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Résumeé

Introduction et objectif

La prise en charge thérapeutique de la fatigue utaise par le biais d’exercices
physiques vise a améliorer la qualité de vie etligmp habituellement des exercices
unilatéraux ou [I'électrostimulation neuromusculapeur compenser une fonction
musculaire altérée aussi bien chez les personriaessau dites vulnérables.d.
atteintes d’'une pathologie ou d'un traumatisme). faigue musculaire est une
réduction de la capacité de production maximalédse, induite par I'exercice, que la
tache puisse étre maintenue ou non (Bigland-Ritehad. 1983; Gandevia 2001; Enoka
and Duchateau 2008). L'objectif général de cetisehétait d’étudier les stratégies
d’activation neuromusculaire lors de la fatigue oulaire, de 'endurance musculaire et
sur la performance musculaire au cours et/ou a@ess contractions volontaires et
évoquées électriguement chez des personnes sainegnérables tels que des enfants
atteints d’infirmité motrice cérébrale (IMC) et desmtients atteints de dystrophie

musculaire facio-scapulo-humérale (DMFSH).
Méthodes

Quatre études ont été conduites pour répondre bjettif général: 1) L’article 1 a
examiné l'effet controlatéral de la fatigue musaelaaprés des exercices fatiguant
isométrigues maximaux unilatéraux des extenseurgedou; 2) L’article 2 a étudié si
un exercice induit par électrostimulation neuronuleice délivré au niveau du tronc
nerveux des muscles fléchisseurs plantaires deduilte conduirait a des contributions
périphérigques et centrales de la fatigue muscudifférentes si I'intensité du courant
était maintenue constante ou progressivement med@l¢L article 3 a étudié si les
muscles fléchisseurs du coude chez les enfantsitat@IMC avaient une endurance
musculaire aussi limitée que la force, et si lesams atteints d'IMC pouvaient
compenser la fatigue musculaire par le recruterdemouvelles unités motrices comme
le font les enfants sains; 4) L'article 4 a évdleffet d’'un programme de rééducation
par électrostimulation neuromusculaire (ESNM) sufdrce et I'endurance du muscle

tibialis anterior, et sur les fonctions motricespagients atteints de DMFSH.



Principaux résultats et conclusions

Les principaux résultats indiquent que: 1) Un exerdatigant unilatéral réduit la
production maximale de moment de force du membraraiatéral non soumis a un
exercice, mais cette perte de production de mordentorce est difféerente selon le
membre, et est retardée dans le membre contrdlaB&teffet dit « croisé » serait une
stratégie de compensation pour réduire la différatec performance musculaire entre le
membre affaibli par I'exercice fatigant et le memlmontrolatéral et ce, probablement
pour maintenir la coordination entre les membrggJr2 protocole d’ESNM délivré au
niveau du tronc nerveux, que lintensité du couranit maintenue constante ou
progressivement augmentée, a induit une fatiguecataise identique impliquant des
adaptations périphériques et centrales semblabiesi, pour une demande énergétique
comparable, maintenir l'intensité du courant contiaggmenter produirait une quantité
de fatigue musculaire équivalente. 3) Méme si lgacdé de production de force des
muscles fléchisseurs du coude et le temps de reaidé I'exercice étaient similaires
dans les deux groupes, les enfants atteints d'IME€sgntaient une plus faible
augmentation du signal électromyographique (EMQ)dpet la tache d’endurance.
Ceci suggere que les enfants atteints d'IMC n'a# @té capable de recruter des unités
motrices supplémentaires pour pallier a la fatigugsculaire pendant la contraction
isométrique prolongée de flexion du coude a fareau de force. 4) Il n'y a pas eu
d’amélioration de la force et de I'endurance muaiceldu muscle tibialis anterior, ni
des fonctions motrices apres l'entrainement par MSN est possible que le
programme d’ESNM n’ait pas été suffisamment interetbou que les parameétres de
stimulation n’aient pas été adéquats dans la mesuraucun gain n'a également été
observé chez les participants sains. Cependagtolge de patients atteints de DMFSH
a montré une perte de force moindre pendant laraciiin maximale volontaire
prolongée de deux minutes, indiquant gu’ils onto@pé moins de fatigue musculaire

gue le groupe contréle.

Sur le plan clinique, identifier les méthodes peterg de limiter la fatigue musculaire
et développer des exercices physiques de réédnadtdondamental et une recherche
plus approfondie doit étre conduite sur les stiatgl’activation musculaire, en

particulier chez les patients atteints de malad@somusculaires. Les effets bénéfiques



potentiels du phénomene « croisé » de la fatigogewle I'entrainement, et de la
sollicitation musculaire par ESNM devraient étreaminés tout en considérant la

spécificité des troubles neuromusculaires et l&satlons de I'activation musculaire qui

y sont associées.



Sammendrag

Bakgrunn og hensikt

Den kliniske behandlingen av muskeltretthet vedphges treningsterapi tar sikte pa a
forbedre livskvaliteten og involverer normalt undeale gvelser eller nevromuskulaer
elektrostimulering for & kompensere for svekket keifsnksjon hos friske og pasient
grupper. Muskeltretthet er en reduksjon i maksirkedftproduksjon, indusert av
aktivitet, uavhengig av om en gitt oppgave kan etipoldes eller ikke (Bigland-
Ritchie et al. 1983a; Gandevia 200l1a; Enoka andhBieau 2008). Hensikten med
denne avhandlingen var & studere effekten av nawknteere aktiveringsstrategier
under muskeltretthet, utholdenhet og muskelprestagtter frivillige og elektrisk
induserte muskelsammentrekninger hos friske ogopersmed cerebral parese (CP) og

facioscapulohumeral muskeldystrofi (FSHD).
Metode

Fire studier er gjennomfgrt i henhold til hensiktered avhandlingen: 1) artikkel |
undersgkte overfgringseffekten av muskeltrettHetidn kontralaterale siden etter en
unilateral maksimal isometrisk utmattende kneelsggtersgvelse; 2) artikkel I
undersgkte om en nevromuskulzer elektrostimulerivejsg pafart over nerven til ankel
plantarfleksorene ville fgre til forskjellige sem og perifere bidrag i forhold til
muskeltretthet ndr man sammenlignet en konstamiugiingsstram med en progressiv
modulering av strgmstyrken; 3) artikkel Il evalieeom albuefleksorene hos barn med
cerebral parese har en like begrenset utholdentrat styrke og hvorvidt de kan
kompensere for muskeltretthet med rekrutering @& fhotoriske enheter som ved
friske; 4) artikkel IV undersgkte effekten av ehabiliteringsprogram, som benyttet seg
av nevromuskuleer elektrostimulering (NMES) av fisiaanterior, pa muskelstyrke,

utholdenhet og motorisk funksjon hos pasienter FedD.
Hovedfunn og konklusjoner

Hovedfunnene i avhandlingen er: 1) En unilaterahattende gvelse svekket det
maksimale dreiemomentet hos det kontralaterales gbeidende, lemmet. Det skilte
ogsa i tidsavhengig tap av dreiemoment mellom lenanbkvor tap av dreiemoment var



forsinket i det ikke arbeidende lemmet. Denne ammfyseffekten kan veere en
kompensasjonsstrategi for a redusere forskjellanuskelprestasjon mellom utmattete
og den ikke-utmattet side, trolig for a oppretteolabordinasjon; 2) En NMES protokoll
pafart over nerven med konstant eller gkende styokes induserte lignende perifere
og sentrale tilpasninger til muskeltretthet. Derféor et likt energiforbruk, vil &
opprettholde stramstyrken, som ved a gke den,tfigem lignende muskeltretthet; 3)
Selv om bade styrke og tid til man ikke lenger ivatand til & gjiennomfare oppgaven
var lik i begge gruppene, viste barna med CP eeréawkning i EMG amplitude. Dette
indikerer at barn med CP ikke er i stand til & uédare ytterligere motoriske enheter for
a kompensere for muskeltretthet under en varig,bdistnings isometrisk
albuefleksjonskontraksjon; 4) Rehabiliteringsprogneet forte ikke til forbedring i
verken styrke, utholdenhet eller motorisk funksjdibialis anterior. Kanskje var ikke
NMES protokollen tilstrekkelig belastende og/ellgrarameterne i forhold til
stimuleringen var utilstrekkelige ettersom helldea hos friske noen forbedring ble sett.
Derimot viste pasientene med FSHD lavere krafttageu en 2 minutter maksimal
frivillig kontraksjon, noen som antyder at de opale en lavere grad av muskeltretthet

sammenlignet med den friske gruppen.

A begrense muskeltretthet og & utvikle rehabiliigsistrategier trengs videre forskning
med tanke pa muskelaktiveringsmgnstre ved muskbkteog spesielt hos de med
nevromuskuleere tilstander. De potensielt gunstigafarings og NMES effektene bar
undersgkes videre med tanke pa det store spekteraevromuskulzere tilstander og

tilhgrende muskel aktiveringssvekkelserne.
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Abstract

Background and objective

The clinical care of muscle fatigue with exerciseeraipies aim at quality of life
improvement and usually involve unilateral exersisr neuromuscular electrical
stimulation to compensate impaired muscle functionboth healthy and health-
compromised people. Muscle fatigue is a declinmaximal force production, induced
with exercising, whether or not the task can benta@ed (Bigland-Ritchie et al.
1983a; Gandevia 2001a; Enoka and Duchateau 200®).oVerall objective of this
thesis was to study the effect of neuromusculaivaodn strategies during muscle
fatigue, endurance and muscle performance afteuntaly and electrically evoked
contractions in healthy and health-compromised [atjmms such as children with

cerebral palsy (CP) and patients with facioscapuiodral muscular dystrophy (FSHD).
Methods

Four studies aimed at fulfilling the overall objget 1) paper | investigated the cross-
over effect of muscle fatigue following unilatedahee extensors maximal isometric
fatiguing exercise; 2) paper Il studied whetherearomuscular electrical stimulation

exercise, delivered over the nerve trunk of thelankantar flexors would lead to

differential peripheral and central contributionisnouscle fatigue when comparing a
constant intensity with a progressive modulatiorthed current intensity; 3) paper I

evaluated whether the elbow flexor muscles of childwith cerebral palsy have a
muscle endurance as hampered as strength, andenhleddly can compensate muscle
fatigue with recruitment of additional motor unés typically developing peers; 4)

paper IV examined the effect of a rehabilitationgram using neuromuscular electrical
stimulation (NMES) on tibialis anterior muscle siggh, endurance and motor function
in patients with FSHD.

Main findings and conclusions

The main results indicate that: 1) A unilateraldaing exercise impaired the maximal
torque production of the contralateral non-exengdimb, but the time course of torque

production loss differed between limbs, being dethin the non-exercising limb. This
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cross-over effect could be a compensatory strategyeduce the gap of muscle
performance between the weaker, exercised, limbtlaadon-exercised one likely to
warrant interlimb coordination; 2) A NMES protocadélivered over the nerve trunk,
maintaining constant or increasing the currentnisity induced similar peripheral and
central adaptations of muscle fatigue. Thereforw, $imilar energy expenditure,
maintaining the current intensity constant, as wimeneasing it, would yield the same
amount of muscle fatigue. 3) Even though strengthtane to task failure were similar
in both groups, the children with CP exhibited avdo increase in EMG amplitude
compared to typically developing peers. This sutggdsat the children with CP were
not able to recruit additional motor units to comgeme for muscle fatigue during a
sustained low-force level isometric elbow flexioantraction; 4) No tibialis anterior
muscle strength, endurance and motor function irgrents were observed after the
training. Maybe, the NMES protocol was not strermiemough and/or parameters of
stimulation were not adequate as no improvementse wabserved in healthy
participants either. However, the group of patienitthh FSHD showed lower force
losses during the 2-minute sustained MVC, sugggdtiat they were experiencing a

lower amount of muscle fatigue compared to thethggadarticipants group.

Limiting muscle fatigue and developing rehabilibatistrategies is needed and further
research should be conducted regarding the mustieaton patterns with muscle
fatigue, especially in neuromuscular disorders. potential beneficial cross-over and
NMES effects should be further investigated withgamels to the variety of

neuromuscular disorders and the associated mudolatéon impairments.
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1 Introduction

Muscle fatigue is an exercise induced reductiomaximal force production, whether
or not the task can be sustained. Muscle fatigueaissed due to a combination of
processes from the performing muscles and the osrsgstem (Bigland-Ritchie et al.
1983a; Gandevia 2001a; Enoka and Duchateau 2008).

The combination of surface electromyography (EMGithwpercutaneous nerve
stimulation is a method commonly used to evaludtanges of the neuromuscular
system by investigating their electrical activiiyhe action potential originating from
the central nervous system (CNS) travels towardsnthscle where it propagates over
the membrane of the muscle fibres, causing activatfhe EMG technique measures
the physiological electrical activity with the usé electrodes positioned over the
surface of the active muscles. Percutaneous neiwellation bypasses the voluntary
drive and activates muscles directly by depolagidime motor nerve. This allows the
use of the interpolation twitch technique (ITT) (M® 1954) which consists of
superimposing electrical stimulation onto a maxin@lntary contraction to assess the
voluntary activation level. This voluntary activati level refers to the quantity of
voluntary descending drive to the motorneuron @oya muscles. Both techniques can
be combined to investigate the neuromuscular systenumans (Bigland-Ritchie and
Woods 1984; Gandevia 2001a). When used togethecuta@eous nerve stimulation
and EMG can unveil central and peripheral compaehimuscle fatigue; this is used
widely in the field of neuromuscular physiology. ths thesis, these techniques were
applied on both healthy and health-compromised ladpa for the purpose of

investigating muscle fatigue.

Health status is a key factor in determining th#itglio perform prolonged exercise or
daily activities, and fatigue is a widely reportesymptom in patients with

neuromuscular disorders (Chaudhuri and Behan Zo&dsson et al. 2006; Schillings et
al. 2007a; Garssen et al. 2007; Kalkman et al. 2808elini and Tasca 2012). The
variety of pathophysiological mechanisms and assedi symptoms of neuromuscular
disorders challenge the understanding and thecalimiare of muscle fatigue. Focusing

on muscle fatigue in a rehabilitation setting igaial since it is among the top ranked
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symptoms of neuromuscular disorders and patierperence difficulties to perform
high intensity or long duration exercises (Féasebral. 2006; Zwarts et al. 2008).
Moreover, besides the actual survival goal of therdpeutic care in neuromuscular
disorders, the improvement of the quality of lifesshhbecome an important rehabilitation
goal, often involving improvement of daily activithrough exercising. The numerous
therapeutic strategies to overcome deficits duéatigue usually focus on unilateral
exercise. When one limb is injured, or more setiouspaired than the contralateral
limb, a common approach is to focus on the rehahbiin of the impaired limb. The
goal is to enhance strength and endurance of takexvdéimb, but it has been shown that
this type of rehabilitation also leads to the imgment of the non-trained, contralateral
limb. This limb interplay is the cross-educatiofeet (Enoka 1988; Carroll et al. 2006;
Fimland et al. 2009) and a similar cross-transfemaiscle fatigue occurs as well
(Rosenbaum 1977; Zijdewind et al. 1998). Amongst thariety of therapeutic
strategies, neuromuscular electrical stimulatioMB$) has gained in popularity and
has become broadly used for rehabilitation purp¢Besridge and Ladouceur 2001;
Bax et al. 2005a; Maffiuletti 2010). The goal of ¥ is to generate a muscle
contraction to replace or complete the voluntarysoh activation via direct
depolarisation of the motor axons. This action alsdirectly activates the spinal
motorneurons via la afferents in mixed nerves (witmulation over the nerve trunk) or
intramuscular axonal branches (with stimulationraixe muscle) (Hultman et al. 1983;
Collins 2007; Bergquist et al. 2011b). Howeverinaitation of the use of NMES is the
greater muscle fatigue rate compared to voluntantractions because of the repeated
and fixed recruitment of the same muscle fibres ndéathommen et al. 2003;
Maffiuletti 2010).

The present introduction is three-fold where thst fpart will focus on the underlying
mechanisms of muscle fatigue and the cross-ovectetfuring muscle fatigue. The
second part will address muscle fatigue in neurauwlas disorders and finally, the third
part will discuss the use of neuromuscular elegktratimulation and its effects on the

muscle activation and fatigue.
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2 Muscle fatigue

The motor pathway carries signals from the brainmiascles and involves processes
occurring at the central nervous system (CNS) anthe peripheral level until the
muscle, where force is produced. A volitional mascbntraction arises from a neural
descending motor command initiated at the motaotregdevel that activates the skeletal
muscles. The motor command originates from cepti@tesses, either of motivational
or of sensory origins, and a volley of action ptitda (AP) is generated. The action
potential travels through the sensorimotor cortexl ghe cerebellum and thereafter
travels along the spinal cord towards the alphasmmeurons ¢-MNs). Eventually, the
AP hits the targeted muscle fibres via the neurawlas junction at the synapse level
(Enoka 2008). Then, the muscle membrane depolavisethe voltage-gated sodium
(Na") potassium (K) ion channels (NaK® pump) which triggers the release of the
calcium ions (C%), from the sarcoplasmic reticulum that bind to theponin. The
adenosine triphosphate (ATP) is hydrolysed on thiesim head which rotates and binds
to the actin, and splits into adenosine diphosp{&¥) and inorganic phosphate (Pi).
This causes the muscle to contract.

Muscle fatigue may arise at any level of these mpathway processes. It refers to an
evolving and reversible state modifying the fune#ib performance of the motor
system. Muscle fatigue is widely defined in ther#ture as a decrement of maximal
force production, induced by sustained or repeatadcle contractions, whether or not
the task can be maintained (Bigland-Ritchie etl@8B3a; Gandevia 2001a; Enoka and
Duchateau 2008). Since a muscle contraction depamdscombination of the muscle
fibres and of the CNS activities, the limiting sitgielding to muscle fatigue can be
distinguished at two levels. Muscle fatigue carseuat the peripheral levald within
the muscle fibre itself) (Allen et al. 2008a) hehe muscle is simply incapable of
sustaining the initial force production. Muscleidae can also develop at the central
level, above the neuromuscular junction (Gandewi@l2), here the central nervous
system is unable to provide enough input to theaheushich is still able to contract

and produce force.
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2.1 Peripheral fatigue

Peripheral fatigue comprises ionic and metabol@nges at the muscle fibre level that
could result in impaired action potential propagatiand excitation-contraction

coupling, which leads to a decrease of the mechhmiuscle response (Allen et al.
2008a; Enoka and Duchateau 2008).

Muscle fatigue induces ionic changes such as thetredal activity of the membrane
will be impaired and the Na/ K* balance will no longer be respected; Kns
accumulated outside of the membrane block dtennels and the conduction velocity
of the AP over the membrane decreases (from 2 6mics' in rested condition to <0.3
m.s* when fatigued) (Nakajima and Gilai 1980; Lannengend Westerblad 1987;
Allen et al. 2008a). The sarcolemma and the T-eduhay no longer be capable of
conducting the AP and the membrane excitabilitysfaiith fatigue. The C& ions
accumulate in the T-tubules as they become unabiel¢ase and reuptake the?Gans
from the sarcoplasmic reticulum (Bianchi and Narey®82). First, the Carelease
decreases, attenuating binding of théGaTlroponin and thus a failure in the actin-
myosin cross-bridges (Westerblad et al. 1991). d&ssthe alteration in the excitation-
contraction coupling, ionic changes impair the igbibf the muscle fibre to contract.
The metabolites and a reduced pH (lactate accuimmland acidosis) will also reduce
the binding of C& on Troponin (Westerblad et al. 1991). Also, the rolysis of
creatine phosphate (PCr) to creatine and Pi impgh&scontractile function in fatigue
(Westerblad et al. 2002a; Allen et al. 2008a).

The M-wave (the compound muscle action potentsathe motor response evoked by
maximal percutaneous nerve stimulation that progasgarthodromically in the motor
axons, generally observed 5-8 ms after the onsekeatrical stimulation, reflecting the
maximal muscle activation (Tucker et al. 2005). th& AP propagation and the
excitability of the membrane are impaired, the amgé of the M-wave is found to
decrease. When a reduced M-wave is observed, theomascular propagation is
impaired (Fuglevand et al. 1993; Tucker et al. 2080&n et al. 2008a), suggesting the
occurrence of fatigue of peripheral origin. As thembrane excitability decreases, the
amplitude of the M-wave is reduced and also changethe M-wave shapeeg.

widening) can also result (Brody et al. 1991).
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The muscles afferents provide a link between thippery and the CNS, as they inform
the a-MNs and supraspinal centres in a feedforward aedidack control loop (Enoka
and Stuart 1992; Gandevia 2001a; Dimitriou and E2@ih0). The integration of afferent
feedback information is processed by the CNS vizss@®y receptors that can evoke

rapid responses known as reflexes (Pierrot-Degeylland Burke 2005).

The main afferents are categorised in four grolips; Il and IV (Prochazka 2010).
The muscle spindles, la and Il afferents, are Etat parallel to the muscle fibres and
are innervated by the gamma motorneurgrBIs) concurrently activated with the
MNs. They are sensitive and discharge accordintpeochange and rate of change in
muscle length (Edin and Vallbo 1990). The Golgidiem organs (Ib) are located in the
tendons and are involved in the force exerted leyntluscles. Also, the small diameter
muscle afferents (groups Il and 1V) provide inf@tion regarding the strain and the
metabolic milieu modifications in the muscle (Eleyvet al. 1982; Mense and Stahnke
1983; Kaufman and Rybicki 1987; Clarke et al. 198Byes et al. 2005). Finally,
cutaneous mechanoreceptors are also involved in réigelation of the muscle
contraction as they specifically provide the CNShwthe mechanical and kinematic
stimuli (Edin and Abbs 1991). The afferent axonseerthe spinal cord through the
dorsal roots and make connections veitNINs via one or several interneurons (Pierrot-
Deseilligny and Burke 2005; Prochazka 2010) andtlaeelink between the periphery
and the CNS.

2.2 Central fatigue

Modifications due to prolonged exercise also o@uhe nervous system level. Central
fatigue entails adaptations occurring above therareuscular junction. The neural
drive or the transmission of the drive to the meddbres through the-MNs at the
spinal level can be modified (Gandevia 2001a; Enakd Duchateau 2008). At the
motor cortex level, it has been shown that sevaah areas increase their activity with
fatigue. Indeed, the sensorimotor cortex, preflontartex, cingulate gyrus,
supplementary motor area, and cerebellum showedeadys increment during a
fatiguing task (Liu et al. 2003). The common desieg drive to the muscles increases
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to compensate for fatigue, and additional MUs a&euited (Gandevia 2001a; Enoka
and Duchateau 2008). Also, fatigue may impair thieintary descending neural drive -
i.e. the level of firing frequency of the stimulus whiceduces the MUs activation,
hence causing a decline ®MN discharge rate (Bigland-Ritchie et al. 1986ylba et
al. 2006). Muscle fatigue has been shown to rdisesensitivity of la and Il afferents
(Nelson and Hutton 1985; Christakos and Windho@861 Zytnicki et al. 1990), to
reduce (Bongiovanni and Hagbarth 1990; Macefieldlel991) responsiveness of the
a-MNs and to decrease the MUs discharge rate. Coitaotly, groups Il and IV
afferents have been shown to act as a negativédekdoop onto the-MNs (Bigland-
Ritchie et al. 1986; Woods et al. 1987) and are akely to increase the presynaptic
inhibition (Duchateau and Hainaut 1993; Kostyukbale2005). Thus, muscle afferents
(muscle spindles, Golgi tendon organs, groupsrt & muscles afferents) inhibition
mechanisms also explain the decrement of firing i@&ernell and Monster 1982a;
Kernell and Monster 1982b; Bigland-Ritchie et &18&).

At the spinal level, because of the accumulatiometabolites due to slowing down of
Na’'-K* pumps along the membrane, the activation thresbbldotor axons increases
(Vilin and Ruben 2001; Kiernan et al. 2004; Milesaé 2005) thus decreasing the
number of active motor units with a similar inplithas been observed that the constant
descending drive increases the threshold of loestiwmld MUs and decreases the
threshold of high-threshold MUs (De Luca and Eri#94; Carpentier et al. 2001), even
though a reduction of threshold can be measureetttyr after ao-MN is recruited
(Gorassini et al. 2002). Eventually, the increasgldase of serotonin from the brain
stem reduces-MN excitability (Taylor et al. 1999; Gandevia 2@)JAndersen et al.
2003; Butler et al. 2003; Martin et al. 2006) ahdg affects MU recruitment (Bigland-
Ritchie et al. 1983a; Bigland-Ritchie et al. 198&),mpairs MUs discharge rates. Not
only the decrease in MUs discharge rate is expliabnea reduction in the descending
drive, but also by an increase in inhibitory inpuid also by a modification ia-MN
responsiveness due to their intrinsic propertiasd@sen et al. 2003; Butler et al. 2003;
Martin et al. 2006).

The use of voluntary contraction and non-invasiercptaneous nerve stimulation

combined with surface electromyography allows tkplaation of fatigue in humans
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(Bigland-Ritchie and Woods 1984; Gandevia 2001&js Tlassical approach permits
the investigation of the modification of the destieg drive to thea-MNs, which
reflects the individual capacity of MU activatidhextra force can be evoked by motor
nerve stimulation with the interpolation twitch beeque (ITT) (Merton 1954) it can be
concluded that some MUs were not recruited or wertefiring fast enough to produce
fused contractions at the moment of stimulationride and Gandevia 1999). With
fatigue, when using the ITT, an increase of evok®de indicates that the voluntary
activation level progressively decreases, as thecetaling neural drive becomes
suboptimal, but the absence of evoked force doésdiscard it (Gandevia, 2001).
Percutaneous nerve stimulation is a useful teclentqudistinguish central fatigue from
peripheral fatigue (Merton 1954; Gandevia et a@5)9while simultaneously analysing:
1) the maximal voluntary contractions, 2) the maadimnvoluntary activation level
(Merton 1954), and 3) the mechanical and electrsiolygical responses (the M-wave,
the Hoffman reflex and the V-wave seen in the EM(&ited by the electrical nerve

stimulation (see Figure 1).

Furthermore, the study of the Hoffman reflex (Hle¢gf due to a percutaneous nerve
stimulation, permits the assessment of the chainggsinal reflex pathways (Schieppati
1987; Zehr 2002). While the M-wave is the direcblead motor response, the H-reflex
is elicited because the electrical volley propagatetidromically, bypassing the gamma
motorneurons and the muscle spindle dischargerarmaivies both afferent sensory and
efferent axons (Schieppati 1987; Zehr 2002). Whth electrical stimulation, la afferent
fibres are depolarised and cause neurotransmilense at the la afferenta/MN
synapse within the spinal cord generating a moésponse (Schieppati 1987; Zehr
2002). Because of the longer distance involvingsihieal circuitry, the H-reflex latency
is greater than the M-wave and is observable inBNES signal 30-45 ms after the
onset of electrical stimulation (Schieppati 198%&hZ 2002; Tucker et al. 2005).
Moreover, since the la afferent fibres are, on ager larger than the efferemtMNs
fibres, the activation threshold of the H-reflexasver than the M-wave’s (Schieppati
1987; Zehr 2002; Tucker et al. 2005). With museligiie, the H-reflex is found to be
depressed, such as it accounts for the decreasgmbnsveness of the-MNs
(Schieppati 1987; Gandevia 2001a). When the stitiomlaat the M-wave intensity is
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superimposed over the MVC, an electrophysiologicatiant of the H-reflex is
observed, this is the first volitional wave, thewave (Upton et al. 1971). The
activation of motorneurons via the descending rlednrae collide with the antidromic
electrical volley and a part of the evoked reflegponse will reach the muscle (Aagaard
et al. 2002). The V-wave is used to study the ednsupraspinal adaptations to muscle
fatigue, as it represents the magnitude of theatedrive to thea-MNs (Upton et al.
1971; Aagaard et al. 2002).
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Figure 1. Schematic view of the different evoked potenttalinvestigate sites of muscle fatigue with the
use of electrical nerve stimulation, adapted fréagaard et al. 2002; Millet et al. 2011). When tieeve

is stimulated by a low-intensity electrical curretiie electrical volley travels towards the CNSngldhe
sensory la afferent axons (1) because of their loaivation threshold compared to the alpha-
motorneuron axonafMN). At the spinal cord it activates the postsyi@afransmission and the electrical
volley is conducted to the muscles via thN axons (3) this is known as the H-reflex. Whbka terve

is stimulated at a higher intensity electrical euty the electrical volley travels directly alorg ti-MN
axons towards the muscle (4), this is the M-waveth® same time, the electrical volley propagates
antidromically towards the spinal cord (2) and idel$ with the electrical volley of the evoked refle
response (1 and 3), partially cancelling the reflesponse. With the stimulation increase the amidlr
collision will increase and while the M-wave incsea, the H-reflex decreases. When the nerve
stimulation is applied during maximal voluntary rolescontraction, the voluntary descending drive wil
collide with the antidromic electrical volley (2and a part of the evoked reflex response will retheh
muscle, this is the V-wave. V/M: V-wave normaligecthe M-wave; V/H: V-wave normalised to the H-
reflex; VA: Voluntary activation level assessedwihe interpolation twitch technique: RMS/M: EMG
root-mean-square measured during maximal voluntantraction normalised to the M-wave; H/M: H-
reflex normalised to the M-wave; Pt: Peak twitctecmanical response associated with the M-wave; Pt
Pot: Potentiated Peak twitch, potentiated mechangsponse associated with the M-wave following a

maximal voluntary contraction.

Muscle fatigue is a multifaceted phenomenon, cosinpyi peripheral, central and also

cognitive factors (Gandevia 2001a). Thus, some itiwgrfactors such as motivation or
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perception of the task can have an impact on defdtegue. All stimuli from the
cortical area are mediated by neurotransmitters thal disturb the cerebral
homeostasis and contribute to central fatigue.heumore, some parameters including
the intensity, the time of the exercise, the typdoad, the fibre composition of the
measured muscle, the gender, the age, the trdewedy the health status or the type of
contraction, will each induce specific neuromuscutaodifications. In this thesis,
submaximal and maximal voluntary force contractibage been used to induce muscle
fatigue. Investigations have been directed at deteng which force levels can be

attributed to different neuromuscular strategies.

2.3 Level of contraction on muscle fatigue

2.3.1 Fatiguing isometric contractions at submaximal fore level

During repetitive or sustained submaximal contoagj muscle activity as measured
with EMG increases in amplitude (Basmajian and Ded 1985). Furthermore, EMG
signals show decreases in spectral frequencied.(@ba& 1997; Karlsson et al. 2009). In
addition, an increase of activity bursts are aleensin the EMG signal (Hunter and
Enoka 2003; Enoka and Duchateau 2008). These changhe EMG signal can be
explained by an increase in the neural drive (Ererk@ Duchateau 2008), recruitment
of additional higher threshold MUs (Enoka et al83p a decrease in firing rate, an
increase in firing synchronisation and/or a deaeaghe muscle fibre action potential
propagation velocity (Karlsson et al. 2009). Thephimde increase observed in the
EMG signal during submaximal sustained contractisuggests that muscle fatigue is
compensated by the recruitment of additional MUe {IDca 1997; Farina et al. 2004).
However, a simulation study (Yao et al. 2000), shdwhat MU synchronisation can be
responsible for the EMG amplitude increase andefoee responsible for force
fluctuations in submaximal contractions. But it reesethat the increase in EMG
amplitude is likely to be dependent on the humbeactive MUs (Suzuki et al. 2002).
During a constant submaximal force level contractithe pool of active MUs
undergoes an important compensatory mechanismtation (Westgaard and de Luca
1999; Bawa et al. 2006). The discharge rate of Meises and a cyclic alternative
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substitution of a MU activation occurs, providingreetabolic rest for the contractile
apparatus to offset muscle fatigue (Bawa et al.620This cyclic unsynchronised
activity is necessary to ensure a continuous cotdraas it is acknowledged that MUs
synchronisation and increase in force fluctuatiares correlated (De Luca et al. 1982).
However, fatigue impairs the ability of neural amhtto increase synchronisation of
MU discharge (Sears and Stagg 1976). The synclatioms of MU activation
contributes to the change of frequency contenthef EMG signal towards lower
frequencies observed due to fatigue (Krogh-Lund dmdyensen 1992), as well as the
decline in conduction velocity (CV) of the AP ovédre muscle fibre membrane
(Merletti et al. 1990; De Luca 1997; Farina et 2004). This decline of conduction
velocity can be attributed to the alteration in N/ K* transmembrane flow balance

reducing the velocity of the AP propagation (AreNiktlsen and Zwarts 1989).

2.3.2 Fatiguing isometric contractions at maximal force ével

The use of maximal voluntary contractions to iniggge muscle fatigue is insightful
because it tests the entire motor pathway (Tayldr@andevia 2008). During maximal
contractions, fatigue develops within seconds, tfaimal voluntary force decreases
almost immediately, and the superimposed twitchkedoby motor nerve stimulation
increases (Bigland-Ritchie et al. 1983b; Gandeviale 1996). Maximally sustained
contractions involve both central and peripherakleadjustments. At the peripheral
level, after a 4-minute sustained isometric MVCtbé ankle dorsiflexion muscles
(Kent-Braun 1999), the pH decreases as thecéhcentration increases and PCr is
synthesised; this accounts for 80% of the develdpgdue. As the force production
declines within seconds, force fluctuations inceeasd the MU firing rate reduces
within 10 to 20 seconds (Bigland-Ritchie et al. 3@8Bigland-Ritchie et al. 1986). It is
probable that the slowing down of the MU firingeas due to a reduction in the neural
drive and/or to a diminished excitability afMNs. Additionally, the amplitude of the
EMG signal during sustained maximal voluntary caction is found to decrease
(Bigland-Ritchie et al. 1983b). Indeed, supraspifatigue induces a suboptimal
corticaloutput (Gandevia et al. 1996) and groupaHtl IV muscles afferents are likely

to negatively impact the descending neural drivayl(dr et al. 2006; Amann et al.
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2008). Also, it seems that intracortical inhibitiocreased during a 2-minute MVC of

the elbow flexor muscles (McNeil et al. 2009).

2.4 The cross-over effect of muscle fatigue

Rehabilitation exercises are mostly performed teitdly and it has been shown that an
unilateral exercise may modify the performancehefctontralateral homologous muscle
(Zijdewind et al. 1998; Zijdewind and Kernell 200Iodd et al. 2003; Rattey et al.

2006; Martin and Rattey 2007; Post et al. 2008)nab (McLean and Samorezov 2009;
Berger et al. 2010a; Paillard et al. 2010). Durangnilateral task, the muscle activity
can irradiate in the non-exercising muscles (ZijoeMand Kernell 2001). Also, it has

been shown that unilateral muscle fatigue can spteahe non-targeted contralateral
homologous muscles and this phenomenon is knowthascontralateral effect of

muscle fatigue (Zijdewind et al. 1998; Zijdewinddaiernell 2001; Todd et al. 2003;

Rattey et al. 2006; Martin and Rattey 2007; Posi.2008).

The MVC of the rested contralateral muscle group b@en shown to decline after a
unilateral fatiguing exercise of the ipsilateralnimogous muscle both after maximal
voluntary contraction fatiguing protocol (MartincaRattey 2007; Post et al. 2008). On
the other hand, some studies failed to show a M¥@uction of the homologous
contralateral muscles after an unilateral fatigiemgrcise in the upper limbs (Zijdewind
et al. 1998; Zijdewind and Kernell 2001; Todd et 2003) and in the lower limbs
(Rattey et al. 2006; Berger et al. 2010a; Pailkeirél. 2010). Therefore, a decline of
MVC of the contralateral limb after a unilaterakifming exercise does not always
result. Yet, the cross-over effect of muscle fagidnas been observed (Zijdewind et al.
1998; Todd et al. 2003; Rattey et al. 2006; Maainm Rattey 2007; Post et al. 2008).
Some authors have reported a concomitant declitkeeotoluntary activation with the
decline in MVC (Martin and Rattey 2007; Post et 2008). The heterogeneity of

fatiguing protocols used may partly account foisthdiscrepancies.

In line with reports showing cross-over effects)dtional impacts have been shown as
a lower-limb unilateral fatiguing exercise altelipdalal postural control (Vuillerme et
al. 2009; Vuillerme and Boisgontier 2010; Bergerabt2010a; Paillard et al. 2010).
This contralateral effect of muscle fatigue hasnbglgown not only to be present in the
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homologous contralateral muscle, but can spreadartsv other muscles groups

(Kennedy et al. 2012). It is likely that centralechanisms at the spinal and supraspinal
levels occur: at the spinal level, the amplitudetted contralateral H-reflex has been

shown to decrease (Mcllroy et al. 1992; Hortob&agyal. 2003; Carson et al. 2004); at
suprapsinal level, possible inter-hemispheric regoh through transcallosal pathways
(Meyer et al. 1995).

Nonetheless, these aforementioned mechanismsughhaf a broad variety, may differ

according to the integrity of the neuromusculartesys and muscle fatigue is a
frequently reported symptom in patients with a newrscular disorder (Chaudhuri and
Behan 2004; Féasson et al. 2006; Schillings €t(fl7a; Garssen et al. 2007; Kalkman
et al. 2008).

3 Neuromuscular disorders

3.1 Neuromuscular disorders and fatigue

The expression neuromuscular disorders itselfaadbras it comprises neurogensxy(
cerebral palsy) and myogenic disordezxg.(facioscapulohumeral muscular dystrophy).
These diseases are acquired or inherited and erassnapvariety of impairments arising
either from the brain, the anterior horn of thengpicord, the neuromuscular junction or
even from the muscle fibre itself (Féasson et @0&2. Because of motor impairments
associated with these pathologies, they are commiaieérred to as neuromuscular
disorders. It has been reported that fatigue i®rmancon symptom in neuromuscular
disorders (Chaudhuri and Behan, 2004; Féasson.,eR@0)6; Garssen et al., 2007,
Schillings et al., 2007; Kalkman et al., 2008).

For instance, fatigue has been reported in severatomuscular disorders such as in
patients with cerebral palsy (Jahnsen et al., 20883t-polio syndrome (Sunnerhagen
and Grimby, 2001), facioscapulohumeral musculatrdpdy (Kalkman et al., 2008),

myasthenia gravis (Paul et al., 2000), or GuilBarré syndrome (Merkies et al., 1999).

However, it must be noted that fatigue in thesegas often subjective and refers to an
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overall feeling of weakness or a lack of energyhernthan the muscle/physiological
fatigue. This experienced fatigue relates to twotdes: a psychological one and a
physiological one (Zwarts et al., 2008). Additidgalassociated symptoms such as
spasticity, muscle weakness, pain, cramps or myei@warts et al., 2008) alter motor
control and muscle force production. In this thethe muscle performance in children
with cerebral palsy and in adults with facioscapulmeral muscular dystrophy is

investigated.

3.2 Neuromuscular impairments in Cerebral Palsy

With a European prevalence of 1.5-3 per 1000 liven® (Cans, 2000), cerebral palsy
(CP) is the most frequent neurological disorderhitdren. Cerebral palsy is a clinically
descriptive term that comprises a variety of matwa postural impairments due to brain
injuries occurringn utero or up to two to three years after birth (Bax et2005b). The
physical symptoms associated with CP are spastaefgctive decreased motor control,
muscle weakness and fatigue (Jahnsen et al., R88 and McGill, 2005; Morris,
2007; Rosenbaum et al., 2007).The variety of symptand their range of magnitude
are classified according to scales, which include®@ross Motor Classification System
— GMCS (Palisano et al., 1997) and the Manual Ab(ilassification System — MACS
(Eliasson et al., 2006). They respectively classifginary motor function and manual
capacities, on a scale from | to V, where | is thest level, and V the greatest

impairment.

Alteration of the neuromuscular function can be swmsed as follows. First, the
muscles in CP show an altered distribution and gredance to type I, slow-twitch
fatigue-resistant muscle fibres (Rose et al., 1983%et al., 1996). Additionally, the
structural properties of the muscle fibres areratte It has been shown that 95% of
healthy muscle bundles comprise of muscle fibrds]enin spastic muscle bundles in
CP, this value is only 40% (Lieber et al., 2003)e&ize of CP spastic muscle fibres is
one-third the size of healthy muscle fibres witlgraater amount of intramuscular fat
and connective tissue (Lieber et al., 2003). Hesase the muscle cells’ structural
properties are altered, their contractile capaxiiee diminished; this contributes to the
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muscle weakness observed in CP compared to hep#bys. Second, besides this
purely peripheral component, muscle weakness Isasaastrong central component that
lies in the deficit of voluntary activation. It h&é®en shown that children with CP are
not capable of fully activating their muscles dgrima MVC (Rose and McGill, 2005).
Because of the cerebral lesion, the neural desegrdfive is altered (Mockford and
Caulton, 2010) and thus decrease the amount of BHilsg activated. Some authors
have suggested that there might be impairments dagtvihe motor cortex and the
motorneurons (Brouwer and Ashby, 1990) possiblylarmg the low level of
voluntary activation in children with CP (Elderadt, 2003; Rose and McGill, 2005).

Therefore, these modifications of the neuromuscatéivation hamper the resistance to
muscle fatigue as it has been previously suggd&teankeu et al., 2010); this can be
due to coactivation of the agonist and antagonissates that is found to be greater in
CP than in healthy populations (Unnithan et al96Burtner et al., 1998; Stackhouse
et al., 2005; Braendvik and Roeleveld, 2012). Tduactivation would lead to higher

rates of energy expenditure (Unnithan et al.,, 199€@tham et al., 2010) therefore

muscle fatigue.

However, some studies show that in CP, muscled#xhiower decrease in MVC, and
in median frequency of the EMG signal; thereforsptiilying less muscle fatigability
than healthy participants (Stackhouse et al., 20@breau et al., 2009). At the
peripheral level, the neuromuscular junction isniduo be altered as a greater number
of acetylcholine receptors in children with CP bagn reported (Theroux et al., 2005).
Muscle fibre alteration, increased sarcomere lendgicreased muscle volume, greater
metabolic demand and energy expenditure (Lundb®®d8; Unnithan et al., 1996;
Smith et al., 2011) are also suggested to be arpengheral mechanisms of muscle
fatigue (Brunton and Rice, 2012). At the centraklea diminished inhibitory control in
the motor cortex has been observed (Heinen et18R9), as well as damaged
corticospinal tract (Hodapp et al., 2007) due terald corticospinal projections to the
MNs (Cheney, 1997).
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3.3 Neuromuscular impairments in fascioscapulohumeral rascular
dystrophy

A recent report shows that the facioscapulohumaxgcular dystrophy (FSHD) is the
most prevalent muscular dystrophy in Europe (Orphdeport Series, 2013) with 7
cases per 100 000. The facioscapulohumeral musdykirophy is associated with a
deletion of an integral number of tandemly arra@e®l kb repeat units, termed D4Z4,
located on chromosome 435 (Wijmenga et al., 1998althy people show 11 to 100
repeats, while this tandem repeats are found tofldeto 10 in FSHD. The lower the
number of repetitions, the more severe the disase der Maarel and Frants, 2005).
This myogenic disorder is characterised by a seeand asymmetric weakness of
facial muscles, progressively descending to thepudes then hip-girdle or anterior

lower leg muscles(Tawil and Van Der Maarel, 2006).

In an animal model, the muscle weakness has begn im be due to impaired intrinsic
contractile strength and could be linked to theesé&y of the disease while no
sarcolemmal impairments could be observed (D’Antehal., 2007). It is suggested
that a decrease in myosin concentration specificfiects more fast fatiguing fibres.
Furthermore, a shift in muscle fibre compositionamfpes were observed from
predominantly fast to predominantly slow muscledilbypes (D’Antona et al., 2007).
Recently, the overexpression of the DUX4 gene hasnbfound to be involved in
sarcomeric protein degradation pathways (Wallacelgt2011) leading to muscle

weakness in patients with FSHD (Lassche et al.3p01

A recent 10-year prospective study (Stibgen anppS2010) demonstrated that the
disease showed a stable progression in terms fased muscle weakness, decrease of
motor function and daily life activities, despitanability in the tested group. In the
extensor digitorum brevis, a decreased number ofs Mére measured while those

remaining were found to be abnormally large (Siva llcComas, 1971).

Experienced fatigue is a major burden in daily Hietivities as reported by 61% of
patients with FSHD (Kalkman et al., 2005). Howewanly a few studies focused on
muscle fatigue in patients with FSHD (Schillingsaét 2007; Kalkman et al., 2008).

Besides higher rates of experienced fatigue, thanra force production is found to be
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of lower magnitude in participants with FSHD (Sthds et al., 2007). Also, during a
two-minute isometric elbow flexion sustained MV@ettorque declined significantly
although the rate of decline was slower than introbmparticipants and less peripheral
fatigue occurred in patients with FSHD (Schillingfsal., 2007). The lower amount of
peripheral fatigue in patients with FSHD is propmbse be linked to reduced blood flow
occlusion, keeping a better intracellular environmen this patient group than in

healthy populations (Schillings et al., 2007).

The central activation level, assessed with thé&twinterpolation technique, was found
to be unchanged compared to healthy participariés aftwo-minute sustained MVC
even though staring and end values were lower tecontrol group (Schillings et al.,
2007). Yet the voluntary activation level was disond to be of greater magnitude, this
possibly linked to pain (Kalkman et al., 2008). Say afferent pathways are found to
be altered (Fierro et al.,, 1997) and pain is widedgorted in patients with FSHD
(Bushby et al., 1998). A study made on 102 pardicip with FSHD showed that 82%
reported pain, mostly in the lower back and legn$én et al., 2008). Since pain can
reduce the voluntary activation level (Rutherfotdak, 1986; Gandevia et al., 1996;
Graven-Nielsen et al., 2002), it is likely to belimiting factor in muscle fatigue
investigation in patients with FSHD since voluntagtivation decline might be a

strategy to limit pain.

Recent genetic studies have highlighted the contgleof FSHD and two genetic
impairments have been shown to lead to FSHD dewaop (van Overveld et al., 2003;
de Greef et al., 2007, 2009; Zeng et al., 2009 fiftst, and the most common, the
FSHD 1, is characterized by a reduced number adetanrepeats 3.3 kb, D4Z4, on
chromosome 4935 (Wijmenga et al., 1992), inducingmatin structure changes and
loss of DNA methylation (van Overveld et al., 2003) the second, FSHD 2
concerning about 5% of the patients, similar chriimehanges are observed without a
D4Z4 contraction (van Overveld et al., 2003; deebret al., 2007, 2009; Zeng et al.,
2009). Even though advances have been made, therlyind pathophysiological
mechanisms of the disease remain misunderstoodte-ean therapeutic treatments are
available (Tawil, 2008) and rehabilitation stratsghave been investigated to prevent

the progressive muscle atrophy and the loss of mfatation. Aerobic exercises have
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been proposed to improve the neuromuscular funatopatients with FSHD, but
authors (van der Kooi et al.,, 2004, 2005; Voet ket 2010) failed to show the
improvements of such training on muscle strengtienethough no deleterious effects
were induced. However, a recent study (Colson gt28l10) using neuromuscular
electrical stimulation (NMES) demonstrated strengtid muscle function gains after a
5-month training period. Such a positive resulthhghts the potential of using NMES

for rehabilitation purposes in FSHD patients.

4 Neuromuscular electrical stimulation

Neuromuscular electrical stimulation (NMES) is adely used tool in rehabilitation
settings to enhance muscle strength in healthyicgeanbts (Currier et al., 1979;
Selkowitz, 1985; Colson et al., 2000; Bax et &00%2a; Gondin et al., 2005; Russ et al.,
2012a), or to compensate for a diminished or lassete function in patients (Bélanger
et al., 2000; Burridge and Ladouceur, 2001; Hagrieg al., 2002; Bax et al., 2005a;
Colson et al., 2010) and even to treat pain in ksteoathritis (Imoto et al., 2013), or

chronic low back pain (Coghlan et al., 2011).

Neuromuscular electrical stimulation is generalbed with electrodes applied on the
muscles bulks to generate a muscle contractiond®@nommen and Duchateau, 2007).
The recruitment of muscle fibres occurs through eieitation ofa-MN axons and
indirectly with the activation of spinal motornensovia the excitation of la afferents
evoked in mixed nerves (stimulation over the netvenk, see Figure 1) or
intramuscular axonal branches (stimulation ovemtiuscle bulk) (Hultman et al., 1983;
Collins, 2007; Bergquist et al., 2011b). Moreovierce production depends on the
stimulation parameters (current amplitude, pulseiion and frequency) (Gregory et
al., 2007; Gorgey et al., 2009; Gondin et al., 2J0Therefore the muscle activation
differs from voluntary contractions, NMES would ure higher rates of muscle fatigue
(Adams et al., 1993; Maffiuletti, 2010).
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4.1 Muscle activation pattern and fatigue in electricay evoked

contractions

4.1.1 Stimulation parameters

Electrical stimulation amplitude, pulse durationdainequency influence the muscle
activation and muscle fatigue. Increasing amplit(algrent in mA or voltage in V) may
activate muscle fibres deeper below the surfacgeasing spatial recruitment (Theurel
et al., 2007), yielding production of greater fac&herefore, the greater the current
amplitude, the more the recruitment of the musadle aecur via peripheral pathways
(Bergquist et al., 2011b). The augmentation of therent amplitude increases the
activated muscle area and the evoked torque andtaires the metabolic demand per
activated MU but does not necessarily increase ladatigue when the stimulation is
applied on the muscle (Adams et al., 1993; Gorgey.£2009).

The pulse duration may differentially activate reeaxons: the shorter durations (50-
400 ps) depolarise motor axons, while longer donsgti( > 500 ps) depolarise more
sensory axons (Bergquist et al.,, 2011b) as the l@alonger strength-duration time
constant and lower rheobase (minimal current intgn®quired to evoke a motor

response). Therefore, it is suggested that largksepdurations involve greater central
components, both in muscle and nerve stimulatioollifs, 2007; Lagerquist and

Collins, 2010; Maffiuletti, 2010; Bergquist et aRp11b), and its effect on muscle
fatigue remains unclear (Maffiuletti, 2010).

Finally, the frequency of stimulation.€ the number of pulses per second, in Hz) is
usually divided in low frequencies (< 50 Hz) angthifrequencies (> 50 Hz). It has
been suggested that to reach a tetanic stateretpeeincy needed will vary according to
muscle characteristics (Edwards et al., 1977). @&@imise the muscle force production,
the frequency may be increased (Maffiuletti, 2010)the high-frequency range.
Whether the increase of frequency induces morguatis debated. Low (Jones, 1996;
Matsunaga et al., 1999) and high frequencies (Ksbaand Binder-Macleod, 2004;
Kebaetse et al., 2005; Kesar et al.,, 2008) arerteghdo induce the greatest fatigue
rates, although the latter has been challengeddi@a@t al., 2010).
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Since muscle fatigue is influenced by NMES, thefed#nce in muscle activation
patterns are likely to explain these differencdsp @oecause NMES can either be
applied with surface electrodes over the muscl&sbaol directly stimulating over the

nerve trunk.

4.1.2 Muscle activation pattern: Muscle and Nerve stimuléion

The muscle recruitment pattern in NMES has beewsho be random, spatially fixed,

spatially incomplete and temporally synchronousgid et al., 1993; Vanderthommen
et al., 2003; Gregory and Bickel, 2005). While dgra sustained voluntary submaximal
contraction a rotation in MUs activity occurs toopide a metabolic rest for the

contractile apparatus (Westgaard and de Luca, 1B8®a et al., 2006), NMES does
not permit such a rotational recruitment and, ttoees do not follow the orderly

recruitment of the size principle.

Using of electrodes over the muscle bulk, the neoent of muscle fibres occur
beneath and within the vicinity of the electrodesthe axonal branches are being
activated through direct pathways (Gregory and &icR005; Maffiuletti, 2010). The
muscle contractions elicited via electrodes overrttuscle bulks are not only the results
of depolarisation of axons through direct, periphgvathways but also of central
pathways (Collins, 2007), both are responsiblenfascle fatigue (Boerio et al., 2005).
When the stimulation is delivered at a currentneity that evoked an H-reflex.€.
lower than a stimulation intensity that evoked anmslve), the recruitment of spinal
motorneurons by afferent excitation seems alsoctmmoas the activation of larger-
diameter afferent axons are primarily activated llf@g 2007). A recent study
demonstrated that a low-frequency (20 Hz) stimafatover the muscle belly of the
triceps surae would preferentially generate tongaeperipheral pathways (Bergquist et
al., 2011a), as M-waves were of greater amplithde H-reflexes. Similar observations
have been made on the stimulation of the quadribeflss (Bergquist et al., 2012).
Because of the fixed position of electrodes over rituscle bulks, the recruitment of
fibres diminishes as their distance from the etetds increases (Vanderthommen et al.,

2000). Increasing the current intensity, suggestede a factor in strength gains
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(Colson et al., 2009), might overcome the distaarm activate deeper fibres (Theurel et
al., 2007). However, NMES with electrodes over ttingscle bulks is likely to induce a
random recruitment of MUs (Gregory and Bickel, 20@6tivating both fast fatigable
and slow fatigue-resistant MUs. Consequently, thetabmlic cost and the energy
expenditure are increased (Vanderthommen et a)3)26ince the same muscle fibres
are activated. It is suggested that the glycoggetien occurs at a higher rate in fast
fatigable fibres than in slow twitch fibres (Sinaeet al., 1990) and even though this is
also the case in high intensity voluntary cont@wiit is likely that the metabolic cost
is higher in NMES (Gregory and Bickel, 2005; Gorgeal., 2009; Maffiuletti, 2010).

When the stimulation is delivered over the nerwenkty the central and peripheral
contributions to the muscle contraction can diff€entral contributions have been
shown to be of significant importance when a loagfrency stimulation at20% MVC
over the tibial nerve trunk was applied (Klakowetzal., 2006; Bergquist et al., 2011a),
and also over the femoral nerve trunk, when theldqoeps were stimulated (Bergquist
et al., 2012). Indeed, H-reflexes were found toobé&rger amplitude, and it can been
suggested that central pathways via activation phad motorneurons contributed
mainly to the torque production (Klakowicz et &006; Bergquist et al., 2011a, 2012).
When short duration of electrical stimulation o€riease in frequency was applied (100
Hz), these central contributions were found to bgreater magnitude (Klakowicz et
al., 2006; Bergquist et al., 2011a). However, thendation site may be a factor
limiting factor, since responses have been founketanore variable when the femoral
nerve was stimulated compared to the tibial nelikely due to the more superficial

location of the latter.

It is possible that axons are activated differeattpending on whether muscle or nerve
stimulation has been applied. While sensory ancbmentons are bundled in the nerve,
they are spread within in the muscle increasinguhgability of the evoked muscle
contraction. Contributions through central and pleeral pathways differ when NMES
is applied on the nerve trunk compared to the neubcilks (Baldwin et al., 2006;
Bergquist et al., 2011a). Nerve stimulation is mdeely to activate a greater amount of
la afferent axons in a more synchronous mannere&sing the spinal contributions to

the torque production (Bergquist et al., 201la).ns&guently, since the central
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pathways evoke a muscle contraction in nerve teimkulation activate more slow type
fatigue-resistant fibres, a physiological recruitneia the size principle should activate
the muscle (Collins, 2007; Maffiuletti, 2010; Betgst et al., 2011b).
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5 Aims of the thesis

The overall objective of this thesis is to inveatg the effect of neuromuscular
activation strategies during muscle fatigue as wadl, endurance and muscle
performance after voluntary and electrically evokedtractions in healthy and health-
compromised populations. Furthermore, given thdleges that clinicians and patients
must face, this thesis aims to extend the curreoivedge base for rehabilitation of
muscle fatigue in rehabilitation settings. Rehd&dtilon involves a number of
possibilities including, for example, unilateraleegises or neuromuscular electrical
stimulation. This implies that neuromuscular adapts, which can vary according to

the health status of the populations.
To fulfil the overall objective, the specific aimase:

I: Investigate the cross-over effect of muscle gia¢i following a unilateral knee

extensors maximal isometric fatiguing exercise godp

[I: Study whether a neuromuscular electrical statioh exercise, delivered over the
nerve trunk of the ankle plantar flexors would léadlifferential peripheral and central
contributions of muscle fatigue when comparing tamis current intensity with a

progressive modulation of current intensity (paper

lll: Evaluate whether the elbow flexors muscleshildren with cerebral palsy have an
endurance as hampered as strength at a low fored, land whether they can

compensate muscle fatigue with recruitment of aaolaiti motor units (paper III).

IV: Examine the effect of a rehabilitation programing neuromuscular electrical
stimulation on muscle strength, endurance and mddoction in patients with

facioscapulohumeral muscular dystrophy (paper V).
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6 Methods

6.1 Studies samples and patrticipants

Four studies were conducted on either healthy kttheampromised or a combination
of populations. Each study involved a minimum ofm@&ximum of 17 subjects, with

ages ranging between 10 and 70 years old. The iexgais were performed in

accordance with the Declaration of Helsinki (19&4)d a written informed consent was
obtained from participants or from the parents wparticipants where below 18 year-
old.

An overview of participant characteristics is simow Table 1.

1. The sample of paper | comprised 15 healthy paditip (HP), young male
adults; they were recruited from the Faculty of $Stiences of the University
of Nice - Sophia Antipolis (Nice).

2. The sample of paper Il consisted of 8 healthy yoomade adults; Participants of
the study were recruited from the Faculty of S@wiences of the University of

Burgundy (France).

3. The sample of paper Il consisted of 12 childreradolescents (8 boys, 4 girls)
with cerebral palsy (CP) and 17 typically develgpi{iTD — 11 boys, 6 girls)
peers matched in gender and age; Children with @R wecruited from the
outpatient records of the neuro-orthopaedic teanBtatOlav’'s Hospital of
Trondheim in the health region of Mid-Norway (Norya

4. The sample of paper IV consisted of 10 adults wahioscapulohumeral
muscular dystrophy (FSHD - 4 males and 6 femaled)@healthy participants
(HP) adults matched in gender and age (3 males3afeinales); Participants
with FSHD were recruited from the outpatient recofdhe physical medicine
and rehabilitation department at the University pitad Archet 1 of Nice
(France).
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Table 1 Participants characteristics summary for paperdVt

Sample Sample Sample Paper Il Sample Paper IV
Paper | Paper I

Health Status HP HP CP HP FSH HP

n 15 8 12 17 10 6

Age (mean = 21.7+3.1 27+42 123+29 124 + 61.5+10 57.8 +
SD) 2.8 4.8

Gender 15/0 8/0 8/4 11/6 4/6 3/3

(male/female)

6.2 Neuromuscular assessments

6.2.1 Strength measures

Isokinetic dynamometers were used to standardisstigp and measure torque
production during voluntary and electrically evolaahtractions in papers I-1ll (Biodex
System 3 Pro, Biodex Medical Systems, Shirley, N'®). In paper IV, a custom made
system consisting of a fixed footplate was usederetihe foot was firmly strapped to
avoid any movement and ensure the quality of tmétric force measurement. A load
cell was attached to the footplate to measure apldatar and dorsiflexion force

production (in N).

Strength is commonly measured as the voluntaryaigp@ perform the highest torque
during a maximal voluntary contraction (MVC). Ingesas |, Il and IV, the MVC was

computed as the average over a 500 ms period atbenkighest torque value during
the maximal plateau. The highest average valuehefttvo trials was used as the
maximal torque production (in N.m). In paper llhet MVC was determined as the

highest peak torque value of the three trials.

In this thesis, the MVC of the following musclesogps were considered: in paper |,

randomly selected side knee extensors and flexorpaper I, right hand side ankle
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plantar and dorsi flexors; in paper lll, elbow &g and extensors of the affected arm of
children with CP and non-dominant arm of TD; in @apV, both sides ankle dorsi and

plantar flexors.
6.2.2 Muscle function evaluation for children with CP andadults with FSHD

6.2.2.1 Children with Cerebral palsy

Cerebral Palsy (CP) is a clinical descriptive tehat comprises a variety of motor or
postural impairments caused by injuries in the reénmervous system during early
development (fromn utero until 2 to 3 years after birth) (Bax et al., 2005)Jost
common physical symptoms are spasticity, musclekmess, decreased control and
fatigue (Jahnsen et al., 2003; Rose and McGill,52®osenbaum et al., 2007). The
Manual Ability Classification System (MACS) (Eliasset al., 2006) is used to classify
the bi-manual ability of children with CP to manligie objects in daily-life activities.
The MACS is made up of 5 levels where level | reprds the best manual ability and
level V represents the absence of hand functiorpalper Ill, among the 15 children
with CP, 9 were ranked at level | of MACS, 5 atdelt and 1 at level 111

6.2.2.2 Adults with Facioscapulohumeral Dystrophy

The facioscapulohumeral muscular dystrophy (FSHDassociated with a deletion of
an integral number of tandemly arrayed 3.3 kb repeds, termed D474, located on
chromosome 4q35 (Wijmenga et al., 1992). This mgagdisorder is characterised by
a selective and asymmetric weakness of facial, Baapmuscles, progressively
descending to hip-girdle or anterior lower leg mesqTawil and Van Der Maarel,
2006). The Manual Muscle Testing (MMT) is used &sess the isolated muscle
strength (Lac6te et al., 2008), ranking from O weheruscle is no longer capable of
force production to 5 that represents the absehoriscle impairment. In paper IV, left
and right tibialis anterior muscles were testedprpto and after NMES strength
training. Table 2 gathers individual scores of MNM®m the tibialis anterior for all
adults with FSHD before the training as well as3I8Kb tandem repeats.
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Table 2Participants with facioscapulohumeral muscular mydty scores of the
Manual Muscle Testing from the tibialis anteriodarumber of tandem 3.3 kb repeats.

FSHD TA Right TA Left 3.3Kb

participant 1D PRE PRE tandem
repeats

S1 2 5 7

S2 2 2 8

S4 2 2- 6

S5 2 2 6

S6 3 4 8

S8 2- 4- 4

S11 5 5- S

S12 4+ 4 S

S13 2- 1+ 9

S14 4- 4- 9

6.2.3 Surface Electromyography

In all papers, muscle activity was recorded withe thhise of bipolar surface
electromyography (SEMG). In paper |, the concurreniscle activity of the vastus
medialis (VM), vastus lateralis (VL), rectus fen®iRF) and semitendinosous (ST)
muscles were recorded. In paper Il, the concunmmargcle activity of the soleus (SOL),
gastrocnemius lateralis (GL), gastrocnemius megli@iM) and tibialis anterior (TA)
were recorded. In paper lll, the muscle activitytlé biceps brachii (BB), the lateral

head of the triceps brachii (LTB) and the tricepmigus (MTB) were recorded
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simultaneously. In paper 1V, the concurrent musdtvity of the tibialis anterior (TA)
and the soleus (SOL) were recorded.

Bipolar SEMG electrode positions (10 mm diametér,n2m inter-electrode distance)
followed the SENIAM recommendations (Hermens et 2000), except for the soleus
electrodes in paper Il that were positioned 2 cioveéhe gastrocnemii’s insertion, over
the calcaneal tendon. The skinfold thickness wassomed in the group of children with
CP and the group of TD in paper Ill. Skin was ckghprior to placement of electrodes,
and low resistance between electrodes (€ Was obtained for papers I, Il and IV.
Surface EMG was recorded at a sampling frequenc300D Hz in studies | and IV,

3000 Hz in paper Il, and 4000 Hz in paper II.

Root mean square (RMS) values of SEMG recordings &eeraged over a 500 ms non
overlapping window in all papers. The RMS valuegeveormalised to the maximal
peak-to-peak amplitude of the corresponding M-wateest (RMS/M..y) in paper |,
and to the superimposed M-wave obtained duringtl€ (RMS/Ms,p) in paper Il. In
paper lll, the RMS values and the median frequexiayre power density curve (MDF
(Hz)) were calculated over the entire duration e task in 1-second periods for the
BB, LTB and MTB muscles.

6.2.4 Fatiguing exercises

In paper |, the fatiguing protocol consisted of texercises (hereafter referred to as
Fatigue 1 and Fatigue 2) of all-out 100 second Mdf@&ometric knee extension of the
exercising limb (EL). The side of the EL was randipselected across the participants.
Participants were asked to relax the non-exercidimdp (NEL) during fatiguing

exercises.

In paper I, the fatiguing exercise consisted oé¢hdifferent protocols of intermittent
submaximal isometric plantar flexion contractiomsluding two NMES protocols and
a voluntary one of the ankle plantar flexors of tight leg at 20% of MVC. A visual
feedback was provided on the monitor of the dynaetem The torque-time integral
was matched between the three fatiguing exercises.
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In paper lll, the endurance task consisted of daswsd submaximal isometric elbow
flexion contraction at elbow angle of 90° until tteesk could no longer be maintained.
A 3D accelerometer and a 2D inclinometer (NoraxoB8AU Inc.) were placed
respectively, on the proximal phalanx of the fifstger and on the forearm. The
inclinometer was used to provide visual feedbaslldiyed on a computer screen (37.7
cm x 30.3 cm) placed at eye level. When the indhiater feedback deviated by at least

5°, the task was considered as failed.

In paper 1V, the fatiguing task consisted of anmstric ankle dorsiflexion single
exercise of sustained 2-minute MVC. Participantsevgz=ated on the Biodex chair. The

foot was placed in a custom-made ankle torque meamnt system (see Figure 2).

Figure 2 Experimental position of participants in study IV

6.2.5 Nerve Stimulation and evoked potentials

In papers |, Il and IV, nerve stimulation was inddcusing a high-voltage constant
current stimulator (model DS7AH and DS7A, Digitimedertfordshire, United-
Kingdom) to evoke the compound muscle action pakriM-wave), the Hoffman
reflex (H-reflex) and the first volitional wave (Wave). In paper |, the femoral nerve
was stimulated with a tungsten cathode ball eldetr®.5 cm diameter) pressed onto
the femoral triangle. The same researcher apphedstimulation during the entire
experiment.. The anode was a 45 cm? rectanguletretes (Stimex, Wetzlar, Germany)

placed between the great trochanter and the ipawes Stimulation parameters were
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400V, and a rectangular pulse of 2ms pulse widib. elicit a supramaximal

stimulation, the maximal stimulation intensity wasreased by 10%. This intensity was
used to induce doublet stimuli, separated by 1@trK00 Hz that were delivered over
the MVC plateau (superimposed doublet), and 4 sixa@iter the MVC (potentiated

doublet) (Behm et al., 1996).

In paper I, tibial nerve stimulation was inducedtlae popliteal fossa with a single
rectangular pulse (400 V, 1 ms pulse width). Thesglation site was first located by a
hand-held cathode ball electrode (0.5 cm diameted) when the optimal stimulation
site was determined, an electrode was firmly fixath the use of rigid straps and
taping to ensure constant stimulation location. Hedf-adhesive cathode (8 mm
diameter, Ag-AgC) was placed at the popliteal fossa while the an@d& 10 cm,

Cefar-Compex, DJO France SAS, Mouguerre, France) placed over the patella

tendon.

In paper IV, common peroneal nerve stimulation wasiced with a single rectangular
pulse (400 V, 500 us pulse width), at a positicat fproduced dorsiflexion of the foot
without eversion, with a self-adhesive cathode (8 diameter, Ag-AgC) placed at the

level of the fibula neck while the anode (8 mm deden, Ag-AgCl) was placed over the

head of the fibula, near the TA insertion.

6.2.5.1 Voluntary activation level

To disclose the level of voluntary activation, tiétch interpolation technique (Merton,
1954) has been used. The principle is to superimposelectrical stimulus over the
motor nerve during a MVC. If the muscle group isximaally activated, the stimulation
does not generate extra torque. If extra forcebeaavoked, this suggests a submaximal
activity of the muscle group, MUs recruitment isamplete and/or, MUs discharge rate

is suboptimal (Belanger and McComas, 1981).

In paper I, the maximal voluntary activation lewsdl knee extensors was calculated

using the following formula (Allen et al., 1995):
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Voluntary Activation (%) :él — (S”pmmposeddo”blet)) X 100

Potentiateddoublet

In paper Il, the maximal voluntary activation lewdl knee extensors was calculated

using the following formula (Allen et al., 1995):

Voluntary Activation (%) :él — (S”pmmposed tWitCh)) x 100

Potentiatedtwitch

In papers | and Il, a correction was consistenfigli@d to the original equation when
the superimposed doublet was elicited slightly tefor after the real MVC (Strojnik
and Komi, 1998). In these cases, the maximal valyractivation level was calculated

as follows:

Superimposed doublet X Voluntary torque level just

before the superimposed doublet
Maximal Voluntary torque

jk
Potentiated doublet

x 100

6.3 Neuromuscular electrical stimulation strength training
The neuromuscular electrical stimulation (NMESgsgth training carried out for paper
IV was performed with an electrostimulator (Rehdl®) 4Cefar-Compex, DJO France

SAS, Mouguerre, France).

During the bilateral NMES strength training sessiarf the tibialis anterior muscle,

participants were seated (hips, knees and anklge gmnts at 90°), and feet were fixed
to avoid movement during the elicitation of doesiilon evoked by the stimulation. The
self-adhesive electrodes (2 mm thick) made of etast (5 cm x 5 cm) were positioned
as follows: the positive electrode was placed an gbperior part of the muscle, the

negative electrode was placed on the medial paheomuscle, over the muscle bulk.
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The NMES strength training lasted for 8 weeks, Ss®ms per week, and each session
was comprised of a 2-minute warm-up, followed byGminute work out session,
finishing with 3 minutes of relaxation. The NMESogram consisted of 6 seconds of
contraction, followed by 7 seconds of rest (35 B@) pus pulse-width). This program
was chosen according to literature which showetl thaer a five-month period, this
NMES training improved muscle function and was welerated in FSH muscular
dystrophy patients (Colson et al., 2010).

Participants either exercised at home or were ddhiny a physiotherapist. In the case
where participants trained at home, a weekly agpw@nt was established with a
physiotherapist or researcher to answer questiodfoato control the quality of the
training. Participants were asked to increase d$&tan intensity progressively
throughout each session up to individual tolerahceshold since strength gains would
be dependent on the stimulation intensity (Coldad.e2009).

44



7 Summary of results

7.1 Paper I. Time course of the cross-over effect ofafigue on the
contralateral muscle after unilateral exercise
The aim of the study was to investigate the timers®e of the cross over effect of a
unilateral fatiguing exercise onto the non-exewtisentralateral limb (NEL). Fifteen
healthy young males performed two bouts of a uiét100-second maximal isometric
knee extension with the exercising limb (EL) andineenuscular function for both
limbs was assessed prior to (PRE), between (MI@) a&ter (POST) the two fatiguing
efforts. In the EL, the maximal torque producti@duced between PRE and MID tests,
between MID and POST tests ad between PRE and P@83. In the NEL the
maximal torque declined between PRE and POST (Egiare 3). While the decrease
in muscle performance of the EL was attributeddogheral factors, the overall decline
in voluntary activation level of knee extensorseathe second fatiguing exercise was
likely to explain the reduction of maximal torqueoguction in the NEL. Differential
adjustments of the central and peripheral levelghingoncur to the decline of maximal
torque production in the EL and the NEL. These Itesadicate that, even though 2
bouts of 100-second MVC induced a quick reductiorivivC in the EL, the time
course of torque production loss was postponetienNEL and thus differed between
both limbs.
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Figure 3. Maximal voluntary isometric torque. Maximal votany isometric torque tests of the
knee extensor muscles measured at PRE, MID and RE&® for the exercising limb (A) and the
non-exercising limb (B). Columns represent grouamealues, while triangles, squares black and
white symbols show individual values. Error bare #ine standard error of the group mean.
Significant differencep<0.05 (*) andp<0.001 (***).
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7.2 Paper II: Effect of neuromuscular electrical stimulation intensity over
the tibial nerve trunk on triceps surae muscle fagjue

The aim of the study was to investigate whether ithtensity modulation of a
neuromuscular electrical stimulation (NMES) protiogelivered over the nerve trunk of
the plantar flexors would lead to differential pdveral and central contributions of
muscle fatigue. Eight healthy young males perforrmedntermittent (duty cycle 50%)
voluntary contraction protocol (VOL) at 20% of timeaximal voluntary contraction
(MVC) and two intermittent protocols induced by NBEvhere a constant stimulation
intensity that induced 20% MVC at the start of doatraction was maintained (CST);
and where the stimulation intensity level was pesgively adjusted to maintain 20% of
MVC during the whole protocol (PROG). The torquesi integral was matched
between conditions to ensure that similar energyeerditure was met in all three
protocols. A similar decline in MVC occurred aftdre three fatiguing protocols.
Moreover, although the voluntary activation of thkntar flexors did not change,
similar central (Figure 4) and peripheral adaptegtiavere observed after the three
fatiguing protocols. It seems that the soleus,rgasemii lateralis and medialis muscles
of the triceps surae, underwent different adaptatiorhe results indicate that, for a
similar TTI, a NMES protocol, whether or not therent intensity was increased, yield
to similar muscle fatigue adaptations as voluntgtractions likely through similar

pathways.
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Figure 4. Maximal amplitude of the soleus (SOL) V-wave-ta\ ratio (V/Msup; Top-
panel, A) and of the V-to-Hsup (V/Msup ratio, battogpanel B) of the soleus muscle
measured at PRE (black) and POST (white) testthéoconstant intensity fatiguing protocol
(CST), the progressive intensity fatiguing proto¢BPIROG) and the voluntary fatiguing
protocol (VOL). Columns represent group mean vakuss error bars are the standard error
of the group mean. Significant differences of maime effect, p<0.05 (*) and p<0.01 (**).
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7.3 Paper lll: Fatigue and muscle activation during submaximal elbow
flexion in children with cerebral palsy
The aim of the study was to investigate whethetdotim with cerebral palsy (CP)
would compensate for muscle fatigue by recruitn@radditional motor units (MUs),
like typically developing peers, during a sustained-force level isometric elbow
flexion contraction. Twelve children with CP and 1ypically developing peers
performed one submaximal isometric elbow flexiomtcaction until the task could no
longer be sustained. Even though strength andrtierance time were similar in both
groups, children with CP showed a lower increaseiaeps brachii EMG amplitude
(Figure 5) compared to the control group. Alsopadr change in median frequency
EMG and a lower amount of acceleration fluctuatirosn the start of the contractions
to exhaustion were present in the group of childvéh CP. This suggests that children
with CP would stop their task at a lower level aisule fatigue. These results indicate
that children with CP were not able to recruit éddial motor units to compensate for
muscle fatigue throughout the task.
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Figure 5. Average (solid line) and 95% confidence intervakéacomprised between dotted
lines) of the RMS amplitude of the EMG from the dps brachii (BB) throughout the
sustained elbow flexion task, of the patients vagiebral palsy (average: thick black line;
95% confidence interval: dark grey area) and thmcally developing peers (average: thin
black line; 95% confidence interval: light grey @reRMS amplitude is expressed as the
percentage from the initial value (% start) andetias the percentage of total duration (%

duration).
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7.4 Paper IV: Neuromuscular electrical stimulation training of the tibialis
anterior in facioscapulohumeral muscular dystrophypatients
The aim of the study was to investigate whetherilatdsal 8-week neuromuscular
electrical stimulation (NMES) training of the tiliga anterior (TA) muscles in adults
with facioscapulohumeral muscular dystrophy (FSH@puld improve muscle
endurance and the maximal voluntary force prodactd ankle dorsiflexion. Ten
patients with FSHD and 6 age and gender matchethiigzarticipants (HP) achieved
the NMES training. Maximal voluntary contractiodd\(Cs) of ankle dorsi and plantar
flexions were measured, a muscle endurance tesistmiyg of a 2-minute sustained
isometric ankle dorsiflexion MVC and functional tesvere performed prior to and after
the NMES training to disclose training effects. IDgrthe 2-minute sustained MVC, the
percentage of force loss was lower for the FSHDeptt before and after the training
(Figure 6). Neither the functional tests, nor antttesiflexion strength and endurance
were improved after the NMES training in any of thsted groups. The results indicate
that the FSHD patients experienced a lower amotimuscle fatigue compared to the
HP group. Moreover, the weaker ankle dorsiflexioW®1and lower associated TA
EMG amplitude, suggest that the intrinsic conttagdroperties of the TA were altered
in patients with FSHD. The lack of apparent trajngffect may be explained by the
NMES training which may not have been strenuousighdo trigger any improvement
in patients with FSHD, while stimulation parametengeted to the patient group were
not adequate to induce strength gains in the HBpgro
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Figure 6. Box-plot of the percentage of force productiossldA, left panel) and of the RMS of the
tibialis anterior (TA) (B, right panel) during th2-minute sustained ankle dorsiflexion endurance
exercise, before (grey) and after (white) the 8kwémining for patients with facioscapulohumeral
muscular dystrophy (FSHD) and healthy participa(it). Boxes represent group median and
interquartile range values and whiskers are thadsggand lowest values. Significant group diffeemnc

p<0.05 (*)
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8 Discussion

The overall aim of this thesis is to investigate &ffect of nheuromuscular activation
strategies on muscle fatigue, endurance and muscfermance after voluntary and
electrically evoked contractions in healthy andltimeeompromised populations. The
underlying mechanisms of a maximal sustained valynisometric contraction and its
cross-over effect is addressed first. Subsequetitly,effect of the use of fatiguing
neuromuscular electrical stimulation on the neurscolar activation is discussed. This
is followed by a discussion of the muscle fatigmel awuscle performance in children
with cerebral palsy and adults with facioscapulobtah muscular dystrophy.

Thereafter, methodological considerations are adeéi and eventually a conclusion
regarding the contribution of the findings reportedthis thesis and an outlook is

provided.

8.1 The muscle activation strategies of a fatiguing mamal effort and its

cross-over effect of muscle fatigue
In muscle contractions, the level of force produgdhliences the rate at which muscle
fatigue develops and the originse( along the motor pathway) of muscle fatigue vary
according to the task performed. Muscle fatigue @ase either at central, supraspinal,
spinal level and/or within the muscle fibre its€ltandevia, 2001; Enoka and
Duchateau, 2008). During sustained maximal effdte, capacity of generating the
target force reduces considerably over time. Fetaince, participants experienced a
decline of 64% and 65% during the first and theoedc100 second MVC exercise in
paper | while similar magnitude declines of 54% &286 during the 2 minute MVC
were observed for the control group before andr dfte training period in paper IV.
During maximal efforts, the amplitude of the EM@rgal decreases with increasing
fatigue (Bigland-Ritchie et al., 1983). The pagemts in paper | showed a decline in
the amplitude of the knee extensors EMG-tgaMratios throughout the first and the
second 100 second MVC fatiguing exercise. A simgattern was observed in both
groups described in paper IV, where the EMG amghditaf the tibialis anterior muscle
decreased between the start and the end of thadenMVC fatiguing exercise. Two
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central mechanisms can explain the decline in EM@pléude with fatigue. The
supraspinal level when the descending neural dnwedifies and becomes suboptimal
(Gandevia et al., 1996). This is supported by tkelide of~ 9% of the voluntary
activation level observed after the two 100 seddMC exercises in paper I. In paper I,
the voluntary activation level declined after thecend 100 second MVC, while it
remained unchanged after the first. Furthermorethat spinal level, thex-MNs’
responsiveness can decrease because of theisiatproperties (Andersen et al. 2003;
Butler et al. 2003; Martin et al. 2006). Therefotegth spinal and supraspinal

mechanisms can induce a decrease of the MU fiatgy(Bigland-Ritchie et al., 1983).

At the peripheral level, the M-waves showed no ifiggmt change with fatigue in paper
I, suggesting that the neuromuscular transmissias preserved. In the paper |, peak
twitches evoked by single and double stimulatiorcreased significantly in the
exercising limb after the two fatiguing exercis@sstudy (Kent-Braun, 1999) showed
that after a 4 minute sustained isometric MVC ofklandorsiflexion. The H
concentration increased causing 80% of the fatideeeloped. In paper IV, force
production reductions of 54% and 62% during thei2ute MVC were seen for the
control group before and after the training periblus, in paper I, and in paper IV, it is
likely that modifications occurred within the musdibres, including pH and/or Pi
increases and/or a reduction in“Cimns sensitivity, hindering Gabinding to troponin
C on the myofilaments, leading to a lower numberactive cross-bridges reducing
force production (Westerblad et al., 2002; Alleralket 2008; Place et al., 2009).

Through inhibition mechanisms, the muscles afferéntuscle spindles, Golgi tendon
organs, groups lll and IV afferents) possibly caas#ecreased firing rate (Kernell and
Monster 1982a; Kernell and Monster 1982b; Biglanttiite et al. 1986), providing
feedback to the--MNs and the supraspinal centres. Groups Ill andafférents are
leading candidates as they have been shown to fimitdescending voluntary drive
(Amann et al., 2008), and intracortical inhibitimtreases during a 2 minute isometric
MVC of elbow flexion (McNeil et al., 2009). As tlggoups Il and IV afferents provide
information regarding the strain and the metaboliteu modifications in the muscle
(Ellaway et al. 1982; Mense and Stahnke 1983; Kaufiend Rybicki 1987; Clarke et
al. 1996; Hayes et al. 2005), the accumulation efatmolites during high force level
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contractions increases the activation thresholdnotor axons; thus decreasing the
number of active motor units (Vilin and Ruben, 20Riernan et al., 2004; Miles et al.,
2005).

It has been shown that muscle fatigue can spreachototargeted contralateral
homologous muscles, and a cross-transfer occuteanuscle activity of the exercising
limb irradiates to the non-exercising muscles whare electrical activity can be
measured (Muellbacher et al., 2000; Zijdewind aretn€ll, 2001; Shinohara et al.,
2003). This contralateral effect of muscle fatignas been shown not only to be present
in the homologous contralateral muscle, but caeaptowards other muscles groups
(Kennedy et al. 2012). In paper I, results showeidomly a cross-over effect of fatigue
on the non-exercising limb after two unilateral Haé@ond isometric MVCs of the knee
extensors, but results also showed that the tinneseoof fatigue differed between the
exercising limb and the non-exercising limb, beipgstponed in the latter. The
decreased force resulting from the MVC was sigaifian the exercising limb after the
first exercise, whereas the maximal torque produactin the contralateral non-
exercising limb reduced after the second 100 se€atngliing exercise. The decline of
the voluntary activation level that likely occurraefter the second fatiguing exercise
was correlated with the MVC loss. The contralatelatrease in MVC relies on the
cross-over effect of fatigue (Zijdewind and Kern@001; Todd et al., 2003; Rattey et
al., 2006; Martin and Rattey, 2007; Post et alQ&0Paillard et al., 2010; Elmer et al.,
2013) and central mechanisms at both supraspinagéi{vacher et al., 2000; Liu et al.,
2003; Carson et al., 2004; Liang et al., 2008) spidal levels (Rothwell et al., 1991;
Stedman et al., 1998; Hortobagyi et al., 2003; Teddl., 2003; Carson et al., 2004;
Zijdewind et al., 2006) have been demonstratedate fa role in this limbs interplay.

During a unilateral contraction, the activity ofetlspilateral hemisphere of the brain
increases (Muellbacher et al., 2000; Liu et alQ20Carson et al., 2004; Liang et al.,
2008). Interaction of the hemispheres, both inbiyit(Ferbert et al., 1992) and
facilitatory (Meyer et al., 1995) occur throughrisaallosal pathways. At this time, one
active motor cortex contributes to the increaseviic of the other, even when the
second is not involved in the task. It has beemwsh(diu et al., 2003; Post et al., 2007)

that similar regions of the brain (sensorimotorteoy cerebellum, premotor cortex,
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supplementary motor area) are activated duringaterl and bilateral contractions
(Stedman et al.,, 1998). More precisely, the supptgary motor area increases its
activity during fatigue, while decreases of volugtactivation, force output and EMG
are observed during maximal effort (Post et alQB0AIso, an increase in excitability
of the ipsilateral motor cortex would increase fhebability of the activation of the
non-targeted muscle (Zijdewind and Kernell, 2001).

At spinal level, the interhemispheric neural atyivhentioned above can partly explain
changes observed in spinal activity (Stedman et1898; Muellbacher et al., 2000;
Hortobagyi et al., 2003; Carson et al., 2004). lkenrnore, it has been suggested that a
modification of contralateral motorneuron propestean take place when high forces
are generated (Stedman et al.,, 1998). Motor evagi@dntials (MEP), induced by
transcranial magnetic stimulation (TMS) have bemm@ to be facilitated in unilateral
exercising muscles (Rothwell et al., 1991) as aslin the contralateral non-exercising
muscles (Hortobagyi et al., 2003; Todd et al., 20D&rson et al., 2004; Zijdewind et
al., 2006) showing that there is an actual albeibluntary activity. This is confirmed
by depression of the H-reflex in non-exercising ohes (Mcllroy et al., 1992; Brooke et
al., 1997; Hortobagyi et al., 2003; Carson et aD04) indicating a decline in
motorneuron excitability. Possibly, the internewgowithin the spinal cord inhibit
contralateral motorneuron activity, depressingaheplitude of the H-reflex (Gerloff et
al., 1998; Grillner et al., 1998; Muellbacher et 2D00).

Even though these cross-over mechanisms are nofulfgtunderstood, it can be
suggested that the decrease in peak torque produitihe non-exercising contralateral
limb is a compensatory strategy of central nerveystem decreasing the voluntary
activation to reduce differences between the weakrercised side and the non-
exercised side, likely to warrant interlimb coomtion. This idea is supported by recent
literature showing that unilateral fatigue of lowienb muscles disturbs bipedal postural
control (Vuillerme et al., 2009; Berger et al., RQPaillard et al., 2010; Vuillerme and
Boisgontier, 2010). Contralateral neural projecsiamthe spinal cord of unilateral limb
exercise can contribute to the central pattern géoein order to regulate bilateral
rhythmic activities (McCrea, 2001; Kiehn and BW03). Therefore, the cross-over

effect of fatigue occurs to balance bilateral attivfor two-limb coordinated and
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automatic taskse(g. balance or locomotion) and more generally to maamnlower limb
homeostasis.

This result can have implications in the therapegbntext where the repetition of
unilateral contractions is widely believed to entearmuscle strength. The cross-
education effect (strength gain of the non-traimedtralateral limb after unilateral

strength training) (Enoka, 1988; Carroll et al.0@0Fimland et al., 2009) may be
attributed to neural adaptations. Thus, admittingt tmuscle fatigue would be a
necessary stimulus for strength gains (Rooney .et18b4), it can be suggested that
neural pathways that facilitate cross-transfethm ¢ontralateral limb after an unilateral

fatiguing exercising could be associated to thaselved in the cross-education effect.

8.2 Neuromuscular electrical stimulation and muscle fague

Neuromuscular electrical stimulation (NMES) is adely used tool in rehabilitation
settings as it has been shown to enhance museteggtrin healthy (Currier et al., 1979;
Selkowitz, 1985; Colson et al.,, 2000; Bax et a00%, Gondin et al., 2005), elderly
(Caggiano et al., 1994) and spinal cord injureddiPy et al., 1999) participants. It also
limits muscle atrophy due to immobilisation (Goetdal. 1982). It is possible to apply
NMES using electrodes on the skin surface aboverthscle bulk or close to a nerve
trunk. In both cases, the muscle contraction ocbecause of the excitation of the
MN and indirectly due to the activation of spinabtorneurons via the excitation of la
afferents axons evoked in nerve or intramusculanakbranches (Hultman et al. 1983;
Collins 2007; Bergquist et al. 2011b). In this teeboth muscle and nerve stimulations

have been used.

A major hindrance with the use of NMES in rehahtliin to overcome functional
deficits is the increased rate of muscle fatiguengared to voluntary contractions
(Vanderthommen et al. 2003; Maffiuletti 2010). Téfere, the overall goal of paper Ii
was to evaluate peripheral and central contribstioh muscle fatigue of an NMES
protocol delivered over the nerve trunk of the parflexors, when increasing or
maintaining the current intensity. The testing lustparadigm is important given that

little is known about intensity modulation of NME®aining protocols on muscle
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fatigue. Furthermore, the inconsistency of the guols used in clinical settings makes
practical recommendations challenging. In isometanditions, it is possible to
estimate the work load by calculating the torqueetiintegral. When the constant
intensity, the progressively increasing intensityd avoluntary contraction protocols
were torque-time matched, suggesting a similar ggnexpenditure (Bergstrom and
Hultman 1988; Russ et al. 2002), the observed temua MVC was similar£ 12%),
and both peripheral and central contributions te thuscle fatigue did not seem to
differ between protocols. Considering the periph&eel, both NMES and voluntary
protocols were likely to have induced similar a@éipns. Since the evoked peak twitch
at rest and potentiated peak twitch declined aligporotocols and in the absence of the
soleus and gastrocnemius lateralighalterations, this may suggest an impairment of
cross-bridges cycles (most probably involving? Claandling). However, a decline of
the gastrocnemius medialis maximal M-wave was ofeskrsuggesting that the AP
propagation was hampered in this muscle only.

It appears that similar central adaptations occumethe voluntary and the two NMES
protocols. As already reported in literature afteluntary contractions (Lévénez et al.
2005), the increase of the soleus Yg-and H/My,ratios after the CST, PROG and
VOL protocols, suggests an enhancement of the ddsag neural drive to the-MN
pool. Even though this was not observed for thérgasemii muscles, the stimulation
site and the current intensity were primarily opsied for soleus muscle activation. The
typology difference between the soleus and thergastmii muscles may explain the
differences observed. While the soleus is mostipmased of slow-twitch MUs, the
gastrocnemii contain approximately an equal amainslow-twitch and fast twitch
MUs (Tucker et al. 2005). Therefore since the taddorce level was rather low (20 %
of MVC), the soleus muscle may have been more Margevolved than the
gastrocnemii, especially given that the nerve dtiimn intensity was optimised for the
soleus. In addition to supraspinal adaptationsnasgontributions also occurred, as the
Hmaxt0-Mmax ratio increased in both the soleus and the gastronrs medialis
regardless of the protocol used. Since the elettsignal is conducted towards the
spinal cord via sensory la afferents, this can edbe Hhacto-Mmax ratio to increase.

The Hnaxto-Mpmax ratio potentiation is likely to be caused due tdaailitation of
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neurotransmitter release in the spinal cord vialghafferents (Lloyd 1949; Hirst et al.
1981; Van Boxtel 1986; Kitago et al. 2004) or ausetl synaptic inhibition (Schieppati
1987). As a consequence, it can be suggestedhihaxcitability of both the la fibres
and the motorneurons was increased (Hugon 1973g@ukti 1987). Because of the
greater spinal facilitation, the nerve trunk stiatidn, regardless of the intensity
modulation, would have evoked a physiological-likeruitment of motorneurons. This
is also supported by literature (Baldwin et al. 08&lakowicz et al. 2006; Collins
2007; Dean et al. 2007; Bergquist et al. 2011bg Stmulation parameters (1 ms pulse
duration, 50 Hz) used in paper Il, may have actiga greater amount of la afferents in
more synchronous manner, increasing the centratibations to the torque production
(Bergquist et al. 2011b). The activation of #dINs via la fibres and the reflex arc
would produce muscle contractions in accordancé wie physiological recruitment
order, since the la fibres would first recruit $reallesta-MNs, fatigue resistant MUs,
according to the size principle (Henneman et ab5]19Bawa et al. 1984). Nerve
stimulation with wide pulse duration, as used ipgrall (1 ms pulse duration, 50 Hz),
may activate a greater amount of sensory fibresrore synchronous manner; this will
likely increase the central contributions to torqueduction (Bergquist et al. 2011b).
Consequently, this physiological-like recruitmentder would possibly activate
additional, non-fatigued MUs, while other MUs hateir threshold activation level
raised (Vilin and Ruben, 2001; Kiernan et al., 20M4iles et al., 2005) and stop
discharging, mimicking the rotation of physiolodié&U activity. The activation of the
a-MNs via sensory axons and reflex arc enhanceskpord neuronal circuitry (Perez
et al., 2003) and can modify cortical activity (Héynet al., 1998). In this way,
maintaining stimulation intensity and targeting @nstant torque level, may generate
muscle contractions through a combination of peniphand central pathways, similarly
to voluntary contractions, this is likely to be lénial to maintaining and restoring

muscle function.

A cross-transfer effect may occur after a unildtetactrically stimulated contraction
(Hortobagyi et al., 1999). After 6 weeks of NMES&ining on knee extensor muscles,
strength of the contralateral limb increased mdrantafter voluntary contractions

(Hortobagyi et al., 1999). This has been recerlyficmed in an animal study (Song et
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al., 2012) where an electrical stimulation trialsmanducted over a 6-week period on a
unilateral muscle. Results of this research shothad ipsi- and contralateral changes
occurred to the muscle tissue. The time-courseerdiff between the limbs; ispilateral
effects occurred after week 1, while contralatefiécts took place beginning from
week 3. Tissue changes, both degenerative and eegere in both sides, with
increased developmental myosin heavy chain (MyH@)yewobserved (Song et al.,
2012) and were suggested to be mediated via cguatlavays. Changes in MyHC with
NMES are observed in literature (Delitto et al.829Minetto et al., 2013). Specifically
MyHC changes are inconsistent across literaturgt 8lbom either MyHC type 1 or
MyHC type 2X towards the intermediate type 2A (Réseal., 2002; Maffiuletti et al.,
2006; Minetto et al., 2013) are observed as wedlhafts from fast-twitch fibres to slow-
twitch fibres (Delitto et al., 1989; Gondin et &0Q11). A recent study has highlighted
the variability in the modification of muscle congpion in response to NMES (Minetto
et al. 2013). Since central and muscle adaptatiechamisms contribute to muscle
fatigue and strength gains when using NMES, andidening that a unilateral exercise
alters the MVC of the non-exercising limb, as shawrpaper | is possibly cause by
spinal and/or supraspinal interplay, it can be glaed that the cross-education of
muscle strength after NMES would follow similar Ipays. These results imply that

muscle fatigue is a necessary stimulus for theseentication effect.

8.3 Muscle fatigue and muscle performance in neuromusdar disorders

The papers 1ll and IV investigated the muscle pemBmce in two neuromuscular
disorders. First, muscle activation during muselegiie was investigated in children
with cerebral palsy. Second, the effects of a ikt 8-week NMES training of the
tibialis anterior on muscle strength and muscle uemace in adults with

facioscapulohumeral muscular dystrophy were studied

Muscle fatigue and muscle performance are likelditter in different neuromuscular
disorders. In children with CP (paper lll), the mlesendurance was tested during a
submaximal £ 25% MVC) sustained isometric contraction of thigogl flexors. While

it was expected that children with CP would have habetter endurance time than
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typically developing peers (TD), the task duratfon children with CP was similar to
the control group (3 to 4 minutes).Throughout ekt the group of TD experienced an
increased amplitude of the EMG signal, resultirapfrthe increase in the descending
neural drive (Enoka and Duchateau 2008) to re@dditional MUs (De Luca 1997;
Farina et al. 2004; Enoka et al. 2011) requiredntontain the force level. However,
unlike what was observed in the TD group, the neusmitivation appeared to be
impaired in children with CP since no increaseha amplitude of the biceps brachii
EMG was recorded. The children with cerebral patgemed unable to recruit
additional motor units to compensate for the taskémand. The recruitment of motor
units was most likely hampered, despite a normeduranent at low-force level in a
non-fatigued state (Rose and McGill 2005). The lacincrease of the amplitude of the
biceps brachii EMG and the absence of changeseoEMG power density spectrum
indicated that the MUs recruitment to compensagenttuscle fatigue in children with
CP is hindered. Moreover, and in agreement widgrdiure (Damiano et al. 2001; Rose
and McGill 2005; Stackhouse et al. 2005; Mockfondl &aulton 2010; Moreau et al.
2012), the lower absolute EMG amplitude recordednduMVCs would indicate a
reduction in voluntary activation and therefore emestimating the actual maximal
muscle capacity. Thus, this makes the submaximadl lapplied a relatively low
percentage of MVC and children with CP were expettehold the load for a longer
duration than typically developing peers. Childreith CP seem to have muscle
endurance as impaired as strength; this is alsgestgd in a recent study (Eken et al.
2013).

Lower EMG amplitude of the tibialis anterior musclduring MVCs was also observed
in patients with facioscapulohumeral muscular dysty associated with a weaker
ankle dorsiflexion MVC compared to healthy aduftsagder IV). The fat infiltration in

the muscles (Olsen et al. 2006; Kan et al. 201i@dRran et al. 2012) and the alteration
of the sarcomeric contractile properties (D’Antagtaal., 2007; Lassche et al., 2013)
affect the ability of the muscle to contract, pbgsreducing the amplitude of the EMG
signal. In addition, when performing a 2 minutetaued ankle dorsiflexion MVC, the

group of patients with FSHD exhibited a much lowercentage of force production

loss compared to the control group, regardlesbietraining. As suggested in literature
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(Schillings et al., 2007), this observation woutdicate that the group of patients with
FSHD experienced a lower amount of muscle fatigueich may be attributed to a
number of reasons. First, the amplitude of theli®ianterior EMG reduced similarly
during the 2-minute MVC, suggesting that the dedirenneural drive modified with
fatigue (Gandevia, 2001) for both groups in the séashion during the endurance task.
Second, the muscle composition of patients with BSHow a shift towards more slow
type fatigue resistant muscle fibres than healtlwgete composition (D’Antona et al.,
2007). Third, results have shown that weaker ppgits are less fatigable than stronger
participants (Hunter and Enoka, 2001). Consequemtith a similar tibialis anterior
EMG amplitude decline but with a lower force loggzan be suggested that at the task
truncation, the group of patients with FSHD was exigncing a lower amount of

muscle fatigue compared to the healthy participants

The specificity of the FSHD is that it affects theripheral component of the motor
pathway. Over a total of 10 patients with FSHD, Mavave could be elicited in
approximately half. Since the M-wave reflects thaximal activation of motor units
(Tucker et al., 2005), when no M-wave can be restrdhen the muscle is no longer
responsive to the electrical current. This phenaneran be explained by the alteration
of the contractile properties of the muscle (D’Amacet al., 2007; Lassche et al., 2013).
This is also supported by the amplitude of the @ased evoked mechanical response
that was of much lower amplitude in the patientugrdhan in the control group. In
some participants, even though eliciting an M-wavas possible, the mechanical
response was either of very low amplitude or it ldounduce an ankle
inversion/eversion or even a plantar flexion. lpsssible that, although the common
peroneal nerve is superficial enough, the stimohativould not induce a mechanical
response (Millet et al., 2011). While no differeneas found in the amplitude of the M-
wave between groups, our results showed clear ardplidifferences in the evoked
mechanical twitch between groups, suggesting thatcdontractile properties of the
tibialis anterior of the group of patients with FSkere altered by the disease.

Moreover, the aim of paper IV was to investigateethler an 8-week bilateral NMES
training of the tibialis anterior muscle in aduiltsth FSHD would improve muscle

strength, muscle endurance and motor function. r&imgly, the NMES training failed
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to trigger any improvements in either group. Plalesireasons for the failure of the
NMES training can be attributed to the protocoluhenuscular electrical stimulation
has been shown to induce strength gains in youdgolthhealthy adults (Caggiano et
al., 1994; Gondin et al., 2005), in patients withscular dystrophies (Scott et al., 1986,
1990; Zupan, 1992; Zupan et al., 1993) and als@iuat with FSHD (Milner-Brown
and Miller, 1988; Colson et al., 2010). However,improvement of muscle strength,
muscle endurance of the TA muscle or motor functiothe group of FSHD patients
was observed. The failure of improvements coulatbebuted to the frequency of the
sessions and/or the duration of the NMES trainiivgenty minutes per session, 3 times
per week, for 8 weeks was a less strenuous protbenl that of Milner-Brown and
Miller (1988) where they performed sessions of &rep5 days per week and over a
period of 14 months. Similarly, Colson et al. (2pp@rformed sessions of 20 minutes
for 5 days per week, over a 5-month training pertddwever, the latter study (Colson
et al.,, 2010) showed a positive effect of a SImNBMES training (6 s ON / 7s OFF,;
35 Hz, 200 us pulse-duration) in patients with FSHBDerefore, it is valid to expect
that the NMES protocol described in this thesis obe effective on the tibialis
anterior of patients with FSHD. Moreover, benefifsNMES training programs on
muscle strength are widely reported in literatunesimilar training periods (Thériault et
al., 1996; Colson et al., 2000; Pérez et al., 2@ din et al., 2005; Colson, 2009) in
healthy participants. However, the absence of thmihg effect in the control group
suggests that the effects of of the stimulationapeters may be questioned. The
stimulation parameters used were 35 Hz with a 20@uylse duration, while literature
suggests that high frequency (> 50 Hz) and a wpldse duration (> 400 ps) can
maximise the effect involving more central, rathtan peripheral, mechanisms
(Collins, 2007; Dean et al., 2007; Maffiuletti dt, 2011). The stimulation parameters
used in the research of this thesis were seledateg $hey showed an increase muscle
strength in patients with muscular dystrophies {Sebal., 1990; Colson et al., 2010).
Possibly, a NMES protocol with wider pulse duratibyan 200 ps pulse duration and
higher frequency, above 50 Hz, should be considinettaining of the tibialis anterior
in healthy participants. One major reason for theeace of strength increase in the
groups of patients with FSHD may be related toftequency of the NMES sessions

and/or to the duration of the training protocol piper Il, with 50 Hz and a 1 ms pulse
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duration, whether or not the current intensity waseased, the khxto-Mnmax ratio was
potentiated. This suggests that central contrilngtiare of similar amplitude when the
stimulation is delivered over the nerve trunk witide pulse duration. Moreover, the
intrinsic state of the tibialis anterior (altereahtractile properties, and fat replacement)
at the beginning of the study can be suggestedpassible reason for the training to be
ineffective. Since no improvements were observablehe HP group, this cannot be
stated with certitude. Even though the 8-week @ikdttraining did not improve ankle
dorsiflexion or plantar flexion strength, nor ditl improve motor function, these
parameters did not show signs of deterioration ¢ivertraining period. It is difficult to
estimate over such a short duration but it is fbsghat training helped to maintain the

existing muscle strength.

8.4 Methodological considerations and limitations

In paper |, the knee extensors muscles’ electradivity of the contralateral non-
exercising limb have not been recorded during @-decond MVC bouts. Therefore,
even though participants were asked to relax timralateral limb during the fatiguing
exercises, clearly it cannot be excluded that edetiEral muscles were activated.
However, since RMS/M.x and evoked mechanical responses (both single anolet)
did not modify, it may be fair to suggest that tentralateral muscle activity did not
contribute to decrease in MVC of the exercisingdim

The small samples sizes in paper Il (n=8) and engaper IV (FHSD group = 10; HP
group = 6) may also have weakened the results.efdrer, the lack of significant

protocol effect on the evoked potentials resultsv@es, H-reflexes) of paper Il cannot
be taken with certainty. In paper IV, the absenfcanoadditional group of patients with
FSHD, and even a healthy control group not perfogithe training may be considered

as a limitation.

The use of the twitch interpolation technique alseolve a limitation, namely that;
stimulation at rest does not always induce a machhresponse (Millet et al., 2011), as

presented in paper IV.
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Finally, the use of maximal voluntary contractidosassess the level of muscle fatigue
can be questioned because of cognitive factorsedino pain in health-compromised
populations as well as possible motivational factdiherefore, the sustained maximal
efforts described in papers | and IV may have miieed the decrease of force
production. However, in paper | the torque productdecline respectively of 64.2%
and 65.1% at the end of each effort of 100-secomMCNhdicates that participants had
no pacing strategies. In paper IV, the maximal aoetl fatiguing effort may have
influenced patients with FSHD performance becauspamn. Submaximal efforts in

health-compromised populations should be consideradgure studies.

Finally, in paper Ill, the sustained load of isontetlbow flexion ranged from 8% to

36% of MVC across participants of both groups aray have influenced the holding

time results. However, the mean relative sustaload and the time to task failure were
both similar and found to be correlated in bothug

9 Conclusion and outlook

The main objective of this thesis was to invesag#te effect of neuromuscular

activation strategies on muscle fatigue, enduraand muscle performance after
voluntary and electrically evoked contractions iealkhy and health-compromised
populations. Because patients with neuromuscukorders may experience problems
when performing exercises, exercise therapies aimcrease the quality of life of both

healthy and pathological populations. The mainifigd of this thesis contribute to the

understanding of muscle fatigue in the rehabibiasetting.

As unilateral exercise therapy is common in theabdiiation context, this thesis
examined to what degree muscle fatigue affectsntiuiscle activation of the non-
exercising limb when a unilateral fatiguing exeeciwas performed. Two unilateral
exercises of 100 second MVC induced a cross-ovectedf muscle fatigue on the non-
exercising limb, time-shifted with respect to thereising limb. The cause can possibly

be attributed to crossed reflex pathways at spmmal cortical levels. This cross-over
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effect may be used to reduce the gap of muscleoqmeaince between the weaker,
exercised and the non-exercised limbs, likely torarg interlimb coordination.

Moreover, neuromuscular electrical stimulation igely used in rehabilitation settings
to enhance muscle strength or to compensate famanidhed or lost function but is

characterised by higher rates of muscle fatiguepased to voluntary contractions.
Delivering NMES over the nerve trunk, when matchagimilar TTI, increasing the

current intensity of stimulation, or maintaining dbnstant, seems to lead to similar
peripheral and central adaptations even thoughnthscles contributions seemed to
differ. The nerve trunk stimulation with wide pulsirration would have generated
muscle contractions via spinal pathways. It is fdssthat contractions evoked by
spinal circuitry would induce preferential recrugnt of fatigue-resistant motor units.
Consequently, when the mechanical output is matdheddecrease in amplitude of the
MVC due to NMES is similar regardless of the initgnshange. It can be suggested
that maintaining the stimulation intensity, targgtia constant torque level, may
generate muscle contractions via a combination esfpperal and central pathways,
similarly to voluntary contractions. Neuromuscudéectrical stimulation applied on the
nerve trunk is likely to generate physiologicakiuscle activation, whether or the
current intensity is increased for a similar amowontTTI reached, although this

observation has to be further confirmed when theB$Ms applied over the muscle
bulk.

Finally, neuromuscular activation strategies impoese to fatigue differs depending on
the population in question, namely healthy partioigs with respect to both CP children
and adults with FSHD. During a sustained submaxicoaltraction, children with CP

were unable to increase their neural descendinvg doi recruit additional motor units to
compensate for muscle fatigue. The children with $&med to be as affected in
muscle endurance as in strength. When considenm@$HD population, weaker ankle
dorsiflexion maximal voluntary contraction and lowassociated TA EMG amplitude
suggests that the intrinsic contractile propert@sthe TA were altered in this

population. Neuromuscular electrical stimulatioaining of the TA did not improve

motor function nor ankle dorsiflexor strength odarance in patients with FSHD. It is

possible that this result is due to the choice timdation parameters or the

65



strenuousness of the NMES protocol and/or to tlitelraltered intrinsic contractile
properties of the muscles.

The results of this thesis reveal the need to &urthvestigate the change in muscle
activation patterns with muscle fatigue. The pagdiyt beneficial cross-over effect is

encouraging when considering unilateral trainingne limb is more affected than the
other. Finally, populations suffering from neuromuwisr disorders have a need for
limiting muscle fatigue and development of cledratalitation strategies.
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Abstract

We investigated the cross-over effect of muscle fatigue and its time course on the non-exercising contralateral limb (NEL)
after unilateral fatiguing contractions of the ipsilateral exercising limb (EL). For this purpose, 15 males performed two bouts
of 100-second maximal isometric knee extensions with the exercising limb, and neuromuscular function of both the EL and
NEL was assessed before (PRE), after a first fatiguing exercise (MID) and after a second fatiguing exercise (POST). Maximal
voluntary isometric torque production declined in the EL after the first bout of exercise (—9.6%; p<<0.001) while in the NEL,
the decrease occurred after the second bout of exercise (—10.6%; p<<0.001). At MID, torque decline of the EL was strictly
associated to an alteration of the mechanical twitch properties evoked by neurostimulation of the femoral nerve (i.e., peak
twitch torque, maximal rate of twitch development). According to these markers, we suggest that peripheral fatigue
occurred. At POST, after the second bout of exercise, the voluntary activation level of the knee extensor muscles was altered
from PRE (—9.1%; p<<0.001), indicating an overall central failure in both the EL and NEL. These findings indicate that two
bouts of unilateral fatiguing exercise were needed to induce a cross-over effect of muscle fatigue on the non-exercising
contralateral limb. Differential adjustments of the motor pathway (peripheral fatigue vs. central fatigue) might contribute to
the respective torque decline in the EL and the NEL. Given that our unilateral fatiguing exercise induced immediate maximal
torque reduction in the EL and postponed the loss of torque production in the NEL, it is also concluded that the time course
of muscle fatigue differed between limbs.
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Introduction

Muscle fatigue is a broad research field and its mechanisms are
widely investigated, but data are scant regarding the cross-over
effect of fatigue. This cross-over effect relates to the fact that one
type of activity can negatively impact other types of action. For
example, Mosso [1] initially observed a decreased endurance in a
manual task after a day of intense intellectual activity. Recently,
Kennedy et al. [2] showed that the maximal voluntary contraction
of the plantar flexor muscles was decreased after bilateral sustained
handgrip contractions. However, the cross-over effect of fatigue
has been mainly investigated after a unilateral exercise onto the
performance of the contralateral homologous muscle [3-8] or limb
[9-12].

Generally, muscle fatigue is defined as a progressive and
transient reduction of maximal force production induced by
sustained or repeated muscle contractions, no matter whether the
task can be sustained or not [13], [14]. This definition implies that
the maximal force production of the non-exercising contralateral
muscle must decrease to conclude that cross-over effect of muscle
fatigue occurred. So far, only two studies have shown that the
maximal voluntary contraction (MVC) of the rested contralateral
muscle declined after a unilateral fatiguing exercise of the
ipsilateral homologous muscle [7], [8]. Martin and Rattey [7]
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reported an average reduction of 16% in women and 25% in men
of the contralateral MVC of the knee extensor muscles after a 100-
second sustained maximal isometric knee extension. In the first
dorsal interosseous muscle of the contralateral hand, Post et al. [8]
observed an average MVC decline of 10% in a group of men and
women after two distinct fatiguing protocols consisting of either a
120-second sustained isometric MVC or a submaximal intermit-
tent exercise at 30% of MVC maintained until exhaustion. Other
authors have highlighted that the motor performance of the rested
contralateral limb was negatively affected by using biomechanical
[9] or postural control approaches [10], [11]. Conversely, it is
noteworthy that many studies have failed to observe significant
MVC reduction of the homologous contralateral muscles after a
unilateral fatiguing exercise either for muscles of the upper limbs
[3-5] or the lower limbs [6],[10], [11]. The heterogeneity of the
experimental procedures can easily account for these discrepancies
and not all the results can be equally compared. As a consequence,
the cross-over effect of muscle fatigue remains to be debated.
The manifestations of muscle fatigue can occur through either
peripheral or central pathways. Specifically, peripheral fatigue
refers to a failure of the muscle in generating force at the level of or
distal to the neuromuscular junction [15]. Central fatigue, instead,
relates to a progressive reduction in voluntary activation that
encompasses supraspinal and spinal circuitry. In the literature,
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most of aforementioned studies agreed that the cross-over effect of
fatigue pertains to central fatigue mechanisms. Nonetheless, few
have effectively investigated the cross-over effect of central fatigue
[3], [5-8]. Indeed, two studies have found that the reduced MVC
of the non-exercising contralateral muscle was associated to a
significant decline in voluntary activation [7], [8]. As mentioned
carlier, Post et al. [8] also examined the effect of sustained
maximal and repetitive submaximal exercise, and their results
indicated that the maximal effort induced a more pronounced
decrease of voluntary activation in the non-exercising contralateral
muscle. In line with this observation, Kennedy et al. [2] concluded
that a maximal fatigue protocol of handgrip contractions affected
voluntary activation and MVC of the ankle plantar flexor muscles
more severely than a submaximal protocol. Overall these
observations emphasised that the cross-over effect of fatigue may
relate to the intensity of the contraction performed. Conversely,
high-intensity single-leg cycling did not compromise maximum
power capacity of the rested contralateral limb nor the maximum
isometric handgrip force [12]. For all these reasons, the
mechanisms underlying the cross-over effect of fatigue have yet
to be clarified.

An interesting approach to delineate the effect of a unilateral
fatiguing exercise on the maximal force production of the non-
exercising contralateral muscle could be implemented by analysing
the time course of the cross-over effect of fatigue. At present, there
is evidence in the literature supporting this approach. Indeed, it
has been suggested that multiple muscle contractions progressively
impairs voluntary activation and thus increases the cross-over
effect of fatigue [3], [5]. Therefore, the aim of the present study
was to investigate the time course of muscle fatigue in both knee
extensor muscles after unilateral maximal isometric fatiguing
exercise consisting of two bouts of 100-second MVC. It was
hypothesised that the first bout of exercise would induce muscle
fatigue in the exercising limb, and we expected that the cross-over
effect of fatigue of the non-exercising contralateral limb would
occur after the second bout of exercise.

Methods

Participants

Fifteen healthy males (age: 21.7%3.1 years; height: 181%5 cm;
body mass: 76.8£7.9 kg; mean £SD) accepted to take part in the
study. Participants were physical education students and were
recreationally active (= 5 to 10 hours a week). Participants did not
report any pathology, neurological complications, muscular,
tendon or joint injury within six months prior to the study.

Ethics Statement

Participants were informed about potential risks and gave
informed written consent prior to enrolment in the investigation.
The experiment was approved by the Ethics Committee on
Human Experiments in Life and Health Sciences of the University
of Nice - Sophia Antipolis and in accordance with the Helsinki
Declaration (1964).

Equipment Set-up

Torque measurements. A stationary Biodex® dynamome-
ter (System 3 Pro; Biodex Medical Systems, Shirley, NY, USA) in
isometric mode was used to record isometric MVCs and the
evoked contractions of knee extension. The axis of the dynamom-
eter was aligned with the anatomical axis of the knee flexion-
extension, and the lever arm was attached on the shank, about
2 cm above the lateral malleolus of the ankle. Participants were
positioned on the seat with a hip angle of 120° and a knee angle of
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60° (0° being considered as the full knee extension). Upper-body
movements of participants were constrained by two cross-over
shoulder belts and a belt across the abdomen. Participants were
allowed to grip cross-over shoulder belts during the testing
procedure, but they were not allowed to hold the seat. To allow
semitendinosus (ST) surface electromyography recordings, a board
(thickness =5 cm) was placed underneath the subject with a hole
where the electrodes were placed to avoid any compression
between the surface electrodes and the wire on the seat.

Surface electromyography (sEMG) recordings. Bi-polar
sEMG electrodes (silver chloride, recording diameter of lcm, 2 cm
inter-electrode distance, Contréle Graphique Médical, Brie-
Comte-Robert, France) were positioned over the VL (Vastus
Lateralis), the VM (Vastus Medialis), the RF (Rectus Femoris) and
the Semitendinosus (ST) on both limbs, according to the SENIAM
recommendations [16]. The reference electrode was placed on the
medial bony party of the right wrist. Low-resistance impedance
between electrodes (<5 kQ) was obtained abrading the skin and
cleaning it with alcohol. A Biopac MP 100 system (Biopac systems,
Inc., Holliston, MA, USA) was used to record sEMG data at a
sampling rate of 2000 Hz. EMG signals were amplified with a
bandwidth frequency ranging from 1 Hz to 500 Hz (common
mode rejection ratio=11 dB; impedance input=1000 MC;
gain = 1000).

Femoral nerve stimulation. Femoral nerve stimulation was
induced wusing an electrical stimulator (Digitimer DS7AH,
Digitimer, Herthforshire, United-Kingdom) to evoke the com-
pound muscle action potential and associated mechanical
response. The femoral nerve was stimulated with a tungsten
cathode ball electrode (0.5 cm diameter) pressed onto the femoral
triangle by the same experimenter during the whole session. The
anode was a 45 cm? rectangular electrode (Stimex, Wetzlar,
Germany) placed between the great trochanter and the iliac spine.
The stimulus was a 400 V and 2 ms rectangular pulse. The
optimal intensity of stimulation was set by increasing intensity by
10 mA steps. The maximal intensity was reached once the
compound muscle action potential (M,,,.«) and the torque output
of the associated mechanical response were found to be maximal
and stable. Then, to elicit a supramaximal stimulation, the
maximal stimulation intensity was increased by 10%. This
intensity was used to induce doublet stimuli, separated by 10 ms
at 100 Hz. Individual supramaximal intensities were between 70
and 140 mA.

Experimental Procedure

Participants were required to attend two sessions at the
laboratory. The first session served to familiarise the participants
with the equipment and testing procedures. At the second session,
participants were equipped with sSEMG electrodes on both lower
limbs. The participants performed a 5-minute standardised warm-
up at 2 watts.kg™' on a cycling ergometer (Monark, 818E,
Vansbro, Sweden) with a pedaling frequency of 70 rpm [17]. After
warming-up, volunteers were transferred and secured to the
isokinetic dynamometer. The neurostimulation intensity was
rapidly adjusted. While fatiguing exercises were performed
unilaterally, hereby the exercising limb (EL), neuromuscular tests
were done on both the EL and the non-exercising limb (NEL) to
evaluate fatigue on both limbs.

Pre-, mid- and post-fatigue neuromuscular
tests. Iigure 1 illustrates the experimental design and proce-
dures used for data collection. A sequence of neuromuscular tests
was performed before (PRE), after a first fatiguing exercise (MID)
and after a second fatiguing exercise (POST). These tests were
conducted as follows: 1) three single stimuli were delivered at rest,
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separated by 5 seconds; 2) three doublet stimuli spaced by 5
seconds delivered at rest; 3) two 4-second isometric MVCis of knee
extension (separated by a 2-minute rest) with doublet stimuli
delivered respectively over the isometric plateau (superimposed
doublet), and 4 seconds after the MVC (potentiated doublet) [18].
Strong verbal encouragement was provided by the experimenters
throughout MVCs. During PRE, two MVCs were achieved, while
only one MVC was carried out during MID and POST tests
assessments. Although the sequence of neuromuscular tests was
standardised, the order of EL or NEL assessments was randomly
selected for the PRE, MID and POST tests.

Fatiguing exercise. The fatiguing exercise consisted of two
bouts (thereafter called Fatigue 1 and Fatigue 2) of 100-second
MVC knee extension of the EL. The side of the EL (.e., right or
left) was randomly selected across the participants. No visual
feedback was provided to participants and they were asked to
perform an all-out effort, and received strong verbal encourage-
ment. Participants were also asked to relax the NEL during
fatiguing tasks. To avoid teleoanticipation [19], [20],
participants were not aware that two bouts of MVC were to be
performed.

Data Analysis

Torque and sEMG recordings. The MVC was considered
as the mean value over a 500-ms period when the torque output
reached a maximal plateau. In PRE tests, the best MVC trial was
analysed. All sSEMG were analysed over the same window width.
Root mean square (RMS) of the VL, VM and RF muscles were
calculated (AcqgKnowledge® 3.8.2, BiopacSystems, Inc., Holliston,
MA, USA) and normalised to their respective M,,,,, peak-to-peak
amplitude (i.e., RMS/M,,,.« ratio) obtained at PRE, MID and
POST. This normalisation procedure reduces the variability in the
EMG signals due to changes at the skin level and therefore allows
the interpretation of the RMS/M,,., modification as a central
nervous adaptation. RMS of the ST muscle was computed and the
coactivation level was expressed by the ratio between the ST RMS
value and the sum of the RMS/M,,. values of VM, VL and RF
muscles [21]. During the fatiguing exercises, torque production,
torque-time integral, as well as sEMG values of the different
muscles were analysed in ten consecutive periods that represented
10% of the total duration (100%) of each fatiguing bout. The RMS
values of the VM, VL and RF were normalised to the M,,,, of the
respective muscles obtained before each fatiguing exercise (PRE
and MID). The coactivation level was expressed by the ratio
between the ST RMS value and the sum of the RMS/M,, .« values
of VM, VL and RF muscles computed during the fatiguing

exercise.

Fatigue 1

POV 1110 (TS l\l " u Wi
EL

NEL

\ J 100s MVC
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Evoked responses. M, signals elicited by the three single
stimuli delivered at rest were averaged and peak-to-peak
amplitude (A) and the peak-to-peak duration (D) of the VM, VL.
and RF muscles were analysed. Mechanical twitch responses were
obtained (average of the three) from single-peak twitch (Pts). The
mechanical response induced by doublet stimuli after the MVC
was considered as the potentiated twitch (PtdPot). The maximal
voluntary activation level of knee extensors was calculated using
the following formula [22]:

VoluntaryActivation (%)

_ (1 _ (Superzmposed doublet)) « 100

Potentiated doublet

A correction was consistently applied to the original equation
when the superimposed doublet was elicited slightly before or after
the real MVC [23]. In these cases, the maximal voluntary
activation level was calculated as follows:

Superimposed doublet x Voluntary torque level just

before the superimposed doublet
1— Maximal voluntary torque £ 100

Potentiated doublet

Statistical analysis. Statistical processing was performed in
Statistica (Statsoft, version 8.0 Tulsa, OK, USA). The Kolmo-
gorov-Smirnov test was used to test whether outcome measures
were normally distributed. The statistical significance was set at
$<<0.05. Since data were normally distributed, a repeated
measures two-way ANOVA (limb x time) was performed to
assess fatigue-induced changes between pre-, mid- and post-fatigue
Separate two-factor ANOVA (fatiguing
exercise X periods) with repeated measures on fatiguing exercise
and periods were used to compare torque, RMS/M,,,, values and
coactivation during the fatiguing exercises. Post-hoc analyses
(Bonferroni) were used to test for differences among pairs of means
when appropriate. A Pearson correlation coefficient was used to
assess the relation between the MVC torque production and the
voluntary activation level changes. Effect size was computed from
partial eta® values (n°p). Unless specificd, all data are expressed as
means*SE (standard error of the mean) in the entire manuscript
and in the tables and figures.

neuromuscular tests.

Fatigue 2 I

'.,..%_w i by W ass H%

100s mvc +_ EL NEL ,

PRE MID

POST

Figure 1. Graphical overview of the experimental protocol. Neuromuscular tests comprised single stimuli (single arrows), doublet stimuli
(double arrows), MVC with superimposed doublet stimulus and followed by a doublet stimulus delivered at rest. Two MVCs of the exercising limb (EL;
uninterrupted line) and the non-exercising limb (NEL; dashed lines) were performed at PRE, while only one was respectively realised at MID and POST.
Testing order for the EL and NEL was randomly selected. The fatiguing exercise of the EL consisted of two bouts of 100-second MVC.

doi:10.1371/journal.pone.0064910.g001
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Results

Regardless of the variable, no differences between the EL and
the NEL have been observed during the PRE test, before the first
fatiguing exercise.

MVCs, Voluntary Activation and sEMG

A significant limb x time interaction was observed for MVCs
values (F=3.26; $p<<0.05; n’p=0.10). In the EL (Figure 2A), a
significant reduction in maximal torque was observed between
PRE and MID tests (—9.63%1.67%; p<<0.001), MID and POST
tests (—9.24%£1%; p<<0.01), and between PRE and POST tests
(—17.91%£1.93%; p<<0.001) whereas, the maximal torque decline
of the NEL was only significant between PRE and POST test
(—10.58%3.45%; p<<0.001; Figure 2B).

No limb X time interaction was noted for voluntary activation
of the knee extensor muscles, but a significant time effect was
observed (F = 9.98; p<<0.001; n’p = 0.26; Figure 3). Regardless of
the tested limb, voluntary activation was significantly depressed
from MID and POST tests (—6.07%2.22%; p<<0.05), as well as
from PRE to POST test (—9.14%2.74%; p<<0.001).

A significant correlation (r =0.451; p<<0.05) was found between
the relative decline in MVC torque and the relative loss in
voluntary activation of both limbs pooled data. This relationship
indicated that the greater the MVC loss was, the greater the
voluntary activation reduction.

No significant change was found in the RMS/M,,,,, ratios of
VL, RF, and VM muscles, nor in the coactivation level of the ST
muscle recorded during MVCs (p>0.05; Table 1).

Mechanical Twitch and M.« Responses

A significant limb X time interaction was found (I'=3.37;
$<0.05; n*p=0.11) for the mechanical twitch response evoked by
single stimulus (Pts). A significant decrease was observed in the EL
between PRE and POST tests (—24.39%7.21%; p<<0.001), while
no modification was found in the NEL (Table 2).

A significant time effect was noted for potentiated doublet-peak
twitch (PtdPot; F=5.54; $<<0.01; n*p=0.17). Independently of
the limb, PtdPot values decreased from PRE to POST test
(=7.20%£2.95%; p<<0.01).
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No significant interaction was observed for M,,,, responses of

VM, VL and RF muscles (p>0.05).

Fatiguing Exercises

No significant fatiguing exercise X periods interaction was
found for the torque produced during the fatiguing exercises but
significant fatiguing exercise (F=17.27; p<0.001; n’p = 0.55) and
periods (F=87.22; p<<0.001; n’p =0.86) effects were noted. On
average and over the total duration, the torque production was
significantly greater during Fatigue 1 compared to Fatigue 2
(136.8%x4.7 vs. 123.7£4.6N.m; p<<0.001). Also, across the ten
periods, the torque production for both fatiguing exercises
significantly decreased comparing the first period with the fourth
and so on until the last period ($<<0.01; Figure 4 A).

Additionally, RMS/M,,,,, values were found to be significantly
different across the ten periods for the RIF (IF=31.35; p<<0.001;
n%p =0.71) between the first from the fifth and until the last period
(as well as for the VM (F=16.3; p<<0.001; 1’]2p =0.54) and for the
VL (F=18.69; p<<0.001; n’*p=0.57) between the first from the
sixth and until the last period. However, no significant difference
was noted for the coactivation during the fatiguing exercises
(Figures 4 B and C).

Discussion

Main findings of this study were: 1) a unilateral fatiguing
exercise reduced the MVC of both the ipsilateral (EL) and the
contralateral (NEL) limbs; 2) the MVC torque production
decrement of both limbs appeared to be related to an overall
central failure; 3) the EL also exhibited fatigue due to peripheral
impairments; 4) fatigue time course differed between the EL and
the NEL after a unilateral fatiguing exercise.

Maximal Voluntary Contractions Decline in the EL and
NEL

In line with previous reports in the first dorsal interosseus [8]
and knee extensor muscles [7], the present work showed a
decrement in maximal torque production in both the ipsilateral
and contralateral limbs after a unilateral knee extensors fatiguing
exercise. After the first fatiguing exercise, the MVC was
significantly depressed in the EL whereas it remained unchanged
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Figure 2. Maximal voluntary isometric torque. Maximal voluntary isometric torque tests of the knee extensor muscles measured at PRE, MID
and POST tests for the exercising limb (A) and the non-exercising limb (B). Columns represent group mean values, while triangles, squares black and
white symbols show individual values. Error bars are the standard error of the group mean. Significant differences p<<0.05 (¥) and p<<0.001 (***).

doi:10.1371/journal.pone.0064910.g002
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Figure 3. Voluntary activation level of the knee extensor muscles. Voluntary activation level measured at PRE, MID and POST tests for the
exercising limb (in grey) and the non-exercising limb (in white). Columns represent group mean values and error bars are the standard error of the

group mean. Significant differences p<<0.001 (***).
doi:10.1371/journal.pone.0064910.g003

in the NEL [6]. After the second fatiguing exercise, the MVC
declined in both the EL and NEL demonstrating a cross-over effect
of fatigue [3], [5-8], [11], [12]. Previous studies initially reported
that a single bout of 100-second maximal effort could lead to force
decline up to 25% during knee extension in the exercising limb|[6],
[7]. Here, we found significant maximal torque reductions in the EL.
of 9.6% after the first, and 17.9% after the second bout of 100-
second MVC. Differences in the experimental procedures could
partly explain these discrepancies since these authors have used
MVCs with short rest periods (i.e., 30 seconds) prior to the fatiguing
exercise. Thus, it might be suggested that repetitive muscle
contractions could participate to greater force reductions.

In the NEL, we observed a significant torque decline of 10.6%
after the second fatiguing exercise, while a 4.9% non-significant
decline occurred after the first bout. Similar non-significant force
decline of =4.1% was also observed by Rattey et al [6]. In
opposition, Martin and Rattey [7] found a significant force decline
(=13%) just after one bout of 100-second MVC exercise in the

non-exercising lower limb in men while this reduction (ze., 8%)
was not significant in women. In their study, participants
performed MVCs of the non-exercising lower limb immediately
after the fatiguing exercise of the exercising lower limb, whereas in
the present study, the NEL and the EL were randomly assessed
one after each other after the fatiguing exercise. Hence, it might be
suggested that maximal torque of the NEL could have partially
recovered when this limb was tested after the EL. This assumption
is reinforced by the results of Rattey et al. [6], where no significant
force reductions were found in the non-exercising lower limb when
lower limbs were tested in the same way as the present study. Even
though experimental procedures, as well as physical activity level
of the participants and/or gender could partly account for the
difference in results between our study and the previous ones [6],
[7], we originally observed a difference in the time course of
maximal torque decline between both limbs (i.e., a progressive
muscle fatigue occurring in the EL after the first fatiguing exercise
and then in the NEL after the second fatiguing exercise).

Table 1. sSEMG RMS/M,., values of the knee extensors and coactivation level for both limbs.

PRE MID POST
RMS/ RMS/ RMS/ RMS/ RMS/ RMS/ RMS/ RMS/ RMS/
MVL M RF M VM CO-A M VL MR M VM CO-A M VL M RF M VM CO-
EL Mean  0.065 0.111 0.068 0.307 0.066 0.106 0.077 0.217 0.062 0.095 0.067 0.213
(SE) (0.008) (0.015) (0.009) (0.081) (0.007) (0.012) (0.013) (0.026) (0.007) (0.010) (0.010) (0.024)
NEL Mean 0.077 0.093 0.067 0.178 0.077 0.088 0.064 0.181 0.078 0.081 0.066 0.186
(SE) (0.013) (0.011) (0.010) (0.019) (0.012) (0.008) (0.009) (0.016) (0.012) (0.008) (0.012) (0.022)

to the respective muscle M.y responses of the test.
doi:10.1371/journal.pone.0064910.t001
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Mean and standard error of SEMG RMS/M,.x values of the vastus lateralis (VL), vastus medialis (VM), rectus femoris (RF) muscles and coactivation level (CO-A)of the
semitendinosus (ST) muscle obtained during PRE, MID and POST tests for both the exercising (EL) and non-exercising (NEL) limbs. VL, VM and RF values were normalised
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Table 2. Mechanical responses evoked by single stimulation and potentiated doublet for both limbs.

Pts (N.m) PtdPot (N.m)

PRE MID POST PRE MID POST
EL Mean (SE) 37.97 (2.68) 3261 (3.17) 28.66*** (3.56) 102.73 (5.22) 97.09 (5.36) 89.194## (5.16)
NEL Mean (SE) 35.92 (2.95) 34.33 (3.74) 34.45 (3.75) 94.40 (5.34) 94.24 (5.55) 91.11#+# (5.83)

doi:10.1371/journal.pone.0064910.t002

Peripheral Adaptations in the EL and NEL

Although, M-wave values of both the vastus medialis [6] and the
first dorsal interosseus [8] muscles in the exercising limb have been
previously reported to decrease and the values in the contralateral
non-exercising limb have been reported to remain unchanged, we
found here that M,,,, responses of VM, VL and RF muscles were
not altered by the fatiguing exercises in both the EL. and NEL [7],
suggesting preservation of the neuromuscular transmission. Yet,
the mechanical twitch response (Pts) evoked at rest diminished in
the EL (=24%) after the two bouts of 100-second maximal effort
exercise, while it remained constant in the NEL. This result is
consistent with previous reports [6], [7], although in these studies
declines of over 50% were found in the exercising limb after only a
single bout of 100-second MVC exercise. The use of twitch
responses evoked at rest to evaluate peripheral modifications has
been questioned [24] and it has been shown that potentiated
responses were more sensitive for the quantification of peripheral
fatigue [25], [26]. In our study, the potentiated Ptd (PtdPot) was
significantly reduced in both the EL and NEL after the two bouts
of 100-second MVC exercise. Even though no significant
difference could be observed between limbs, a 12% decline (effect
size = 0.58) of the PtdPot was noted in the EL, whereas only 2%
(effect size = 0.11) was found in the NEL. Thus, our results suggest
that peripheral fatigue mainly affected the EL, while this seems
unlikely to occur in the NEL [6], [7]. In the absence of M.«
impairments, this may suggest that impaired cross-bridges cycles
(most probably involving Ca®* handling) would have played a
major role in the peripheral fatigue that occurred in the EL.

Voluntary Activation of the EL and NEL

The reduction of voluntary activation observed in the present
work is in accordance with previous literature [5-8]. The decline
likely occurred after the second fatiguing exercise for both the EL
and the NEL and was found to be correlated with the MVC loss
[7]. WhileRattey et al. [6] reported, after only one bout of 100-
second MVC exercise, a decline of voluntary activation of 17% in
the exercising limb and 9% in the non-exercising lower limb our
results showed an overall decrement of =10% after two bouts of
100-second maximal effort exercise. Martin and Rattey [7]
reported a decline of 19 to 30% in the exercising limb and from
8 to 14% in the non-exercising limb, after one bout of 100-second
MVC in women and men, respectively. In our study, the lack of
significant difference in voluntary activation between the EL and
the NEL is likely related to multifaceted methodological reasons.
First, as argued above, these authors have used more strenuous
protocols (i.e., multiple MVCs with rest periods) prior to the
fatiguing exercise which led to greater force declines and may also
have induced greater voluntary activation decline. Second,
differences can arise from the interpolation twitch technique
procedures. Rattey et al. [6] used unpotentiated twitch and even
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Mean and standard error of mechanical twitch response evoked by single stimulation (Pts), potentiated twitch evoked with a double stimulation (PtdPot) measured at
PRE, MID and POST tests for the exercising limb (EL) and the non-exercising limb (NEL). Significant differences of the EL values between PRE and POST: p<<0.001 (***).
Significant differences of pooled data for the exercising limb (EL) and the non-exercising limb (NEL) between PRE and POST: p<<0.01(##).

though Martin and Rattey [7] quantified voluntary activation with
potentiated twitch,they split their experimental design in two
different days, thus maximising the potential effects of the exercise
on the post fatigue measurements. In opposition with literature [6]
and even though the overall activation level significantly
decreased, the RMS/M,,,, ratio of the knee extensors muscles
did not exhibit any change, neither in the EL nor in the NEL. This
could be partly explained by the fact that assessment of voluntary
activation by means of twitch interpolation technique is more
reproducible than RMS/M,,,,, ratios [26], [27-29]. Moreover,
one limitation of this study relates to the time interval between the
end of the sustained contraction and both the voluntary activation
and MVC assessments. Indeed, and in agreement with previous
reports on knee extensors [7] and elbow flexor muscles [30], [31],
[32], we observed a loss of torque production respectively of
64.2% and 65.1% at the end of each bout of 100-second MVC
exercise. However, the MVC torque decrements in the EL were
—9.63% at MID and —9.24% at POST. Although these
observations demonstrate that the participants had no pacing
strategy when performing the first and second fatiguing exercises
[20], a partial recovery could have occurred, thus explaining the
non significant change of the RMS/M,,,, ratios. Finally, not only
the electrical activity of agonist muscles was not altered, but the
coactivation level of the ST muscle remained unchanged.
Although this observation is unique in the literature regarding
the cross-over effect of fatigue, we only recorded the sSEMG of the
ST muscle amongst the hamstrings muscles Interestingly, the
present results confirmed that, since no peripheral fatigue occurred
in the NEL, the decline of MVC in the NEL relied on a cross-over
effect of fatigue likely occurring at a central level whereas the
MVC impairment in the EL might likely relate to both central and
peripheral fatigue factors.

Possible Mechanisms Explaining Central Failure and
Limbs Interactions

Central failure encompasses adjustments at both spinal and
supraspinal levels that induce reduced excitation of the motor-
neurone pool or decrease motorneurones responsiveness [33].
Although the twitch interpolation technique does not permit
differentiation of the supraspinal from spinal mechanisms respon-
sible for central fatigue [28], spinal inhibition arising from muscles
afferents (muscle spindles and group III and IV afferents) in the ELL
could disturb the motorneurones excitation of the contralateral
NEL. Indeed, it has been shown that unilateral task can depress H-
reflex of the contralateral homologous muscle in both the upper
[34], [35] and lower limbs [36]. Then, the reduced MVC of the
NEL observed in our study could result from altered activity at
spinal level of the ipsilateral EL through commissural interneu-
rons.
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Figure 4. Torque production capacity and sEMG activity during
the fatiguing exercises. Torque production capacity measured
during the 10 periods of the first (black circles) and the second (white
circles) fatiguing exercise for the exercising limb (A). Pooled data of the
considered period significantly lower from the pooled data of the first
period: p<0.01 (**) and p<<0.001 (***). SEMG RMS/Mmax ratios of the
vastus lateralis (diamonds), the vastus medialis (triangles), the rectus
femoris (squares) muscles and coactivation level (circles) of the
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semitendinosus (ST) muscle during the 10 periods of the first (B) and
second (C) fatiguing exercise. Values are mean and standard error of the
mean.

doi:10.1371/journal.pone.0064910.g004

Supraspinal fatigue has been related to an inadequate cortical
output [30] and group III and IV muscles afferents are likely to
limit the circuits that generate voluntary drive [37], [38]. In
addition, there is recent evidence that intracortical inhibition
increased during a 2-minute MVC of the elbow flexor muscles
[31]. In this context, the MVC decline of the NEL observed in the
present study could also be related to inter-hemispheric neural
regulation through transcallosal pathways [39]. Nonetheless, there
is evidence that supraspinal fatigue was minimal in the elbow
flexor muscles [5] and spinal mechanisms were proposed as the
major contributor of central fatigue during a 2-minute MVC of
the elbow flexor muscles [5]. Based on these observations and
recent conclusions [40], we assume that changes at a spinal cord
are likely to contribute to the overall voluntary activation decline.
Although speculative, this regulation from spinal crossed reflex
pathways during fatiguing exercise [11] has been observed after
unilateral strength training [41] and requires further investigation.
Our results are nevertheless of importance for functional activities
suggesting that the cross-over effect of fatigue would occur to
balance bilateral activity for two-limb coordinated and automatic
tasks (e.g., balance, locomotion...) and more generally to maintain
lower limbs homeostasis. Recent studies have highlighted that
unilateral fatigue of lower limb musculature disturbs bipedal
postural control [10], [11], [42], [43]. In addition, unilateral
fatigue induced by single-leg squats has been shown to provoke a
cross-over effect of central fatigue to the contralateral limb during
single-leg landings in elite female athletes which is substantially
sufficient to support dangerous postural adjustments [9]. In this
instance, we suggest that the central nervous system develops a
compensating strategy to reduce MVC of the NEL through lower
voluntary activation to cope with the weaker MVC of the EL, and
therefore to warrant bilateral coordination of the lower limbs. The
current data may have also direct implications in both the
therapeutic and the physical training contexts where repetitive
unilateral exercise is often performed for strengthening purpose.
For example, neural adaptations are likely to be an explanative
mechanism of the cross-education effect observed when a
unilateral strength training leads to a strength gain to the non-
trained contralateral limb [44-46]. Here, we emphasised that
cross-over effects of fatigue induced by a unilateral exercise was of
central origin. Considering that muscle fatigue contributes at least
in part to the strength training stimulus [47], it might be
speculated that unilateral exercise would activate central pathways
that facilitate cross-transfer in the contralateral limb. As a
consequence, contrary to some previous beliefs [3-5], [8] and in
agreement with others [6], [7], [9] we concluded that the
magnitude of the cross-over effect of central fatigue is important
in the lower limbs.

Conclusion

This study has highlighted that a unilateral fatiguing exercise
consisting of two bouts of 100-second MVC knee extension leads
to cross-over fatigue to the contralateral limb and that the time
course of muscle fatigue differed between both limbs. It seems that
peripheral fatigue of the EL arose through adaptations involving
intramuscular processes located beyond the sarcolemma whereas
spinal crossed reflex pathways were proposed as the main factor of
voluntary activation failure of the EL and the NEL. However,
identification of central mechanism that is responsible for the
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interlimbs adjustment seem worthy of consideration and explora-
tion.
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ABSTRACT

Purpose. This study was designed to investigate whether itibensity modulation of a
neuromuscular electrical stimulation (NMES) protodelivered over the nerve trunk of the
plantar flexors would lead to differential peripdleland central contributions of muscle
fatigue.Methods. Three fatiguing isometric protocols of the plarflaxors matched for the
same amount of isometric torque-time integral (TWBre randomly performed including a
volitional protocol (VOL) at 20% of the maximal woitary contraction (MVC) and two
NMES protocols (one at constant intensity, CST; dkiger at intensity level progressively
adjusted to maintain 20% of MVC, PRO®esults. No timex protocol interaction was found
for any of the variables. The MVC decreased sinyilg 12%;p<0.001) after all protocols,
so did the potentiated twitch responses(0(001). Although voluntary activation of the
plantar flexors did not change, maximal H-refleXMevave ratio of the soleus (SOL) and the
gastrocnemius medialis (GM) muscles showed an bveraerease (SOL:p=0.037; GM:
p=0.041), while it remained stable for the gastrocius lateralis (GL) musclgp€0.221). A
main time effect was observed only for the SOL mmaliV-wave to the superimposed M-
wave ratio p=0.024) and to the superimposed H-reflpx@.008). While similar central and
peripheral adaptations were observed after theetliadiguing protocols, the individual
contribution of the 3 different triceps surae masalvas differentialConclusion. Whether or
not the current intensity was increased, the atiaptaafter a NMES protocol yield to similar
muscle fatigue adaptations as voluntary contrastidiRely through similar pathways

matching a similar TTI.



INTRODUCTION

Neuromuscular electrical stimulation (NMES) is hilyaused in rehabilitation to enhance
muscle strength or to compensate for a diminishetbst function (Bélanger et al. 2000;

Burridge and Ladouceur 2001; Bax et al. 2005; Goradial. 2005; Colson et al. 2010). A
hindrance of the use of NMES in rehabilitation tekome functional deficits is the greater
muscle fatigue rates induced compared to voluntamtractions (Vanderthommen et al.
2003; Maffiuletti 2010). The principle of NMES ig initiate a muscle contraction through the
excitation of the muscle fibres recruited diredtdly motor axons depolarisation, but also
indirectly by activation of spinal motorneurons V@aafferent volleys evoked in mixed nerve
(stimulation over the nerve trunk) or intramuscudexonal branches (stimulation over the
muscle) (Hultman et al. 1983; Collins 2007; Bergtjet al. 2011b). Whatever the stimulation
site (muscle bulks or nerve trunk), the recruitmaattern of motor units (MUs) in NMES has

been shown to be random, spatially fixed, spatiatigomplete, temporally synchronous
(Adams et al. 1993; Vanderthommen et al. 2003; @negnd Bickel 2005) and differs from

muscle activation in voluntary contractions anduicidg higher rates of muscle fatigue
(Adams et al. 1993; Maffiuletti 2010). During casst submaximal voluntary contractions,
the MU discharge rate varies and MU rotation (akérve substitution of one MU activation

to another in a cyclic fashion) (Westgaard and deal1999; Bawa et al. 2006) takes place,
delaying muscle fatigue since it provides a metalrelst for the contractile apparatus (Bawa
et al. 2006). However, NMES does not permit a rigéTment rotation since usually the

stimulation settings remain constant, fatigue ogcand the force production progressively
declines (Adams et al. 1993; Collins 2007; Maffitili2010). Although these explanations for
a higher fatigue rate with NMES seem logic, thexean alternative explanation. In these
studies, the mechanical levels were different betweoluntary and evoked contractions

(Adams et al. 1993; Vanderthommen et al. 2003)ygitdy being the main cause for the



difference in fatigue. It might therefore be thahem the mechanical output is the same,

fatigue rates are similar.

The force production during a NMES protocol depemalshe stimulation parameters applied
such as frequency, pulse width, and voltage aneoumtensity (Gregory et al. 2007; Gorgey
et al. 2009; Gondin et al. 2010). Literature repatntradictory results regarding frequency
effects on fatigue: lower (Jones 1996; Matsunagaletl999) and higher (Kebaetse and
Binder-Macleod 2004; Kebaetse et al. 2005; Kesal.eR008) frequencies are reported to
induce the greatest fatigue rates, although tlez s been challenged (Gondin et al. 2010).
While frequency, voltage and pulse width can baddadised, the current intensity is usually
set at a fixed force production level. It seemd thigh the increase of current intensity, more
MUs are activated (Bergquist et al. 2011b), comatng for fatigued MUs and permitting
force production maintenance (Theurel et al. 20@&ffiuletti 2010; Bergquist et al. 2011b).
Moreover, since sensory axons because of theieddilgres have a lower activation threshold
than alpha-motorneurong-MN), increasing the current intensity depolarisesre sensory
axons and sends a larger sensory volley toward€N especially at low contraction levels
with a reduced antidromic volley (Bergquist et 2011b). Therefore, increasing current
intensity is expected to give a larger central gbation to muscle fatigue. However, the
effect of current intensity modulation on recruitthgathways and fatigue remains to be

investigated.

In the lower limb, when comparing muscle stimulatwith nerve stimulation, it has been
shown that muscle fibre recruitment resulted froetatively different contributions of
peripheral and central pathways (Baldwin et al.@@ergquist et al. 2011a; Bergquist et al.

2012). The stimulation of the nerve trunk, not oalgtivates the muscle directly through



motor axons depolarisation (muscle compound - Meayabut also indirectly contracts the
muscle, activating sensory axons la fibres (Hoffrmaflex- H reflex) and facilitates the
neurotransmitters release at the spinal level, thasasinga-MNs activation (Hirst et al.
1981). Nerve stimulation increased the amplitudetlodé H-reflex and diminished the
amplitude of the M-wave, thus suggesting a gresp@nal contribution to force production
(Bergquist et al. 2011a; Bergquist et al. 2012)er€fore, it has been suggested that
stimulation of the nerve trunk would follow the siprinciple recruitment of MUs as it
involves central pathways that would recruit faggesistant MUs and would reduce muscle
fatigue compared to the stimulation over the musey (Collins 2007; Lagerquist and

Collins 2010; Bergquist et al. 2011a; Bergquistle2012).

The aim of the study was to investigate musclegtei of the triceps surae after NMES
protocols where the current intensity was maintioenstant or increased and compare that
with fatigue after voluntary contractions. For atam@d mechanical output (torque-time
integral (TTI)), we expected a similar muscle faggassessed by the plantar flexion force
production between protocols. Furthermore, it wapothesised that increasing current
intensity would yield to greater central contrilmum$ to muscle fatigue than maintaining the

current intensity constant.

METHODS

Participants

Nine physically active males volunteered to taket pa the study. However, one of the
participants could not perform NMES sessions duthéodiscomfort experienced. Thus, the
results of 8 participants were analysed in thislgigmean + standard error of the mean (SE):

age 26.6 + 2.02 year; height: 180 = 2.38 cm; bodssn 74.4 + 2.07 kg). None of the

5



participants had a history of neurological or neauscular disorder. Participants were
informed about potential risks and gave informedttem consent prior to enrolment in the
experiment. The study was performed according & Declaration of Helsinki and was

approved by the local ethics committee.

Experimental procedure

Figure lillustrates the overall experimental desiged for data collection. The right leg was
tested and a sequence of neuromuscular tests €Fidglr were performed prior to and after
the fatiguing protocols to assess their effectsttosn muscle performance. The procedure
consisted of three different plantar flexors fatingu protocols (Figure 1A), including two
NMES protocols and a voluntary one. The torque-tintegral was matched between the
three fatiguing protocols in order to ensure congpar of experimental protocols. Protocols
were done in a stratified randomised order durhnrgé different days spaced at least by 48

hours, and done at the same period of the day.

Torque measurements

Measurements of ankle plantar and dorsi flexiomiswic torques were performed with the
use of a dynamometer (Biodex, System 3, Shirleyp@ation, New-York, United-States).
Participants were seated with a hip joint angle90f, the knee joint angle at 120° (full
extension as 180°) and the ankle joint angle at 30® ankle extension-flexion axis was
aligned with the centre of rotation of the dynamtenshaft. The foot was placed in a shoe
screwed at the heel on the footplate of the dynaatemand firmly strapped to prevent any

movements of the forefoot and heel during effdP@ticipants’ pelvis and trunk were secured



with a waist belt and two cross-over shoulder béttgvoid any motion from the upper-body.

Participants were instructed to hold the shoulddtslkduring the testing procedure.

Electromyography

Bipolar surface electromyographic (EMG) electrod&@ mm diameter, Ag-AgCl 20 mm
inter-electrode distance — Contrdle Graphique MadiBrie-Comte-Robert, France) were
placed over the soleus (SOL), the gastrocnemigsaid (GL), the gastrocnemius medialis
(GM) and the tibialis anterior (TA) muscles. Thdess EMG electrodes were positioned 2
cm below the gastrocnemii’s insertion, over thecaaéal tendon, GL, GM and TA EMG
electrodes were placed on the bulk of the musclesording to the SENIAM
recommendations (Hermens et al. 2000). A commareate electrode was positioned over
the contralateral patella. Low resistance betwéentivo electrodes (<5(¥ was obtained
abrading the skin, and remaining dirt was remov&dgualcohol. Electromyographic signals
were amplified with a bandwidth frequency from 1% té 2 kHz (common mode rejection
ratio=90dB; impedance input=10@M gain=1000). Synchronized data from EMG and torque
measures were digitised on line at a sampling sa#000 Hz and stored for analysis with

commercially available software (Tida 5.0, Hekaklenik, Lambrecht/Pfalz, Germany).

Nerve stimulation

Tibial nerve stimulation was induced using a higittage (400V) constant current stimulator
model DS7A, Digitimer, Hertfordshire, United-Kinga to evoke the compound muscle
action potential (M-wave), the Hoffman reflex (Hiex) of the SOL, GL and GM muscles

and the stimulated fatiguing protocols. The stimafasite, giving the greatest amplitude of
the evoked potentials of the SOL muscle, was krsated by a hand-held ball electrode (0.5

cm diameter) with a single rectangular pulse (1witth). Once the optimal stimulation site

7



was determined, a self-adhesive electrode (8 mmeter, Ag-AgCl) was firmly fixed with
the use of rigid straps and taping to ensure cahstanulation location. The anode (5 x 10
cm, Compex Médical SA, Ecublens, Switzerland) wiasgd over the patella tendon of the

ipsilateral knee.

Neuromuscular tests

First, only prior to the fatiguing protocols, a pa® isometric recruitment curve was
performed to establish the current intensity teielnaximal amplitudes of the H-reflexand
the M-wave of the soleus muscle. Intensity wasdased with a 2 mA increment from the H-
reflex threshold until the maximal M-wave of the IS@as obtained. Three stimuli separated
by 5 seconds were delivered at each current iriter&fterwards, ten minutes of rest were

given to participants before starting the entiraqcol.

To disclose the effects of each fatiguing protoseleral tests were achieved, before and after
each experimental session (PRE, POST) in a saatifandomised order. The tests were

conducted as follows (Figure 1B):

1) Electrically evoked twitches separated by 3 secoatdSOL Mnax and Hhax intensities,
while participants were asked to relax. At POSTensity eliciting the maximal
amplitude of the H-reflex was re-determined.

2) Four plantar flexors MVC of 4 to 5 seconds werdgened with superimposed single
stimulations delivered before, over the MVC andeBosds after the contraction. A
rest period of minimum one minute was respectediédmt each trial. Two trials were
realised at Haxintensity (MVC Hyay and the other 2 at Mxintensity (MVC Mnay),
in a stratified randomised order, with a stimulatitelivered at rest before the MVC

(PtHmnax PtMmay and (potentiated twitch — hereafter Pt Paf M PtPotHhay).Strong

8



verbal encouragement was provided by the experengenhroughout MVCs. While
participants were asked to perform the MVCs, stimtilHy.x and Myax intensities
were applied over the contraction to record theesaposed H-reflex (kK at Hnax
intensity, the superimposed M wave Ml and the first volitional wave (V wave - V)
at Mnyax intensity of the SOL, GL and GM muscles. At PO®%ts$, only one trial at
Hmax @and one at Max intensity were performed.

3) Two dorsiflexion MVC were done at PRE whereas, toia¢ was performed at POST.

4) At last, and before the fatiguing protocols, thenstation intensity to evoke a plantar
flexion of 20% of MVC was determined. Thereafteel@ctrically induced twitches
separated by 3 seconds were evoked at this infe(PR#im200). Three electrically
induced twitches separated by 3 seconds were atded at the intensity reached at

the end of the PROG protocol only.

The current intensity to evoke the maximal amphtud the SOL H-reflex changed after each
fatiguing protocols (mean + standard error of theam): CST: from 22.25 + 2.09 mA to 21.67
+ 2.60; PROG: from 23.50 £ 4.14 mA to 23.50 + 4MB; VOL: from 23.11 + 2.91 mA to

22.43 + 3.13 mA.

Fatiguing protocols

A second a high-voltage (400V) constant currentusi@tor model DS7A, Digitimer,

Hertfordshire, United-Kingdom) was used for the N®Bprotocols through the same
stimulation site used to induce evoked potentidispeated tetanic isometric plantar flexion
contractions were elicited over the trunk of thmai nerve during 6 seconds and followed by

6 seconds of rest (duty cycle of 50%). Current ati@ristics (pulse duration: 1ms, frequency:



50 Hz) stimulation and the current intensity regdifrange: 10.2-73.6 mA) to produce 20%

of the MVC caused only limited discomfort.

The NMES Progressive (PROG) protocol was designegvbke 20% MVC throughout the

entire session, and thus necessitated to manudjilgtathe stimulation intensity to keep on
matching the 20% MVC controlled through a visuadieack of the torque signal displayed
on the dynamometer screen. The current intensisyaat (mean = SE) was 20.95 + 3.39 mA

and reached 30.03 £ 7.69 mA at the end of the pobto

For the NMES Constant (CST) protocol, the stimolatintensity was set to reach 20% of
MVC for the first 6-second electrically elicited rdoaction, thereafter, the intensity was kept
constant (20.60 £ 1.77 mA) until the end of thesg®es The third protocol (VOL) consisted of
voluntary isometric plantar flexion contractions intained at 20% of MVC with visual

feedback.

Torque-timeintegral (TTI)

The torque time integral produced during each @etig protocol was controlled with a
custom made system made of a voltmeter (Cen-Tedv383 Digital multimeter) that
measured the tension of the current developed. digieal voltmeter, synchronised to the
dynamometer, measured the instantaneous torqueugqedd throughout the fatiguing

protocols.

As protocols were performed in a stratified randsediorder, the first one consisted in 30 to
40 contractions. The following protocols were stegppvhen the TTI value reached the one
from the first protocol. The number of contractiamss on average (mean * standard error of
the mean) for the CST of 33.4 +1.7, for the PRO@&£1.4 and for the VOL of 22.6 +2.1

contractions.
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Data analysis

All outcome measures, EMG and torque data wereysadl with Matlab R2010b (The

MathWorks, Inc., Natick, MA, United-States).

Mechanical recordings

The MVC was computed as the average of the 500mmdrthe highest torque value from
the best of the two trials of MVC M. The magnitude of the superimposed twitch and the

potentiated twitch following the best MVC were aysad.

Mechanical parameters of the stimuli correspondiogMmax Hmax and 20% of MVC
intensities were analysed, and the average ottiee tevoked peak twitches (RtM PtHnax
Ptsim2009 Were calculated. In addition, the Pt Pof,Mto-PtMyax ratio (PtPotMya PtMmay)

was also computed.

The maximal voluntary activation level of plantéxiors was calculated using the following

formula (Allen et al. 1995): (1 - (superimposedtthi/ potentiated twitch)) 100.

A correction was applied to the original equatiomew the superimposed twitch was elicited
slightly before or after the real MVC accordingty $trojnik and Komi (Strojnik and Komi

1998).

Evoked potentials

At rest. The evoked responses elicited at restaHMmayx Intensity Stimulation 20% MVC)
were averaged to determine the following parameteesmaximal amplitude of the M wave
(Mmay; the maximal amplitude of the peak-to-peak of theeflex (Hnapand the M wave
(Mumay associated with the Jdx peak-to-peak amplitudes of the H-reflexsfkkos) and the

M wave (Mstimz200) at 20% of MVC of the SOL, GL and GM muscles.
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Superimposed Tests.

The amplitude of the SOL, GL, and GMg}j the SOL, GL, and GM ¥, and V wave
(electrophysiological variant of the H reflex reded during the contraction (Upton et al.
1971)) of the analysed MVCs were recorded. Theovalig ratios were then computed:

Surface EMG recordings analysis

The root mean square (RMS) of EMG values of the SGIL, GM and TA associated with
MVCs (RMS) were analysed over a 500-ms window widlle same as MVC computation.
The EMG RMS of the SOL, GL and GM were then nors&lito the peak-to-peak amplitude
of their respective superimposed M-wave obtainethdihe MVC (RMS/M,) to assess the

level of EMG background.

Torque-timeintegral

An index to measure the quantity of isometric wagkthe calculation of the torque-time
integral (TTI) since it is acknowledged to refloe metabolic cost of the muscle contractions
(Bergstrom and Hultman 1988; Binder-Macleod and sRd999; Russ et al. 2002b).
Therefore, the torque-time integral (TTI) was comeguas the area under the torque-time

curve during muscle contraction (Bergstrom and idah 1988; Russ et al. 2002b).

Statistical analysis

Statistical processing was performed in PASW Stesizversion 20 (SPSS Inc., Chicago, IL,

USA). The Shapiro-Wilk test was used to test whethgcome measures were normally
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distributed, and depending on the results the apjaie statistical test was performed. A one-
way Kruskal-Wallis test was used to compare thewrhof energy developed and the TTI
between the three protocols. When data were noynthaditributed, a two-way ANOVA
(protocol x time) with repeated measures on tims pexformed, while the Friedman test was
applied when one of the variables did not follonn@mal distribution. In all statistical
analysis the significance level was sepad.05. Effect size was computed from partial eta?
values {?p) and from the Kendall's coefficient of concordan(Kendall’'s W). Unless
specified, all data are expressed as means + 8kdgd error of the mean) in the entire

manuscript and in the tables and figures.

RESULTS

For any of the variables, no significant differermetween protocols was observed in PRE,

and neither interaction protocol x time.

Torque-timeintegral

The torque-time integral was not found to be sigaritly different between all three

protocols (H(2)=0.090p=0.956).

Maximal voluntary contraction, voluntary activation level and EMG activity

A main time effect on the maximal voluntary torgpeoduction decline was found to be

significant after the three fatiguing protocols 46-18;p<0.001;12p=0.69).

As figure 2 illustrates, after the CST protocok MVC loss was of 11.94 + 3.86 %, after the
PROG the loss was of 13.21 + 2.26 % and after @& the reduction was of 10.90 £ 2.42 %.

Overall, no significant change was found in theelesf voluntary activation (Chi2=0.17,
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p=0.683) after any of the fatiguing protocols (Tallg also supported by the unchanged

RMS/Msyp ratio of all muscles observed after the threequols (Table 1).

Mechanical twitches

Results of the mechanical twitch variables obtainedPRE and POST for the 3 different
fatiguing protocols are presented in Table 2. Ngnificant time effect was found in the
amplitude of the evoked peak twitch at,Mintensity, PtMhax(Chi2=1.50;p=0.221) after the
protocols (Table 2). Despite that, an overall tigfeect was found on the PtPoth that
diminished significantly (F=18.75p<0.001; n2p=0.47; Table 2). The magnitude of the
potentiated peak twitch decreased after PROG @f81+.2.94 %, VOL of 9.67 + 2.46 % and

after CST of 5.97 £5.05 %

Finally, an overall time effect was also found @@ t(PtPotM,./PtMmay ratio (F=23.72;
p<0.001;1?p=0.53; Table 2) which decreased after CST of 42 8.37 %, after PROG of

12.95 + 8.02 % and after VOL of 15.12 + 3.38%.

Evoked potentials

A time effect was found on the maximal amplitudetiod SOL H-reflex (F=5.867=0.025;
n%p=0.218) whereas, the SOLMremained unchanged after all protocols (F=0128.604;
1n%p=0.013) as shown in the Figure 4. Therefore,\aradl main time effect was observed for
the ratio between thetdx and Myaxof the SOL (F=4.98p=0.037;12p=0.19; Figure 3). After
the CST protocol, the SOL H/Mmaxratio increased of (median zinterquartile range%636
(7.90; 97.04), of 10.4% (8.64; 25.61) after the FR@Qrotocol, and of 8.45% (-9.08; 70.39)

after the VOL protocol.
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Neither, the H,dMgyp ratio, the Mimaxto-Mmax ratio nor the ratio between the amplitude of
the H-reflex elicited at the intensity evoking 20 MVC and the Max the Hstim2o9 -to-
Mmax ratio for the SOL, GL and GM muscles were foundntodify (respectively: SOL.:
p=0.390; p=0.280; ; p=0.542; GL:p=0.289; p=0.102; p=0.414; GM: p=0.394; p=0.683;

p=0.221),.

The amplitudes of the GL and GMykk were found to be potentiated after all protoc@s&.:(
Chi?=4.167;p=0.041; Kendall's W: 0.17; GM: Chi?=6.000; KendallW: 0.25p=0.014 -
Table 3). A time effect on the Mx amplitude of the GM was found to decrease (Chi&3,
p =0.004; Kendall's W: 0.34) but no change was olestfor the GL Max (p=0.414 — Table
3). The GL Haxto-Mnax ratio was found to remain stablg=0.221), while the one of the GM

increased (Chi2=4.16p=0.041; Kendall’'s W: 0.17 — Table 3).

Finally, an overall potentiation of the ratio beemethe amplitude of the SOL V wave and the
superimposed M-wave (V/IMy after all three protocols was found (F=7.38;0.024;
n?p=0.45; Figure 5).The SOL V/Mratio increased of 104 + 96.9 % after the CST molo

of 121 + 111.9% after the PROG protocol; and of £BA.2 % after the VOL protocol.

Also, a time effect on the SOL Vi ratio was found (F=11.6@=0.008;12p=0.56; Figure
5). It increased after the CST of 70 * 28.8 %, ratte PROG protocol of 95 + 50.2 % and of
82 + 26 % after the VOL protocol. However, the \{land the V/H,, ratios did not modify
for the GL and GM muscles after any of the fatiguprotocols (respectively: Glp=0.768;

p=0.865; GM: p=0.940p=0.816; Table 4).
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DISCUSSION

In agreement with our first hypothesis, the ressltew a similar decline in maximal torque
production across all conditions with a similar THowever, we failed to show a difference
in relative central and peripheral contributiongriceps surae muscle fatigue between the two
NMES protocols. Below, it will be discussed why:thg decline in MVC torque production
appeared to be related to similar origins acrosgtbtocols; 2) increasing or maintaining the
current intensity might have induced both peripha@rad central contributions to muscle
fatigue differing between triceps surae musclesat3gquivalent TTI, nerve stimulation at

constant current intensity likely induced similansuole fatigue as voluntary contractions.

Torque-time integral and maximal voluntary contraction

It is acknowledged that the TTI reflects the eneegpenditure of an isometric contraction,
and thus correlates to the ATP consumption (Beigstand Hultman 1988; Russ et al.
2002b). Moreover, a recent study showed that thialméc demand was independent of the
modulation of the stimulation parameters (frequeany pulse duration) for a standardised
TTI (Gondin et al. 2010). In the present study, 1@ produced across protocols led to an
average MVC loss of 12%. Even though we did notsueathe metabolic cost, based on
previous findings (Bergstrom and Hultman 1988; Retsal. 2002a; Gondin et al. 2010), we
suggest that the metabolic demand was of the saageitnde between CST, PROG and VOL
protocols. Although, performed over the nerve truowr results are in line with previous
studies showing that 9% and 10% of MVC loss wergeoled after 30 (Boerio et al. 2005)
and 34 contractions (Papaiordanidou et al. 201speetively, when electrical stimulation was

delivered over the triceps surae muscle bulks.

16



Peripheral mechanisms

Despite a decrease of the gastrocnemius medialis &mplitude, the present results show no
modification of the soleus and gastrocnemius l&&eM,.x suggesting both the impairment
and the preservation of the neuromuscular trangonigguglevand et al. 1993; Allen et al.
2008). Our result concerning the soleus and gastraws lateralis muscles is consistent with
previous studies (Klakowicz et al. 2006; Lagerquasid Collins 2010), where fatiguing
protocols were induced by a 7-second stimulatiamton the tibial nerve at high frequencies
with pulse duration of 1 ms as used in the presemty. However, overall, the M-wave of the
gastrocnemius medialis muscle decreased, suggetimg this muscle may have been
adapting in a different fashion to the exercisethdligh the Max and its associated
mechanical response (PtM) remained steady after all fatiguing protocols fhotentiated
twitch at Myax intensity (PtPotMay was found to be reduced after CST, PROG and VOL
(respectively 6%, 11% and 10%) without any protoceffect. Moreover, the
(PtPotMna/PtMnay ratio was significantly reduced after CST, PRQO@ &OL (13%, 13%
and 15% respectively). Importantly, these resudsns to indicate a strong trend towards a
similar decline of the potentiated mechanical edokesponses after the three fatiguing

protocols.

In the present study, likely underlying mechanisshperipheral impairments may lie in an
alteration in C& release from the sarcoplasmic reticulum and/or ained C&'
uptake/reuptake and accumulation within and by ih&ubules (Allen et al. 2008).
Additionally, potentiated twitches are more semsitio reflect peripheral changes related to
muscle fatigue (Kufel et al. 2002), suggesting @uotion in C&" ions sensitivity, hindering
C&" ions to bind on troponin C on the myofilamentsdieg to a lower number of active
cross-bridges (Westerblad et al. 2002; Allen e8D8; Place et al. 2009). Taken together,
our results indicate that peripheral adaptatiormied after all three protocols and none of
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the protocols induced a different effect on perrphadaptations, but central mechanisms are

also to take into account.

Central mechanisms

Even though many studies have been performed omditkilation of stimulation parameters
on muscle fatigue when NMES was applied over thesales bulks (Binder-Macleod and
Scott 2001; Boerio et al. 2005; Gregory et al. 200&sar et al. 2008; Papaiordanidou et al.
2010; Gondin et al. 2010), a few focused on theots$f of nerve stimulation on the muscle
fatigue (Baldwin et al. 2006; Klakowicz et al. 2QQ@gerquist and Collins 2010; Bergquist et
al. 2011a). Surprisingly, no modifications of theluntary activation level, nor of the
RMS/Msyp0f the triceps surae occurred after any of theetim®tocols. This might likely be
attributable to our method. In fact, even though ulse of single twitch, compare to doublets
would not influence the evaluation of the voluntagtivation (Behm et al. 1996; Shield and
Zhou 2004), including in the plantar flexor musai8saglioni and Martin 2009), it is debated
whether the use of the interpolated twitch techaigs the best technique to determine
voluntary activation (Herbert and Gandevia 1999yldia 2009). Additionally, the twitch
interpolation technique does not differentiate thgpraspinal from spinal mechanisms of
central fatigue (Millet et al. 2011). Thus, it catnbe excluded that, even though the
RMS/Mgp ratio did not modify, partial compensations of th@untary activation occurred

although it is unknown in which muscles and to wdent.

Nonetheless, the results of the present study ghatvneural modifications occur at both
supraspinal and spinal levels. The steadinesseaddleus and gastrocnemij sto-Ms,, ratio

suggests that pre- and post-synaptic inhibitionewet modified after the fatiguing protocols
(Aagaard et al. 2002). Even though the voluntartivatton level and the soleus and

gastrocnemii RMS/Npratios did not modify after any of the protocolse tsoleus V/M,, and
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VIHsyp ratios significantly increased while they remaingtéady in for the gastrocnemii

regardless of the protocol.

In spite of the absence of modification of the vibéury activation level, greater soleus \4(M
and V/Hypratios found after the fatiguing exercises, withaytrotocol dependence. Since the
V wave reflects the magnitude of the descendingratedrive to the motorneurons pool
(Upton et al. 1971; Aagaard et al. 2002), our itssalggest that the number @MNs
activated as well as the neural drive to the ma&orons were similarly enhanced after the
CST, PROG and VOL protocols as previously repoatfter voluntary contractions (Lévénez
et al. 2005). However, this may not hold for thetgacnemii as the V/Myand V/Hratios

of these muscles did not modify. These results ssigthat the fatiguing protocols, CST,
PROG, and VOL led to a modification of the neuralscending drive during the MVC
towards the different muscles of the triceps swile the muscle fatigue. Additionally, spinal

adaptations might also have occurred.

In voluntary contractions, it has been shown thigcditation of presynaptic inhibition on la
afferent fibres occurs (Hultborn and Pierrot-Ddegily 1979) but if the contraction remains
at a constant level of force production, the pragyic inhibition is restored to its starting
threshold (Meunier and Pierrot-Deseilligny 1989efefore, it is likely that inhibitions did
not affect the soleus and gastrocnemiiMmax ratios, also supported by the unchanged

soleus and gastrocnemikgto-Ms,, ratios.

The potentiation of the H-reflex after tetanic restimulation has already been reported in
literature after high frequency stimulation (ab&®®Hz) (Lloyd 1949; Hagbarth 1962; Kitago
et al. 2004; Klakowicz et al. 2006; Collins 200&derquist and Collins 2010; Bergquist et al.

2011b). Yet, to our knowledge, only one study (Kaat al. 2004) investigated long duration
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tetanic nerve stimulation protocol effects on taellftation of the H-reflex. After 30 trains of
10-second contractions (duty cycle 50%), theseaasitfound that their protocol potentiated
the amplitude of the H-reflex, although it was notmalised to the maximal amplitude of the
M-wave. Because caution should be taken when sigdyiireflexes (Schieppati 1987; Zehr
2002), literature suggests to evoke H-reflexes withufficient corresponding M-wave and in
the ascending part of the recruitment curve to engtimulus consistency and similar
excitation/inhibition mechanisms (Schieppati 1987errot-Deseilligny and Mazevet 2000).
Moreover, it is shown that the normalisation of #lectrophysiogical responses should be
normalised to the respective M-wave recorded uradeimilar condition to ensure same
stimulus conditions between protocols (Aagaard.et@02; Gondin et al. 2006). Therefore, to
account for the steadiness of the stimulation aednding conditions between protocols, the
soleus and gastrocnemii dMaxto-Mmax ratios, as well as the dih2006t0-Mmax ratios were
computed, and no significant differences were fobetiveen PRE and POST tests suggesting

that stimulations’ conditions were stable.

In agreement with Kitago et al. (Kitago et al. 2)G#e soleus and the gastrocnemjikvas
increased, and so did the soleus and the gastragsenedialis Ha/Mmax ratio regardless of
the protocol. However, the absence of a protodelcesuggests that spinal adaptations were
of similar magnitude after all protocols. The irase in the amplitude of the H-reflex
indicates that the enhanced stimulation of the @mgnaxons to the spinal cord due to the
increase in stimulation likely induced an increaseneurotransmitters release from the la
afferents (Lloyd 1949; Hirst et al. 1981; Van Bdxi®86; Kitago et al. 2004), or a reduced
presynaptic inhibition (Schieppati 1987). Considgrthat nerve stimulation does not only
activate motor axons, but also sensory axons (@0H#007), the overall potentiation observed
in the soleus and the gastrocnemijkand Hha/Mmax ratio after the three fatiguing protocols,

are likely to be attributable to spinal mechanismhere the facilitation of the H-reflex would
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be induced by a higher excitability of la fiboresdanrMNs (Hugon 1973; Schieppati 1987).
Moreover, the potentiation of soleus V4lyand V/Hratios and of soleus and gastrocnemius
medialis Hua/Mmax ratios can be explained by an increaset! €ansitivity due to regulatory
light chain phosphorylation (Sale 2002). The potgimn is shown to coexist with muscle

fatigue (Rassier and Macintosh 2000) as observéukeipresent study.

Altogether, the results showed that the soleusthedjastrocnemii seemed to be differently
involved in the muscle fatigue, regardless of thetqrol. As it appeared a neuromuscular
transmission alteration (decrease of the,Min the gastrocnemius medialis, this did not seem
to be the case for the lateral head of the gastroars and the soleus muscles. Moreover, the
spinal excitability increased for the gastrocnenmeglialis and the soleus muscles, while this
was probably of lower magnitude for the gastrocusnhateralis as, despite an increase of the
H-reflex, the Haxto-Mmax ratio remained steady. Therefore, it seems thatgdstrocnemii
muscles adaptations were mediated through peripaedareflex pathways, while the muscle
fatigue of the soleus muscle was compensated hiycagase in spinal excitability and in the
neural descending drive (increase of \pand V/Hy, ratios). The different adaptations
across muscles can be attributable to the fibqesldgy difference between the soleus and the
gastrocnemii muscles. While the first is mainly @mesed of slow-twitch MUs, the
gastrocnemii contain approximately an equal amainslow-twitch and fast twitch MUs
(Tucker et al. 2005). Therefore as the force prtdoctargeted was rather low (20 % of
MVC), the soleus muscle might have been more lgrgelolved than the gastrocnemii,

especially since the nerve stimulation intensitg wptimised for the soleus.

Interest for NMES
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The present findings suggest that similarly to wédwy contractions, a progressive or constant
current intensity NMES protocol induced similar ipgeral and central modifications when
the same amount of TTI was matched. It can be stgdehat when delivered over the nerve
trunk, increasing or maintaining the current intgnsnduced adaptations of triceps surae
muscle fatigue similar to voluntary contractionsieifefore, the muscle fatigue may have
arisen from similar origins across protocols. Irtlagrve trunk stimulation, regardless of the
intensity modulation, may have evoked a physiolalgi&e recruitment of motorneurons, also
supported by literature (Baldwin et al. 2006; Klakez et al. 2006; Collins 2007; Dean et al.
2007; Bergquist et al. 2011b). This may partly tueur stimulation parameters (1 ms pulse
duration, 50 Hz) as it has been shown that nemreutdtion may activate a greater amount of
la afferents axons in more synchronous mannereasing the central contributions to the
torque production (Bergquist et al. 2011b). Siree la fibres would first recruit smallest
MNs, accordingly to the size principle (Hennemanakt 1965; Bawa et al. 1984), the
activation of thex-MNs via sensory axons and reflex arc would producescle contractions
following the physiological recruitment order. Thfare, the la fibres would first recruit
smallest and slow type fatigue-resistant fibreghgsiological recruitment should activate the

muscle (Dean et al. 2007; Maffiuletti 2010; Berggjuat al. 2011b).

During voluntary contractions, a rotation amongse tMUs pool occurs, ensuring a
continuous contraction (Bawa and Murnaghan 2009otopensate with cumulative effects
of fatigue (Bawa et al. 2006). Then, it is possithlat regardless of the intensity modulation,
the nerve stimulation followed a physiological-likecruitment order (through la fibres, as
seen in the potentiation of the,kHto-Mnax ratio), recruited additional and fresh MUs, while
other MUs had their threshold activation level eaged (Vilin and Ruben 2001; Kiernan et
al. 2004; Miles et al. 2005) and ceased firing, mkimg the rotation of MUs. The activation

of thea-MNs via sensory axons and reflex arc enhanceskpord neuronal circuitry (Perez
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et al. 2003) and can modify cortical activity (Hamdt al. 1998). Then maintaining the

stimulation intensity, targeting a constant tordaeel, may generate muscle contractions
through a combination of peripheral and centrahywalys, similarly to voluntary contractions

likely beneficial to restore muscle function. Henden a similar TTI is reached, and at 20%
of MVC, our results showed that central and penpghadaptations to the muscle fatigue were
of similar magnitude as voluntary contractions \kleetor not the intensity is increased. The
current intensity of stimulation is usually set gaively at the highest threshold of tolerance
in clinical settings. Thus, performing NMES sessiat a constant intensity current rather
than sessions with increased current intensity avgugld to the same amount and likely
similar origins of muscle fatigue, reducing paims&ion along the NMES session. However,
because of the fixed position of electrodes, th@urement of fibres diminishes as their

distance from the electrodes increases (Vandertremat al. 2000) and increasing the

current intensity might overcome the distance arivae deeper fibres (Theurel et al. 2007).

CONCLUSION

When matching a similar TTI using voluntary conti@gs, constant intensity NMES or
increasing intensity NMES protocols the fatigue eleped was found to be of similar
magnitude and origins in the plantar flexor musclEserefore, since peripheral and central
modifications are likely to explain the decreas@iMC after the three fatiguing protocols, it
seems that the neural drive from the supraspinatire® increased to perform the maximal
effort (Gandevia 2001; Enoka and Duchateau 2008)p anediated through spinal
modifications. The two NMES protocols induced saniberipheral and central adaptations of
the triceps surae muscle fatigue as voluntary echon, even though the muscles

contributions seemed to differ. Nerve trunk stiniolais likely to generate physiological-like
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muscle activation, whether or the current intenstyncreased for a similar amount of TTI
reached, although this observation has to be futbafirmed when the NMES is applied

over the muscle bulk.
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TABLES

Table 1.RM S/M g, ratio of the soleus and the gastrocnemiilateralis and medialis

SOL RMS/Mq,,

GL RMS/Mgyp

GM RMS/Mq,;

PRE POST PRE POST PRE POST
osT 1.93 2.29 3.36 2.64 2.48 2.50
(1.56:2.75) (1.75:;3.48) | (1.34:7.49) (2.35:6.56) | (1.41;3.59) (1.62;3.52)
P 0.157 1.000 1.000
PROG 1.78 1.78 2.07 2.81 2.65 2.18
(1.59:2.87) (1.27:2.49) | (1.55;6.04) (1.52:4.15) | (1.37;4.28) (1.30;3.51)
P 0.157 0.480 0.157
VoL 257 2.02 (f '293 _ 351 2.69 352
(1.86:2.80) (1.56; 2.48) 16.53) (2.07:7.96) | (2.50:3.96) (1.77 ; 4.40)
P 1.000 0.480 0.480
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Table 2.Voluntary Activation Level, the rest evoked mechanical twitch response, and the twitch potentiated responses

Voluntary Activation level PtM ax Pt Pot M, Pt Pot M,
(%) (N.m) (N.m) [ PtMmax
PRE POST PRE POST PRE POST PRE POST
csT 96.61 90.41 14.04 15.45 22.29 20.93 1.66 1.45
(85.85;99.75) (85.18;96.84) | (10.95;15.64) (12.07 ;16.50) (1.55) (1.70) (0.08) (0.2)
p
PROG 95.12 92.06 13.08 13.91 21.33 19.03 1.57 1.33
(86.52;98.51) (86.26;95.72) | (12.11;16.00) (12.51;15.90) (1.30) (1.47) (0.08) (0.06)
p
VOL 99.90 95.92 15.06 15.98 26.50 23.66 1.62 1.36
(92.02 ; 100) (93.68;99.97) | (13.01;20.05) (14.82;23.60) (2.34) (1.71) (0.08) (0.04)
o 0.683 0.221 <0.001 <0.001
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Table 3. Maximal M-waves and H-reflex amplitudes and H,a-t0-M o ratio of the gastrocnemii lateralis and medialis

GL Mpax GM Mpax GL Hmax GM Hpax GL Hmax / Mmax GM Hpax / Miax
(mV) (mV) (mV) (mV) (u.a) (u.a.)
PRE POST PRE POST PRE POST PRE POST PRE POST PRE POST
3.54 4.05 6.91 3.50 1.22 1.41 1.83 2.20 0.25 0.41 0.40 0.44
CST (2.59; (2.60; (4.01; (.77 ; (0.64; (0.80; (0.81; (.78 ; (0.20; (0.28; (0.12; (0.35;
9.46) 8.62) 8.49) 6.52) 2.32) 2.54) 3.57) 2.89) 0.45) 0.49) 0.62) 0.80)
1.56 1.80 1.70 2.39 0.87 0.71 0.36 0.76
2.14 2.55 5.82 3.69
(0.93; (2.30; (1.26; (1.42; (0.42; (0.47; (0.17; (0.29;
PROG| (0.90; (0.83; (3.14; (1.84;
2.00) 2.23) 4.52) 4.63) 1.32) 1.62) 0.81) 1.13)
3.76) 3.99) 9.80) 5.38)
3.81 3.51 4,97 4.30 1.23 1.31 1.32 1.58 0.55 0.38 0.40 0.39
VOL (0.83; (1.86; (2.49; (2.58; (0.91; (0.72; (0.86; (0.94; (0.26; (0.25; (0.18; (0.26;
5.14) 5.56 8.14) 7.49) 2.50) 2.83) 4.33) 5.09) 1.89) 0.78) 0.89) 0.60)
p 0.414 0.004 0.041 0.014 0.221 0.041
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Table 4. V-to-Mg,, and V-to-Mg,, ratios of the gastrocnemii lateralis and medialis

GL V/ Mgy GM V [ Mgyp GL V / Hgyp GM V / Hgyp
(u.a.) (u.a.) (u.a) (u.a.)
PRE POST PRE POST PRE POST PRE POST
csT 0.47 0.39 0.56 0.44 0.70 0.90 0.49 0.80
(0.08) (0.04) (0.10) (0.09) (0.10) (0.05) (0.05) (0.19)
PROG 0.28 0.29 0.49 0.35 0.65 0.68 0.81 0.70
(0.07) (0.07) (0.09) (0.07) (0.13) (0.11) (0.04) (0.112)
VoL 0.13 0.06 0.44 0.57 0.63 0.54 0.67 0.75
(0.31) (0.08) (0.10) (0.11) (0.11) (0.06) (0.14) (0.09)
p 0.768 0.940 0.865 0.816
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LEGENDSTO TABLESAND FIGURES

Table 1. Median and interquartile range of the RM$/pratio of the soleus (SOL) and the
gastrocnemii lateralis (GL) and medialis (GM), prio (PRE) and after (POST) constant
(CST), progressive (PROG) and voluntary (VOL) pools. p: p-value of main time effect.

Significant p-values are in bold font.

Table 2. Median and interquartile range of the voluntaryivation level, the rest evoked
mechanical twitch response in N.m, and mean andlatd error of the mean of the evoked
mechanical twitch potentiated response atNhtensity (Pt Pot Mmax) in N.m, of the Pt Pot
M maxt0-PtMnax ratio (Pt Pot Max/ PtMnay, prior to (PRE) and after (POST) constant (CST),
progressive (PROG) and voluntary (VOL) protocofs. p-value of main time effect.

Significant p-values are in bold font.

Table 3. Median and interquartile range of the maximal atagdes of thev-waves(Mmay) and
H-reflex (Hmay) and HBuaxto-Mmax ratio (Hmax/ Mmay for the gastrocnemii lateralis (GL) and
medialis (GM), prior to (PRE) and after (POST) dans$ (CST), progressive (PROG) and
voluntary (VOL) protocolsp: p-value of main time effect. Significant p-valuae in bold

font.

Table 4. Mean and standard error of the mean ofMhe-Mg,,(V/ Msyg and V-to-H,(V/ Hsup)
ratiosfor the gastrocnemii lateralis (GL) and medialisv(G prior to (PRE) and after (POST)
constant (CST), progressive (PROG) and volunta@l()/protocols.p: p-value of main time

effect.
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Figure 1. Graphical overview of the experimental proceduré #re neuromuscular tesi.
The fatiguing protocols consisted of 6 secondsarftraction followed by6 seconds of rest.
Before (PRE test) and after (POST tests) each ef fdtiguing protocols, a set of
neuromuscular tests was performed. At the starthefexperimental procedure, a passive
recruitment curve was achieved to set stimulatierisities that elicited maximal amplitudes
of the maximal muscle compound and of the Hoffmailex. B. The set of neuromuscular
tests performed before and after the protocols aeasiucted such as 3 electrically twitches
separated by 3 seconds, ag.Mand Hna intensities were evoked while participants were
asked to relax. Thereafter, 4 plantar flexors MVRIVC PF) were performed with
superimposed single stimulations, at./Mand Hax delivered before, over the MVC and 3
seconds after the contraction. Finally, 2 dorsibexMVC (MVC DF) torques were measured

at PRE whereas, one trial was performed at POST.

Figure 2. Percentage of maximal voluntary isometric torqugs lof the plantar flexor muscles
after the constant intensity fatiguing protocol {QSthe progressive intensity fatiguing
protocol (PROG) and the voluntary fatiguing proto@dfOL). Columns represent group mean

values and error bars are the standard error ajrthig mean.

Figure 3. A. Hmaxt0-Mmax ratio (Hna/Mmax ratio) of the soleus (SOL) muscle measured
before (PRE, in black fill-in) and after (POST vuite fill-in) the constant intensity fatiguing
protocol (CST),the progressive intensity fatiguipgotocol (PROG) and the voluntary
fatiguing protocol (VOL). Columns represent groupan values, error bars are the standard

error of the group mean. Significant differencesnaiin time effectp<0.05 (*).

Figure 4.Maximal amplitude of the M-waves (My of the soleus (SOL) muscle measured
before (PRE, in black fill-in) and after (POST vuite fill-in) the constant intensity fatiguing
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protocol (CST), the progressive intensity fatiguipgotocol (PROG) and the voluntary
fatiguing protocol (VOL). Columns represent groupan values, error bars are the standard

error of the group mean.

Figure 5. Maximal amplitude of the soleus (SOL) V-wave-teiiyratio (V/Ms,; Top-panel,

A) and of the V-to-H,, (V/Mgyp ratio, bottom panel B) of the soleus muscle mesasat PRE

(in black fill-in) and POST (in white fill-in) testfor the constant intensity fatiguing protocol
(CST), the progressive intensity fatiguing proto¢BIROG) and the voluntary fatiguing
protocol (VOL). Columns represent group mean vaareserror bars are the standard error of

the group mean. Significant differences of mammetieffectp<0.05 (*) andp<0.01 (**).
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Figurel
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Figureb.
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The purpose of this study was to investigate whether children with cerebral palsy (CP), like typically
developing peers, would compensate for muscle fatigue by recruiting additional motor units during a sus-
tained low force contraction until task failure.

Twelve children with CP and 17 typically developing peers performed one submaximal isometric elbow
flexion contraction until the task could no longer be sustained at on average 25% (range 10-35%) of their
maximal voluntary torque. Meanwhile surface electromyography (EMG) was measured from the biceps
brachii and triceps brachii, and acceleration variations of the forearm were detected by an accelerometer.
Slopes of the change in EMG amplitude and median frequency and accelerometer variation during time
normalised to their initial values were calculated.

Strength and time to task failure were similar in both groups. Children with CP exhibited a lower
increase in EMG amplitude of the biceps brachii and triceps brachii during the course of the sustained
elbow flexion task, while there were no significant group differences in median frequency decrease or
acceleration variation increase. This indicates that children with CP do not compensate muscle fatigue

Keywords:

Cerebral palsy

Muscle fatigue

Muscle activation
Motor unit recruitment
Submaximal contraction

with recruitment of additional motor units during sustained low force contractions.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Cerebral palsy (CP) is the most common neurological disorder in
children, with a European prevalence of 1.5-3 per 1000 live births
(Cans, 2000). CP is a term that encompasses motor or postural
impairments caused by injuries in the central nervous system dur-
ing early development; from in utero, birth or within the child’s
first 2-3 years (Bax et al., 2005). The most common physical symp-
toms are spasticity, muscle weakness, decreased control, and fati-
gue (Rosenbaum et al., 2007; Rose and McGill, 2005; Jahnsen et al.,
2003). Yet, fatigue in CP is often described as a general feeling of
weakness (Jahnsen et al., 2003), and, as described later in this
introduction, only few reports relate about neuromuscular activa-
tion strategies during a fatiguing task in CP.

Muscle fatigue is generally defined as a decrease in maximal
force capacity induced by sustained or repeated muscular contrac-
tions whether or not the task can be maintained (Gandevia, 2001;
Enoka and Duchateau, 2008). Muscle fatigue comprises ionic and
metabolic changes in the muscle fibre causing impaired action po-
tential propagation and excitation-contraction coupling, and
changes in the neural - central - drive conducted via the cortico-

* Corresponding author.
E-mail address: karin.roeleveld@svt.ntnu.no (K. Roeleveld).

1050-6411/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.jelekin.2012.12.005

spinal pathway to alpha motorneurons which innervate muscle fi-
bres (Allen et al., 2008; Gandevia, 2001). A decreased propagation
velocity over muscle fibre membranes is represented by a decrease
in the median/mean frequency of the power density spectrum
(MDF) of the electromyogram (EMG) (De Luca, 1997; Farina
et al., 2004). When a fatiguing contraction at a constant submaxi-
mal force level is sustained, the amplitude of the measured EMG
signal increases. Even though the synchronisation of activated mo-
tor units (MUs) firing pattern partly accounts for the increment of
the EMG signal (Yao et al., 2000) with fatigue, it is widely acknowl-
edged that this muscle fatigue is usually compensated by recruit-
ment of additional MUs that contribute to the amplitude of the
measured signal (Enoka and Duchateau, 2008; De Luca, 1997; Far-
ina et al., 2004).

One of the main motor impairments in CP widely discussed in
literature is muscle weakness. Indeed, reduced strength in children
with CP compared to typically developing peers is reported both in
the lower (Engsberg et al., 2000; Leunkeu et al., 2010) and the
upper (Akataki et al., 1996; Vaz et al., 2006; Smiths-Engelsman
et al,, 2005) limb. The cerebral lesion in CP alters the neural drive
(Mockford and Caulton, 2010), decreasing the number of MUs that
can be activated and their maximal firing rate during voluntary
contractions (Rose and McGill, 2005). Moreover, in the gastrocne-
mius lateralis, the medial hamstring and the iliacus the muscle
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fibre distribution has been shown to be altered, with a predomi-
nance of fibre type I (Rose et al., 1994). Thus, patients with cerebral
palsy would not be able to drive their MUs to higher firing rates,
and the force capacity production is lowered (Rose and McGill,
2005). Although MU recruitment is reduced during maximal vol-
untary contractions (MVCs), at contraction levels up to 25% of
MVC the MU recruitment in CP is found to be normal (Rose and
McGill, 2005). Therefore, it might be expected that neuromuscular
adaptations to fatigue during low level force contractions would be
similar to healthy typically developing peers, but would differ at
higher force levels.

There are a few studies investigating fatigability in children
with CP. Children with CP have been shown to have less decrease
in peak torque and thus less fatigability following electrically elic-
ited isometric and voluntary elicited isokinetic maximal knee
extensions (Stackhouse et al., 2005; Moreau et al., 2009). More-
over, children with CP had similar endurance time sustaining a
load of 50% of MVC, with a larger decrease in EMG MDF and a smal-
ler increase in EMG amplitude (Leunkeu et al., 2010). Yet, literature
mentioned above focused on lower-limb muscles, and investigated
fatigue during moderate to high contraction levels, from above 40%
of MVC, while normal recruitment was found at low contraction
levels.

The aim of the present study was to evaluate whether the upper
limb muscles of children with CP at a low force level have an
endurance as hampered as strength and whether they show an in-
crease in EMG amplitude during the task like typically developing
peers indicating muscle fatigue compensation by MU recruitment.
Therefore, muscle activation of elbow flexors and extensors were
studied during elbow flexion at on average 25% (range 10-35%)
of the maximal voluntary contraction until task failure in children
with CP and typically developing peers. We hypothesised to ob-
serve a similar increase in EMG amplitude during the sustained
low force task in children with CP as in typically developing peers
due to muscle fatigue compensation through normal additional
MU recruitment at such low force levels. Moreover, we hypothe-
sised that this normal MU recruitment would result in a longer
endurance time in children with CP sustaining the same relative
load, since children with CP have muscles with relatively more
slow type, fatigue resistant muscle fibres (Ito et al., 1996; Stack-
house et al., 2005), are weaker (and weaker people are less fatiga-
ble than stronger ones (Hunter and Enoka, 2001)) and cannot
activate all MUs during an MVC (Rose and McGill, 2005). The latter
results in an underestimation of their muscle capacity regard to
their strength observed during MVC, which makes the submaximal
load applied as a percentage of MVC relatively low.

2. Methods
2.1. Participants

Fifteen children diagnosed with unilateral CP according to their
medical records took part in the study. The participants were re-
cruited from the outpatient records of the neuro-orthopaedic team
at St. Olav’s Hospital in the health region of Mid-Norway. All par-
ticipants were classified at level III or better (1 child at level III; 5
children at level II; 9 children at level I - see Table 1) on the Man-
ual Ability Classification System (Eliasson et al., 2006) and were
able to take instructions. Exclusion criteria comprised orthopaedic
or any other important surgery in the upper limb in the past
2 years, and Botulinum Toxin A injections in the upper limb in
the past 6 months. Due to practical reasons, three children with
CP could not participate in the study. Therefore, the results of 12
children with CP (8 boys and 4 girls) with an age range of 8-
17 years were analysed in this study. Seventeen healthy typically

developing peers (TD), gender and age matched (11 boys and 6
girls; age range of 8-16 years), were recruited as controls. See Ta-
ble 1 for more participant characteristics information. The study
was performed according to the Declaration of Helsinki and was
approved by the Regional Committee for Medical Research Ethics.
A written informed consent was obtained from the parents before
participation.

2.2. Equipment set-up

A stationary Biodex dynamometer (System 3 Pro; Biodex Med-
ical Systems, Shirley, NY, USA); and a Noraxon TeleMyo™ 2400T
Direct Transmission system with wireless bipolar surface EMG sen-
sors, a 3D accelerometer and a 2D inclinometer (Noraxon USA, Inc.)
were used in this study. Signals from the Biodex (torque) and Nora-
xon sensors were synchronised and simultaneously collected by
the Noraxon system. Data were recorded with a sampling rate of
1500 Hz. At sensor location, EMG data were sampled with
3000 Hz, low pass filtered with a cut of frequency of 1500 Hz and
resampled to 1500 Hz prior to telemetric transmission. Also, prior
to data sampling, the EMG signals were high pass filtered with a
cut off frequency of 10 Hz and Biodex data was low pass filtered
with a cut off frequency of 500 Hz.

2.3. Experimental procedure

The affected arm of the CP participants and the non-dominant
arm of the TD participants (the arm normally not used for writing
and throwing) were tested. First, the following general information
and anthropometric measures were taken: gender, age, height,
weight and skinfold thickness over the biceps brachii (BB) and tri-
ceps brachii (TB) with the use of a calliper.

Thereafter, bipolar EMG electrodes (1 cm diameter, 2 cm inter-
electrode distance) were placed over the BB, the triceps longus
(MTB) and the triceps lateralis (LTB) of the arm under investiga-
tion, according to the SENIAM recommendations (Enschede, The
Netherlands - Hermens et al., 2000).

During the remaining tests, a wrist orthosis and a flexion glove
were used on both CP and TD participants to fix the wrist and to
secure a good grip around the handle, since participants with CP
might have problems with their grip strength and grip ability.

2.3.1. Maximal voluntary contractions (MVCs)

After sensor placement, maximal voluntary contractions were
performed using the Biodex isokinetic dynamometer. The partici-
pants were seated and strapped in the individually adjusted Biodex
chair with the elbow aligned with the rotation axis of the Biodex,
an elbow angle of 60° (from full extension), the shoulder slightly
flexed and abducted and the forearm in neutral position. Following
a single submaximal test trial, three isometric MVCs in elbow flex-
ion and elbow extensions were performed with a 1-min rest be-
tween each contraction in the same direction and a 10-s rest in
the opposite one. Participants were asked to perform their maxi-
mal effort - as much as they could, as fast as they could within a
5s period. Torque and EMG were recorded during these
contractions.

2.3.2. Endurance task

The endurance task was performed about 5 min after the MVCs.
Participants kept a similar position in the Biodex chair, but chan-
ged the elbow flexion angle to 90° and shoulder abduction to 0°.
The participants were unfastened from the dynamometer, an
accelerometer was placed on the proximal phalanx of the first fin-
ger and an inclinometer on the forearm. The inclinometer was used
to give visual feedback about the arm position displayed on a com-
puter screen of 19in. (37.7 cm x 30.3 cm), placed on eye level
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Table 1

Participants characteristics. Mean (and standard deviation) of participant characteristics and performance of the maximal and the endurance test for patients with cerebral palsy

(CP) and typically developing peers (TD).

Gender Age (year)  MACS (levels) Calliper (mm) BMI (%) MVC (N m) Load Time (s)
Girls (#)  Boys (#) I 1 11 BB TB EF EE (kg) (%MVC)
CP 4 8 12.3 (2.9) 9 5 1 7.1(24) 11.1(3.9) 18.6(2.2) 21.8(4.7) 26.7(44) 19(1.1) 23.7(8.1) 210(149)
™ 6 11 12.4 (2.8) 6.6 (2.6) 10.8(3.9) 18.6(24) 292(3.8) 323(3.7) 27(1.3) 228(3.1) 255(167)
p 0.97 0.62 0.83 0.98 0.23 0.34 0.11 0.72 0.46

#: Number of participants. MACS: Manual Ability Classification System. Calliper represents skin fold thickness over the biceps brachii (BB) and the triceps brachii (TB). BMI:
Body Mass Index. MVC: Maximal voluntary contraction torque of elbow flexion (EF) and elbow extension (EE). Load: load sustained during the endurance task, expressed in
kg and as a percentage of the MVC (%MVC). Time: time to task failure. p: p-Value of between groups differences tested with a t-test.

around 1 m from the participants. The time range of the inclinom-
eter feedback was 5 s, and the amplitude range was +20°. During
the endurance task, the participants were instructed to keep the
forearm positioned horizontally while sustaining in elbow flexion
a submaximal constant load until task failure. This external load
was fixed on the wrist of the participant and calculated as a per-
centage of the highest peak torque (N m) during elbow flexion
MVC divided by moment arm (m) and gravity (9.81 ms2). The
participants were continuously reminded to keep their proper po-
sition. Task failure was set when the inclinometer feedback devi-
ated of at least 5°, despite encouragement to keep their position.

2.4. Data analysis

All outcome measures, including torque, time to task failure,
EMG data, and accelerometer data, were analysed with Matlab
R2009a (The MathWorks, Inc., Natick, MA, USA). Prior to further
analyses all EMG signals were band pass filtered with a recursive
Butterworth filter with cut of frequencies of 10 and 500 Hz.

2.4.1. MVC analysis

First, the torque signal was low pass filtered with a cut off fre-
quency of 6 Hz and corrected for arm weight. Then the highest
peak torque (N m) of the three trials was obtained for elbow exten-
sion and flexion. Root mean square (RMS (uV)) of the BB EMG
amplitudes around peak flexion torque and of MTB and LTB EMG
amplitudes around peak extension torque were calculated with a
500 ms window width.

2.4.2. Endurance analysis

The time to task failure was defined as the time in seconds from
start with stable inclinometer feedback, to stop, when the incli-
nometer feedback deviated of at least 5°. The RMS of the EMG
amplitudes (1V) and median frequency of the power density curve
of the EMG signal (MDF (Hz)) were calculated over the whole dura-
tion of the task in 1-s periods for all three muscles. The power den-
sity curve was calculated using Welch’s averaged, modified
periodogram method (Welch, 1967) including hamming window-
ing. The standard deviation of the horizontal acceleration (ACC
SD) was also obtained in 1-s periods over the whole duration of
the task RMS, MDF and ACC SD data were normalised to the per-
centage of their starting values (the average of the two first sec-
onds). Thereafter, linear regression was used to determine the
slopes of the change of RMS, MDF and ACC SD in time (%/s).

In addition, for illustrative purposes, the RMS (% start) develop-
ment of the EMG of the BB muscle during the endurance task was
resampled with 100 values using a spline fit, generating a time nor-
malised signal (1-100%).

2.5. Statistics

Statistical processing was performed in PASW Statistics version
19 (SPSS Inc., Chicago, IL, USA). The Shapiro-Wilk test was used to
test whether outcome measures were normally distributed. When
variables were normally distributed, one-way ANOVA tests were
performed to compare CP and TD groups, otherwise, the non-para-
metric Mann-Whitney U test was performed to compare groups.
Group differences in time to exhaustion were evaluated by an AN-
OVA with time to exhaustion as dependent and load (%¥MVC) as
covariate. For both groups, significance of the MDF, RMS and ACC
SD slopes were evaluated by one-Sample Wilcoxon Signed Rank
Tests.

The association between changes in the EMG signal (RMS slope
and MDF slope) and the time to task failure in both groups (TD and
CP) was investigated by taking Spearman’s correlation coefficients.
In all statistical analysis the significance level was set at p < 0.05.

3. Results

Table 1 shows the participant characteristics, and the mean and
standard deviation (SD) of the performance of the strength test and
the endurance test for CP and TD groups. Although on average the
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Fig. 1. Time to task failure expressed as a function of the relative sustained load (in
percentage of maximal voluntary contraction — % MVC). Cerebral palsy group: Black
dots; typically developing peers: White dots. The regression line is inserted
(= 0.266).
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Table 2

Maximal and initial EMG. Median (and interquartile range) of the root mean square (RMS) amplitudes of the EMG from the biceps brachii (BB) and medial and lateral heads of the
triceps brachii (MTB and LTB) muscles during maximal voluntary contraction (MVC) in puV, and at the start of the elbow flexion endurance task in 1V and as percentage of MVC for

patients with cerebral palsy (CP) and typically developing peers (TD).

EMG RMS MVC (pV)

EMG RMS start (1V)

EMG RMS start #MVC

BB MTB LTB BB MTB LTB BB MTB LTB
CP 183 (103;513) 169 (12; 255) 236 (150; 432) 54 (35; 124) 7(7; 11) 14 (9; 19) 22.0(15.4;28.1) 4.7(25;62) 3.6 (1.8;7.9)
TD 453 (372;856) 477 (194; 558) 362 (251;597) 106 (87;188)  12(7;14) 13(11;19) 169(13.6;17.8) 2.5(1.1;3.6)  3.1(2.3;4.1)
p 0.027 0.004 0.180 0.021 0.140 0.811 0.031 0.024 0.471

p: p-Value of differences between groups tested with Mann-Whitney U test. Significant p-values are in bold font.
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Fig. 2. Average (plain line) and 95% confidence interval (area comprised between
dotted lines) of the RMS amplitude of the EMG from the biceps brachii (BB)
throughout the sustained elbow flexion task, of the patients with cerebral palsy
(average: thick black line; 95% confidence interval: dark grey area) and the typically
developing peers (average: thin black line; 95% confidence interval: light grey area).
RMS amplitude is expressed as the percentage from the initial value (% start) and
time as the percentage of total duration (%duration).

TD group was able to develop higher elbow flexion and extension
torques, these differences did not reach any statistical significance.

The time to task failure (duration) of CP and TD participants was
comparable and without any statistical difference (Table 1). More-
over, time to task failure was similarly affected by the load in both
groups (Fig. 1). More specific, there was no group effect (p = 0.546)
on time to task failure when using an ANOVA with load (% of MVC)
as covariate, while load (% of MVC) was a significant (p = 0.005) fac-
tor, without a significant group-load interaction.

Table 2 presents non-parametric statistical results (median,
interquartile range and p-value of the Mann-Whitey U test) for
EMG RMS amplitudes of the BB during elbow flexion MVC and of
the LTB and MTB during elbow extension MVC and of the three
investigated muscles at the start of the sustained elbow flexion.

During the MVCs, EMG RMS amplitudes of the muscles acting as
agonists were lower in the CP group. These differences were signif-
icant for the BB (p = 0.027) and the MTB (p = 0.004). The absolute
EMG RMS amplitude of the BB at the start of the sustaining elbow
flexion task was significantly lower in the CP group, but when ta-
ken relative to its maximal voluntary value (during MVC), the
EMG RMS was significantly higher in the BB (p=0.031) and in
the MTB (p = 0.024) of the CP group compared to the TD group.
In addition, the MDF of the BB and LTB EMG were similar in both
groups (TD and CP) at the start of the holding task. However, the
MDF of the MTB EMG was significantly lower in TD than in CP at
the start (p = 0.034). The standard deviation of acceleration at the
start of the sustained contraction (ACC SD) was similar in both
groups (p=0.314).

Fig. 2 illustrates the average increase in RMS of the BB EMG sig-
nal from the start to the end of the sustained task for both groups.
Non-overlapping 95% confidence intervals indicate significant lar-
ger RMS increase in the TD group from 30% of the contraction dura-
tion to task failure.

Moreover, the RMS slopes of all three muscles of the TD group
were significantly positive and larger than in the CP group (Table 3).
This group difference was significant for the BB and the LTB (Ta-
ble 3). On average, TD and CP groups experienced a decrease (neg-
ative slope) in MDF of the EMG of all three muscles. The negative
slope was significant for all three muscles in TD and for MTB in
CP (Table 3). No significant group differences were found. Simi-
larly, the standard deviation of forearm acceleration increased on
average (ACC SD slope was positive) for both groups. This was sig-
nificant for TD only, without a significant group difference.

No significant correlations between time to task failure and
RMS- or MDF slopes were found.

4. Discussion

The purpose of this study was to investigate whether endurance
of a sustained isometric task at low force-level is as hampered as
strength in children with CP, and whether children with CP can
compensate muscle fatigue during such a low-force level contrac-
tion by recruiting additional MUs, measured by an increase in EMG
amplitude, as seen in healthy children. The main results of this
study are as follows: (1) during the isometric elbow flexion sus-
taining a load between 8% and 36% of MVC, the time to task failure
was found to be of comparable duration in CP and TD groups; (2) in
control children, an increment of EMG amplitude was present
throughout the task, but not in the CP group; (3) the EMG median
frequency decreased similarly and acceleration fluctuations in-
creased similarly in both groups. Below, the implications of these
results on children with CP will be discussed.

In agreement with literature (De Luca, 1997; Enoka et al., 2011),
healthy participants in our study showed an increase in the ampli-
tude of the EMG signal and a shift towards lower frequencies in the
EMG power density spectrum while sustaining an external load
until the task cannot be sustained. However, the children with
CP did not show this typical change in EMG signal with fatigue.
Since the increase in EMG amplitude reflects additional recruit-
ment of MUs (Enoka and Duchateau, 2008; Enoka et al., 2011) this
indicates that the recruitment of additional MUs in the CP group
was most likely hampered. Thus, in contrast to our hypothesis
and like during maximal contractions (Stackhouse et al., 2005;
Moreau et al., 2009) and fatiguing contractions at moderate to high
force levels (Leunkeu et al., 2010), motor unit recruitment in chil-
dren with CP is hampered during fatiguing contractions at low
force levels, despite normal recruitment at this force level in
non-fatigued muscles (Rose and McGill, 2005).

The time to task failure of the submaximal sustaining task was
similar in both study groups, while there are three reasons why we
hypothesised the children with CP to have a relatively less reduc-
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Table 3

Changes during the sustained test. Median (and interquartile range) of the root means square amplitude (RMS) and median frequency (MDF) slopes of the EMG from the biceps
brachii (BB) and medial and lateral triceps brachii (MTB and LTB) muscles and the standard deviation of acceleration of the forearm (ACC SD) for patients with cerebral palsy (CP)
and typically developing peers (TD). The slopes are expressed as the percentage change from the initial value per second (% start/s).

EMG RMS slope (% start/s)

EMG MDF slope (% start/s)

ACC SD slope

BB MTB LTB BB

(% start/s) forearm
MTB LTB

CP 0.01(-0.14;0.10) 0.05(—0.01; 0.22) 0.04 (~0.03; 0.27)
TD 0.34" (0.08; 0.94) 0.30" (0.08; 043) 0.26" (0.05; 1.03)
p  0.001 0.092 0.045 0.682

~0.03 (~0.06; —0.01)
~0.04" (~0.07; —0.01)

~0.05" (—0.09; —0.03) —0.04 (~0.11; —0.01)  0.17" (~0.02; 1.24)
~0.06" (~0.10; —0.02) —0.05" (~0.13; —0.03) 0.89" (0.46; 1.48)
0.779 0.414 0.37

p: p-Value of differences between groups tested with Mann-Whitney U test. Significant p-values are in bold.

" Slope significant different from zero (one-Sample Wilcoxon Signed Rank Test).

tion in time to task failure and therefore a longer endurance time
sustaining the same relative load. First, children with CP have mus-
cles with relatively more slow type, fatigue resistant muscle fibres
(Ito et al., 1996; Stackhouse et al., 2005). Second, since participants
with CP cannot activate all MUs during an MVC (Rose and McGill,
2005), the strength observed during MVC underestimates people’s
muscle capacity, which makes the submaximal load applied as a
percentage of MVC relatively low. Finally, weaker subjects are less
fatigable than stronger ones (Hunter and Enoka, 2001) since the
intramuscular pressure is lower, as stronger subjects have a stron-
ger occlusion of blood flow, the role of muscle afferents is attenu-
ated (Barry and Enoka, 2007; Hunter and Enoka, 2001).

The most plausible reason for the not enhanced time to task
failure is that CP had to terminate the task due to hampered motor
unit recruitment to compensate muscle fatigue. Other factors could
be our not so weak CP group and increased co-activation during
the submaximal task. Even though the studied group of children
with CP was not significantly weaker than the TD group, the other
results indicate a reduction in voluntary activation (lower absolute
EMG levels during MVC and lower increase in RMS during the sus-
tained contraction) even in the strongest children with CP. There-
fore, it is not likely that the strength of our study sample is the
cause of the lack of difference in endurance time. In line with this,
our results indicate that children with CP seem to be as affected in
muscle endurance as in strength.

Increased antagonist co-activation would require a higher level
of agonist activation to produce the same joint torque, implying a
higher muscle load and reduced endurance time. Although at the
start of the contraction the normalised (relative to maximal)
EMG amplitudes of the agonist (BB) and antagonist (TB) muscles
of the patients with CP were higher than the ones of TD (Table 2),
the rate of fatigue indicated by negative MDF slope and positive
ACC SD slope were not increased in the CP group (Table 3). An
alternative explanation of the increased normalised EMG ampli-
tudes could be an altered EMG-force relationship, possibly caused
by the reduced possibility of patients with CP to voluntary drive
their motor units to maximal capacity (Herda et al., 2011).

Albeit in the present study no differences were found in MVCs,
other reports found more reduced strength and reduced EMG
amplitudes during voluntary contractions in children with CP
(Akataki et al., 1996; Mockford and Caulton, 2010; Rose and McG-
ill, 2005; Damiano et al., 2001; Stackhouse et al., 2005; Moreau
et al., 2012). This might be caused by our inclusion criteria where
we included well-functioning children. The advantage of our rela-
tively strong CP group is that group differences in fatigue and EMG
amplitude changes are not caused by group differences in strength.

It is to be noted that participants did not hold exactly the same
relative weight during the holding task, which most likely in-
creased the variation in the time to task failure and could have hid-
den time to the task failure differences between the groups.
However, means of the relative loads were approximately the same
in both groups and the relation between load and time to task fail-
ure was similar in both groups. The effort of the participants is an-

other factor that could affect the variation in time to task failure.
However, all participants received strong verbal encouragement
during the task in order to sustain the position of the forearm
and the test leader got the impression that all children tried to
keep the position as long as they could. Moreover, we expected a
relatively longer time to task failure in children with CP at lower
load levels. This could not be observed in our data, since the two
CP participants holding the lowest relative weight had relatively
short time to task failure (under the regression line, Fig. 1).

Finally, the use of 1-cm diameter recording EMG electrodes for
children who have smaller muscles than adults might potentially
have had induced a crosstalk component on the signal of the mus-
cles under investigation (Staudenmann et al., 2010). This can be
particularly problematic for the recording of the two heads of the
triceps brachii where the placement of electrodes with respect of
the edge of the muscle’s heads and their relative proximity may ac-
count for a possible amount of crosstalk. Even though, spatial fil-
tering of EMG data have been applied to reduce the likelihood of
crosstalk (Farina et al., 2002, 2004), the closeness of electrodes
on the TB might make difficult the interpretation of the TB
activation.

5. Conclusion

In summary, our results show that during a sustained elbow
flexion contraction until task failure between 10% and 35% MVC,
like during contractions at higher force levels, children with CP
are not able to increase their neural drive to recruit higher thresh-
old MUs or arouse active MUs towards greater discharge rates to
compensate muscle fatigue like typically developing peers. This re-
sulted in similar and not increased time to task failure in the CP
group holding a load at the same low force level relative to volun-
tary capacity.
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ABSTRACT

The purpose of this study was to investigate wheBweek neuromuscular electrical
stimulation (NMES) training of the tibialis anterio(TA) muscles in adults with
facioscapulohumeral muscular dystrophy (FSHD) womigrove motor function, muscle

strength and endurance.

Ten patients with FSHD and 6 age and gender matobalthy participants achieved 8-weeks
NMES training of the TA, on both legs for 20 minufger session, 3 sessions per week. Ankle
dorsiflexion (DF) and plantar flexion (PF) maximaluntary isometric contractions (MVC),

a 2-minute sustained maximal isometric ankle diewsibn with surface electromyography
recordings (EMG) of the TA and the soleus (SOL) oes were measured and functional

tests were performed prior to and after the NME#ing to disclose training effects.

No training effect was found in any investigatediatale for either grouppe0.1). Patients

with FSHD showed lower MVCp&0.05) and a lower maximal TA EMG amplitude during
the DF MVC <0.01). During the 2-minute sustained MVC, the patage of force loss was
lower for the FSHD patientsp€0.05) (Pre-training: HP: 54.2 %; FSHD: 35.9 %; tPos
training: HP: 62 %; FSHD: 37.6 %) , but the peregetof TA EMG loss amplitude after the
2-minute MVC were found to be similar in both greupefore (HP: 43 %; FSHD: 25.3 %)

and after the training (HP: 39.4 %; FSHD: 38.4 %).

The results confirm that patients with FSHD are kegahan healthy participants, and our
results also suggest that the intrinsic contragil@perties of the TA are altered in patients
with FSHD. Moreover, the lack of training effectggiests that the NMES protocol was not
strenuous enough and/or parameters of stimulatiere wiot adequate to improve ankle
strength, muscle endurance and motor functionHergroup of patients with FSHD neither

for the healthy participants. Alternatively, thesahce of training effects may be explained by



the NMES protocol which was designed for the pasievith FSHD, likely not appropriate to
induce strength gains in healthy participants. Iinahe group of patients with FSHD
showed lower force losses during the 2-minute sustaMVC, suggesting that they were

experiencing a lower amount of muscle fatigue caegh#o the HP group.



INTRODUCTION

With a European prevalence of 7/100,000, the faajpslohumeral muscular dystrophy
(FSHD) is the most common inherited muscular dydtyosyndrome (Orphanet Report
Series, 2013). Recently, it has been shown that gemetic impairments lead to FSHD
development (van Overveld et al., 2003; de Greeil.e2007, 2009; Zeng et al., 2009). The
FSHD 1, the most common form, is characterised daced number of tandem repeats 3.3
kb, D4Z4, on chromosome 4935 (Wijmenga et al.,, 19%&ucing chromatin structure
changes and loss of DNA methylation (van Overveldl.e 2003). In the FSHD 2, concerning
about 5% of the patients, similar chromatin charayesobserved without a D4Z4 contraction
(van Overveld et al., 2003; de Greef et al., 2@WDAQ9; Zeng et al., 2009). The FSHD 2 has
been found to be associated mutation of the SMCH&1 (Lemmers et al., 2012). Whereas,
in FSHD 1, the overexpression of the DUX4 gene basn found to be involved into
sarcomeric degradations pathways, explaining thechauweakness (Wallace et al., 2011,
Lassche et al., 2013). A decrease in myosin coretém affects predominantly fast fatigable

fibres, and a shift from fast to slow muscle fibrgses was observed (D’Antona et al., 2007).

Independently of the type of FSHDe( 1 or 2),the disease is associated with an asyrmmetr
weakness of facial, scapular girdle muscles, pssively descending to hip-girdle and
anterior foreleg muscle (de Greef et al., 2010; iTawd Van Der Maarel, 2006). However,
the variability of disabilities varies consideralagnongst patients and a recent study showed
that the 6 year risk to become wheelchair-boundodients was of 24%, with a greater risk
with a greater D4Z4 contractions<1@8kb) (Statland and Tawil, 2013). Moreover, the
experienced fatigue, reported by 61% of patienth WVASHD (Kalkman et al., 2005), is a
major burden in daily life activities. Since no ftlgeutic treatments are available (Tawil,
2008), it is of interest to propose alternativegeures to restraint the progressive loss of

strength, endurance and muscle function.



Aerobic exercises have been proposed to improvedbeomuscular function in patients with
FSHD, but many studies failed to show the improwatsm@f such training on strength, even
though no deleterious effects were induced (varkKaei et al., 2004, 2005; Voet et al., 2010,
2013). Neuromuscular electrical stimulation is &eottype of exercise broadly used in
rehabilitation settings as it has been shown t@eoé muscle strength in health compromised
participants such as chronic obstructive pulmonksgase (Neder et al., 2002), chronic heart
failure (Quittan et al., 1999), spinal cord injyBudley et al., 1999) patients and it also limits
atrophy caused by immobilisation (Gould et al., 2981oreover, when NMES training was
performed on muscular dystrophy, such as DuchendeBacker dystrophies, tolerance and
efficacy were shown to maintain or even improve chstrength (Scott et al., 1986, 1990;
Zupan, 1992; Zupan et al.,, 1993). Comparable resuit the tibialis anterior and the
guadriceps muscles were reported in a group of anpegients with neuromuscular disorders
including patients with FSHD (Milner-Brown and Mil, 1988). Additionally, a recent study
using NMES demonstrated strength and muscle fumg#ns in patients with FSHD after a
5-month training program on the deltoid, the trapg2ransversalis, the vastii lateralis and
medialis muscles (Colson et al., 2010). Such atipesiesult highlights the interest of the use

of NMES for patients with FSHD.

A recent study on patients with FSHD showed that tibialis anterior and the deltoid
muscles, mainly disabled by the disease, exhilgtedter electrophysiological changesy(
lower amplitude of the electromyographic signalrththe vastus lateralis and the biceps
brachii, and were correlated with motor functioteedtions(Dorobek et al., 2013).The tibialis
anterior can be more affected than other muscldblariower extremity(Olsen et al., 2006;
Tawil and Van Der Maarel, 2006; Dorobek et al., 20dnd the odds of using of ankle brace
increase throughout time, regardless of D4Z4 cotitnas (Statland and Tawil, 2013). Since

the tibialis anterior has a strong functional riolgait and balance, the aim of the study was to



investigate whether a bilateral 8-week NMES tragnon the tibialis anterior in adults with
FSHD would improve muscle strength and muscle earthg. First, beneficial effects of short
term NMES training programs (< 8 weeks) on mustlengith and/or endurance have been
reported on healthy (Thériault et al., 1996; Colsbml., 2000; Pérez et al., 2003; Gondin et
al., 2005; Colson, 2009) and health compromisetaggaeints (Quittan et al., 1999; Neder et
al., 2002). Second, NMES training was showed tedfe and effective in patients with FSHD
(Colson et al.,, 2010). In light of these observagiowe hypothesised to observe muscle
endurance and strength gains in the tibialis amexs well as improved motor function in

patients with FSHD as healthy participants would.

METHODS

Participants

Ten adults with FSHD 1 (mean * standard error efrttean (SE).6 females and 4 males; age
61.5 £ 3.16 year; height: 166.4 + 4.11 cm; massl #15.42 kg) and 6 healthy participants
(HP), gender and age matched (3 females and 3 nagess7.83 + 3.16 year; height: 176.33
+ 3.94 cm; mass: 80 £ 5.70 kg) volunteered to tpée in the study. A written informed
consent was obtained from all participants. Thedystwas conducted according to the
Declaration of Helsinki and was approved by thaldostitutional Human Ethics Committee

(CPP10.067).

Adults with FSHD were recruited from the outpatieetord of the physical medicine and
rehabilitation department at the University Hodpikachet 1 of Nice (France) and were
included into the study according to the followergeria: number of 4935 D474 35 kb or <

11 repeats; muscle weakness of ankle dorsiflexiomf2 to 4 assessed by manual muscle

testing (MMT) (Lacéte et al., 2008) ranking fronw@ere not muscle is no longer capable of
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force production to 5 that represents the absehacauscle impairment. Exclusion criteria
comprised previous NMES training of the lower-lintbstory of cancer, joints pathologies,
nor collagenopathies, parturient, or breast-feeduagnan or simultaneous participation to

another research study.

Neuromuscular electrical stimulation training

Neuromuscular electrical stimulation (NMES) tragpisessions of the tibialis anterior were
performed with a Compex (Rehab 400, Cefar-Comp&x) Brance SAS, Mouguerre, France)
portable battery-powered stimulator. Participariisee exercised at home or were trained by
one of the experimenters or a physiotherapist.hbn dase participants trained at home, a
weekly appointment was set-up with a physiothetapione of the experimenters to answer
guestions and/or to control the quality of the riig. During these training sessions
participants were seated (hips, knees and anklglesamat 90°), with their feet fixed. The
participants were simultaneously stimulated bikdtgrwith self-adhesive electrodes (2 mm
thick) made of elastomer (5 cm x 5 cm) that wersitpmned as follows: the positive electrode
was placed on the superior part of the muscle, @dsethe negative electrode was placed on

the medial part of the muscle, over the muscle.bulk

The NMES strength training lasted for 8 weeks, vdtkessions a week. Each session was
composed of a 2-minute warm-up, followed by then#iute working out session, and
finishing with 3 minutes of relaxation. The NMESogram consisted in 6 seconds of
contraction, followed by 7 seconds of rest (6s ONS OFF, 35 Hz, 200us pulse-
width).Participants were encouraged to increagausition intensity progressively every 5
minutes throughout each session up to individubdrémce threshold since strength gains

would be dependent on the stimulation intensityl§@o et al., 2009).

Pre and post training measurements



Equipment and sensor placement

Maximal voluntary contractions were carried outaircustom made device consisting of a
fixed footplate, where the foot was firmly strappedavoid any movement and ensure the
quality of the isometric force measurement. A stgauged transducer(model OMFO6M,
linear range 0-15 kN, precision + 0.5 %, sensiivit0 mV/kKN; OMICRO’N, Gambais,
France) was placed on the footplate to measureeapkdntar and dorsiflexions force

production.

Bipolar sEMG electrodes (10 mm diameter, 20 mmrigtectrode distance) recorded the
muscle activity of the tibialis anterior (TA) anket soleus (SOL), according to the SENIAM
recommendations (Hermens et al., 2000).The referelectrode was placed on the bony part
of the contralateral patella. Skin was cleanedabrdded prior to the placement of electrodes,
and low resistance impedance between electrode&®¥xsvas obtained. A Biopac MP 150
system (Biopac systems, Inc., Holliston, MA, USAasvused to record SEMG data at a
sampling rate of 2000 Hz. Electromyographic signakye amplified with a bandwidth
frequency ranging from 1 Hz to 500 Hz (common maglection ratio = 11 dB; impedance

input = 1000 MV; gain = 1000).

Common peroneal nerve stimulation was induced waittonstant current electrostimulator
(Digitimer DS7A, Digitimer, Herthforshire, Unitedifgdom) to evoke the compound muscle
action potential and associated mechanical respofise common peroneal nerve was
stimulated with a self-adhesive cathode (8 mm diamég-AgCl) placed at the level of the

fibula neck while the anode (8 mm diameter, Ag-Aj@las placed over the head of the
fibula. The stimulus was 400 V with a pulse width 50 ps. The optimal intensity of

stimulation was set by increasing intensity by 18 steps. The maximal intensity was

reached once the compound muscle action poterial, and the force output of the



associated mechanical response were found negthecrease nor to decrease with increasing

stimulation intensity.

Experimental procedure

To disclose the effect of the 8-week NMES trainimg the tibialis anterior, the muscle
performance was assessed prior to and after thengaof both limbs, one at a time. The
different tests were performed in a random ordeh vait least 10 minutes of rest period

between each limb.

During all contractions, participants were seatadaochair, with their leg extended with a
slight flexion accordingly to the comfort of therpeipant, and the foot was place in the
footplate with an ankle angle of 90°. The particisawere not constrained and were allowed
to seat as comfortably as they could to avoid amp pue to the position, however, during
MVCs, they were not allowed to hold the seat andewasked to remain as steady as they

could.

To assess the maximal amplitude of the M-wave etlsirgle stimuli were delivered at rest,
separated by 3 seconds on both limbs prior todtiguing exercise. Thereafter, two MVCs of

plantar- and dorsi-flexion were performed to detasrthe maximal strength production.

The fatiguing task, performed on both sides, caedisf an isometric dorsiflexion performed
as one single 2-minute MVC (Schillings et al., 200No visual feedback was provided to the
participants and they were asked to perform arowtlleffort. Participants received strong

verbal encouragement.

Functional tests: Three functional tests were parénl: 1) Muscle function and strength of

the TA were assessed manually by a physiotherapystnanual muscle testing - MMT
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(Lacote et al., 2008). Depending on the amplitudd® ankle dorsiflexion, without extension
of the hallux, scores ranked from O where the nauscho longer capable of force production
to 5 that represents the absence of muscle impairre The Motor Function Measurement
(MFM) assessed the functional capacity of dailg &ttivities: standing still, weight transfers,
sitting, proximal and distal motor ability of muss| walking, raising up, raising up arms,
stepping up stairs, brush hagt: After evaluation, the total score is a percentduglthy

participants reaching 100% (Bérard et al., 200pA 3ix-minute walking test (6MWT) (ATS

Committee on Proficiency Standards for Clinical rRohary Function Laboratories, 2002)
was used to assess the greatest distance partgipanld walk in 6 minutes on a 20-m

shuttle.

Data analysis

Force and sEMG analysis

The MVC was considered as the mean value over ari)period around the peak force. The
best of the two trials was analysed. All EMG daterevanalysed over the same window
width. Root mean square (RMS) of the EMG of the d#d the SOL (TA RMS and SOL
RMS) were calculated with commercially availableftware (AcqgKnowledge4.1, Biopac
Systems, Inc., Holliston, MA, USA). All outcome nse@es, EMG and force data were

analysed with Matlab R2010b (The MathWorks, In@titk, MA, United-States).

M-wave and mechanical twitch
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The amplitudes of the three M-waves elicited bylkarstimuli at rest were averaged and the
peak-to-peak amplitude of the TA muscle was andlyd&echanical twitch responses were

obtained (average of the three) from a single-pedkh (Pts)

Fatiguing exercise

The percentage of MVC loss was calculated as ftifiereince of a 1-second plateau at the start
and a 1-second plateau at the end of the 2-minM€% The loss amplitude of the TA EMG

was calculated over the same windows.

Statistical analysis

Statistical processing was performed in PASW Stesiversion 20 (SPSS Inc., Chicago, IL,
USA). The Shapiro-Wilk test was used to test whethigtcome measures were normally
distributed, and depending on the results the gpjate statistical test was performed. When
data were normally distributed, a paired t-test wsed to disclose training-induced changes
within in group (FSHD and HP). Then, a one-way AN®Was performed to compare FSHD
and HP groups. When data did not follow a normatritiution, equivalent non-parametric
tests, the Wilcoxon signed ranks test and the Mafhithey U test were performed. Data
from both limbs were pooled. In all statistical Bs#& the significance level was set at
p<0.05. Normal distributed data are expressed ansne&E (standard error of the mean), in
the entire manuscript and in the tables and figundsle non-normally distributed data are

expressed as median = IQR (inter quartile rangé&gbtes and box-plots are used in figures.

RESULTS
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Maximal voluntary contractions and EMG activity

Peak force during ankle dorsiflexion MVC (Figure dpas significantly lower in FSHD
patients than in HP prior to and after the train{fRge: U=59.000; Z=3.144<0.001; Post:
U=53.000; Z=3.064=0.001).No significant training effect was founddarsiflexion strength

in either group (FSHDp=0.767; HPp=0.173).

The TA RMS during dorsiflexion MVC (Figure 1) wasater in the FSHD group compared to
the HP group before (F=9.47p=0.008) and after (F=18.723=0.001) the training. No
training effect was found in either group (FSHB:0.240; HP:p=0.493).Moreover, during
the ankle dorsiflexion MVC, the SOL RMS significgntiecreased with the training in the HP
group (T=3.547p=0.016) while it did not modify in the group wittSHD [©=0.437). The
SOL RMS during dorsiflexion was lower in the FSHPowgp, but this did not reach a
statistical significance prior to the training (F544;p=0.051) while it did after the training

(F=6.463:p=0.023).

Peak force during plantar flexion MVC was highertire HP group than the group with
FSHD (Table 1), before (U=53.000; Z=2.49%;0.011) and after the training (U=49.000:
Z=2.062p=0.042). No training effect was found in the groap patients with FSHD
(p=0.386) nor in the HP group<£0.463).No group differences were found in the SEIR
and TA RMS prior to and after training, nor anyirinag effect for both groups in these

variables.

Mechanical twitches and M-wave

The M-wave could not be elicited in all participsu(figure 2, Table 2). As shown in Table 2,

no group differences were found in the amplitudéhef M-wave prior to=0.106) and after
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training (@=0.171). No significant training effect was foundthe amplitude of the M-wave

for both groups (FSHDOP=0.905; HPp=0.290).

The amplitude of the evoked peak twitch (Pt) wasatgr in the HP group than in the group of
patients with FHSD (Table 2) before (F=7.2p30.023) and after (F=7.80p=0.017) the 8-
week training, while there was no training effeot kither group (FSHDp=0.723; HP:

p=0.236).

Fatigue protocol

- Force production

The group of patients with FSHD showed a signifiagaduction from start to end in the force
production throughout the 2-minute sustained MV@iee (Z=2.521;p=0.012) and after the
training (Z=-2.240p=0.025), and so did the HP group before (Z=-2.281.028) and after

the training (Z=-2.201p=0.028).

As illustrated in the figure 3A, FSHD patients hadignificant less loss in the percentage of
force production during the 2-minute MVC than HFdoe (F=5.673;p=0.035) and after
training (U=6.000; Z=-2.324p=0.020). There was a greater decline after thaitrgifor the

HP group (Z=-2.201p=0.028) but not for the group of patients with FSKB0.889).

-  EMG activity

The group of patients with FSHD showed a signifiaaduction in the TA RMS from start to

end throughout the 2-minute sustained MVC before-Z666; p=0.008) and after the
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training (T=3.222;p=0.015) and so did the HP group before (Z=-2.2840.028) and after

the training (T=5.750p=0.002).

As illustrated in figure 3B, there was no signifitaifference in the percentage of loss of TA
RMS during the endurance task, between groups &gf10.074) and after the training
(p=0.840). The percentage of TA RMS loss during thmi@ute MVC was greater after the
training in the group with FSHD (T=2.43p+0.045), but did not show any change for the HP

group after the trainingp€0.652).

Functional tests

There were no observable differences in the MMTresdmetween groups beforp=0.428)
and after the trainingp€0.263) even though all HP participants ranked 3henMMT score
for both sides. Also, the training did not modifyMM score for both groups (FSHP=0.172;
HP: p=0.655) (Table 3). No significant training effecasvobservable on the 6MWT on both
groups (FSHDp=0.424; HP:p=0.279). Moreover, the distance performed was nalndrter
in the group with FSHD beforep£0.007) and after p£0.022) the training (Table 4).
Nevertheless, even though the 8-week training didnmodify the MFM score in the group
with FSHD =0.285), it was clear that the group with FSHD vgagnificantly impaired
compared to the healthy group before (U=60.000;.Z4B, p<0.001) and after (U=54.000;

Z=3.286p<0.001) the 8-week training (Table 4).

DISCUSSION

The purpose of this study was to investigate whedine8-week bilateral NMES training on

the tibialis anterior in adults with FSHD would inope muscle strength, endurance and
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motor function. The main results are as follows:The 8-week training period did neither
improve ankle dorsiflexion MVCs muscle strength,sela endurance nor motor function in
patients with FSHD; 2) The patients with FSHD wereaker than healthy participants and
showed impaired activation of the tibialis antercuring ankle dorsiflexion MVC;3) The

patients with FSHD experienced lower force losses$ showed impaired activation of the
tibialis anterior during the 2-minute MVC tests quemed to healthy participants, before and

after the training.

Strength training with the use of NMES is widelyosim to be effective on young and old
healthy adults (Caggiano et al.,, 1994; Gondin et 2005), on patients with muscular
dystrophies (Scott et al., 1986, 1990; Zupan, 1@fan et al., 1993) and also on patients
with FSHD (Milner-Brown and Miller, 1988; Colson ak, 2010). Surprisingly, we failed to
show such a positive effect on muscle strength,cteusndurance of the TA muscle and
motor function in our group of FSHD patients. Altigh the stimulation parametelise( 6s
ON / 7s OFF; 35 Hz, 200us pulse-width) of our NM@stocol as well as session duration
were similar with the previous study recently pshéd by Colson et al. (2010), the lack of
significant improvements could be attributable e frequency of the sessions and/or the
duration of our training. Here, 3 sessions per wdéek 8 weeks were performed, whereas
Colson et al. (2010) trained their participantsaydper week over a 5-month training period.
Similarly, Milner-Brown and Miller (1988) obtainesignificant improvement in strength after
a 2-hour session performed 5 days per week dudngndnths. Another unexpected result is
the absence of improvements in the HP group. Cerisigl that benefits of NMES training
programs on muscle strength are widely reportetiténature for similar training periods
(Thériault et al., 1996; Colson et al., 2000; P&teal., 2003; Gondin et al., 2005; Colson,

2009), it was valid to expect this NMES protocobwmeffective on the tibialis anterior muscle

15



in our healthy participants. Since no improvemenisre seen the characteristics of
stimulation parameters may be questioned. Here -&lzZ3%requency and a200-us pulse
duration were used, while literature suggests hinglt frequency (> 50 Hz) and wider pulse
duration (> 400 ps) can maximise the training eftecmuscle strength (Collins, 2007; Dean
et al., 2007; Maffiuletti et al., 2011). These NMB&ameters were chosen since they were
beneficial in rehabilitation settings for patiemigh muscular dystrophies (Scott et al., 1990;
Colson et al., 2010). Besides, the tibialis antamascle is mainly composed slow-type fibres
in healthy participants (Johnson et al., 1973) tsl fibre type proportion is even greater in
FSHD patients since a shift from fast to slow medtires types was reported (D’Antona et
al., 2007). Consequently, although it may be suggethat a NMES protocol with pulse
duration wider than 200 us and frequency above 50sHould be considered for training of
the tibialis anterior muscle of healthy participgnit seems that the main reason for the
absence of strength increase in our FSHD patiessstd be related to the frequency of the
NMES sessions and/or to the duration of the trgimirotocol. Moreover, in the FSHD group,
the intrinsic contractile properties of the tibsafinterior at the beginning of the study can be
suggested as a possible reason candidate foraimng to be ineffective. Since no training
effect was seen in the HP group, this cannot dedtaith certitude. Even though the 8-week
bilateral training did not improve ankle dorsifleri strength and endurance, neither improve
the motor function, the training did not deterierahese parameters either. Perhaps the
training helped to maintain the already existing thaximal muscle strength. At last, another
explanation could be related to the reliability @ir measurements. However, interclass
correlation coefficient for the ankle dorsiflexiddvVC was 0.98 and 0.92 for the associated
tibialis anterior RMS amplitude. Therefore, althbube reliability of strength measurements
is often questionable in health compromised popariai our measurements seemed to be

sufficiently fair.
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As expected, and consistently with literature (8icigs et al., 2007) the group of patients
with  FSHD showed much weaker ankle dorsiflexion MyQegardless of training.
Confirming literature (Dorobek et al., 2013), tlssrelated to the lower amount TA EMG
amplitude observed in the group of patients witlHBSompared to the healthy participants.
The patients with FSHD have fat infiltration iniaibs anterior muscles (Olsen et al., 2006;
Kan et al., 2010; Friedman et al., 2012) and straltgration of the sarcomeric contractile
properties (D’Antona et al., 2007; Lassche et2013) reducing the overall capacity of the
muscle to contract and explaining the muscle weskn8ince the amplitude of the EMG
signal reflects the activation of motor units, tberer amplitude in the group of patients with
FSHD then demonstrates that the muscle activataltered i(e. a lower number of motor
units is available and the force output is mairgyperated by type | motor units) during ankle
dorsiflexion MVCs, and the force production is hargnl. Moreover, and regardless of the
training, the peak force production of maximal péarflexion was weaker in the group of
patients with FSHD than in the HP group. The soleM&s amplitude however was not found
to differ between groups prior to and after theiniry. The gastrocnemii are strong
contributors to the ankle plantar flexion, and thestrocnemius medialis is also severely
affected by the disease(Olsen et al., 2006). Tihnsay be suggested that other plantar flexor
muscles than the soleus were altered, explainiagntbakness of the ankle plantar flexion

peak force in the group of patients with FSHD ameldomparable soleus EMG amplitude.

During the 2-minute fatiguing effort, the MVC logsgas much lower in the FSHD patients
than in the control group (Figure 3). This may cade that patients with FSHD experienced a

lower amount of muscle fatigue (Schillings et @D07) before and after the training, likely
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for several reasons. First, as the amplitude ofithalis anterior EMG reduced similarly, this
suggests that the neural drive would have becoreptimal with fatigue for both groups in
the same fashion during the fatiguing exercise (&aia, 2001). Second, patients with FSHD
show a shift of muscle fibres towards more slowetyfatigue resistant muscle fibres
(D’Antona et al., 2007). Third, weaker participargee shown to be less fatigable than
stronger ones (Hunter and Enoka, 2001), as thanmitscular pressure is lower the negative
feedback from groups Il and 1V is therefore dinsimed (Hunter and Enoka, 2001; Barry and
Enoka, 2007). Even though, the group of patienth \AiSHD showed a greater tibialis
anterior EMG amplitude loss after the training omparison to the loss before the training,
the tibialis anterior EMG amplitude decrease wamilar in both groups. And, since the
patients group showed lower force losses, it casuggested that at the task truncation, the
group of patients with FSHD were experiencing adoamount of muscle fatigue compared

to the HP group.

The specificity of the FSHD is that it affects {heripheral component of the motor pathway,
and it is particularly striking when looking at therve stimulation evoked responses. Over a
total of 10 patients with FSHD, we managed to eha M-wave in only about a half of them.
Several plausible explanations can be suggestest, Bs the M-wave reflects the maximal
activation of motor units(Tucker et al., 2005),dases where no M-waves were measurable
(see Figure 2), it can be suggested that the musake not responsive anymore to the
electrical current then supporting the alteratidrthe contractile properties of the muscle.
This is also supported by the amplitude of the eiased evoked mechanical response (Pt)
that was of much larger amplitude in the HP grdapgsome participants, even though an M-
wave was recordable, the mechanical response wher ef very low amplitude or even

would induce an ankle inversion/eversion or ev@taatar flexion. Second, it is possible that,
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even though the common peroneal nerve is supdrtiaugh, the stimulation would not
induce a mechanical response (Millet et al., 20Thjs could be attributed to anatomical
factors, as the stimulation would have involveddhbgvation of other lower-leg muscles. Yet,
although no difference was found in the amplitutithe M-wave between groups, our results
showed clear amplitude differences in the evokedchaeical twitch between groups
suggesting that the contractile properties of thialts anterior of the group of patients with

FSHD was altered by the disease.

Additionally, the functional tests performed prtorand after the NMES training here, did not
show any modification. When considering the MMThmth sides, results did not reveal, first
any improvement with the training, but mostly néfetences between groups. This result is
surprising considering the ankle dorsiflexion wesdsiexperienced by group of patients with
FSHD compared to the control group. Likely, durdMiT tests, patients with FSHD may
have developed compensation strategies to overtbendeficit of the tibialis anterior, and
other muscles, amongst them the extensor hallumegus, may have participated to the
relatively high scores. Thus, although it is widelsed in clinical practice, the validity of a
manual test to assess the ankle dorsiflexion sineimgFSHD can be questioned since this
form of testing has been criticised regarding é@kability(Cuthbert and Goodheart, 2007),
reproducibility and sensitivity (Bohannon, 2005h€R, it can be suggested to test the tibialis
anterior strength with hallux flexion, or to inviggite the link between the tibialis anterior M-

wave and the tibialis anterior MMT score.

The MFM score was lower in the group of patientthwiSHD compared to the healthy
participants and this did not improve, nor worsemaith training. The MFM score aims at

evaluating the functional abilities of the patierats well as the severity and progression of the
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disease (Bérard et al., 2005), and our results stidhat the tibialis anterior NMES training
did not affect the overall MFM score because dittie role in the functional abilities of the

patients.

Regarding the 6MWT, as expected patients with FStllked shorter distances, but no effect
due to the training was observed. Walking involaegriety of muscles, and bigger muscles
than the tibialis anterior like the knee and higeasors and flexors, back and abdominal
muscles. It has been shown that walking speed i fileely related to the balance between
muscle groups (knee extensors and flexors, ankdatgl and dorsiflexors) than muscle
strength (Willén et al., 2004). Therefore, it cam duggested that the tibialis anterior has a

little role in the overall performance for a 6MWaxplaining the lack of training effect.

Conclusion

In summary, present results show that an 8-weektdodl NMES training (20 minutes per

session, 3 sessions per week) of the tibialis emmteruscle did not improve muscle strength,
endurance and motor function in patients with FSMIbiether this non-responsiveness is due
to the altered intrinsic contractile propertiestioé muscle and/or to the too short and not
strenuous enough NMES protocol still remains tsshewn. As suggested by Colson et al.
(Colson et al., 2010), it is likely that the effoyaof the NMES training would depend on

rapidity of starting a NMES training as soon as B$#HD diagnosis is made to maximise the

effect of a training.
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TABLES

Table 1. Median and interquartile range (IQR) of the peaicéoduring maximal voluntary
contraction in ankle plantar flexion and the mend astandard error of the mean (SE) of the
associated RMS amplitude of the soleus (SOL RM8&ipre (PRE) and after (POST) the 8-
week training period for patients with facioscagulmeral muscular dystrophy (FSHD) and
healthy participants (HP).pp=value of differences between groups. Significantjues are in

bold italic font.

Force SOL RMS
(N) (mV)
PRE POST PRE POST
FSHD 141 165 0.1099 0.1263
Median (88 ; 184) (76 ; 181) Mean (0.0194) (0.0190)
Hp (IQR) 307 439 (SE) 0.1677 0.1190
(178 ; 666) (189 ;631) (0.0276) (0.0278)
p 0.011 0.042 0.180 0.467
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Table 2. Number of valid and missing values and mean amitlata error of the mean (SE)
of the amplitude of the maximal M-wave (M-wave) ahd associated mechanical responses
(Pt), before (PRE) and after (POST) the 8-weeknimngi period for patients with

facioscapulohumeral muscular dystrophy (FSHD) agalthy participants (HP). p-value of

differences between groups. Significant p-valuesimbold italic font.

M-wave Pt
(N)
PRE POST PRE POST
Valid 6 6 6 7
Missing 4 4 4 3
FSHD
Mean 2.19 1.81 2.94 3.30
(SE) (0.29) (0.34) (1.63) (1.86)
Valid 6 6 4 5
Missing 0 0 2 1
HP '\(/'Se;)” 3.57 2.93 8.57 9.97
(0.72) (0.68) (1.31) (1.39)
0.106 0.171 0.023 0.017
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Table 3 Participants with facioscapulohumeral musculastayphy (FSHD) scores of the

Manual Muscle Testing from the tibialis anterio’AjTbefore (PRE) and after (POST) the 8-

week training.

FSHD participant TA Right TA Left TA Right TA Left

® PRE PRE POST POST
S1 2 5 2 5
S2 2 2 4+ 4+
sS4 2 2- 4- 3+
S5 2 2 2 2
S6 3 4 5 2+
S8 2- 4- 1 5
S11 5 5- 5 5-
S12 4+ 4 4+ 4
S13 2- 1+ 0 0
S14 4- 4- 5- 5-
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Table 4 Mean and standard error of the mean (SE) of thanBite walking test (6MWT)

distance in meters, and median and interquartilgea(lQR) of the Motor Function
Measurement score (MFM), before (PRE) and afterSPCthe 8-week training period for
patients with facioscapulohumeral muscular dystyofffsHD) and healthy participants (HP).

p: p-value of differences between groups. Significamtfues are in bold italic font.

6MWT MFM
(m) (%)
PRE POST PRE POST
Mean 303.63 286.00 Median 72.12 69.23
FSHD
(SE) (45.78) (49.79) (IQR) (52.56 ; 86.13) (51.28; 77.00)
Mean 500.00 491.25 Median 100 100
HP
(SE) (32.14) (42.85) (IQR) (100 ; 100) (100 ; 100)
p 0.007 0.002 <0.001 <0.001
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Figure 1
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A, left side panel: peak force during isometric lanklorsiflexion maximal voluntary
contraction before (in grey fill-in) and after (white fill-in) the 8-week training period for
patients with facioscapulohumeral muscular dystyofffsHD) and healthy participants (HP).
Boxes represent group median and interquartileeaatpes and whiskers are the highest and
lowest values; B, right side panel: the RMS amphtwf the tibialis anterior (TA), before (in
grey fill-in) and after (in white fill-in) the 8-wek training period for patients with
facioscapulohumeral muscular dystrophy (FSHD) aedlthy participants (HP).Columns
represent group mean values and error bars thdastherror of the group mean. Significant

group differencep<0.01 (**) andp<0.001 (***).
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42  Figure 2
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44  Typical recording of M-wave (in mV) of the tibialianterior (TA) of one patient with
45 facioscapulohumeral muscular dystrophy (A, top paa@d one healthy participant (B,
46  bottom panel). While on the healthy participantMwwave could be seen on the EMG signal,
47 the EMG signal patient with facioscapulohumeral culesr dystrophy did not measure any

48 M-wave, only the stimulation artefact could be seen
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49  Figure 3.
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52 Box-plot of the percentage of force production (#sdeft panel) and of the RMS of the
53 tibialis anterior (TA) (B, right panel) during th2-minute sustained ankle dorsiflexion
54  endurance exercise, before (in grey fill-in) antkafin with fill-in) the 8-week training for
55 patients with facioscapulohumeral muscular dystyofS8HD) and healthy participants (HP).
56 Boxes represent group median and interquartileeraadues and whiskers are the highest and

57 lowest values. Significant group differencps0.05 (*)
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