additional use of a mirror may lead

to clinicaly significant improvementsat achievable by crossducationtherapy alone.

A case study (under review) conducted by the Institute of Technology Sligo
Neuroplasticity Research Group provides first indications of positive effectsriair-
aided unilateral strength trainingn poststroke lowerlimb recovery. After a warm up,

the groke patient (66yearold male, 6 months post stroke) performed 4 sets of 5
repetitions of maximal isometric ankle dorsiflexor contractions with his LA limb (right)

while observing the reflection in a mirror. After 12 sessions carried out over 4 weeks,
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maximal voluntary ontraction strength increased in the trained (LA) and the untrained
(MA) limb. The MA&nd the 10 Metre Walk Test demonstrated clinically meaningful
changes, Timed Up and Gand selfperceived participatioomeasured with the London

Handica@ Scale (LHS) also showed substantial improvements.

1.6.Knowledge Gaps arcesigObjectives

Snce its first implementation in the early 9040, 102) the positive effects of mirror
therapy on post stroke recovery have been well establisifedecent Gchranereview
(105)concluded that mirror therapy improwamnotor function of the upper extremity,

activities ofdaily living and pain in participants who had suffered a stroke

Evidence supporting the existence of creskication in a healthy population was
provided byManca et al.(54) and the applicationin poststroke rehabilitationwas
recommendel. However, to date no systematic literature review was conducted to

establishpossible positive effects in pastroke recovery.

Furthermore, it was hypothesised that mirror visual feedback can augment the-cross
education effect. Zult et al. (20) was the first toexplore the theory in healthy
participants. Following positive effects authors suggested to investigate the
combination interventiorof unilateral strength training and mirror therapy a stroke

population.To date, no research team has followed the nexnendation.

Considering the outlined gaps in the literatutbkis thesidfirstly aims to investigate the
clinical benefits of crossducationon post strokemotor functionrecovery. Secondly, it
intends to establish the feasibility and potential efficacf mirror aided unilateral

strength training onpoststroke upper limb motor function recovery compared to

unilateral strength traininglone
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Chapter 2systematically reviews published literature to gain an understanding of the
possble benefits ofcrosseducationin stroke rehabilitationConsidering this is the first
literature review in this area of research andealto thediscoveredshortage of peer

reviewed articlesupper and lower limb studies amnsidered

To evaluate the eéctivenessof the subsequently applied(mirror-aided) cross
education intervention, strength testing procedures of high reliability are required
(127) However,most reliability studies usingsokinetic dynamometrgoncentrate on
knee extension andlexion in an isokinetic modél28131) Furthermore, concrete
guidelines regardindesting procedurs such as verbal instructiorend the use of
analytic softwareare not available to the research or rehabilitation community.
ensurea reliablestrength testingorocedure when assessing the effects of the planned
upper limb unilateral strength trainingrogramme(chapter 4, chapter3 firstly aims to
establish the protocol reliability for maximal isometric elbow extensiorstrength
measured with the Biodex Syste3risokinetic Dynamometer and the Biodex Advantage
Software version 3.45 (Biodex Medical Systems, Inc., Shirley, New YoriS&taadlly,
unique recommendationsaddressing different aspects of ttessessment processe

discussed.

To bridge the gap in kiwledge, bapter 4 describes the first pilot studgvestigaing

the feasibility and potential efficacyf mirror-aided unilateral strength training
compared with unilateral strength training alornen poststroke upper limb motor
recovery The primary feability objectivesare (1) to assess the recruitment process, (2)

to examine participant compliance, (3) to evaluate adverse effects, and (4) to assess the

suitability of efficacy outcome measureBhe secondary objectivs to investigate the
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potential eficacyof unilateral strength training combined with mirror therapy opper
limb motor function recovery in chronic stroke patiegsmpared to unilateral strength
training alone. Lastly, gained data can be used for sang#e calculation for a fully

powered trial.

Chapter5 discussesll findings in relation to the current understandirgand identifies

future direction for clinical application and research
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Chapter2: Clinical Application @rosseducation in Stroke

Rehabilitation A Systematic Literature Review

Crosseducation of strength has a positive impact on pestroke rehabilitation: a

systematic iterature review

Monika Ehrensberger, Daniel Simpson, Patrick Broderick, Dr. Kenmnethgkan
Topics in Stroke Rehabilitation 2016, 23 (2):-336

Please find the systematic review PRISMA checklippendix A.

The original article was altered to include recent publications for the purpose of this

thesis.Please refer téAppendix B for full article.
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2.1.Introduction

Crosseducation, the performance improvement in the untrained homologous muscle
after unilateral exercise traininlL5, 16) was first describethy Scripture et al(41)in
1894. Since then, the phenomenon captured the interest of many researchers and
Manca et al.(54) conducted a metanalysis investigating the magnitude of cross

education in a healthy populatian 2017.

The magnitude of contralateral strength transfer reported in different research papers
is ranking between zer(9)and 100+% of initial strengti{48). The contraction type,
speed, the novelty of the strength task, the chosen intensity as well as training of the
non-dominant or dominant limb play a decisive role in thdent of strength transfer

(15, 46, 55, 58, 59Manca et al(54)found definite ezidence for the phenomenon of
crosseducation. The degree of strength gain in the untrained limb is on average 11.9%
(p < 0.00001)f initial strength, and a significant correlation £ 0.61,p < 0.@05)
between the percentage of strength gained in thaitred limb and the percentage of

the contralateral transfer of strength to the untrained limb was establisimedealthy

subjects(54).

Although the existence of contralateral strength transfer has been proven, a conclusion
regarding the underlying mechanisms could not yet be presented. Current literature
suggests that adatations, contributing to the crossducation effect, are most likely to
occur on a supraspinal or cortical leyéb, 91) Several studies, concentrating on the
motor cortex, could show that unilateral strength training results in bilateral activation
of the left and right primary motor cortex (M168, 85, 91, 132)Hortobagyi(68)

concludes that the describdualateral activation can cause plastic changes and mediates
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the crosseducation effect. Adaptations on spinal level, facilitating contralateral strength
transfer, remain unresolved(68, 91) Peripheral adaptations in the untrained
homologous muscle (e.g. hypertrophy, modification in contractile protein composition
or adaptations in muscle enzyme concentrations) could not be shown in any trial so far

(45, 57, 91, 98®8). Accordingly, adaptations on this lew€ highly unlikely.

In summary, cortical mechanisms are considered to be superior in the-edogsition
effect, however specific adaptation sites and processes have not yet been determined.
It may even be possible that contributing factors vary among individuals, muscle groups

and training protocol$91).

To the healthy person, there is no obvious relevance of the phenomenon as they usually
strive to improve function and strength in both limbs simultaneously. From the
perspective of rehabilitation howevethe relevance of crossducation emerges as a
way to benefit the recovery of function after unilateral orthopaedic injury or
neurological damage(11l) Crosseducation trials imitating onaided injury in
unilaterally immobilised healthy participants, showed positive outcomes regarding
strength loss and atroph{®9-101, 133) In a study by Magnus et &.3)crosseducation

was proven to have a positive impact on recovery after distal radius fraciure.
training group (TG) in this study followeduailateral strength training intervention
combined with standard clinical rehabilitatiprtihe control group (CG) performed
standard rehabilitation only At 12week post injuryhand grip strengti{R,37= 4.01, p

= 0.009, A, = 0.098)as well as range ahotion (F,37= 8.20, p = 0.001,%5+0.181) were
significantly improved in the TG versus & The T@Gnd CGhowed 62%and45% of

the nonfractured limb strength at week 12 post injufp = 0.017)(63). Unilateral
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strength training haslsobeen proven beneficial for patients with peroneal nerve injury
(56) and multiple sclerosi134) However, itdid not further improve rehabilitation

outcomesafter anterior cruciate ligament surge($4).

Hemiparesis, a onsided muscle weakness, affects@85% of acute stroke patien(s,

135) Six to twelve months after stroke 35% of patients who presented lower limb
hemiparesis and 56% of those who presented upper limb hemiparesis will still suffer
from the reduced functional ability6). Typically hemiparesis causes asymmetry
between the moreaffected (MA) and lesaffected (LA) sidg11l) and often the
impairment of motor function orthe MA side is too great to engage a strength
training programme. One of the leading considerations for the clinical application of
crosseducation may therefore be to enhance pestoke rehabilitation to reinstate
bilateral limb symmetry11). The use of crossducation as a treatment option in stroke
rehabilitation is a relatively new concept; therefore, limited research exists in the area.
Restricted knowledge regarding the topic currently prevents its application within the
clinical setting. The purpose of this literature review was to investigate the effects of
crosseducation of strength on the posttroke hemiplegic patient and its role in motor

function recovery.

2.2. Methods

2.2.1. Search Strategy

Two assessors (ME, DX@)ried out the search ancompleted thesuitability screening.

In December 2014, thiwllowing databasesvere searchedrom their date of inception

to December 2014 using the key words presented in the search strategy (Table 2.1):

CINAHL, CENTRAL, Google scholar, hselibrary, MEDLINE, Open Grey, PEDro, and Web c
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Science. The titles and dbacts werescreened for suitaility; if a decision could not be
made on this information the full text was retrieved. Authors of included articles were
contacted for further material and reference lists were searched for other relevant
studies. For the pyose of this thesis the same literature search wegeatedin May

2017.

2.2.2. Inclusion & Exclusion Criteria

For studies/reviews to be included 1) the article had to be a controlled trial or a
systematic review, 2) the article had to be in the Endasiguage, 3) participants had to

be hunman and diagnosed with strokd) the described intervention had to be applied to
the LA limb only, and Bhanges in strength dorce generating capacityf the MA side

had to be included as an outcome measure. Imeot words, studies describing
interventions which examined the phenomenon of creskication of strength from the

LA to the MA side in stroke survivors. Studies were excludextifel followed other
designs thammentioned above, 2) the full text articleould not be retrieved in the
English language, 3) participants were healthy or presented with conditions other than
stroke (e.g. Cerebral Palsy), 4) interventions were applied bilaterally or to the MA limb
only, and 5) outcome measures did not inclstieengthassessmerstorforce generating

capacityof the MA limb.

2.2.3. Risk of Bias Assessment

Two differentbias assessment tools were usetleTirst one being the PEDro scale, the
physiotherapy evidence database assessment tool which is based on tieviesoped

by Verhagen et al(136)using the Delphi consensus technique. The second tool used

was the risk of bias assessment tool from the Cochrane Handbook for Systematic
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2.2.4. Data Extraction and Synthesis

Extracted data included (1) study design, (2) sample size, (3) inclusion/exclusion criteria,
(4) participant age, (5) participant gender, (6) outcome measuand (7) summary of
main results. Regarding outcome measures, strength gains in the untrained limb
compared to baseline measurements and/or compared to strength gain in the trained
extremitywasof most interest. Additionally, motor recovery, functional impairment and
neurological measures were considered. Pooled analysis of the data was not possible

due to heterogeneity between studies.

Table2.1: Search Strategy M#ine

#1: stroke OR “stroke rehabilitation” OR “cerebrovascular accident”

#2: “Ischaemic stroke” OR “cerebral infarction” OR “brain attack” OR “thrombotic stroke”
OR “embolic stroke”

#3: “brain aneurysm” OR “hemorrhagic stroke” OR “haemor-rhagic stroke” OR haemorrhage
OR haemorrhage

#4: Hemiparesis OR hemiparetic OR hemiplegia OR “unilateral paresis”
#5:10R20R30R4

#6: “cross education” OR cross-education OR “cross transfer” OR cross-transfer
#7: “interlimb transfer” OR inter-limb transfer

#8: “strength transfer” OR strength-transfer

#9: “skill transfer “OR “intermanual transfer”

#10: “unilateral training”

#11:6 OR70R8 OR90OR 10

#12:5and 11

29



2.3.Results

2.3.1. Identification of Studies

Theinitial electronic database search yielde866results. Using the described inclusion
and exclusion criteriagl full articles remained eligible for further screening. After
screening3 studies werefound to be relevant for tis review (Figure 2.1): Kim et al.

(138) Dragert and Zehf90)and Urbin et al.(62).

CdzNIKSNXY2NBZ | aiddzRe Ay @Saisedutatioh i Strokdt A y A
rehabilitation was deemed important for this thegis39) a brief summery is included

at the end of the discussion section to allow for a comprehensive insight.
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Figure2.1: Flowchart of Study SelectioroPess

2.3.2. Description of Studies

The three studies applied physical interventions to the LA side in stroke patients;
strength measure®r force generating capacityf the MA sidewere reported. Study
characteristics are detailed in Table 2.2. The first study by Kim €38)is a single
blinded randomised controlled trial with two experimental (EG1 and EG2) and one
control group (CG). Thirty pacipants took part, 15 male and 15 female with average

age in mean years + SD of CG &, EG1 59 8, and EG2 %+ 12. Inclusion criteria
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consisted of: first episode of stroke, stable hemodynamics, Ashworth index < 2 in all
lower extremity (LE) musclesi@ a mini mental state examination (MMSE) score > 24.
Exclusion criteria consistedf orthopaedic impaiment, cardiovascular instability
thrombophlebitis, significant perceptual, cognitive or communication impairment,
diabetes and contraindications forlttitable. Pre and postintervention strength
measures, taken with a hareld dynamometer, included hip flexors, hip extensors,
knee flexors, knee extensors, ankle dorsiflexors and ankle plantarflexors. Other
measurements were spatiotemporal parametersgait (gait velocity, cadence, stride
length, gait symmetry ratio and double support period). Kim e(¥38)compared 3
different types of tilt table interventions combined with standard functional training
over a3-weekperiod. The standard functional training consisted of strengthening and
stretching exercises of the limbs, postural control, and therapist guided techniques for
normal movement and simple forward stepping for 30min 5 times a week. Additionally,
all groupsreceived tilt table interventioafor 20min a day: Control Group (CG) strapped
bilaterally with safety belts, no exercise intervention; Experimental Group 1 (EG1)
strapped with safety belts paretic side only, eleg standing training with LA leg;
Experinental Group 2 (EG2) strapped with safety belts paretic side only, progressive
taskoriented training with the LA lower extremity. The additional tilt table intervention
accumulated to 300 minutes over 3 weeks. Even though Kim@t3#)include strength

outcome meagrements, the intervention did not contain strength specific training.

The second study by Dragert and Z&®)was a one group hearandomised controlled
intervention. Nineteerparticipants, 15 male and 4 female, age ranging from 26 to 81
years (mean = 58 * 12) took part. Inclusion criteria consisted of: > 6 months after stroke,

one-sided dorsiflexor weakness, ability to stand free with or without assistive device and
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maintain the activity level during the studyExclusion criteria included: edication
affecting muscle tone < 3 months prido the intervention and chronic disease
comorbidity. Preand postintervention measures included maximal voluntary isometric
contraction (MVC) of the dorsiflexors and plantarflexors bilaterally; electromyography
(EMG) of the soleus (SOL), tibialis anterior (TA) and vastus lateralis (VL); walking trial
measurements (step cycle timing, EMG, joint kinematics in the MA knee and both
ankles); clirgal measures (Timed Up and Go, Timed 10m walk, Modified Ashworth Scale,
Functional ambulatory category, Berg balance scale, andNrexgr), and maximal
motor waves and reciprocal inhibition (RI) were elicited and recorded. Dragert and Zehr
(90) worked with a mixed latwratory and home-basedtraining protocol for the less
affected dorsiflexors. The strength training consistecg ofarm-up, followed by 5 sets

of 5 maximal effort isomtric repetitions held for 5 seconds with 2 seconds rest between
contractions and 2 minutes rest between sets. Each participant had to complete 3
sessions (25minutes) per week for 6 consecutive weeks, accumulating to 450 minutes of

intervention.

The studyby Urbin et al.(62) followed a controlled prospective cohort, repeated
measures design. Seven healthy participants (control group), 2 mel& &male with
mean age ob0 £ 12 years and 6 strokeusvivors (stroke group} male and 2 female
with meanage of % + 14yearstook part in the study. Both groups acted as their own
control with 2 preintervention assessments 4 weeks apart. Inclusion criteria for stroke
participants consisted of: (1) cloal diagnosis of ischemic or haemorrhagic stroke as
determined by a stroke neurologist, (28 months post stroke, and (3) Medical Research

Council Scale for Strength score of 0 (no movement) to 2 (movement with influence of

33



gravity removed) in the paretiwrist extensors. Exclusion criteria for control and stroke
participants were: (1) (other) neurological conditions, (2) presence of musculoskeletal
conditions affecting the bones and/or soft tissues of the upper extremity, (3) history of
resistance traimg involving the wrist extensors, (4) presence of aphasia, and (5)
contraindications to transcranial magnetic stimulation (TMS)- &rd postintervention
strength of the trained and untrained side of the control group and the trained (LA) side
of the stioke group was assessed with a siagiéumn pulley. The forecgenerating
capacity of the untrained (MA) side of the stroke group was measured using AROM
against gravity. The Action Research Arm Test (ARAT), and TMS to determine
corticospinal excitability rad inhibition were applied also. The wrist extensor strength
training consisted of a warm up, followed by 6 sets & Gpetitions at 80% of one
repetition-maximum with 90 seconds rest between sets. Each participant completed 4
sessions a week for 4 weekaccumulating to 16 sessions. In all studies fest

measurements were compared to ptest results to identify changes.
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2.3.3. Description dResults

Results of each study for strength assessments and motor recovery outcome measures
are displayed iTable 2. Kim et al(138)found no significant differences between pre
test and posttest strength measures in the LA limb of all 3 gro(ps 0.05) However,

the MA side showed a significant strength improvement for all measured muscle groups
in EG1 (one leg stding training) and EG2aSkoriented training). For the one leg
standing training group strength gamangefrom 13.7% to 53.2% (mean = 22.6%; -
11.42¢ -4.23 p = 0.04¢ 0.00)the dorsiflexor strength increased by 2386¢8.12,p =

0.00). For thetaskoriented training group improvements from 28.5% to 48% were
noted (mean = 39.5%) =-19.54¢ -5.05, p = 0.02 0.00)with a dorsiflexor strength gain

of 45.5% 1= 19.54p =0.00). The CG showenb significant strength increase the MA
side(p > 0.05) Furthermore, the strength gains in knee flexors, knee extensors, ankle
dorsiflexors and ankle plantarflexors were significantly greater in EG2 thanFEG1
104.14¢ 10.01, p = 0.040.00) In all gait characteristics significant improvertsecould

be shown for EG2 against G5 = 30.057.45, p=0.03.00) Also stride length, gait
symmetry ratio and double support period significantly improved in EG2 compared to
EG1(F = 14.23.45, p=0.03.00) All characteristics, except stride lengtlosved a
significant improvement in EG1 against G 30.05.45, p=0.03).00) There were no
significant changes noted in the G > 0.05) In the trial by Dragert and Zel(@0)
dorsiflexor MVIC significantly increased by 33.8¢0(5,0=0.02) in the trained limb and

by 31.4%d=0.6,p = 0.009) in the untrained, MA limb. After intervention Timed Up and
Go was significantly reduced from 18.61s to 17.4%9(6,0=0.05). There we no other
significant changes observed in functional impairment or clinical measures. Range of

motion of the LA ankle increased significantly (p=0.04), this improvement did not
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translate into the MA side. After the training period, EMGmax increasediseymiy in

the tibialis anterior muscle in both limbs (la&0.7,p = 0.02, MAd=0.6p = 0.03)When
walking, & increag in muscle activation wacorded in tle tibialis anterior of the
more-affected side (p = 0.03) and the soleus muscle of the keaffected and more
affected side (p= 0.005, p = 0.04)During training sessions -aativation within the
untrained limb was noted. Measurements of Rl showed significant changee MA
tibialis anterior after intervention (p < 0.05). Urbin et @2)reported no time x group
interaction for strength gais in the trained wrist extensors(F22=1.23, p=0.31,

' 2=0.10. Strength increaseih both groups (control 38.0 + 13.4%, stroke 29.0 + 11.0%,
p < 0.05with no between group difference (p = 0.2). In the control group, untrained
wrist extensor strength increased significantly by 18% Qp0d)(F,5=28.02, p<0.01,
'2=0.92. In the stroke group, AROM and the ARAT improved significantly by 25°
(~100%p < 0.01XR4=15.63, p<n @ n#D.89 and 2.4points (4%0(t 5)=-2.72,p =
0.04) respectively. Strength and functional impgoents in the MA side in stroke
patients were accompanied by increased net excitation of the corticospinal pathway,

inclusive of all inhibitory and excitatory inputs (n = 2).
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Table 2.2. Description arisults ofEachSudy

Study

Kim et al. (2014) |

Dragert & Zehr (2013)

| Urbin et al. (2015)

Descripti

on

Study Design

Single blinded randomized controlled
trial

Onegroup nonrandomized
controlled intervention

Controlled prospective
cohort, repeated measures
design

Sample Size 30 19 13 (7 healthy/ 6 stroke)
Gender 15F/ 15M 4F/ 15M 7F/ 6M
Mean aget SD CG: 619, EG1: 5948, EG2: 59+12 58+12 Healthy: 50+12
Stroke: 55+14
Paretic side left/right CG: 7/3, EGL1: 4/6, EG2: 5/5 12/7 NR
Stroke type ischemic/ CG: 5/5EG1: 4/6, EG2: 7/3 NR 5/1

haemorrhagic

Intervention

w ¢Afd dlrofS Ayds
w / DY {Cce b GAtd
intervention
w 9DmMY {C¢ b ailky
affected leg

w 52NBATESEAZ2Y

strength training on less
affected side 5sets of 5

maximal isometric contractiong

held for 5seconds

w 58yl YAO NI
training 6 sets of
repetitions at 80% (1 RM)

w n asSaairzya
weeks

w 9DHY Jrettedsainingfér{| w o asSaairzya LU
lessaffected leg weeks
w p aS3aaA by3aveekiS NI
Outcome measures w YdzaOf S adNBYyIiIK| w a+xl/ Y8HlcadzEE w sNRA &G SEG Sy
dynamometer w 9ab strength with a singleolumn
w DFAG LI NIYSGHISNE|w -wave pulley
stride length, gait symmetry, double | @ wL w al! GNR&lG SE
support percentage w DFAG 1AYySYIl { AROM
w [ fTAYAOLE YSIHw !w!e¢e
w ¢a/{
Results
Strength/ forcegenerating capacity %hanges of the MA side {mlue)
CG EG1 EG2
Hip Flexion -14.2 po®duHM|nyh
(0.02) (<0.01) (<0.01)
Hip Extension -0.6 MC PcUH|HY Pph
(0.07) (0.03) (0.02)
Knee Flexion -0.2 MndPT U | nodph
(0.09) (0.04) (<0.01)
Knee Extension -0.3 MO ®PT U |op Pc U/
(0.29) (0.03) (<0.01)
Dorsiflexion -1.4 HOMW np ®p x4 31.4(0.009)
(0.37) (<0.01) (<0.01)
Plantarflexion 0.6 Mndy | opPnhf-45(0.77)
(0.6) (0.03) (<0.01)
Wrist Extension 100 (<0.01) (AROM)
%-change in gaiparameters (pvalue)
Gait Velocity -0.2 hdy H M OH K
(0.88) (<0.01) (<0.01)
Cadence 1.2 T®Pph y dc h
(0.39) (<0.01) (<0.01)
Stride Length 0.8 0.7 y dolhy
(0.45) (0.661) (<0.01)
Gait Symmetry Ratio -5 pndchul-cndmh
(0.07) (0.04) (0.01)
Double support period | -1.4 -MnN AT U -HY Pl
(0.11) (0.04) (<0.01)
Significant %hange in clinical measuresyplue)
Time Up and GO -6.4 (0.05)

ARAT

4 (0.04)

F female, M male, CG control group, EG experimental group, NR not reported, SFT standard function training, MVIC matanyal
isometric contraction, EMG electromyography, RI reciprocal inhibition, 1RM one repetition maximum, AROM active rangapf m(

significantly different compared to EG1

W AAIYATAOI Y
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2.3.4. Bias

The study by Kim et a(138)is a single blindedandomised controlled trial (RCT)
allowing for comparisons between intervention and control groups. Eight out of 11 items
on the PEDro scald36)were satisfactory and the study was considered to have a low
risk of bias according to the Cochrane risk of bias assessmen{1®0) Howeve,
allocation concealment, blinding phrticipants and therapists wenot described. The
fact that patients were allowed to choose the angle of the tilt table individually might
cause a variation in the exercise protocol between the three groups. Thik sanaple

size within this study was identified as a limiting factor.

The study by Dragert and Zelt®0) is a one groupnon-randomised controlled
intervention. The assessmentloifis using the PEDro scale and the Cochrane risk of bias
assessment tool proved difficult as a number of criteria within both tools could not be
applied due to study design. Only 7 out of the 11 items of the PEDro scale were
appropriate, 4 of which were tel2 NI1ISR G2 GKS FaasSaaz2Nna
therapists, participants and outcome assessor is not reported. No control group
outcome measures are obtained for comparison which may compromise the
interpretation of results as strength gain in the caaateral limb might be due to
familiarization of test protocol or environment. Furthermore, the patiiyme-based
intervention protocol could cause adherence issues. This potential problem was
addressed via telephone communication between participants toetapist directly

after home training sessions were completed; however, the risk of possible overtraining,
undertraining or incorrect technique remains. Participant profile showed a wide range

of heterogeneity regarding age, time afterake, lower extrenity functional capacity

etc. Participant drogut resulted in a small sample size (n = 19), however Dragert and
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Zehr(35)a G G SR GKI G fied Size cakWafofiNsuggdribust results.
Overall,the study scored 4 out of 11 on the PEDro sctie; risk of bias using the

Cochrane risk of bias assessment tool was considered unclear.

Again Urbin et al(62)does not follow a randomised controlled design, making the risk

of bias assessment difficult. For the PEDro scale 9 out of the 11 items were appropriate,
5 of which were reported to ther 34 Saa2NRa altdAafFlOtAzy o
participants and outcome assessor was not reported. Strength in the trained side was
significantly different between control group (healthy participants) and stroke group at
baseline (p < 0.05). Furthermorehanges in strength in the untrained, MA side was
assessed using the AROM against gravity assessment tool, thus strength changes cannot
be quantified and between group comparison is difficult. The small sample size was also
identified as limiting factorn this study. Overall the study scored 5 out of 11 on the
PEDro scale; the risk of bias using the Cochrane risk of bias assessment tool was
considered unclear. Detailed description of the bias assessment is shown in T&bles 2.

and 24.
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Item

Table2.3: PEDro Risk of Bias Assessnfienfll ThreeSudies

Kim et al.
(2014)

Dragert & Zehr
(2013)

Urbin et al.
(2015)

1

Eligibility criteria were specified

Yes

Yes

Yes

Subjects were randomly allocated
to groups

Yes

N/A

N/A

Allocation wasoncealed

Not reported

N/A

N/A

The groups were similar at baselir
regarding  most important
prognostic indicators

Yes

N/A

No

There was blinding of all subjects

Not reported

Not reported

Not reported

There was blinding of aterapists
who administered therapy

Not reported

Not reported

Not reported

There was blinding of all assessol
who measured at least one key
outcome

Yes

Not reported

Not reported

Measures of at least one key
outcome were obtained from more
than 85% of the subjects initially
allocated to groups

Yes

Yes

Yes

All subjects for whom outcome
measures were available receiveq
the treatment or control condition
as allocated or, where this was ng
the case, data for at least one key
outcome was analysehly

GAyauSyuairzy G2

Yes

Yes

Yes

10

The results of betweegroup
statistical comparison are reportec
for at least one key outcome

Yes

N/A

Yes

11

The study provides both point
measures and measures of
variability for at least one key
outcome

Yes

Yes

Yes

Total

8/11

4/11

5/11
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2.3.5. Confounders

Kim et al(138)recruited all participants from a singlepatient setting which represents

a limited sample population. Dragert and Z¢éBd)recruited participants via community
stroke support groups, posters in medical offices/hospitalnd newspaper articles.
Urbin et al.(62) recruited stoke patients from a Brain Recovery Registry, control
participants answered online advertisements. This suggests participdradl three
trials were recruited on a voluntary basis which may result in participants with a high
level of motivation ancefficacy. The level of motivation and efficacy in participants was
not measured or reported preest or posttest in any of the three trials; this could

present a possible confounder of results.

2.3.6. Strength of Results

In generd, the standard of evidere inrandomised controlled trials (&) is regarded
higher than innon-randomisel controlled studiesRCTs are quantitative, comparative,
controlled experiments in which conclusions regarding the treatment effects may be
drawn with less bias than in alther study designs; RCTs provide thorough evidence of
cause and effec{140) The only RCT included in this review did specifically use
unilateral strength training138) Different outcome measures for strength changes in
the untrained side of healthy participants (control) and stroke patients were used by
Urbin et al.(62), compromisng comparability of results. Furthermore, definite strength
changes in the untrained, MA limb of partiaipng stroke patients could not be
quantified with AROM assessments. The only study applying specific strength training to
the LA side and measuring strength changes in the MA side was a one group non

randomised controlled trial90).
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Based on best evidence synthesis guidelife$l) the combination of the results
included in this review suggest at least a moderate level of evidence (statistically
significant findings in outcome measures in at least one high quality RCThe
application of crosgducation of strength in strokeehabilitation. However, nonef the
studies report lag-term follow-up measurementsthe sustainabity of improvements

isthereforeunclear.

2.4.Discussion

The purpose of this literature vew was to investigate the effects of cressucation of
strength on the posstroke hemiplegic patient and its role in motor function recovery.

A first systematic literature search (2014) yielded 2 studies complying with the inclusion
criteria, a third sudy was added during an update (2017). The first study included, Kim
et al.(138) is ahigh-qualityRCT. Even though the intervention was not strength specific,
the results show a clear trend towards crastucational strength transfer in postroke
hemiplegic pagnts. Tastoriented training proved more effective than one leg standing
training with significantly more strength gain in 4 out of 6 measured muscle groups. In
addition to the strength gain, gait performance improvements could be noted in both
experimenta groups compared to the control group. In 3 out of 5 gait characteristics
the taskcoriented training group scored significantly higher than the one leg standing
training group. The assumption can be made that strength gain translates into gait
improvemens. The second study by Dragert and Z@&)was a norandomised one
group-controlledtrial. Againthe within groupresults give a strong indication that cress
education of stength exists in the posttroke hemiplegic patient, supporting the

findings of Kim et a[138) The strength gain achieved in thatrained, moreaffected
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limb was 31.4%reater whencompared to baseline measurements. Furthermore, the
significant improvement in Timed Up and Go (6.4%) and muscle activity measurements
also suggest a possible translation of credsicational strength transfer towards
functional task improvements. The tHistudy by Urbin et a{62)did not entirely comply

with inclusion criteria. Changes in the untrain@dA wrist extensors were measured
with the AROM against gravity assessment tool, denying exact quantification of strength
changes and comparison with the healthy subject control group. However, it was the
first trial investigating crossducation of the upper limb in a stroke population and was
therefore considered important for this thesis. The untraindA side significantly
improved by 100% p < 0.01 (25°) which also translated to a small but significant

improvement in the ARAT (2.4 points, 4%, p = 0.04).

Dragert and Zehr(90) and Urbin et al.(62) provide first indications of possible
corticospinal adaptations occurring after unilateral strength training in a stroke
population. Motor irradiation during training could beh@wvn and EMG activity
significantly increased bilaterally as a result of the strength training progra(®®e
After assessing absolute stimulator output and ipsilateral silemibge Urbin et al(62)
concludedthat net excitation of tle corticospinal pathway, including all inhibitory and
excitatory inputs, is increased resulting in improved communication between
corticomotor and spinal motor neurons. Furthermore, reported changes in Rl in the
untrained limb may indicate involvement opisal circuits in the crossducation
process(90). Combined resultsuggestneurological adaptations underlying cress
education are still possible after strok62, 90) thus alleviating previously expressed

uncertainty(84).

44



Comparison of the two lower limb studies indicates that tasknted strength training
(138)resulted in a higher overall (mean = 39.5%) and dorsiflexor strength gain (45.5%)
than a specific dorsiflexor isometric contraction pragime (31.4%{90). The smaller
strength increase might be due to the different training protocols used in the two trials.
Dragert and Zeh(90worked with a mixed laboratory and home training programme
which might negatively impact on adherence of the intended exercise protocol. The
participants of the other tria{138)were consistently supervised throughout allitreng
sessions. Furthermore, the latter were training 5 days a week compared to 3 days a week
in the dorsiflexor trial. Total intervention times given by the authors indicates longer
training periods in the trial by Dragert and Z€B0)accumulating to 450min compared

to 300min in the study by Kim et §lL38) However, when actual times of repetitions,
contractions and rest periods are considered, the three warm up sets plus the five sets
of maximal dorsiflexor contractions require approximately 5 minutes of training time
per session, accumulating to 90 minutes of total intervention ti{@@). Even though
there is no breakdown of the actual training time in the study by Kim €tL8B) the
assumption can be made that total training time was greater than 90 minutes, which
may be a contributig factor to the higher strength gain. The average dorsiflexor
strength preintervention of the moreaffected leg was 3.4Nm in the trial by Kim et al.
(138)compared to 9.18Nm for Dragert and Z&B0, 142) This difference in baseline
strength combined with the fact that a more novel tasitented training programme

was used by Kim et glL38)could also be an influencing factor in the high variation of
strength gains between the studies. It has been shown that I®trength levels at the
beginning of a strengthening programme allows for higher and more rapid

improvements(142) Likewise, the more novel or less familiar a training task is, the
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greater the potential strength transfe(c8). Further Dragert and Zeh®0) had no
inclusion/exclusion criteria regarding the Modified Ashworth Scale. Six out of the 19
participants were graded 2 and higher; this is very much in contrast to the tilt table trial
(138) which only included patients who were below 2 on the Modified Ashworth Scale.
This may indicate that higher levels of spasticity reduce the ability for strength gain.
Another factor contributing to higher training effects in the trial by Kim e{E38)is the
incorporation of a purposeful and taskiented exercise protocol. For best outcomes,
exercise tasks need to be specific and should be practiced as meaningflLé&k44)
Direct comparison with the trial by Urbin et §62) regarding strength gains of the
untrained, MA side is impossible due to differing assessment tools. However, the noted
improvement of 100% in the AROM assessment tool seems substantial and the

translation into functional improvements very promising.

Characteristics of participants in the trial by Dragert and Z60) were very much
heterogeneous e.g. months post stroke rangeahf 6 ¢ 284, whereas participants in
Kim et al(138)and Urbin et al(62)show more homogeneity. Such heterogeneity could
be a posdile influence on study resultand make specific interpretations more

challenging.

In a metaanalysis by Manca et gb4)it is clearly stated that strength increase in the
untrained linb corresponds to increases seen in the trained limb. Surprisingly, Kim et al.
(138)reported no significant strength increase in the ledtected, trained lower limb

and there is no attempt to explain this finding.

During the original literature search 2 studiesigitrained the MA side and reported

strength outcome measures of the LA, untrained side were discovered. This did not
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comply with the inclusion criteria for this literature review; however, the studies
describe the phenomenon of crosslucation from the M\ side to the LA side after
stroke and theefore deserve a brief mentiorClark and Patte(il45)conducted a high
intensityresistance training intervention for the MA lower extremity. After completion,

a significant increase in power in the LA, untrained limb was reported. Results showed
increased power in the eccentric strength training groyp < 0.0001) following
resistane training, with the eccentric phase increase (+14%) being marginally larger
than the concentric phase increase (+129%, 0.05). Whitall et a146)compared the
rehabilitation effects of bilateral arm training with rhythmic auditory cueing (BATRAC)
with dosematched unilateral therapeutic exercises (DMTE). As part of the secondary
outcome measures, isokinetic and isometric strength of both arms wasrtegh For

this review only results of the DMTE intervention were of interest, the unilateral
exercises performed were weigbhearing with the moreaffected arm (elbow fixedand
opening the hand with finger extension. After completion, a significant isome
strength increases for the MA upper limb was reported, however this did not carry over
to the LA, untrained side. There were no significant isokinetic strength gains noted. It
appears that croseducation of strength from the MA limb to the LA limhpisssible,
providing sufficient intensity and overload. Even though these studies do not comply
with inclusion criteria, they support the theory that cresducation of strength is

achievable after stroke.

Russell et al(139)A y @dSa G A3l G§SR Of Ay A Odducytianin dtdskél B LIS C
rehabilitation. Focus groups consisting of occupational therapists (n = 23) and physical
therapists (n = 2) at foudifferent sites participated in a serstructured interview.

t I NOAOALI yiaQ SELSNASYOS NIy3aSR FNRBRY yS
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outcomes were captured within three descriptive categories: 1) Gedsgation is
contradictory to general therapistnowledge. Current rehabilitation concentrates on a
forceduse paradigm with treatment focusing on the MA limb. However, therapists
recognised that this paradigm did not meet the needs of all patients. 2) There is a gap in
current practice, with limitedreatment options for patients with severe impairment. 3)

In general croseducation was considered a promising addition to routine therapy. It
was deemed a safe and easy way to increase volume of rehabilitation and an
opportunity to strengthen the LA sidprotecting it from compensation injuries. Overall,
clinicians found crossducation to be paradoxical to current rehabilitatiorethods yet

promising as an adjunct therag¥39)

24.1. Limitations

Articles included in this systematic literature review had to be accessible in the English
language. Fotwo studies the abstract could be retrieved ithe Englishlanguage
howevera translated version dhe full paperwas not availableConsidering the thesis

title which clearly refers to motor function recovery of the upper limb in stroke patients,
the inclusion of trials applying interventions to upper and lower extremities aan b
identified as a limitation. Howevesg, shortageof peerreviewed articlesn the field as

well as tte fact that this is théirst systematic review carried out in this area of research
justify a broader approach. Mén implementing the search in prepaia for the pilot

trial (chapter 4) in December 2014 only studies addressing the lower limb could be
identified. The first study applying cresducation to the upper limb waSrbin et al.

(62), which was included when repeating the search in May 2017.
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2.5.Conclusiorand Contribution to Knowledge

This is the frst systematic literaturereview investiging possiblebenefits of cross
education n post-stroke motor functionrecoveryaddres#ng the first objective ofthis
thesis In summarythere is moderate evidencd41)that the phenomenon of cross
education from the LA side to the MA side can be applied irkstpatients andhat it

has an impact on the recovery of muscle strength. Furthermore, there are indications
that the improvement of strength following unilateral training of the LA limb also
translates into motor function recovery. Clinicians identifiedgap in current
rehabilitation methods which can be addressed by cedgcation interventions.
However, due to the small number of studies with restricted numbers of participants
and the trial€dimitations, more high-quality randomised control trials areeeded to
achieve a more satisfying conclusion regarding effects of @dgsation of strength on
motor recovery after stroke. It is recommended that additional high quality randomised
controlled trials are conducted to substantathe findings and to drther support the

use of croseducation in stroke rehabilitation.
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Chapter 3Protocol Reliability for Maximal Isomet&idow
Extension Masured with the Biodex System 3 Isokinetic

Dynamometer

Peak torque, rate of torque development aralerage torque of isometric ankle and

elbow contractions show excellent testetest reliability

Daniel Simpson, Monika Ehrensberger, Christopher Nulty, Joanne Regan, Patrick

Broderick, Dr. Kenneth Monaghan

Hong Kong Physiotherapy Jourr2019; 39 (1)1-10.
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3.1.Introduction

First introduced as a device for muscle strength measurement in 1967 by Thistle et al.
(147) isokinetic dynamometry is the gold standard for assessing muscular functionality
among athletic populations as Weas populations engaging in rehabilitation
programmes(148) The application of isokinetic dynamometiyr assessing muscular
strength in research sport or clinical practice requires testing procedures of high
reliability, which refers to consistent reproduction of results when tests are performed
multiple times under similar conditionfl27) When assessing the effectiveness of
strength training programmes, testing protocols with high reliability provide certainty
that achievedchangesare predominanty due to the interventiorwith low influence of

measurement erro(149)

Drouin et al.(150)NB L2 NI SEOSt t Sy WYSOKIyYyAOlf NBf
System 3 when using force applied by a weight on the dynamometer arm. However,
potential for repeatdility error increases when applying test protocols with live
subjects. Numerous studies have investigated protocol reliabilitior isokinetic
dynamometrywith excellent results (ICC > 0.75), primarily assessing in an isokinetic
mode and focusing on kneextension or flexion(128131) Other joint actions in an
isometricmode, which isregarded as safer and more appropridte maximal strength
testingin populations who have restricted range of motion or are unable to comply with

isokinetic proceduresare currently underexplore(l51)

Furthermore,PeakTorque representng maximum torque produced at a single point of
contraction(152, 153)is the most widelyisedstrength parameter in reliability studies

andwhenassessing theffects of training or rehabilitation programméss4) However,
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from a functional perspective, the ability to generate torque quicklysessed by the
strength parameteRate of Torque Developmerdndto maintain torque measuredoy

the strengthparameterWorkor Average Torque over a single contractioray be more
important. In the older or clinical population, Rate of Torque Development can be an
indicator for the risk of falls. After sudden postural perturbation, it is important to be
able togenerate contractile torque quickly to regain balaritg5) Average Torque over

a single isometd contraction can replace the commonly used isokinetic parameter
Work (156) Work represents the capability to generate muscle torque throughout the
full range of movemen(153, 157)this parameter cannot be applied during isometric
contractions as there is no movement or distance achieved. In isometric contractions,
average torque over a single contractiomepresents the comparable capacitp
maintain torque throughout the contraction time intervél56) which is an important
factor when performing activities of daily living. Daily tasks generally do not require
maximalstrength output, but the maintenancef a lower torque oven period of time

e.g. lifting a glass of water to drink, putting the washing on the washing linélbec.
ability to sustain a given level of torque production ogne is the most precise
indicator of functional muscle rehabilitation. It is possible tested muscle groups to
reach rehabilitation standards for maximal muscle strength without regaining the ability
to sustain this standard over time, with Peak Torque often returning to normal before
Average Torque or Word58) Considering the importance of this strength parameter
for the evaluation ofrehabilitation programmes and the appropriateness of isometric
strength testing regarding safety and limited range of motion for patients, it is surprising
that Average Torque over a single contraction was never before reportes reliability

investigaed. A comprehensivenuscle function assessment should incliriak Torque,
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Rate of Torque Development and Work or Average Torque over a single contraction

(155, 158)

In the subsequent chapter of this thesis, an isomegtimow extensiorstrength training
programme is applied in a chronic stroke populationTo reliably evaluate its
effectivenessregarding comprehensivemuscle functionrecovery strength testing
proceduresof high reliability are requiredHowever,the only study evaluating the
reliability ofthe named joint actionvas carried out in a highly spific population of elite
swimmers and included Peak Torque off§C = 0.92159) ¢ 2 (G KS | dzil K2 NR A&
there iscurrently no studyinvestigating the protocol reliabilitfor maximal isometric

elbow extension strengtincluding all threeoutlinedimportant strength parameters

To address this gap in knowledge and to enslgpendabletesting procedures when
assessing the effectiveness of the subsequently applied strengthrigapotocol in a

stroke population(chapter 4, this reliabilitystudy iscarried out

Specific objectives are: 1) establish the protocol reliabilitjor maximal isometric
elbow extension strength and 2) to develop novel recommendations that ensures
excellent reliability when assessing isometric Peak Torque, Rate of Torque Development
and Average Torque over a singlentraction usingthe Biodex System &okinetic
Dynamometerwith the Biodex Advantagé&oftware version 3.45 (Biodex Medical

Systems, In¢ Shirley, New York, USA)
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3.2.Methods

3.2.1. Design

This study followed a repeated measurdssign for test retest reliability. Each
participant was familiarised in a separate session prior to the main testing at two time
points. The same investigators conducted all tests and performed the verbal cueing in a

consistent manner for all sessions and jpapants.

3.2.2. Participants

Potential participants answered fwostersdisplayed in the Institute of Technology Sligo.
Following eligibility assessmentyelve participants @ble 3.1), 6 makand 6 femals
(mean a@ 40 = 16 yearsheight 1.68 + 0.09, weight 74.1 + 11.1Kd&yok part inthis
study. Both genders were recruiteds previous studies using the Biodex System 3 for
isometric strength uses the same protocol for both males and femglés, 161)
Subjects were included if they 1) were aged betweer6d§ears, 2) did not participate

in strenuous exercise for 48 houypsior to testing and 3) were in good health with no
reported musculoskeletal dysfunction or surgical intervention in the tested limb within
the last 12 months. Subjects were excluded if they 1) suffered from cardiovascular,
respiratory or neurological impanents that would prevent physical strengthening
activity or if they 2) were pregnant. The Health Science and Physiology Ethics
Committee, Department of Life Science, Institute of Technology Sligo granted ethical
approval (AppendiK). A participants eceived an information sheet (Appendix D) prior

to providing written informed consent (Appendix E) according to the Declaration of

Helsinki.
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Table3.1: Description of Participants

Subject Age Height Weight

D %% gs) m  (Kg)
1 F 23 1.66 68.5
2 M 24 1.77 82.1
3 M 26 1.82 76.5
4 M 25 1.73 53.6
5 F 24 1.57 83.1
6 F 28 1.64 64.4
7 F 52 1.64 78.6
8 F 53 1.57 58.6
9 M 64 1.7 77.8
10 M 51 1.82 92.6
11 M 58 1.64 73.6
12 F 50 1.63 79.5
Mean 39.8 1.68 74.1
SD 16 0.09 11.1

3.2.3. Equipment

All tests were conducted on the Biodex System 3 Pro Isokinetic Dynamometer with the
Biodex Advantage Software version 3.45 (Biodex Medical Systems, Inc., Shirley, New
York, USA). The standard shoulder/elbow unit attachment with limb support was used
for elbow extensionstrength assessmer{figure 31). Before testing each subject, the

system was calibrated according to the procedure in the Biodex System 3 niaéRpgl
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Figure3.1: Participant Positioning for Elbowt&nsionStrength Assessment

3.2.4. Participant Positioning

Participants were positioned on the adjustable chair with their right upper arm
supported by the standard limb support (Figure 3.2). Maximal isometric elbow extension
strength was assessed at 85° elbow flexion (angle of most force produ¢fi6g)
where 0° refers to full elbow extension, the shoulder joint was positioned at 45°
shoulder flexion(164) The axs of rotation was aligned with the centre of the trochlea
and the capitulum, bisecting the longitudinal axis of the shaft of the humerus.
Participants were instructed to hold the handle of the elbow/shoulder attachment with
a closed grip. A 5cm space wamsistently kept between the attachment and the
anatomical axis of rotation; elbow and wrist joints were aligned with the wrist in neutral
position by adjusting the chair, the dynamometer and the length of the arm/shoulder
attachment. The shoulder angleawachieved by altering the heighftthe limb support
Please refer to Appendkxfor a detailed description of participant positionifgy elbow

extensionassessment according to the Biodex System 3 mgi6al)
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All joint angles were measured with a hahdld goniometer; range of motion
measurement followed the Biodex procedure. Participant positioning i.e. chair height,
dynamometer height, attachment length etc. was recorded during familiarisation to

ensure congtent setup for all testing sessions.

3.2.5. TesProtocol
All testing was performed on the Biodex System 3 Isokinetic Dynamometer in the Health
Science & Physiology Laboratory at the Institute of Technology Sligo. The protocol was

performed at three tne points: Familiarisation (PreTest), Test 1(> 48 hours post

familiarisation) andl'est 2(at least 7 days aftelest 1). For all participants, laboratory
conditions wereconsistent,and all testing was conducted on the right side only to

facilitate datacollection(165)

The warmup consisted of 3 minutes of arm cycling performed at a level of perceived
exertion of 1612 on the Borg scal€l66) and 1 set of 5 repetitions of unilateral,
submaximal (perceived 50% of MVC), isometric contractions held for 5 seconds,
separated by 5 seconds of rgdi67) Following the warrup, maximal isometrielbow
extensionstrength was assessed using 4 maximal isometric contractions held for 5
secondsseparated by 45 seconds of ré$68)

t F NOAOALI yia oSNBE o60fAYyRSR (2 (GKS ydzYo SN
SYSNHeQ F2NJ f SN O2yiUN)r OQiA2yad SNl f O
all participants during all sessions. For each contraction, participants were instructed to
LJdza K GKSANI FA&AG G261 NRa UKS. EaxhNmdzpentwas WKI
asked to give maximal effort each time and not to hold back. Thérsgasign given by

GKS Ay@SadAalriaz2N g+a | O02dzyd R246y FNRY o

57



contractions the principal investigator would loudly encourage the participant by using

0KS @GSNBIf OdzSa wazsx 3F23 2R (INSSSAIER Ay A

3.2.6. Data Analysis

From each set of four contractions, assessors identified the contraction with 1) the
highest Peak Torque in Nm, 2) the highest Rate of Torque Development invimis

the first 0.20sec of a single contraction, and 3) the highest Average Torque in Nm of a
single contraction (Appendi®). The time of contraction onset was identified manually
(gold standard)169, 170) defined as the last trough before a sharp rise. Contractions
were excluded if the participant performed an gadontraction or counter movement
before contraction onset. Counter movement refers to the lengthening of a muscle prior
to contraction, resulting in a greater strength output and is indicated by a downward

deviation of more than 10% of baseline torqudie resting position(171)

3.2.7. Statistical Analgs

Data was analysed using the Statistical Package for Social Sciences (SPSS) for Windows
(Version X, Chicago, IL, USA). Mean Peak Torque, Rate of Torque Development and
Average Torque wercompared using a paired samplegst. The Intraclass Correlation
Coefficient (IC£1) was used to calculate relative reliability. The first subscript number
NBELINSaSyita (GKS WY2RSfQ yR G4KS a4S0O2yR ad:
was chosa as the appropriate model when each subject is measured by each assessor,
and assessors are considered representatives of a larger population of similar assessors.

Form 1 represents the use of a single score, in contrast to the use of a mean of multiple

ad & S & a2 N#E7Q) As &statiktcal measure of absolute reliability, Typical Error and
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the Coefficient of Variation (CV) were calculated. These values represent the expected

random variability in measurement between two assessment time pgittg)
Typical Error is expressed iretmeasurement uniit refers to andcalculated as:

Typical Error=SR K H X giKtleNBndgrdsdeviation of the differences between

the two measurementg127, 152)

CV is expressed as a percentage score. For a samplevadiiradss, it is recommended to

OFtOdzt i8S I YSIY /+ FNRBY AYRAQGARdZt / +Q&

CV= 100 * Sibmean, SPand the mean are calculated from the data of each individual

(173)

3.3.Results

Twenty-one out of 96 (21.8%Mnaximal elbow extension contractiomgere exclued.

Individual results for each strength parameter for Test 1 and Test 2 are given in Table
3.2. The means, standard deviations and reliability values for Peak Torque, Rate of
Torque Development and Average Torque are presented in Table 3.3. There were no

significant differences between Test 1 anesT 2 for all measure$%0.05).

3.3.1. Reliability Analysis
Relative reliability (ICC) was excellent (Peak Torque 0.98, Rate of Torque Development

0.92, and Average Torque 0.98).

Typical Error wa8.36Nm for Peak Torque, 14.87Nm/s for Rate of Torque Development
and 3.03Nm for Average Torque, CV was 6.05% for Peak Torque, 18.46% for Rate of

Torque Development, and 5.97% for Average Torque.
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Table 32 Individual Results for Peak Torque, Rate of Torque Development and Average
Torque forEach Test

Elbow Extension

PT (Nm) RTD (Nm/s)| AT (Nm)
Subject| Test Test | Test Test | Test Test
ID 1 2 1 2 1 2
23.7 24.1 |475 215 |20.3 19.1
81.6 94.8 | 194.0 249.0/ 66.1 81.0
67.7 80.7 | 2345 169.5|/61.0 61.1
29.7 28.6 | 1055 94.0 |25.6 235
45.0 415 |147.0 815 |36.4 34.6
35.9 33.0 | 148.0 126.0/33.4 29.1
319 334 (805 975 |29.1 284
244 256 | 705 76.5 |21.8 23.9
70.2 58.7 | 193.0 2185|61.2 52.2
65.8 61.4 | 2235 214.0/57.7 57.1
68.7 725 | 1235 156.5|60.2 57.7
12 37.0 339 |74.0 555 |34.6 30.1
PT = Peak Torque, RTD = Rate of Torque Developr

AT = Average Torqgue, Nm = Newton Meter, Nm/s =
Newton Meter per Second

© 00N Ul WDN P
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Table3.3: Means, Standard Deviations and Reliability Measure®&ak Torque, Rate
of Torque Development and Average Torque

Peak Torque Rate of Torque Average Torque
(Nm) Development (Nm)
(Nm-st)

Elbow Extension

Test 1 (n=12) 48.5 £ 20.8 136.8 £ 63.5 42.3+17.5
Test 2 (n=12) 49.0 £ 23.8 130.0+71.5 41.5+£195
T1-T2 Difference p 0.79 0.53 0.63
value

Typical Error 3.36 14.87 3.03
ICC (95% ClI) 0.98 (0.920.99) 0.92 (0.740.98) 0.98 (0.920.99)
CV (%) 6.05 + 3.82 18.46 + 14.7¢ 5.97 £4.52

The highest Peak Torque, the highest Rate of Torque Development and the highest
Average Torque of the 4 contractions of each individual in Test 1 and Test 2 were use¢
calculate means, standard deviations and for the reliability analyses. ICC = Istraclas
correlation coefficient, Cl = Confidence Interval, CV = Coefficient of variation.

3.4.Discussion

Accordingto Fleisgd74F L/ / Q& Ay -0ib K fair, \ND.¥/=6od, 2T > 0. 1B
excellent test reest reliability. When measuring Peak Torque, Rate of Torque
Development and Average Torgaeer a single contractiofor maximal isometric elbow
extension with the desthbed protocol using the Biodex System 3 Isokinetic
Dynamometer, this study established that the testtest reliability was excellent (ICC
0.92-0.98). Excellent reliability implies high precision of measurement and allows
confidence when assessing strémgchanges following exercise or rehabilitation
programmes (127) The combination of all three strength parameters offers a

comprehensive analysis of muscle function or recoy&b8)

Relative and absolute reliability established in this stadg higher than previously
reported valueq159, 164) Formerreliability studies for ankle dorsiflexion and elbow

extension have reported Peak Torque ICC values ranging from 0.8(Bt(18% 164)
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Contraction mode may be an influengirfactor; joint movement during isokinetic
testing appears to result in lower reliability valug$4) Furthermore, it is important to
record participant positioning to ensure exact replication of protod@9) It is not
surprising that ICC values are slightly lower due to potential positioning difficulties when

assessinglimical populations, particularly if equipment modification is requi(@@4)

Reliability (ICC, typical error and CV) for Rate of Torque Development in this study is
generally lower than for Peak Torque and Average Torque. Partisipaane instructed

to contract as hard and fast as possible. Although this is recommended practice,
LI NIAOALI yiQa FGdGSyuAaz2zy YIe 6S Y2NB T2 0dz
emphasis on producing explosive muscular strer(dfb) However, Rate of Torque
Development ICC values in this study are higher than in previous stogiesmenting
maximal isometric strength testin(.84 ¢ 0.86) (176) Variability in the methods for
obtaining Rate of Torque Development values may be one reason for differing results.
In this study, Rate of Torque Development was calculated using the manual procedure
recommended by Biodex System 3 (initahtraction onset to 0.2sed)l62) Rate of
Torque Developmertias previously been reported for other time intervals e &0dns,

0-50% of Peak Torque and-80% of Peak Torquéd 76, 177) Considering that Rate of
Torque Development is an indicator of initial contraction torq@®78, 179)
measurements should start at contraction onset. It is worth noting that the Biodex
Advantage Software version 3.45 only allows time intervals of 200ms whepsarl
RFEGIF dzaAy3a GKS OdzNESNJ Fdzy OuA2ysz 2NJ GAYS
application. This limits the ability to analyse Rate of Torque Development at shorter time

intervals.
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¢2 0KS FdziK2NERQ {Yy26ft SRdAvErage Kokgie otieliadgiRgle A a
isometric contraction. The findings suggest the analysis of Average Torque is highly
reliable for elbow extension (ICC 0.98pnsidering its importance in the assessment of
muscle function recoveryl58) it is recommended tanclude this parametem future
isometricstred 0 K GSadAy3a adGdzZRASad® ¢2 aasSaa |

in all aspects, it is important tmclude Peak Torque, Rate of Torque Development and
Average Torgue over a single contracti@s one parameter alone does not provide a

comprehensre insight into muscular function.

In this study, values for absolute reliability (typical error and CV) are lower (better) than
previously reported167, 176) The lack of familiarisation witthe testing equipment

and procedure in other studies may be responsidlé6) Scores of the second testing
session may differ from scores of the first testing session due to learning efte@}s
Dynamic modes also appear to result in lower absolute relialpl@y)i.e. higher typical

error and CV values.

Early contractions and counter movements occurred frequently duesgng During
elbow extension,strength assessmerihe upper arm cannot be firmly strapped to the
elbow support due to contraction resttion, potentially resulting ira high level of
technique variability. It may be necessary to address this issue when giving verbal

instructions.

Compared to other reliability studies, this study consists of a relatively smalhighly
variablesample § = 12). It is advised to base sample size calculations for reliability
studies on the ICC value and width of the confidence interval. The higher the ICC value,

and the narrower the width of the confidence interval, the smaller the sample size
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requirement (180, 181) Based on the lowest ICC value (0.92) and its widest width of
confidence interval (0.24) achieved in this study, the sample size of 12 participants is
sufficient when calculated as follows (182)

We p N p € pnN

0 £& p

~

Q

k = number of subjects rated, n = number of tests, p = ICC value, w =afi86%

confidence interval.

Recommendations for Achieving Excellent Reliability

Assessor observation and comparison with previous studies has led to a number of

recommendations resulting in excellent reliability when closely followed:

{1 Familiarisation seson should take place prior toe$t 1.

1 Subject positioning should be carefully recorded and reproduced at each testing
session.

1 Participants should be blinded to the number of repetitions being recorded to
I @2AR Wal @Ay 3 Sy S NdghéhQarti€igantshouldb&SimgiruGiédy” G NJ-
to give maximal effort each time and not to hold back.

1 To ensure accurate curve analysis, the designed protocol should represent the
desired number of repetitions as sets consisting of 1 repetition. For example, in
this study 4 sets of 1 repetition was implemented rather than 1 set of 4
repetitions. When recaling numerous repetitions per set, strength curves
cannot be viewed individually; this may compromise the accuracy of manual

analysis.
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 To reduce the number of excluded contractions, how to avoid counter
movements should be explained to participants ahd tmportance to wait for
GA2¢ 0ST2NB O2yiUNIOGAY3I &aK2dzZ R 6S SYLJ
1 Calculation of the novel parameter Average Torque over a single contraction
using the Biodex Software: select a specific contraction in the curve analysis
LINE 3N YYSS OfiA201F A2YyS Qi KILWADF GAZ2Y YR
document. The text document can then be opened in a spread sheet and

calculations performed as normal.

3.4.1. Limitations

The aimof this studywas to establish the protocol reliability of maximal isomegtimow
extension strength testingo ensure dependabé procedures when assessing the
effectiveness o subsequently applied strength training proto@ola stroke population
(chapter 4) However, participants in this study were healthy adults, stroke gorsi
were not included During participant recruitment fom case stug involving stroke
survivors, the barrier of transportation to attend the Institute of Technology Sligo was
identified (106) Due to this complication, the research team decided to carry out the
reliability study on healthy adults only. To resemble some of the characteristic of the
highly heterogenic stroke population, male and female participants with a wide age
range were inclded. Furthermore,the relatively small sample size is sufficient for
reliability testing,howeverit does not allow for subgroup analysis, i.e. age categories,
sex, dominant vs. nedominant side Although assessors in the I@@Gdel chosenare
consideredto be representatives of a larger population of assessaith similar

characteristic§172) interrater reliability was not specifically assessed.
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3.5.Conclusior& Contribution to Knowledge

This is the first study investigating the tastest reliability of maximal isometrielbow
extension Peak Torque, Rate of Torque Development and Average Torque over a single
contraction using the Biodex System 3 Isokinetic Dynamometer. Excellent reliability was
established for all threestrength measuresimportant for comprehensive musel
function assessment with specific focus on the never before reported parameter
Average Torqueover a singleisometric contraction When the recommended

procedures are closely followed, this testing protocol can be confidently applied
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Chapter 4Unilateral Strength Training and Mirror Therapy
for Enhancing Upper Limb Motor Function Post Stroke: A

PilotRandomise@ontrolled Trial

Unilateral EIbow Extensiorstrength Training and Mirror Therapy for PeStroke

Motor Recovery: A Pilot Randomised i@wlled Trial.

Monika Ehrensberger, Daniel Simpson, Patrick Broderick, Dr. Catherine Blake, Dr.
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American Journal of Physical Medicine and Rehabilitatio.Z8dcepted.
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4.1.Introduction

Worldwide fifteen million people suffer a stroke each year, five million are permanently
disabled (1, 2) with hemiparesis(3) and spasticity(4, 5, 22)the most commonly
experienced physical complications. Duedhe associated impact on activities of daily
living (7), high levels of anxiety and reduced gadfrceived quality of lif€8, 9) upper

limb function is deemed a priority in pastroke rehabilitation(10).

Current ehabilitation techniques are mainly based on repetitive methods addressing
the paretic limh(10). However, the moraffected (MA) limb is not always strong enough
to engage in active exercig&l), thus requiring therapist or family assistand®, 12)
which in the acute or outpatient settings can prove expensive and labour intefistye

14).

Crosseducation of strength, the performance improvement in the untrained
homologousmuscle after unilateral trainind15, 16) may offer a solution. Cross
education can address strength deficits in both the trained-&dscted (LA) limb and
the untrained MA limb(183) Adaptations, contributing to crossducation, are most
likely to occur on cortical and subcortical level, with potential alterations in spinal
circuits (43, 55, 91)Unilateral contractions appear to increase activity and excitability
in the ipsilateral primary motor cortex (iM1$8)and the corticospinal patkil84-186)
controlling the untrained limb. Since contralateral strength gains are mediated through
neural pathways damaged by stroi®9), crosseducation is considered highly relevant
in rehabilitation (11). Ehrensberger et al187) suggested that crossducation post
stroke has positive effds on lower limb motor function recovery, while Urbin et(éR)

provide initial evidence for posgtroke upper limb benefits.
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Mirror therapy, where the Mirror Neuron System (MNS) becomes active while observing
the training LA limb, improves upper limb motor function, activities of daily living and
pain post froke (105) Recent reviews suggest that mirror therapy naagment the
crosseducation effect Mirror neurons are present in a number of cortical areas also
associated with croseducation(17, 18) Observing the reflection of the LA limb in the
mirror while exercising may further enhance ipsilateral corticospinal excitability and
corticomotor activity than unilateral strength training alone, thus increasing strength
transfer (110, 120) Zult et al.(20) wasthe first to explore the theory in wrist flexors.
Strength increase in the urdgined wrist flexor was significantly (p = 0.047) higher in the
crosseducation and mirror therapy group (61%) compared to the cemkgcation only

group (34%)Fi20= 45,pT n®nn T 3 ), caintiding witdk m Teduction in the
contralateral silent priod €SPXR121= 8.5pF n®nny = )and an inEreasednd y &
interhemispheric inhibition (IH(R1,14=4.7p7 n®nny 3 . Thistsugfestsitidat p m 0
a mirror can augment the crosslucation effect, and it is recommended to explore
possible benefits of the combined intervention post strok@4) Considering the
relatively low average strength transfer (9.4¢®@4) to the untrained upper limb
following unilateral strength training, a functionally meaningful level of mirror

augmenting effects is uncleé84).

The aim of this pilot study was to investigate the feasibility and potential benefit of
unilateral strength training combined with mirror therapy on pastoke upper limb
motor recovery. The primary feasibility objeas were(1) to assesshe recruitment
process (2) to examine participant compliance, (3) to evaluate adverse effaaty4)
to assess the suitability @fficacyoutcome measures. The secondary objective was to

investigate the potential efficacy of dateral strength training combined with mirror
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therapy on upper limb motor function recovery in chronic stroke patients compared to
unilateral strength training alone. The authors hypothesised that the combination
intervention would lead to significant inmpvements in upper limb motor function
recovery compared to unilateral strength training alohastly, the authors intendeib

provide data to inform a power analysis to determine sample size for a future trial.

4.2 .Methods

A pilot randomized controlled parallel group study with blinding of the independent
assessoand allocation concealmentas carried outThe Research Ethics Committee at

Sligo University Hospitgranted ethical approval (Appendt}.

4.2.1. Participants

Rehabilitation professionals in Sligo and South Donegal referred 36 potential
participants (Figure 4.1All participants lived in Sligo or South Donelyadlusioncriteria
were: (1) >18 years of age, 2) >6 months post stroke; (2) discharged from formal
rehabilitation; (3) no diagnosis of addition neurological, musculoskeletal or
cardiovascular iliness that would prevent maximal isometric strength traiixgjusion
criteria were: (1) impaired cognition that would affect the ability to makirmed
consent (MMSE < 2{Appendix); and (2) visual impairmentbat would interfere with

the ability to participate safely in isometric training and observe mirror imagés.
participants were instructed not to change their typical care or physicabity regime

for the trial duration.After baseline assessment, computer generated block random
numbers(blocks of four)were used torandomly assign the participants to either the
experimental group, which performeughirror-aided strength training(MST (n=18) or

the control group, which performed strength training on{$T) (n=17)Allocation
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concealment was implemented using numbered and sealed, opaque envelopes with
aluminium foil inside. A thirgharty independent researcher conducted the entire

balancedrandomization(1:1)process.

4.2.2. Procedure

Rehabilitation professionaldentifiedLJ2 G Sy G A F £ LI NGAOA LI yia Ay
consent (Appendix)), contact information was given to the researcher and a study
information sheet was sent a{AppendiXK). Subjects who were interested in partaking,
were then invited to the Institute of Technology Sligo for an eligibility screening (MMSE,
inclusion and exclusion criteria). All participants providedtten informed consent
according to the Ddaration of Helsinki (Appendix L). The same chartered
physiotherapist, who was blinded to the treatment assignment, performed all
assessmentsm the Institute of Technology Sligo Health Science & Physiology Laboratory.
Baseline measurements (T1) were obtaingithin 7 days of intervention beginning
postintervention assessment (T2) took place at least 48 hours, but no longer than 7
days, after the last training session, and follapr measurements (T3) were obtained 3
months after T2. Laboratory conditions were consistent for all participants for all

assessments.

4.2.3. Outcome Measures

FeasibilityOutcomeMeasures
4 primary objectives to assess the feasibility of conductingrtheor-aided unilateral

strength trainingprotocol were investigated

(1) To assestherecruitmentprocesssteps taken to initiate or enhance

recruitment as well amonthlyrecruitment ratevere recorded.
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(2) To examine participant compliance, training session and assessment
attendance was recorded.

3 To evaluate adverse effects, partic
any changesd before and after each tr
(4) To assess the suitability efficacyoutcome measures the percentage of

participantsunableto completeeach onavas calculated.

Efficacy Outcome Measures

Outcome measures covered the three levelstbé International Classification of
Functioning, Disability and Health (ICE§8) Each outcome measure is briefly described
in the following section, more detailed information is provided in Appeindiydues
for Minimal Clinically Important Difference (MCIi@)d/ or Minimal Detectable Change

(MDC)are included when availabl@89)

The levelof function or impairment refers to any temporary or permanent loss or

abnormality of a body structure or functidqd88, 190)

Following equipment familiarisatiormaximal voluntary isometric elbow extension
strengthwas assessed usingaeBiodex System 3 Pro Isokinetic Dynamometer with the
Biodex Advantage Software version 3.45 (Biodex Medical Systems, Inc., Shirley, New
York, USA). General s, testing protocol and data analysis followed the procedures
outlined in Chapter 3After a warm-up of1 minute of dynamic elbow extensions without
resistance, and sometric elbow extensions performed at perceived 50% of maximal
voluntary contraction strength was assessed at 85° elbow flexion and 45° shoulder
flexion(163, 164) Four maximal isometric contractions held for 5 seconds, separated by

45 seconds of rest werkrst measured for the LA side, followed by the MA side. Peak
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Torque (PT), Rate of Torque Development (RTD), and Average Torque (AT) over a single
contraction were analysedlf participants could not initiate the Biodex System 3
Isokinetic Dynamometer (tleshold 3Nm), PT was defined as 2.99Nm. Thus, detection

of positive change between assessments was possible without the likelihood of
overestimation. However, assessment of RTD and AT was not possible for such
participants. Excellent reliability for the alpgd protocol was established in Chapter 3.
Values for MClr MDCare not available for isometric elbow extension strength in
stroke patients. However, a 19.5% improvement in hand grip strength has been reported

as clinically significant after distal radifracture(191)

Spasticitywas measured with the gold standard Modified Ashworth Scale (MAS), which
shows good to very good reliabili¢¥92, 193) Scores range from@4 with 6 choices, a
higher score representing a more rigid lift®4) A change of one point reflects the
MDC (195) MAS scores will be presented asnean score of the muscleseating
movementaround theshoulder(flexion, extension, adduction, abductigrihe elbow
(flexion, extensionand the wrist(flexion, extension, ulnar deviation, radial deviation)
joint.

The ICRctivity levelis subdivided into actual and sqlérceived performance and refers

to the ability to execute a task or acti¢h90, 196)

The Chedoke Arm and Hand Activity Inventogy8 Version (CAHAI 8) was used to
assess upper limb task execution capacity. This test was developed to address the need
for a valid, clinically relevant, responsive functional assessment of the recovering paretic
upper limb; it is in consistence with the ICF activity domamu &Vorld Health

Organisation guideline§l97, 198) Eight items, defined according to literatuead
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AUNR1S LI GASYyGaQ SEMRISMNECEe, OFomt stardiBg far ORINS R
assistance, 7 points standing for complete independence. Reliability was reported to be

excellent, and MDC of 7% or 4 points was establighéd, 199, 200)

The ABILHANDj dzS& G A2y Yy I A NB Y S| -@paEB ability to pddimA Sy G Q
complex hand activities for 23 daily situatiof201) The given answers (easy, difficult,

or impossible) can be transformed into a percentage score,higher the score, the

higher the seHperceived task execution capacity. Reliability is again excellent, neither
MCIDnor MDCare reported for this outcome measure. Howevttre Standard Error of
Measurement (SEM) is established at 15.2% and the SmRigdtDifference (SRD) at

429%(202, 203)

The participation level refers to the involvement in nonal life situations and was
assessed witlthe London Handicagscale (LHS) The questionnaire measuring self
LISNOSAGSR AYLI OG 2F &AGNRB1S 20SN) ¢ R2Y!l A
independence, occupation, social integration, orientation, ancbremic self¢
sufficiency) showed favourable psychometric res(®34, 205) No values foMCIDor

MDCare established.

4.2.4. Intervation

The intervention took place between November 2015 and May 2017. It comprised of a
home-based training programme performed 3 times a week for 4 weeks (12 sessions)
under constant supervision of two exercise therapists. Each training selstest
approximately 20 minf-or consistency, all participants were asked to remove jewellery,
watches and other adornments to avoid visual or kinaesthetic distractions or

inconsistencies between limbs. During the intervention, all participants sat coabigrt
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in a chair in front of their own kitchen table. Participants in both groups performed the
same unilateral maximal isometric strengtiaining programme, designed in line with a
recent successful crosglucation study in a stroke populatio(@0) and maximal
strength training guidelines(206, 207) Furthermore, isometric contractions are
considered to be the safest form of strength trainificp1)and allow for a high level of

comparability as range of movemeisteliminated as an influencing factor.

¢2 LISNF2NYXY O2y i NI Oul-affecfed tppeilikiSwas dtrapped iotd dl v G ¢
arm brace consistently holding the elbow joint at an 85° afpf3) the moreaffected

arm was resting on the table.

The warmup consisted of 1 minute of dynamic elbow extensions without resistance,
followed by 1 set of 5 repetitions of unilateral (lesfected side) isometric elbow
extensions performed at perceived 50% of maximal voluntary contractions. The main
part consisted of 4 sets of 5 maximal effort unilateral daected side) isometric elbow
extensions held for 5 seconds with 5 seconds bettveen repetitions and 3 minutes
rest between sets. Participants in the mirraidedstrength training group (MST) viewed

a reflection of their lessffected limb in a Perspex mirror positioned in their rabittal
plane while strengthening (Image 1€l strength training only group (ST) exercised
without a mirror entirely. Prompts to focus on the mirror reflection were given to the

MST group only; other verbal cues were identical for all participants of both groups.
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Figure 41: Participant SetJp during each Training Session (MST group)

4.2.5. Statistical Analysis

Data were analysed using the Statistical Package for Social Sciences (SPSS) for Windows
(Version X, Chicago, IL, USAJ. variables were tested for conformity to normal
distribution using a combination of the visual method (histograms) and the Shéfiiko

test (208) Possible differences between groups at baseline were analysed using the
independentt-test or Chisquare test.RTD the CAHAI and the ABILHAM®@re log
transformed to correct for nonnormally distributed datihe main analysis, used for
examininghe between group difference farach outcome measure was a grodpST,

ST x time 1, T2, Tetwo-way mked ANOVA. Where appropriate, interaction effects

were subjected to a Tukey HSD post hoc pairwise comparisfh-in group differences

were analysed withthe one-way repeated measures ANOVWA/here appropriate,
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pairedsample ttestswere usedor post-hocmultiple comparisonsPartial eta squared
(partial' H tmscalculated as measuref effect size. Cubffs forpartial' H | NB X n
6avYlLtftox x ndnc oY SPOR)d2¥ndographicycRarasteristicd mrml 0 f
outcome variables of the groups are described as mean E@Lhis pilot study fvalues

< 0.05 were considered toebstatistically significant.
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[ ENhre ] Assessed for eligibility (n = 36)

Excluded (n = 1)
+ Not meeting inclusion criteria (n=1)

v

Randomized (n = 35)

l

y [ Allocation ] l
Allocated to ST group (n=17) Allocated to MST group (n = 18)
+ Received allocated intervention {n = 15) + Received allocated intervention (n = 17)
+ Discontinued intervention due to: + Discontinued intervention due to:
geocgraphical challenges (n = 1)/ unrelated unrelated fall (n = 1)
illness (n=1)
i i - i 1 |
+ !L Post-intervention | ¥
A

Assessed at post-intervention (n = 15) Assessed at post-intervention (n = 17)

Follow-Up }
Assessed at follow-up (n = 15) Assessed at follow-up (n = 13)

h 4

LS

Mot assessed due to:
+ Moved abroad (n = 1)/ no longer
interested (n = 2)/extended holiday (n=1)

Figure 42: Flow Dagram of Study Focess

4.3.Results

Out of the 36 referred participants, 35 were randomised into either the MST group
(n=18) or the ST group (n=17). Thintyo participants (mean age 62 ¥ years, mean
time after stroke of @ £+ 7months) completed the interventign28 participants
attended followup assessmentfimage4.2). At baselinethere were no statistically

significant differences between groups for adindographical characteristics (Talldl).
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Table 41: Demographic Characteristics of Participants at Baseline Mean Ra8he|

. ST Group MST Group ST vs MST difference

Characteristic
T1 T1 p-value

Sex, male : female 11:4 10:7 0.62
Age in years 64 + 12 (36- 80) 61 + 5(32-90) 0.62
Type ofstroke, . 9:6 12:5 0.80
Ischemic : haemorrhagi
Time since stroke in 90 + 83 5275 0.59
months (16-276) (6-207) '
MA side, Right Left 8:7 7:10 0.74
Trainedside,
dominant : non 7:8 9:8 1.00
dominant

ST = Strength Training Only group, MST = Mirror and Strength Training group, T1 = baseline
assessment

4.3.1. Feasibility Outcome Measures

(1) Recruitmentprocess

Steps taken to initiate/ enhance recruitm@tAn information letter wititherequesto
refer patientsvas sent to rehabilitation professionals in Sligo and South Donegal in
September 20158b) a presentation outlining the pilot stualyd provisional resuliwas
given in Sligo University Hospital Physiotherapy Departmentand SJ o hn 6 s
Community Hospitaln March2016, (c) an articleescribing the study was published in
the Sligo Champion local newspaper in January 2BlEase refer to table 4.2 for

recruitment rate per month.
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Table 4.2Recruitment rategper month

2015 2016

Month Oct | Nov | Dec| Jan| Feb| Mar | Apr | May | Jun

Number of | 3 2 1 0 1 8 5 3 1

participants
8% | 6% |3% | 0% | 3% | 22% | 14%| 8% | 3%

2016 2017

Month Jul | Aug | Sept| Oct | Nov | Dec| Jan| Feb | Mar

Number of | O 1 0 0 1 0 0 8 2

participants
0% | 3% [0% | 0% |3% | 0% | 0% | 22% | 6%

(2) Participant compliancéut of the 32 participantwho completed the intervention

and whose data was included in the results anaBisarticipants (72%) attended all
12 training sessions, eight participants (25%) attended 11 sessions, whilertingppat
(3%) attended 10 sessions. Natiendance for participants was due to ill health

unrelated to the intervention

3 out of the 35 randomisedparticipants (9%) dropped oufrom pre- to post
intervention. Again, unrelated to the intervention, one pripant suffered a fall,
another participant reported an illness. The third participant lived 55km away, with bad
weather conditions the travelling exercise therapists decided to cease treatment. A
further 4 participants dropped out from postssessmento follow-up assessment,
raising the overalliropoutrate to 20%Two participants expressed to have lost interest,

1 participant movedabroad,and one participant was on an extended holiday.

(3) Adverse effects: Nadverse event occurred
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(4) Suitability of efficacy outcome measurésout of the 35 randomisegbarticipants
(14%)were unable tacompletethe maximal isometric strength assessment. Reasons for
non-completionwere (a) anxiety using the Biodex Dynamometer (n=2), (b) inability to
initiate the Biodex Dynamometer (n=1), (c) inability to analyse data due to early
contractions (n=1), (d) fall prior to post assessmgntl) Oneparticipant 38%)refused
to complete the CAHAI and the ABILHAND questiormaithe participant felt
uncomfortable to carry out both outcome measures. All participants completed the MAS

and the LHS.

4.3.2. Efficacy Outcome Measures

All resultsas well ashie number of participants included for analysis for each outcome
measureare displayedn table 4.3 Data forcertain outcome measures was unavailable
due to the reasons stated in 4.3.1. Furthermore, when analysing results with the ANOVA

design, only data of participants completing all three assessment is included for analysis.

TrainedSde: Peak TorquéPT)

Thetwo groups did not differ in Pat baseline t{(2gy=-0.296 p = 0769).There waso
statistically significant interaction betwedntervention and time orPT of the trained
limb (Fu4337=2.257,p=0134> LJ- N:I0.A86).The'main effect of time showenb
statistically significant difference imean H of the trained side at the different time
points, (F1.4337=0.098 p= 0838  LJI NI.004).tThe 'main effect of group showed
no statistically significant differgce in mearPT of the trained sidebetween intervention

groups(F@, =0.722 p=0404> LJ- NID.A20).f
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The mirror-aided unilateral strength trainingntervention did not elicit statistically
significant changes T in thetrainedlimb over time (F(1.3,13.9 =0.869 p =0.393, partial

1220073

The unilateral strength training intervention did not lead to statistically significant

changes in Pin thetrainedlimb over time (R, 26)=1.557, p = 0230, LJ} NI? #0.107). '

TrainedSde: Rate of Torque Developmd&RITD)

The two groups did not differ iRTDat baseline (7y=-0.842 p = 0407). There was no
statistically significant interaction between thetervention and time onRTDof the
trained limb(F ¢, 4 = 1.222,p=0.304Z  LJ- RI0D30) Thé main effect of time
showed no statistically significant difference in meR&mDof the trained side at the
different time points(F 2, 4) = 0519, p=0599%  LJ- NJ0/PR)f The main effect of
group showed no statistically significant diffecenin meanRTDof the trained side

between intervention group§Fa, »=1.597,p=0219 LJ} NJIDAGEH).f

The mirror-aided unilateral strength trainingntervention did not elicit statistically
significant changes IRTDOnN thetrained limbover time (F(2, 22=0.228, p =0.798, partial

'220,02).

The unilateral strength training intervention did not lead to statistically significant

changes ilRTOn the trained limb over time (& 2=1.415 p = 0263, partial' 2=0.105).

TrainedSde: Average TorquéAT)
The two groups did not differ iATat baseline (t27)=-0.565, p = 0577). There was no
statistically significant interaction between the intervention and time A of the

untrained limb(F 1.5 33.9 =2.078 p= 0152 LJ- NJI? & 0.083). The main effect of time
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did not show statistically significant difference in meaAi of the trained side at the
different time points(F (15339 =0.846 p= 0406  LJI N:IDABE).fThe'main effect of
group showed no statistidlg significant difference in meaAT of the trained side

between intervention group§Fa, z=1.044 p=03172  LJ} NID@4B)f

The mirroraided unilateral strength training interventiodid not elicit statistically
significant changes iAT in the trained limb over timeK (1.3 149 = 0.473 p= 0555,

LJ- NJR & 0081). '

The unilateral strength training intervention did not lead to statistically significant

changes iiATin the trained limbover time (Rz,24=2.838 p=0078~  LJI NID.0OL).

Untraineddde: Peak TorquéPT)

The two groups did not diffan PTat baseline t{2sy =-0.098, p = 0922). There waso
statistically significant interaction between the intervention and time Bmof the
untrained limb(F 2, so)= 2.83 p=0.06& LJ- RHIOAL02f The main effect of time
showedno statistically significant difference imean PTof the untrained sideat the
different time points(F 2, 50)=2.55Q p=0.08&  LJ- NIDHI3) The main effect of
group showedno statistically significant difference in med&T of the untrained side

between intervention groupéF @, 25 =0.073 p=0.70z  LJ} NJO.00B)

Themirror-aided unilateral strength trainingtervention elicited statistically significant
changes irPTin the untrained limbover time (F 2,24 =3.613,p=0.04Z  LJ- Ndi A | f§
0.231). Post hoc analysis revealed thaT was significantlyincreasedfrom baselineto

postintervention assessmerity 16.2%3.9 (95% CI0Q.5to 7.4) Nm, p = 0.03
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The unilateral strength training intervention did not lead to statistically significant

changes ifPTin the untrained limb over time (& 26= 1.09, p = 0.35 LJI} NI?%0.08).

Untrained SideRate of Torque DevelopmégRTD)

The two groups did not differ IRTDat baseline (b7)=-1.252 p = 0.21). There was no
statistically significant interaction between the intervention and time RMDof the
untrained limb(F 2,46y = 0.565 p=0572  LJ- RJi0P2A3)f The main effect of time
showed no statistically significant difference in meéRRDof the untrained side at the
different time points(F (2,459 =0.251, p=0.77%  LJ- NJ0X0)f The main effect of
group showed no statistically significant difference in m&arDof the untrained side

between intervention groupéF @, 29=0.724 p=0403  LJ} NIDA2D)f

The mirror-aided unilateral strength trainingntervention did not elicit statistically
significant changes iIRTDn the untrained limbover time (F 1.3 15.3 =0.835, p =0.403

LJ- NJIP &Q.065). '

The unilateral strength training intervention did not lead to statistically significant
changes irRTDin the untrainedlimb over time (R, 24y = 0038, p = 0963, partial' =

0.003).

Untrained SideAverage TorquéAT)

The two groups did not differ iATat baseline (t27) =-0.147, p = 0885). There was no
statistically significant interaction between the intervention and time A of the
untrained limb(F ¢, 4 = 2.908, p= 0065~  LJI NIDAAB)f The main effect of time
showed statistically significant difference in me&f of the untrained side at the
different time points(F ¢, ) = 3.403 p= 0041>  LJI NJIDA24) fATOf the untrained
side increasedcross groupby 9.6% from T1 to T2 (95% CI, @.to 3.9) Nm,p = 0.09)
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from T1 to T32.1(95% CI, @.to 3.9) Nm,p = 0028). The main effect of group showed
no statistically significant difference in meakTl of the untrained side between

intervention groupgF @, 2=0.002 p=0961% LJI} NJIDA0D).f

The mirroraided unilateral strength training intervention elied statistically significant
changes iPATin the untrained limb over timeF(, 24 =4.00,p=0.031x LJ- NI A | §
0.252. Post hoc analysis revealed thaT was significantly increased from baseline to

postintervention assessment 8.7 (39 (95% CI, 0.7 to 7.0) Np;z= 0.02).

The unilateral strength training intervention did not lead to statistically significant
changes inMATin the untrained limb over time (g, 24=1.937 p = 0166  LJ- Ni A | £

0.139).

Modified Ashworth Sca({AS)

The two groups did not differ in MAS sedor the muscles surrounding thehoulder

joint (SMAS) at baseline (30)=-0.605, p = 0550). There was no statistically significant
interaction between the intervention and time osMAS(F (2, 52)= 0106, p= 0900,

LJ- NJR & 0.004). The main effect of time showed statistically significant difference in
meansMAS at the different time pointfF 2, s2=24.127pf 1 ®nn m3= 0IBA)NII A I €
SMAS reduced across groups from T1 to T2 BYMASpoints (95% CI, Bto 0.8, p <
0.001)and from T1 to T3 by B.MASpoints (95% CI, 8.to 0.7, p< 0.001). The main

effect of group showed no statistically significant difference in mgdAS between

intervention groupgF, 26= 0350, p=055%  LJ- NIDALB).E

The mirroraided uniiteral strength training intervention elicited statistically significant
changes irsMAS over timeK ¢, 24= 12.017 p< 0.00E  LJI RJI0K00)f Post hoc
analysis revealed thaVIAS was significantly decreased bg BIAS points (95% CI,20.
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to 0.9, p = 0.00) from baseline to posintervention assessment and bysOMAS points

(95% ClI, 0.3 to 8. p= 0.00) from baseline to followup assessment.

The unilateral strength training intervention also lead to statistically significant changes
in SMAS over time (ke 26)= 12.60Q p< 0.00E  LJI Ri0MA4)f Post hoc analysis
revealed thatsMAS was significantly decreased by BIAS points (95% C1,500 0.9, p

< 0.001) from baseline to posttervention assessment and bySOMAS points (95%IC

0.2t0 0.9, p = 0.08) from baseline to followup assessment.

The two groups did not differ in MAS score for the muscles surrounding the elbow joint
(eMAS) at baseline (%) = -0.786, p = 0438). There was no statistically significant
interaction between the intervention and time on eMASE (2,52 = 0363 p= 0697,

LJ- NJR & 0.G4). The main effect of time showed statistically significant difference in
mean eMAS at the different time poin(S 2,52=31.714pf 1 ®n n m3=0BIO)NII A I §
eMAS reduced across groups from T1 to T2 byMASpoints (95% CI, 0.6 to 09 <

0.001) and from T1 to T3 by OMASpoints (95% CI, 0.4 to 0.8< 0.00). The main

effect of group showed no statistically significant difference in mean wMAS between

intervention groupgF .26 = 0747, p= 0395  LJ: NIDAB).f

The mirroraided unilateral strength training intervention elicited statistically significant
changes ineMAS over timeK 2,24 =21.69§p< 0.00E  LJ RJi0644)f Post hoc
analyss revealed thaeMAS was significantly decreased b BIAS points (95% CI,50.
to 1.0, p< 0.00) from baseline to posintervention assessment and bysOMAS points

(95% ClI, 0.3 to 8, p<0.00) from baseline to followup assessment.

The unilateral strength training intervention also lead to statistically significant changes
in eMAS over time (k2,28 = 14.246 p<0.00Zz  LJ- RJi0504) Post hoc analysis
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revealed that wWMAS was signifitidy decreased by 0.8 MAS points (95% Gli®1.0,
p < 0.001) from baseline to posttervention assessment and by 0.7 MAS points (95%

Cl, 0.3 to 11, p = 0.02) from baseline to followp assessment.

The two groups did not differ in MAS score for thescles surrounding the wrist joint
(WMAS) at baseline (¢0) = -0.384, p = 0.704). There was no statistically significant
interaction between the intervention and time on wMAS2, 5s2)= 0.158p = 0.855,

LJ- NJR & 0.006).' The main effect of timeahied statistically significant difference in

mean WMAS at the different time poin(& ¢, s2= 43.215pf 1 ®n n M3= 0BRANT A | §
WMAS reduced across groups from T1 to T2 by 0.8 MAS points (95% CI, 0.¢pto0 0.9,
0.001) and from T1 to T3 by 0.6 MA&ints (95% ClI, 0.4 to 0.8,< 0.001). The main

effect of group showed no statistically significant difference in mean wMAS between

intervention groupgF @, 26)= 0.096pT N ®T p 2= 00I4ANI A | £

The mirroraided unilateral strength training inteention elicited statistically significant
changes in WMAS over tim& ¢, 24)= 22.776pf 1 ®n n m = OLGSSNIIstlhbc
analysis revealed that WMAS was significantly decreased by 0.7 MAS points (95% ClI, 0.4
to 1.0, p < 0.001) from baseline tog-intervention assessment and by 0.6 MAS points

(95% CI, 0.3 t0 0.9, p<0.001) from baseline to follpnassessment.

The unilateral strength training intervention also lead to statistically significant changes

in WMAS over time (g, 29T HH®no d> LI #= 0612 Posthoc hialsls A |-
revealed that wWMAS was significantly decreased by 0.8 MAS points (95% CI, 0.6 to 1.0,
p < 0.001) from baseline to pesttervention assessment and by 0.7 MAS points (95%

Cl,0.3t0 1.0, p = 0.0bfrom baseline to followp assessment.
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Chedoke Arm and Hand Activity Inventory (CAHAI)

The two groups did not differ in CAHAI score at baselipg € 0033, p = 0974). There

was no statistically significant interaction between the intervention &ntk on the
CAHAI scorfF 13317 = 0.5B3,p= 0667 LJ NJI0/0D)f The main effect of time
showed statistically significant difference in mean CAHAI score at the different time
points(F 13 317 =4.371, p= 0.0%x  LJ- RJi0X49)f CAHAI scoréncrease across
groups from T1 to T2 bgPo6 (2.4 @5% CI1.2to 3.7) points p = 0.0Q). The main effect

of group showed no statistically significant difference in m&&HAI scoréetween

intervention groupgF«, s = 0001, p= 0981, LJ- NJR & 0.00). '

The mirroraided unilateral strength training interventiodid not elicit statistically
significant changes i€@AHAI scoresver time €, 24=1.38§ p= 0.26& LJ R A | f

0.104).

The unilateral strength training interventiodid not lead to statistically significant

changes irCAHAI scoresver time (Fz, 5 =2.589 p=0.09& LJ; NJIDA6H).f

ABILHAND Questionnaire

The two groups did not differ iIABILHANBcore at baseli@ (t(209) = 0300, p = 0766).
There was no statistically significant interaction between the intervention and time on
the ABILHANBcore(F 16399 = 0302 p=0691> LJ- NIDALR).fThe main effect of
time showedno statistically significant difference in meakBILHANDscore at the
different time points(F.6.39.9 =0.531, p= 0552  LJI NIDA2M).fThe' main effect of
group showed no statistically significant differencemean ABILHANDBcore between

intervention groupgF, 25= 0290, p= 0595  LJ- NIDALL).E
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The mirroraided unilateral strength training intervention did not elicit statistically
significant changes iABILHANBcores over timeH(2, 24=0.160 p= 0853~  LJI NI A | £

0.013.

The unilateral strength training intervention did not lead to satally significant

changes irABILHANBcores over time (B, 26)=0.337, p = 07172 LJ- NIDA2B).f

London Handicap Scale (LHS)

The two groups did not differ ihHSscore at baseline (§g =-1.141, p = 0263). There
was no statistically significant interaction between the intervention and time on_th®
score(F 2, 5= 0319, p= 0728  LJ- NIDXLR)fThe main effect of time showed no
statistically significant difference in meaikiSscore at the diierent time points,(F 2,52

= 0975 p=0384> LJ- NJDXBE)f The main effect of group showed no statistically
significant difference in meam.HSscore between intervention groug§ i, ») =

0.226,p=0639 LJ NIDWB)E

The mirroraided unilateral strength training intervention did not elicit statistically

significant changes inHSscores over timeR(2, »=2.093 p= 01545 LJ NJIDMB).f

The unilateral strength training intervention did not lead to statelic significant

changes inLHSscores over time (g, z = 0085 p = 09185 LJ- NIDADB).E

According to Sakp#R10)the following sample size calculation was performed with a

30% allowance for participant drequt:
n=[(2 #&)2x{2(6)%Y 6 K ¢>0rxzWhere

n = sample size required in each group
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> M= mean change in AT of the untrained side from baseline to-iptestvention for

mirror-aided crosseducation 3.5 £ 5.0 Nm (n=16) (treatment A)

> H= mean change in AT of thatrained side from baseline to poesttervention for

crosseducation only 0.1 + 4.0 Nm (n=13) (treatment B)
> wp H= clinically significant difference

0 = standard deviation treatment A

Zvn Yo ¢KA& RSLISYyRa 2y fS@St
Z : This depends on power, for 80% this is 0.84

n = 34 participants per treatment arm

g

AAIYATAOl yO

n adjusted for 30% droput rate =45 participants in each treatment arm
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Table 43: Resuk for each Outcome Measure irelsh + SD

Outcome Measure Treatment Grouﬂ) Number of T1 T2 T3
Participants
included in
Analysis
Trained side PT in Nm MST 12 38.4+17.3 |36.4+16.6 [35.5+13.8
ST 14 39.9+12.3 (43.0+18.0 (42.7+16.2
Trained side RTD in Nm/s MST 12 52.3+41.6 |54.1+36.3 |47.9+29.3
ST 13 62.8+41.4 (73.0+58.4 (80.5+57.7
Trained side AT in Nm MST 12 31.6+13.3 (31.4+14.5 [30.0£115
ST 13 34.1+11.4 (37.3+14.6 |37.2+13.4
Untrained side PT in Nm MST 13 24.1+17.9 (28.0+19.9*|26.2 +19.6
ST 14 24.0+13.9 (23.8+14.4 [25.4+16.0
Untrained side RTD in Nm/s |MST 13 33.1+38.8 (39.5+41.9 [31.8+31.6
ST 13 46.4+30.3 |45.6+40.2 |47.5+42.0
Untrained side AT in Nm MST 13 20.3+15.2 (24.1+17.0%|22.4+17.1
ST 13 21.3+11.3 (21.4+12.0 |23.3+14.0
MAS shoulder MST 13 1.8+0.9 1.2+0.9* |1.3+0.8*
ST 15 2.0+05 1.3+0.6* |1.4+0.6*
MAS elbow MST 13 1.4+0.6 0.7+0.6* [0.9+0.8*
ST 15 1.7+0.6 0.9+0.8* [1.0+0.6*
MAS wrist MST 13 1.4+0.8 0.7+0.7* [0.8+0.7*
ST 15 15+04 0.7+0.6* [0.8+0.6*
CAHAI MST 13 34.8+21.8 (37.5+23.0 (35.2+22.2
ST 14 346+21.9 (36.7+21.5 [35.6+21.3
ABILHAND MST 13 62.0+15.5 (62.8+12.2 (62.0+14.6
ST 14 57.2+13.8 [59.8+19.6 [59.9+22.2
LHS MST 13 0.5+0.2 0.5+0.2 0.5+0,2
ST 15 0.5+0.2 0.5+0.3 0.5+0.3

T1 baseline assessment, T2 post-intervention assessment, T3 follow-up assessment, PT peak to
rate of torque development, AT average torque, MAS modified ashworth scale, CAHAI chedoke 4
hand activity inventory, LHS london handicap scale, MST mirror and strength training group, ST st

training only group, significantly (p<0.05) different to T1 across groups, * significantly (p<0.05) diffg
to T1 within group
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4.4.Discussion

This is the first study investigating the feasibility and potentialcadly of unilateral
strength training combined with mirror therapy compared to unilateral strength training
only on uppe#limb motor recovery in ahronic stroke populationAccording to the
definition of pilot trials(211) insightful information regarding important componence

of a definite RCT could be provided. Furthermore, authors established that mirror
therapy did not augment the crossducation effect in chronic stroke patients when
training isometrically. However, considng the small sample size, the borderline
between group significant difference for AT (p =6&0combined with the large effect
size [JI NJI? & 0.124 rhay still indicate potential benefits of the combination therapy

(212) warranting further investigation.

4.4.1. Feasibility results

The participant recruitment rate consistently increased after active communication with
rehabilitation professionals or the genénaublicindicating that repeatedinteractions

with involved parties must be scheduled to ensure sufficient participant raferr
According to Crosbie et §213) non-complianceasdefined as receipt of less than 66.6%
of planned training sessions. With all participants completing;830% of training
sessions, this pilot trial can be classed as feasible regarding compliance. Furthermore
the drop-out rate of 9% rom baseline to pet-intervention assessmemwas below the
stipulated 15% for low risk of bi$36) However, at followup assessment théropout

rate was above this threshold (20%is should be considered when calculating the
sample size for a fully powered tri@oth interventions prged safe in this sample of

chronic stroke patients. Alt Murphy et a(203) states that there are no ehr
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recommendations regarding the most suitable upper extremity outcome measures after
stroke to date All outcome measures in this trial were carefully chosen according to
topical and current literaturg148, 198, 203, 204)sokinetic dynamometry is the gold
standard for assessing muscular functionality among athletic populations as well as
populations engaging rehabilitation programme$148) The mechanical reliability of

the Biodex System@Biodex Medical Systems, Inc., Shirley, New York, @S&gs well

as the protocolreliability (Chapter 3) and reliability of dynamic elbow strength
measurements in patients after stroke are excell¢h64) Furthermore, theBiodex
Advantage Software version 3.45 allows for comprehensive analysis of several strength
parameters. However, use and agb of the Biodex System 3 for moderate to severely
disabled participants proved challenging. Most participants needed manual assistance
when transferring into the Biodex seat. The lowest setting for chair height is ethligt

for impaired users, denying easy access. To initiate the Biodex System 3, limb weight
plus a threshold of 3 Nm has to be overcome. Due to the clinical population, it was
decided not to weigh the limb during sap, thus less strength is needed tatiate
measurementsFive out of the 35 participants were unable to complete the maximal
isometric strength assessmenA less intimidating portable dynamometer with lower
initiation thresholdcould be an alternativeHHowever, the assessment of RTD and AT
which are important parameters when evaluating the rehabilitation pro¢&5%, 158)

would not be possible. Thuthe use of isokinetic dynamometry for detailed evaluation

of muscle performance is advisable. The ability and willingness to use the Biodex System
3 for bilateral strength assessment may therefore be a valuable extension to inclusion

criteria for the fullypowered trial. Minimal detectable change (MDC) andhoinimal
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clinically important difference (MCID) should also be estimated in future research to

allow for a higher degree of interpretation of results.

The Modified Ashworth Scale (MASidely used asurrent clinical standar{198)and
it was chosen for this study to allow for comparability with other resed8fh 214)
However, it has been questioned if the MAS is a valid measure of spadtié®&)and if
it can distinguish between stretch reflex hyperexcitability and spastic pa&kig The
MAS may be a combined measure of stiffness rather than spasticity &Bf)eAll

participants in this pilot trial completed the MAS assessment.

According to a recent literature reawv (203) four activity task execution capacity
outcome measures demonstrate high levels of measuremeality and clinical utility

and are therefore recommended for the evaluation of upper extremity function post
stroke: Action Research Arm Test (ARAT), Wolf Motor Function Test (WMFT), Box and
Block Test (BBT), and the Chedoke Arm and Hand Activity Inyé@AHAI)The ARAT

was not chosen due to existing significant floor and ceiling effects, it is not sensitive
enough for patients with severe impairments or near normal function. Furthermore, an
extensive collection of items and a specialized table areired, which has to be built

or purchased(198, 216) The WMFT can take up to 45min to administer, most
information regarding reliability and validity has been based on ratings of videotaped
testing sessions rather than direct observati@®8, 217) The BBT is a performance
based measure of gross manual dexterity only, it does not provide assessment of a range
of different tasks(198) Items of the CAHAI have been specifically sele¢tedbe
meaningful and relevant to the stroke population and comply with World Health

Organization (WHO) guidelines. This test covers a wide range of functions including
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normative upper limb movements of manipulation, reach and grasp,-gender
specific taks, and bilateral task4.97) Only easily obtained cheap equipment is needed
and the8-tasklong version applied in this study was completed withiRlE0minutes
(197-200) There may be a floor effect and sensitivity issue when testing highly impaired
participants, howeve this has never been statistically investigated. Ten of the 32
participants scored the lowest possible score of 8 points at baseline assessment and only
4 out of the 10 showed a change thereafter. The CAHAI may not allow assessment of
highly impaired pay 1 8 Q | Ol dzr f f S@St 2F I oAfAGE |y
this testcould be completed by all but one participamtas specifically designed for
stroke patients, equipment consists of everyday items, it is short in duration and proved
easy to follow and thus it is advisable to continue to use the CAHAI in the fully powered

trial.

The ABILHAND questionna{gdl)was deemed the only assessment tool for perceived
task execution capacity demonstrating high levels of psychometrics and clinical utility
(203) Rating the 23 upper limb tasks took from 3 to 15 minated could be completed

by all but one participant.

The Stroke Impact Scale (SIS) was reported to be the most used post stroke participation
assessment toofollowed by the London Handicap Scale (Lg284) However, the SIS

only met 1 out of 4 psychometric criteria (internal consmtg, testretest reliability,
content validity, and construct validity), the LHS complied with 3 and was therefore
chosen for this feasibility tria{204) The questionnairecould be completed by all

participants
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In summarya fully powered randomised controlled trial is considered feasible regarding
all tested aspects.Repeated, planned interactions with referring rehabilitation
professionals is advised aimtlusion criteria might need to be adjustéd ensurethe
appropriate use of the Biodex System 3 Isokinetic Dynamometer to assess muscle
performance Alternatively,the use of a handheld dynamometer may be considered.
Future research should also identify MDCs and MCIDs for all included outcome measures

to allowfor comprehensive interpretation of results.

4.4.2. Efficacy results

As previously stated no significant between group results were found when the sample
of chronic stroke patients trained isometrically. Althoughhm group results danot
represent a kgh standard of evidenc€140) and can reflect placebo effeci218)
considering this is the first trial comparing mirraided crosseducation with cross
education only in a stroke population, they may add valuable information and contribute

to acomprehensive understanag.

High intensity unilateral strength training leads to increased activation in the untrained
primary motor cortex (M1§43, 67, 73)as well as increased excitability in the untrained
motor pathway(20, 42, 76, 83)ultimately resulting in enhanced and potentially more
efficient motor drive to the untrained sid@6-68). Similarly, training limb observation

in a mirror modifies corticospinal activity of the untrained side via threecggiuo
motor networks(17, 38, 103, 119, 120, 12&lements of primary and secondary visual
and somatosensory cortical areas associated with attention are involved; parts of the

MNS and the untrained motor meork are activated. Furthermore, mirror observation
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allows for congruence between visual feedback and motor command, enhancing motor

control and recovery40, 108)

When combining both therapies, corticospinal net excitation in the untrained
corticospinal pathway may be potentiated and additional cortical areas may be
activated,resulting in increased neural inptd the untrained hemisphere compared to
unilateral strength training alongl7, 18, 20) The reoccurring activation may contribute
to neural reorganisation in stroke patien{87), thus mirror therapy could augment

strength transfer and functional recovery in the untrainedb (17, 18, 20, 66)

Pre to postintervention strength improvements in the untrained arm of the MST group
equatedto 16.2% (p=0.8) for PT and 8 7% (p=0.Q) for AT The only other study,
comparing crosgducation with and without a mirror in a healthy population, found a
significant between group difference for strength gain (PT) in the untrained limb in
favour of treir MST groug20). After 3 weeks (15 sessions) of unilateral, dynamic wrist
flexor training (80% MVC) with mirror visual feedback, the magnitude of strength gain
(PT)in the untrained limb was 4 times greater (61%) than the improvement achieved in
this pilot trial. The strength training intervention in this study comprised of isometric
contractions, which previously proved effective and safe in stroke populat@ih<219)
however dynamic strerth training may have been more effective. Zult et @9)
edablishedthat short interval intracortical inhibition (SICI) in the ipsilateral M1 reduced
only when a slowly contracting hand was viewed in a mirror; no change was observed
under norrmirror condition. In line with these findings, Reissig e(220)showed that
mirror viewing of isometric index fingeasbductions did not change ipsilateral SICI

compared with the no vision condition. Thus, it seems only reflections of moving limbs
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modulate SICI and may therefore augment credscation effects. Furthermore,
effective motor control and motor learning depé on constant integration of sensory
responses, whereby predicted sensory consequences of motor commands are
compared with actual sensory feedba@®7-109) Conditions such as stroke can cause
incongruence of efferent and afferent signals, possibly leading to learned paf@@¥is
Due to the dominancefovision over proprioceptiorfl10)mirror therapy may be able

to restore the interrupted efference afference bop and allow for rehabilitatior§40,
111, 112) However, visual feedback from a static contractiagy not be as effective as
dynamic movement observation. The position of the untrained limb behind the mirror
should also be considered. Fourkas et (aR1) showed larger facilitation of Motor
Evoked Potentials when the relifie position of the hand was identical with the
movement participants were instructed to irgene. To avoid discomfort, positioning of
the untrained arm in this study did not exactly match the position of the training limb

which may have compromised benefits of the mirror visual feedi§hck

Contrary tosimilar studies implementing maximal isometric unilateral strength training
without a mirror in a stroke population did fin(P0, 219)this pilot trial did not result in
significant preto post intervention strength improvements in the trained arm of either
group, or in the untrained arm of the ST group. Dragert and Z@®)found strength
improvemens (PT) of 34%p=0.02)and 31%(p=0.009)in the trained and untrained
ankle dorsiflexor after a-@veek (18 sessions) training programme. Likewise, Sun et al.
(219) reported a 42%R1.23 = 5.603, p = 0.097and 35%(F1,23 = 4.510, p = 0.045)
strength gain in the trained and untrained wrist flexor after avéek (15 sessions)
training programme. Thdifference in the number of training sessions seems to be one

obvious reason for lower strength gains in this pilot trial. However, a recent-meta
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analysis investigating crogslucation in a healthy population established no significant
correlation betweerthe total number of contractions and strength gains in the trained
(r=0.19) and untrained (r=0.11) lin@54). In contrast patients with multiple sclerosis did
not show significant strength transfer after the first 3 weeks of unilateral dorsiflexion
training, but an improvement of 37.9% of initial untrained limb strengthsvedicited
(p<0.05 after 6 weekq134) The chronicity of participants may also influence results.
However, time post stroke in this pilot trial was comparabiéh the study by Dragert
and Zehr(90) who saw much larger strength gains with a similar training protocol
Authors(90)02 y Of dzZRSR (i KIFd GKS UyRAy3Ia AYRAOLF (¢
well beyond typical posstroke rehabilitation timelines. Chosen training stimuli such as
intensity has been shown to affect the trained amatrained muscle in a highly specific
manner (51, 222) Although participants were instructed to contract maximally in this
pilot trial, contrary to Sun et a{219)training intensity was noteasured. It is possible
that participants performed contractions well below the requested maximum effort.
Thus, if participants in this study did not train close to maximal intensity,-post
intervention strength of the trained limb cannot be expected todignificantly altered.
Similarly, Fimland et a{51) concludes that training intensities of > 85% MVC result in
greater crosseducation effects.Importantly, despite the possible lower training
intensity a significantteength improvement in the untrained side of the MST group
could be noted. Mirror visual feedback may reduce the threshold for eedsgation;
hence, strength transfer may be facilitated at a lower training intensity, which may be

helpful in poststroke rehabilitation to avoid unnecessary fatigue.
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A high intensity, dynamic strengitraining programmeof longer duration and
congruent positioning of both limbs may have significantly augmented strength

outcomes.

As described in Chapter e three most impatant strength parameters (PT, RTD, AT)
were included in thipilot studyto ensure comprehensive muscle function assessment.
PT representing maximum strength produced at a single point of contra¢2@3)and
RTD explosive muscle strength defines the rate of rise in contractile torque at the
onset of a muscle contractiorf178, 179) are frequently used during strength
assessment in atetes or clinical populationg159, 224226 ¢ 2 (G KS | dz
knowledge, this is the first study to include 8ver a single contractigimeasuringhe
ability to maintain torque throughout the contraction time intervél53, 156, 157)
Work or the equivalent isometric strength parame#&Tis consideredhe most precise
indicator of functional muscleehabilitation (158) AT of the untrained side ineased
significantlyacross groups by 9.6% from T1 to(p20.039) and remained at that level
of improvement at T3 (p=0.028)he withirgroup analysis of the MST group revealed a

significant improvement in AT of the untrained limb18,7% (p=0.0pfrom T1to T2

The hyperexcitability of the stretch reflex is the main cause of spasticity, whereby the
balance between excitatory and inhibitory signals is disturf#s). Brain injuries such

as stroke, lead to a disruption in cortical mechanisms controitih@itory pathways;
excitatory signals are not counteractd@5, 26) The efficiency of presynaptic and
postsynaptic inhibitioras well as posactivation depression were found to be decreased

in patients with spasticity24, 2729). Please refer to Chapter 1 and Figure 1.1 for

detailed explanations.
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Previous crossducation studies could show a decrease imefex (stretch reflex)
excitability in the contralateral limb during unilateral training of the upper l{nb, 77,
85-87). Although the mechanisms mediating the noted depression could not be
precisely identified, authors speculated that peand postsynaptic inhibition might be
responsible(66, 85) Presynaptic inhibition only lasts for hundreds of milliseconds and
can therefore not be the single mechanism involved in the > 30 second depression.
Postsynaptic inhibition may contribute to the prolonged depression time after
contraction. Cervicomedullory MEPs (CMEPS), which activate motoneurons through the
corticospinal tract, were unchanged during contractions but reduaféet (85). Dragert

and Zehr(90) also found decreased spinal reflex excitability in thérained side and
conclude that repeated bouts of hightensity unilateral dorsiflexion training could lead

to increased contralateral sensitivity of inhibitory interneurons and larger suppression
of alphamotoneuron excitability in stroke patien{®0, 227) Mechanisms underlying
mirror therapy occur on cortical level on(¥03) and do not appear to influence spinal
excitability, thus mirror therapy may not stimulate spasticity improvements. However,
according to Gracie§5)spasticity is only one component of spastic paresis caused by
stroke. Soft tissue contracture, spastic dystonia, and spast@notraction should also

be considered35). Similarly, the Modified Ashworth Scale (MA&SYhough fregiently
used in research and clinical assessmensy measure stiffness caused by spastic
paresis, rather than abnormal reflex activity alof3®) More efficient motor output to

the untrained limb (66, 90)initiated by (mirroraided) crosseducation interventions
may lead to improved spastic dystonia and spasticaatraction, possibly translating

to reduced MAS scores.
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In this pilot trial, mean MAS scoregor the muscles surrounding all upper limb joints
(shoulder, elbow, wrig reduced significanthacross groupwith large effect sizepartial

n? = 0.4810.624, p<0.001) suggestingo augmentation with mirror therapy.
Improvements were noted for both groups from T1 to T2 and from T1 to T3. However,
the decreasen MAS scorefK ndy LR Ayidaov RAR y2iG NBI OK
1 poirt (195) No previous study measures the cresducation effect on upper limb
spasticity in stroke patients. Urbin et §62) demonstrated a significant improvement

of 25° (p < 0.01) in wrist extension Active Range of Motion (AROM) in the MA side
following strength training of the LA side. AROM is not a direct measure dicpyas
however these findings suggest an influence of clexdscation on spastic paresis and
stiffness(35). Dragert and Zeh(90) reported no significant changes in lower limb
spasticity after crosgducation training of the LA dorsiflexor in stroke patients. This is
especially surprising considering that adaptations in spinal reflex excitability were noted.
Mean values for préntervention MAS measurements do not appear to ealfiff
meaningfully betweerthis pilot studyand the study by Dragert and Z€l90). However

5 out of the 19 participants (26%) taking part in the unilateral dorsiflexor strength
training (90)a O 2 NB R dbrsiflaxiosspadtigitiNadt baseline assessment.this pilot

trial pre-intervention spastity was noted for all participant. If no spasticity
improvement was possible for 26% of participants, it was less likely to register a
significant improvement overallFurthermore, it was suggested previously that
mechanisms underlying cresslucation mayary among individuals and muscle groups
(91), training effects regarding spasticity may therefore differ between the upper and

lower limb.
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It is beyond the scope of this study to specifically determine neuysiatogical
mechanisms leading to the significant decrease in MAS scores. Based on the current
understanding of adaptations initiated by cresgucation(66, 67, 71, 77, 85, 8@hirror
therapy did not augment improvements in spasticity) and the pathophysiology of
spasticity(25, 35) alterations in spinal reflex excitability or improvements in cortical
motor output seem possible. If the latter applies, adaptations in neural drive in the ST
group were sufficient to facilitate improvements in spasticity but not in maximal
isometric strength. Generally, unilateral training is considered to only cause minor
adaptations on spinal levéb7), therefore changes on cortical level may be a more likely

explanation for the significant reduction in MAS scores noted in this study.

The nmean CAHAI scohowed amain effect of time £, s0)= 3.668p = 0.033, partial
' 2=0.128)with an improvement of 2.8% (p=0.003) across grotfisyever, the 2.8%
improvement did not reach previously reported values for MDC of 79%, 199) but

the resuls are in agreement with Urbin et g62) who reported a srall (4%), but
significant (p = 0.04) improvement in the Action Research Asst ARAT) after

unilateral strength training of LA wrist flexors.
No significant changes could be established for the ABIILHAND questionnaire or the LHS.

4.4.3.Interventionand Equipment

Thebarrier of transport and attendance at the Institute of Technology Sligo was first
identified during early recruitment foa case studies conducted by tlmesearch team

(106)¢ 2 | OO02YY2RIUGS LI GASY(Qa ySSkaredeafctR Sy a
team felt ahome-basedexercise programme would be most beneficial. The initial

ethical approval was based on an intention located in the Institute of Technology
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Sligo, thus an amendment regarding the site of intervention was submitted and granted

in July 2015 (AppendHi).

To facilitate home traininga training device, strong enough to withhold maximal
contractionsand transparent to allow for reflection observation, had to be designed.
The research team initially worked with Mr Padraig Kelly (University Hospital Sligo
Plaster Technician) who created a Plaster of Paris of the upper limb at the 85° elbow
extension taining angl€163) Thereafter contact was made with a Mould Room Clinical
Specialist in Cork University Hospital (Adrian Jb@)ivho offered to turn the Plaster

of Paris mould into a Perspex shell, usually used in radiation therapy. Unfortunately, the
Plaster of Paris mould had to be delivered to Cork University Hospital within hours of
production which was impractical, thusdhresearch team had to investigate other
possible ways of creating a braéaentually, collaborations with Institute of Technology
Sligo Department of Creative Design (Dr David Roberts) resulted in the production of an
innovative, cost effective upper lintraining device made from clear plastiéqure4.1).

The safe, user friendly and comfortable isometric strength brace combined all
characteristics needed to successfully apply the combination therépg. research
team (Ehrensberger M., Simpson Bonaghan Kand Roberts D) decided to investigate

the possible commercialisation of a Mirror Strengthening Brace. Collaboration with
Institute of Technology Sligo Innovation Centre (Dr. Niall McEvoy) lead to the submission
of an Invention Declaratiarmhe dewcewasdeclared patentable in early 2016. In further
collaboration with Enterprise Irelan€ommercialisation Speciali§taul Butler, the
research group was advised to first apply for the Enterprise Ireland Commercial Case
Feasibility Granfe15000)and pending promising results, to apply for the Enterprise

LNBfIFYR /2YYSNOAFfA&LFGAZ2Y Cdzy &archhteanlivis dzLJ
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Strengthening Bracd&.heresulting, very promisingiarket research report wiupport

the application for the Enterprise Ireland Commercialisation Fund.

Elbow exénsion was chosen due to itspresentation in everyday upper limb functional
movements such as reachir(@64) and to counteract the frequent pattern of arm
spasticity with flexion at the elbow affecting 79% of patie(@s228) The contraction

type (isometri¢ was selected to reduce injury ri€k51) and to increase comparability

of results as differences in range of motion between patients and between MA and LA
sides was eliminated as influencing factAtso,maximal isometric contractiondlaw

for training at highest intensity without complex equipment, which is associated with
greatest crossducation of strength effectés1) The 85° training angle represents the
position in which the triceps brachii cgmoduce most forc€163) Most strength gain

in untrained individuals was identified when training was performed 3 times a week and
individual muscle groups were exercised for 4 $829) Furthermore, the number of
sets and repetitions, and the duration of rest periods were chosen according to maximal
strength training guideline@06, 207) Collaboration with healthcare professionals lead

to the protocol timeframe of 4 weeks. Stroke patients indicated that they were not
willing to commit to a longer training period. Furthermore, creskication
interventions of 3 and 4 weeks proved previously successful in healthy partici@g@nts

94, 101) This was the first study comparing mirraided crosseducation training with
crosseducation training only. Effacy results did not show a mirror augmenting effect
when training isometricallyHowever, evidence exists that an alternative training
protocol mayelicit motor functionimprovements(17, 19, 20, 54)A dynamic strength

training protocol with a higher number of contractions, measurement of training
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intensity and congruent positioning of the trained and untrained limb may be more
beneficial (17, 54, 134)Specifigprotocol characteristics such as ideal number of sets,

repetitions and duration of rest havi® be established.

4.44. Limitations

Guided by the Cochrar{@37)and PEDr¢136)risk of bias assessment tools, efforts were
made to keep limitations and risk of bias as low as possible. HAawsome limitations
remain. Due to the nature of the exercise intervention, blinding of therapists was
impossible. Furthermore, according to ethical approval, the information letter sent to
potential participants had to include descriptions of creskication and mirror therapy,

thus blinding of participants was also impossible. To reduce the risk of differential
behaviour, all participants were treated according to a strict protocol following
Cochrane guidelingd.37) The study did not control for possible mirror pkbo effects.

This could be addressed by including an experimental group, training with a mirror
angled in such a way that participants cannot see the reflection of the training limb. Due
to the high heterogeneity of the cohort, it is impossible to spep#gient groups the
intervention is most beneficial for. As previously mentioned, the training intensity was
not measured duringhome-basedstrength training sessionst is possible that the
training intensity was not high enough for cresducation to ocur. The level of
motivation and efficacy in participants was not measured, this could present a possible
confounder. Mechanisms underlying cresgucation, mirror therapy or the
combination of both is mostly based on trials including healthy particip@itscussed
possible adaptations when applying named rehabilitation methods in stroke patients are

therefore hypotheses only anaiustbe treated as such.
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4.45. Summery and Recommendations for Future Research

As a first objective his study established thfeasibility of a fully powered randomised
controlled trial comparing the effects of mirr@ided unilateral strength training with
unilateral strength trainingonly on motor function recovery post strok&econdly, it
identified that the use ofa mirror did not augment the croseducation effect whera
population of chronic stroke patientsainedisometrically However, the combination

of large effect sizes with borderline significance in a small sample of participants

warrants further investigatiof the combination therapy.

A future randomised controlled triashould implement all outlined changes to the
training protocol. A dynamic strength training programme with a higher number of
contractions, measurement of training intensity and congruent pasihg of the
trained and untrained limb should be applidtdwould be beneficial to establish MDCs
and MCIDs for all outcome measures to allow for categorisation of achieved change.
Specificprotocol characteristics such adeal sessions per weekjumber of sets and

repetitions, duration of rest periods and contraction intensity have to be investigated.

Furthermore, the combination treatment of crosslucation and mirror therapy should
be applied to other stroke subgroups (e.g. acute or-aabte) b identify most beneficial
time points for the rehabilitation method. It is also advisable to investigate other

predicting factors for most successful application such as level of disability.

In a next step, lie novel rehabilitation methodshould be invesgated as an adjunct
therapy to standard rehabilitationFurthermore, its benefits should be compared to
other promising treatment approaches. Thurs timeknowledge about best general and

individual rehabilitation practicecan be gained.
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Unilateral stength training combined with mirror therapy may also be beneficial for
other illnesses or injuries causing bilateral asymmetry (e.g. multiple sclerosis, fractures,
and joint replacements). The effectiveness of such treatment amongst other patient

groups sould be investigated.

To allow the possible incorporation of (mirraided) crosseducation training, the

further development of the mirror strengthening brace should be a priority also.

4.5.Conclusior& Contribution to Knowledge

Following recommendhtions in previous literaturethis pilot study was first to
investigate the feasibility and potential efficacy wiirror-aided unilateral strength
training compared to unilateral strength training alone oapperlimb motor function
recovery in achronic stroke populationThe feasibility of a fully powered trial was
establishedand insightful information regardinglifferent study componers could be
provided. Furthermore, authors established that mirror therapy did not augment the
crosseducationeffect in chronic stroke patients when training isometrically. However,
considering the small sample size, the borderline between group significant difference
combined with the large effect sizstill warrants further investigation.An altered
training pogramme with adjusted protocol characteristics may results in improved

functional outcomes.
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Chapters: General Discussion and Conclusion
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5.1.Main Results &ontributionof Knowledge

The positive effect of mirror therapy in post stroke rehabilitation was established by a
recent Cochrane review(230) Although the application of crogslucation n
rehabilitationafter strokewas previously recommendgdl), no high quality literature
review invesigating itseffectswas conducted to date. Chapter two addressed tiap

in knowledgeand concluded that there isrmoderate level of evidenc@41)supporting

the successfuhpplication of crosgducationfor motor function recovenafter stroke

Two out of the three included studies showed significant strength transfer to the
untrained, more-affectedlimb (31.4 % and 45.5%90, 138) All three trials resulted in

significant improvements in task esution capacity62, 90, 138)

To evaluatehe efficacy of thesubsequentlyapplied (mirroraided) unilateral strength
training programme, strength testing procedures of high reliability were required.
However, the protocol reliability and exact testing procedures for maximal isometric
elbow extension measad with the Biodex Systemi§okinetic dynamometewas never
before established. Furthermore, the strength parameter Average Torque over a single
iIsometric contraction, which is regarded as highly relevant when interpreting the
rehabilitation progres$158) had not been reportetb date. Chapter 3 addregdthese

gaps inknowledge. The established reliability scores for the three most important
strength parameters for comprehensive muscle function assessment (Peak Torque, Rate
of Torque Development, Average Torque over a single contraction) were indbkest
range (ICC = 0.9298) A detailed descriptionf recommendations addressimifferent
aspectsof the testing protocol such as instructiofie participantsand data analysis

were provided allowing assessors tachieve excellent reliability whemeasuring
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maximal isometricelbow extensionstrength with the Biodex System 3 isokinetic
dynamometer with theBiodex Advantage Software version 3.45 (Biodex Medical

Systems, Inc., Shirley, New York, USA).

It was previously hypothesised that mirrersual feedback can augment the cross
education effec{17, 18) Zult et al(20)verified the theory with halthy participants and
recommended to explore the effects thfe combination therapy in a stroke population.
Chapter 4 describes the first study investigating the feasibility and potential efficacy of
mirror-aided unilateral strength training in poestroke upper limb motor recovery
compared to unilateral strength training alone. T$tady establishedhe feasibilityof a

fully powered trialand insightful information regarding differerstudy components.
Repeated, planned interactions with referring reHahtion professionals is advised
ensure consistent and sufficient participant referrals. The study proved feasible
regarding participancomplianceg213)with all patients completing 8300% of training
sessions.The 20%drop-out rate from baseline to followup assessment exceeded the
15%thresholdstipulatedfor low risk of biag136) However, this was addressed when
calculating the sample sizgn = 90)required for a fully powered tria(210) Both
interventions proved safe in this samplé chronic stroke patientsvithout any noted
adverse events. Five participants (14%) were unable to complete the maximal strength
assessment carried out with theiodex System 3 Isokinetic DynamomefBo ensure

the successful measurement ofaximal isomeic muscle performancghe ability and
willingness to use the Biodex System 3 rhaya valuable extension to inclusion criteria
Alternatively, the use of a handheld dynamometer may be consideAdt other

outcome measurementssed in this pilot triaproved suitable.
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The efficacy resultshowedno mirror augmenting effect on crosslucation training
when chronic stroke patientgerformedisometriccontractions. However,considering
the small sample size, the borderline between graignificant difference for AT (p =
0.065) combined with the large effect sizell NJI? & 0¢.124 may still indicate potential
benefits of the combination therap212. When interpreting the results in light of the
current evidence base, it immerged that an altered training protocol may augment
effects Knowledge gaineldas the potential tagguidefuture researchFirstly,to achieve
a mirror augmenting effects, dynac contractions may have to be performegcent
publications(19, 220)indicate that cortical excitabilitis only increasedwhen moving
reflectionsare observed Furthermore, visual feedback from an isometric contraction
may not be sufficient tdvalanceefferent and afferent signal3 hus, notor learning and
rehabilitationmay not beefficiently supported(40). The position of the untrained limb
behind the mirror may also influenaairror augmenting effects To avoidkinaesthetic
distractions it shouldoe congruent to the training lim{l7). Fourkas et al221)showed
larger facilitation of Motor Evoked Potentials when the rif& position of the hand as
identical with the movement participants were instructed to imagi@ampared to
previously publishea@rosseducation studies in stroke populatio80, 219) this pilot
trial resulted in lower strength gains in the trained and untrained lifitie dfference in
the number of training sessions seems to be one obvious re&sents with multiple
sclerosis did not show significant strength transfer after the Brs¢taining sessiof
unilateral dorsiflexion training, buimprovements were notedafter 18 (134) In
contrast,Manca et al(54)reportedno significant correlation between the total number
of contractions and strength gains gither limb in a healthy populationTraining

intensity has been showto affect the trained and untrained muscle in a highly specific
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manner (51, 222) Although participants were instructed to contract maximally in this
pilot trial, exacttraining intensity was not measuretf.participantsdid not train close

to maximal intensity, posintervention strength of the trainedand untrainedlimb
cannot be expected to be significantly alteréchportantly, despite the possible lower
training intensity a significant strength improvement in the @amed side of the MST
group could be notedThus, nirror visual feedback may reduce the threshold for cross
education; hence, strength transfer may be facilitated at a lower training intersity
conclusion, éigh intensity, dynamic strengttraining pragyramme of longer duration
and congruent positioning of both limbs maignificantly augment strength outcomes

and should be implemented in future studies.

5.2. Future Directioneand Recommendations

By training thdessaffectedupper limb only(mirror-aided) crosseducationhas the
capacity to address current limitations in stroke rehabilitati@miciansidentified
(mirror-aided) crosseducation as a promising treatment option to increase therapy
time and allow for independent training in highly impalrpatients(139)
Furthermore, no adverse effectgere noted during the literature reviewr the pilot
study.Considering the favourablésk-benefit ratio, rehabilitation professionals may

include(mirror-aided) crosseducationas an adjunct therapi individualcases

However, to provide conclusive eviderfoe the application of mirrofaided unilateral

strength training in stroke rehabilitatigriurther research must be carried out.

Guided by information and results gained from hiot trial, a fully powered
randomised controlled trighvestigating theefficacy of mirroraided unilateral

strength training compared to unilateral strength training only on psisbke upper
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limb rehabilitationshould be conductedTo establish the benefits of including (mirror
aided) crossducation to typical rehabilitatin procedures, a study comparing
standard rehabilitation and standard rehabilitation + (miraided) crosseducation
should be carried ouf-urthermore, to ensur¢he evolvement obest practice
rehabilitation methods, the combination treatménf crosseducation and mirror
therapyhasto be comparedvith other noveltreatment approaches such agtual

reality training.

Considering that the novel thergmpproachmay allow the patient to train
independently, &ects of a supervised, therapist guided pragrme should be
compared with an independent home intgntion. To supportmentioned trialsand

the future implementation of mirroraided crosseducation in standard rehabilitation,
the mirror strengthening brace designed in the Institute of Technology Bag to be
further developed and testedt would also be beneficiab investigate predicting
factors for most successful application (e.g. time after stroke, level of disability) and
ideal training protocol characteristics (e.g. sessions per week, nuoflsets and

repetitions, training intensity).

The effects ofmirror-aided) unilateral strength training on the recovery of other
conditions causing bilateral imbalance such as multiple sclerosis or orthopaedic injuries
should be exploredCorticospinaladaptations, underlying mechanisms in healthy or

specific clinical poulationsalsohave to be investigated

5.3. Conclusion

Results presented in this thesis indicakeneficial effects of (mirreaided) cross

education orpost-stroke upper limb motor reovery The use of a mirror did not
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augment the crosgducation effect when chronic stroke patients trained isometrically.
Nevertheless, the combination of results warrants further investigationthed
feasibility of a fully powered trial comparing therabination treatment of cross
education and mirror therapy to crogsiucation only was establisheNovel
recommendations regarding a potentially more effective training protstoluld be

followed.
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