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Résumé

Dans les formes habituelles de la locomotion, lesaies extenseurs des membres inférieurs sont
engageés au cours de chaque appui au sol dans baieement de phases de freinage (excentrique) et
de poussée (concentrique). Cette combinaison, épgalcle Etirement-Détentegst connue pour
accroitre l'efficacité de la phase finale concente, notamment par la restitution de I'énergie
élastique préalablement accumulée lors de I'étirgnaetif du complexe musculo-tendineux. Nos
travaux ont contribué a démontrer que l'intervamtie la composante de courte latence du réflexe
d’étirement musculaire permettait d’accroitre lecéet la raideur du muscle. L'utilisation récedee
'échographie a haute fréquence révele l'existedasn étirement des faisceaux musculaires des
muscles mono- et biarticulaires en début de phasdralnage. Cela renforce I'hypothése d’une
contribution non négligeable du réflexe d’'étirematiefficacité du CED.

Lorsqu’ils sont épuisants ou inhabituels, les eres de type CED peuvent engendrer des
micro-lésions musculaires dont la lente résorpiomprend un phénomene inflammatoire ou de
remodelage associé a des douleurs musculairedéetara période de récupération est généralement
de type biphasique, montrant des baisses fonctiesnénmédiates, suivies d'une récupération
partielle ou totale & 2h qui précéde de nouvellsses pouvant perdurer plusieurs jours. L'évofutio
parallele des paramétres nerveux et mécaniquerysedlinfluence des baisses d'activation sur les
pertes de force enregistrées. L'étude des perfuzesamaximales et sous-maximales de type CED
montre la flexibilité des ajustements neuromuscetaila présence de facilitation ou d’inhibition de
I'activation centrale et/ou réflexes suggeére uniégration sensorimotrice des informations relatizes
'état du muscle (avec ou sans inflammation) et destraintes de la tdche (maximale vs. sous-
maximale). L'inhibition spécifique du muscle « Iéséors de son étirement actif pendant la phase de
freinage pourrait ainsi refléter I'intervention d'umécanisme protecteur. En accord avec de récentes
études des mécanismes centraux de la fatigue,éceftats tendent a conforter I'hypothése d'une
inhibition motoneuronale réflexe via un circuitigétpar les afférences de type Il et IV.

Nos travaux soulignent également la persistanceedinauvaise estimation et/ou compensation
des déficits fonctionnels (altération des sensadeokition et du mouvement) ainsi qu’'une absence de
compensation contralatérale d’'une fatigue musaulgisilatérale. Les conséquences de tels déficits
perceptivo-moteurs pourraient s’avérer critiquesdae la douleur disparait précocement par rapport
au retour a l'intégrité structurale et fonctioneell

Nos perspectives de recherche visent a approfteslinécanismes sous-jacents des inhibitions
centrales et réflexes qui caractérisent la phasedée de la récupération des exercices de typ&s CE
Les protocoles de recherche en cours examinerdtiaggies neuromusculaires adoptées dans une
tache plus extréme d’impact supramaximal. Les m@imshprotocoles devront s’enrichir des techniques

actuelles d’investigation de la fatigue centrale.



Avant-propos

Ce document recense les travaux réalisés au sédabdeatoires de la Faculté des Sciences du
Sport de I'Université de la Méditerranée a Marseitels que « Mouvement et Perception »
(UMR — CNRS 6152), « Déterminants Physiologiqued' Aletivité Physique » (UPRES EA
3285) et « Institut des Sciences du Mouvement Homd&tienne-Jules Marey » (UMR —
CNRS 6233), et du « Department of Biology of Phgki&ctivity » devenu« Neuromuscular
Research Center » de I'Université de JyvaskyladRufe).

La majorité des travaux menés s’inscrit depuis dor§ dans une logique de
compréhension menée de concert avec I'équipe die$deur Paavo V. Komi sur les thémes
(i) du mode naturel de locomotion humaine, le cytleement détente, (i) de la fatigue qu'il
engendre et (iii) des ajustements neuromusculajvds permet de mettre en évidence. Ce
mémoire de HDR ne peut deés lors reposer sur la dasmes seuls travaux. Ces derniers
seront donc présentés au sein d'un ensemble élargavaux réalisés par I'équipe du Pr P.V.
Komi en lien avec ceux d’'autres équipes internafien Ce mémoire repose en grande partie
sur la base d’'une revue récente de la littératurdasfatigue de type SSC (Nicol et al. 2006)
et de deux chapitres écrits avec le Professeur Rovhi et récemment publiés dans un
ouvrage collectif intitulé « Physiological Bases ldiman Performance during Work and
Exercise » (N.A.S. Taylor, H. Groeller and P.L. Mcinan, 2008). La partie relative aux
perspectives de recherche constitue le projet dsetliébuté en 2008 par Mlle Amandine
Galindo. Ce travail co-dirigé par le Pr Janne Ava$socie deux collegues, Mmes Joélle
Barthélemy et Pascale Chavet, et un autre étudattiese, M. Cédric Morio, sans lesquels ce
nouvel axe de recherche ne pourrait étre conduit.

L'objectif de I'ensemble des travaux répertoriéagiae document est triple :

Le chapitre 1vise a décrire le mode naturel de locomotion témeegue constitue le
Cycle Etirement-Détente (CED). La présentation dtDQreste succincte car elle n'a pour
objectif que de faciliter 'approfondissement démshapitre 2 de la fatigue neuromusculaire
que ce type d’exercice peut engendrer. Nous imsistenéanmoins sur l'intervention et le
role fonctionnel des réflexes d’étirement qui cgnent I'un de nos deux principaux axes de
recherche.

Le chapitre 2 propose le CED en tant que modele d'étude des risteas de
compensation en cas d'altération du systeme mugenttineux sur plusieurs jours. Ce
chapitre précise les caractéristiques de la fatidjtee de type CED, s’attache a montrer la
flexibilité des ajustements neuromusculaires qaédompagnent et souligne la pertinence des
tests sous-maximaux de type CED dans ce domairsetechnigues actuelles d’évaluation de
la fatigue centrale y sont développées car ellestdtaent un manque évident a nos propres
travaux de recherche; manque que nous espéronderaiains nos travaux a venir.

Le chapitre 3 présente nos perspectives de recherche, qui viedeattebuter au sein
de I'équipe «P2M » de I'|SM, dans le cadre du tilagla thése de Mlle Amandine Galindo.
Ce projet vise a approfondir les capacités d’ajust@s centraux et réflexes du systéeme
neuromusculaire en situation de perturbations me®r(épuisement) et/ou externes (amorti
impacts élevés). Ce travail sera codirigé par Idd@me Avela du Neuromuscular Research
Center de Jyvaskyla en Finlande.

Afin de respecter notre propre contribution auxr@nieres thématiques, le chapitre 1
s’attardera plus particulierement sur les techrégergpérimentales, tandis que le chapitre 2
n'y fera qu'allusion (celles-ci étant décrites en fle document dans les publications
originales) pour se concentrer sur la discussi@résultats expérimentaux.
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Année 2002-2003 : 198h ETD
- 1* cycle: Fonction Neuromusculaire (CM, TD), Anatorfienctionnelle (CM) et Bioénergétique (CM, TP).
- 2™ cycle : Fatigue Neuromusculaire (CM).
- 3™ cycle : Méthodologie de la recherche (CM).
Années 2000-2001 et 2001-2002as d’enseignement pour cause de détachem&NBRS.
Année 1999-2000 : 217h ETD
- 1% cycle: Fonction Neuromusculaire (CM,TD), Anatorfienctionnelle (CM) et Bioénergétique (CM,TP).
- 2™ cycle : Physiologie (CM), Biomécanique (CM) etifae Neuromusculaire (CM).
Année 1998-1999 : 194h ETD
- 1* cycle: Fonction Neuromusculaire (CM,TD), Anatorfienctionnelle (CM) et Bioénergétique (CM,TP).
- Z™cycle : Physiologie et Biomécanique (CM).
Année 1997-1998 : 222h ETD
- 1 cycle: Systéme Neuromusculaire (CM), Anatomie fionoelle (CM) et Bioénergétique (CM).
- 2™ cycle : Physiologie et Biomécanique (CM).
Année 1996-1997 : 219h ETD
- 1% cycle: Fonction Neuromusculaire (CM), Anatomie &ionnelle (CM), Bioénergétique (CM) et
\ Pratique Sportive Voile (TD,TP).
- Z™cycle : Physiologie et Biomécanique (CM) et Méthlogiie de la Recherche (TP).
Année 1995-1996 : 192h ETD
- 1*" cycle: Fonction Neuromusculaire (CM), Anatomie Emonnelle (CM et TD) et Pratique Sportive Voile
(TD,TP).



- 2™ cycle : Biomécanique (CM), Méthodologie de la Rerche (TP) et Physiologie de I'entrainement
(TP).
Année 1994-1995 : 189h ETD

- 1*" cycle: Fonction Neuromusculaire (CM) et Bioéneimé (TD) et Pratique Sportive Optionnelle Voile

(TD,TP).

- 2™ cycle : Biomécanique (CM), Méthodologie de la Reche (TP) et Pratique Sportive Optionnelle
Voile (TP).
Année 1993-1994 : Demi poste d’ATER (157h ETD)

- 1¥ cycle: Physiologie Nerveuse et Musculaire (CM)trEimement et Préparation Bio-Energétique du

Sportif (CM,TD), Pratique Sportive Optionnelle \{TD,TP).

- 2™ cycle : Natation (TP).

Enseignements dans d'autres établissements

- IUFM (2004-08) : Préparation au CAPEPS et a I'Agrégaitiberne

« Bioénergétique et Systéme Neuromusculaire cleedfdnt et les adolescents » (1 CM par an).

- Faculté de Médecine

(o]

Master Sport SantéLCM en 2006 et en 2007), unité d’enseignenfathologies aigues et chroniques
induites par les activités physiques et sportivesPhysiopathologie du tendon, du muscle et
courbatures ».

Unité commune a plusieurMasters de la Faculté de Médecii@ CM depuis 2006) unité
d’enseignemerBases de Physiologie biochimie et microbiolagieLe Muscle ».

Enseignement Post-Universitaire- FPE devenu Formation Médicale Continue FMC - en
Traumatologie du SporfL(CM par an depuis 2003).

Capacité de Médecine et Biologie du Spdft CM par an depuis 2000) :

« Physiopathologie du tendon du muscle et DOMSw®Physiopathologie du travail statique,
concentrique et excentrigue », « Travail musculaseentrique dans le cadre de la rééducation
fonctionnelle » « Effet de I'arrét du sport suniescle ».

Enseignements a I'étranger et/ou a des étudiantagtiers

- Advanced Intensive Course / European Master of SporScience Neuromuscular Research Center,
Université de Jyvaskyla, Finlande.

“Control of SSC and landing during extremigilyh loads” (C. Nicol, 1h).
“Reflex measurements applied to neuromuscalatrol of movement” (C. Nicol, 2h)
“Stretch induced force enhancement in humasele tendon complex” (C. Nicol, J. Avela, 7h).

“Fatigue induced muscle damage and chamnggsetch-reflex excitability” (C. Nicol, 4h).

School Marseilles (ESM) Faculté de Médecine, Université de la Méditereariarseille,

“The functional role of active Ligaments”.

2003-06 : « Active Ligaments & LCA Rupture: a pdtahvicious loop ».

o 2007:

o 2002:

o 1999:

0o 1998:
- European

France.

o 2007:

o}

o 2001:

o 2000:

« Muscle Evaluation ».

“What could favour or limit a maximal forpeoduction?”



Encadrement d'étudiants de Maitrise / Master 1 emAPS

Encadrement d'étudiants en Master 1 STAPS — SdeicBechnologies du Mouvement Humain
1. M. Thomas MOLEUR (2006-07Wn impératif de la voile de compétition : la recbiee de sponsors.

Encadrement d'étudiants en Maitrise STAPS, fillenérainement Sportif et Performance Motrice

1. M. Frédéric GRAPPIN (1999-2000\daptations neuro-musculaires a la fatigue assoéiém exercice de
rebonds poursuivi jusqu’a épuisement

2. M. Gillel NAFATI (1999-2000). Quantification de la fatigue neuromusculaire imnaéei et retardée
engendrée par un exercice maximal de type isocjnétexcentrique

3. M. Philippe VANGEL (1998-99).Effets de I'hyperthermie sur les caractéristiquesinmomusculaires de
force et d’endurance de force maximale du membegieur.

4. Mille Rola SBAT (1998-99).Intéréts et limites des données isocinétiques extt@myographiques dans
I'analyse des déficits fonctionnels de patientsrépélu ligament croisé antéro-externe.

5. M. Nicolas GOUBI(1997-98) Adaptations neuro-musculaires aux perturbationsanégues et sensorielles
associées a la rupture et a la reconstruction darnent croisé antéro-externe

6. Mlle Cécile GENTY (1997-98).Mise au point d’'un protocole d'évaluation des effdtune reconstruction
du LCAE sur le sens de la position du genou etesucoordinations inter-musculaires

7. M. David IOLA (1996-97).Evaluation de la fatigue neuromusculaire associégnaentrainement en ski
alpin.

8. Mlle Myriam ANTONIOL (1994-95).Etude de l'influence de I'entrainement et de lagiae sur les temps
de phases d’'un geste technique d’haltérophilierréiahé

9. M. Olivier MAISETTI (1993-94). Etude électromyographique et cardiovasculaire dumPBing en
laboratoire.

Encadrement d’étudiants d’'autres cursus

Mémoire de Maitrise de Biologie Cellulaire et Ploysgie, Option Neurosciences Approfondies, Aix-Males |

1. Mlle Sophie REGUEME (2000-01)Conséquences fonctionnelles d'une fatigue unild¢érde type
excentrique sur les capacités d'activation et decdomaximale : effets immédiats et retardés, igsi-
controlatéraux.

Mémoire de Dipléme d’Etudes Spécialisées de Méddehysique et de Réadaptation :

1. M. Christian FLIN (1999-00)Déficit de force musculaire aprés ligamentoplastie role du contrdle
neuromusculaire.



lll. ACTIVITES DE RECHERCHE

Thémes de recherche

Liens entre recherche fondamentale et appliquéetessant le modéle de compréhension (i) du cytiteréent
détente (CED) dans la locomotion et (ii) des mémaes d'adaptation du systéme neuromusculaire dsms s
ensemble en situations de perturbations interries ekternes prolongées.

Développement de ces 2 themes de recherche dep8is 1

. Compréhension du fonctionnement du Cycle Etirgsbetente (CED) dans la locomotion

1998-92 Evolution du CED au cours d’'un exercice épuisant deocomotion (Thése) :
o Quantification des déficiences fonctionnelles earsa’effort et immédiatement aprés celui-ci.
0 Mise en évidence des capacités d’adaptation derarmande nerveuse, notamment en situation de
CED.

o Hypotheése d’'une détérioration de la tolérance ragact liée a la moindre contribution du réflexe
myotatique.

1993- Roéle des boucles réflexes spinales dantoleomotion :

o Quantificationin vivo de la contribution du réflexe myotatique a la prettbn de force mesurée au
niveau du tendon d’Achille (jauge de contraintespfibre optique) suite a un étirement passif
(1993-95).

o Résistance a I'étirement de la réponse mécanidlexeq2003-).

L’équipe de professeur P.V. Komi a enrichi ces ésudar la quantification in vivo de I'évolution des
forces au niveau du tendon d’Achille et du tendatefaire dans de multiples activités locomotrices.
L'utilisation récente de I'échographie a haute fuemce a permis de conforter I'hypothése de
l'intervention du réflexe myotatique par la démeason d’'un étirement des faisceaux musculaires
des muscles mono- et bi-articulaires dans la pliait@le de freinage du CED.

Il. Capacité d'adaptation du systéeme neuromuscelein situation de perturbations internes

prolongées ajustements centraux et/ou réflexes
Ce théme a été essentiellement développé avectdédimrés de Maitrise, de DEA et de Thése dans son
application aux domaines suivants :

1997-99La rééducation fonctionnelle:
o apres ligamentoplastie du ligament croisé antétera& du genou.

1999- lalocomotion :
0 en état de déshydratation et d'hyperthermie engendie par I'effort (1999).
0 suite un exercice épuisant de type CED : récupératin fonctionnelle biphasique(1999-2006)
= évolutions au cours du temps de l'activation elad®rce maximales volontaires (1999-06).

=  évolution de l'activation au cours des 3 phase&ggtivation, freinage, poussée) du CED (1999-
02).

= effets fonctionnels ipsivs. controlatéraux (2002-06)
= influence sur le sens de la position et le serla dégesse (2004-06)
= évolution de la sensibilité des réponses réflex&igement :
« réponse réflexe a un étirement passif (1995-96)
* réponse réflexe en situation de performances maaggmte type CED (1995-02)

* réponse réflexe en situation de performances sa@xsrmales de type CED (2001-07)

lll. Mécanismes d'adaptation du systéme neuromaseutn situation d’'impacts élevésoa-)




o Caractérisation des ajustements inter-segmentaireen I'absence de fatigue
» Pendant les phases pré- et post-impact
= Selon les caractéristiques de I'impact (pécsustaux de charge)
= Selon la tAche post-impact (amargirsusrebond)

o0 Modifications de ces ajustements en situation detigue de type CED

= Ajustements centrawersusréflexes de I'activation musculaire

Collaborations internationales

Séjours a I'étranger

Un séjour de 5 ansau sein du laboratoire du Pr. Paavo V. Komi (1988-%), Department of Biology of
Physical Activity, Université de Jyvaskyld, FinlandCe séjour a conduit & la soutenance de la thése
septembre 1992 suivie d’un stage post-doctoral diudans le méme laboratoire.
Un séjour de 2 fois 2 moigdans ce méme laboratoire (2001-2002Le séjour a permis de finaliser la
rédaction de plusieurs articles portant sur degmx@ntations réalisées lors de courts séjoursiants.
Les projets de recherche réalisés pendant ces 2@dijs ont été financés par :
— une bourse de 9 mois du Ministére Frangais desrAff&trangere€C. Nicol 1989)
- des bourses du Ministére Finlandais de 'Education
O PrP.V. Komi (1988, 89, 91, 92, 96, 97, 98, 99, RAIP)
O C. Nicol (1990)

Collaborations subventionnées par d’autres boudsesecherche:

Avec les professeuB.V. Komi et T. Sinkjaer (décembre 19994es Universités de Jyvaskyla (Finlande)
et d'Aalborg (Danemark). Expérimentation relativéaa«Quantification de la contribution des boucles
réflexes a la production de force a divers instahiycle de marche.

Avec les professeui®.V. Komi et V. Strojnik (février 2000) des Universités de Jyvaskyla (Finlande) et de
Ljubljana (Slovénie). Expérimentation relative a dd&atigue neuromusculaire de type Cycle-Etirement
Détente engendrée par une semaine de ski alpin

Les 2 derniers projets ont été subventionnés gavliristéres de I'Education finlandais, danoid@téne.
Avec le professeuP.V. Komi (février 2004) de I'Université de Jyvaskyla (Finlande). Expéritadion

relative aux «ffets de la préactivation musculaire sur les céfastiques mécaniques et réflexes de
l'impact supramaximask.

Projet subventionné par la Commission Européenns acadre du projet HUMOS(23RD-CT-2002-
00803).

Encadrement d’étudiants en Doctorat et DEA/Master 2

Co-direction (en cours) d’étudiants en Doctorat FBA

1.

2.

Mlle GALINDO Amandine sur le théme « Stratégieeimsegmentaires d’ajustement neuromusculaire a la
variation de contraintes externes et internesitaat®on d'impact éleve. ».

Codirection avec le Prof. Janne AVELA de I'Univéésde Jyvaskyla en Finlande. Thése dans l'attente
d’une bourse de financement par le Ministére dduation finlandais.

Mr MORIO Cédric sur le theme «Effet de la fatigug & stabilité dynamique »: application aux prpes
d’amorti et de stabilité».

These subventionnée par une bourse CIFRE.

Co-direction d’étudiants en Doctorat STAPS :

1.

M. FTAITI Foued sur le themeGontribution a I'étude de I'hyperthermie lors d'umeurse prolongée
(1996-00). Situation actuelle du diplomé : postesdistant a I'Université de Sfax en Tunisie.



2. Mlle REGUEME-LOUVEL Sophie sur le theme Gonséquences neurophysiologiques de la fatigue
musculaire excentrique (2002-06). Situation actuelle : poste d’Attadf@mporaire d’Enseignement et de
Recherche a la Faculté des Sciences du Sport terBoi

Co-direction d’étudiants inscrits a I'étranger n daster of Sport Sciences en Finlande :

1. Mille GALINDO Amandine (2007-08): Neuromuscular control during high impact loads amdling tasks”
Neuromuscular Research Center, University of Jyyéskinland

Mémoire obtenu comme le Master avec la mention ‘“hdagum laude Approbatur » (trés bien).

Encadrement (en cours) d’étudiants en Master 2ier8es du Mouvement Humain » en STAPS
1. Mr REY Olivier. Efforts intermittents courts en natation versuseunrse a pied.
2. Mr MALFATTI Albéric . Optimisation du suivi de la préparation physigreplanche a voile olympique.

Encadrement d'étudiants en DEA « Sciences du Moewehiumain » en STAPS

1. Mille Valérie GRANVILLE (1993-94).Fatigue neuro-musculaire associée a un travail dyitpe de
flexion-extension des bras

2. Mr Foued FTAITI (1996-97).Fréquence cardiaque - température corporelle aursadiun exercice de
longue durée.

3. Mr Jean-Marie COUDREUSE (1997-98)roubles de la commande neuro-musculaire dansélgers du
ligament croisé antérieur opérées par ligamentofas

4. Mr Nicolas GOUBI (1997-98).Adaptations neuro-musculaire aux perturbations oaniques et
sensorielles associées a la rupture et a la recaontbn du ligament croisé antéro-externe du genou

5. Mille Céline BEQUET (1998-99)La reconfiguration des réseaux de neurones spirarsxd’une fatigue
induite par des actions musculaires de type exaprér

6. Mille Florie FALCHERO (2001-02)Ajustements neuromusculaires suite a une fatiguiatarale de type
cycle étirement-détente.

Articles publiés dans des revues internationaledénées (25 dont 23 aprés la thése)
1991
* Nicol C., Komi P.V. & Marconnet P. (1991). Effects of midm@n fatigue on running kinematics and
economy.Scand. J. Med. Sci. Spotts195-204.

Nicol C., Komi P.V. & Marconnet P. (1991). Fatigue effecs marathon-running on neuromuscular
performance. Il. Changes in force, integrated ed@eyographic activity and endurance capacg8gand. J.
Med. Sci. Sport4: 18-24.

* Nicol C., Komi P.V. & Marconnet P. (1991). Fatigue effects marathon-running on neuromuscular
performance. |. Changes in muscle force and sgfmharacteristic&cand. J. Med. Sci. Spos10-17
1996

e Horita T., Komi P.V.,Nicol C. & Kyrdldainen H. (1996). Stretch-shortening cydhigue: interactions
among joint stiffness, reflex, and muscle mechdrpeaformance in the drop jumjiur. J. Appl. Physiol
73(5): 393-403.

e Nicol C., Komi P.V., Horita T., Kyr6lainen H. & Takala T (1996). Reduced stretch-reflex sensitivity
after exhaustive stretch-shortening cycle (SSCiatse.Eur. J. Appl. Physiol72: 401-409.

199

* Nicol C. & Komi P.V. (1998). Significance of passively imkd stretch reflexes on Achilles tendon force
enhancemenMuscle and Nerv@l: 1546-1548.

[e0)

199

e Pullinen T., Nicol C., MacDonald E. & Komi P.V. (1999). Plasma cateeaihe responses to four
resistance exercise tests in men and worgan.J. Appl. Physiol80(2): 125-131.

e Horita T., Komi P.V.,Nicol C. & Kyrdlainen H. (1999). Effect of exhausting s$tie-shortening cycle
exercise on the time course of mechanical behawittre drop jump: possible role of muscle dam&ge. J.
Appl. Physiol 79(2): 160-167.

©
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e Nicol C. & Komi P.V. (1999). Quantification of Achillesndon force enhancement by passively induced
dorsiflexion stretchedl. Appl. Biom 15(3): 221-232.

2001

e Ftaiti F., Duflot J.C.Nicol C. & Grélot L. (2001). Tympanic temperature and heate changes in fire-
fighters during treadmill runs performed with diéat fireproof jacketsErgonomics44(5): 502-512.

e Ftaiti F., Grélot L., Coudreuse J.M. Rlicol C. (2001). Combined effect of heat stress, dehyainasind
exercise on neuromuscular function in humé&ns. J. Appl. Physiol84(1-2):87-94.

2002

e Kuitunen S., Avela J., Kyrdlainen H\icol C. & Komi P.V. (2002). Acute and prolonged reductiorjoint
stiffness after exhaustive SSC exerciser. J. Appl. Physiol88(1-2): 107-116.

e Horita T., Komi P.V.,Nicol C. & Kyrdldainen H. (2002). Interaction between pagding activities and
stiffness regulation of knee joint musculoskelstatem in the drop jump: implication to performari€er.
J. Appl. Physiol88(1-2): 76-84.

2003

* Nicol C., Kuitunen S., Kyrélainen H., Avela J. & Komi. P.{2003). Immediate and delayed fatigue effects
on reflex EMG and force responses of the muscldermomplexEur. J. Appl. Physiol90(5-6): 470-479.

e Linnamo V., Moritani T.Nicol C. & Komi P.V. (2003). Motor unit activation duririgometric, concentric
and eccentric actions at different force levél€Electromyogr. & Kinesiol13(1): 93-101.

2004

+ Coudreuse J.M., Dupont P. & Nicol C. (2004). Dousemusculaires post-effodnn. Réadapt. Med. Phys
47 : 290-298.

2005
* Bottas R., Linnamo V.Nicol C. & Komi P.V. (2005). Repeated maximal eccentriticaxs cause long-
lasting disturbances in movement contilr. J. Appl. Physiol94: 62-69.

+ Regueme S.CNicol C., Barthélemy J. & Grélot L. (2005). Acute and geld neuromuscular adjustments
of the triceps surae muscle group to exhaustivacstrshortening cycle fatigu&ur. J. Appl. Physiol93:
398-410.

2006
* Nicol C., Avela J. & Komi P.V. (2006) Stretch-shorteningle (SSC): a model to study naturally occurring
neuromuscular fatigu&ports Medicing6(11): 977-999. Review.

» Ishikawa M., Dousset E., Avela J., Kyrdlainen Hallko J., Linnamo V., Kuitunen SNicol C. & Komi
P.V. (2006) Changes in the soleus muscle architectier exhausting stretch-shortening cycle egerai
humansEur. J. Appl. Physiol97(3): 298-306.

e Ftaiti F., Dantin M.P.,Nicol C., Brunet C., Valli M., Komi P.V. & Grélot L. (2006The effect of
desmopressin, a vasopressin analog on enduranfmrpance during a prolonged run in simulated heat
conditions. Appl Physiol Nutr Metab31(2): 135-43.

2007
* Bottas R.,Nicol C., Komi P.V & Linnamo V. Adaptive changes in motntrol of rhythmic movement
after maximal eccentric actionk. Electromyogr. Kinesio2007 Oct 13; [Epub ahead of print].

* Regueme S.C., Barthélemy J., Gauthier G.MN&ol C. (2007) Changes in illusory ankle movements
induced by tendon vibrations during the delayedvecry phase of stretch-shortening cycle fatigue: An
indirect study of muscle spindle sensitivity mockfiions Brain Res1185:129-35.

« Regueme S.C., Barthélemy J. Blicol C. (2007) Exhaustive stretch-shortening cycle esercino
contralateral effects on muscle activity in maxinmbtor performancesScand. J. Med. Sci. Sparts
17(5):547-55.

2008

* Regueme S.C., Barthelemy J., Gauthier G.M., Blin&ONicol C. (2008) Delayed influence of stretch-
shortening cycle fatigue on large ankle joint gosittoded with static positional signacand. J. Med. Sci.
Sports 18(3):373-82.
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Chapitres d'ouvrages internationaux avec comitéldeture (9 dont 8 apres la thése)

1992

« Komi P.V., Nicol C. & Marconnet P. (1992). Neuromuscular fatigue dgrrepeated stretch-shortening
cycle exercisedn: Marconnet P., Komi P.V., Saltin B., SejersteMO(Eds.), Muscle Fatigue Mechanisms
in Exercise and Training. Med. Sport Sci., Basel. 34, pp. 172-181.

1996

* Nicol C. & Komi P.V. Neuromuscular fatigue in stretch-steoiihg cycle exercise$n : P. Marconnet, B.
Saltin, P.V. Komi, and J. Poortmans (Eds.), Humams&dilar Function during Dynamic Exercise. Med.
Sport Sci. Basel, Kargevpl. 41, pp. 134-147.

2000

 Komi P.V. &Nicol C. Stretch-shortening cycle of muscle functibm.V. Zatsiorsky (Eds.) Biomechanics in
Sport: performance enhancement and injury preventithe Encyclopedia of Sports Medicine, Blackwell
ScienceChap.5, pp.87-102.

 Komi P.V. & Nicol C. Stretch-shortening cycle fatigue: B.M. Nigg, B.R. MacIntosh and Mester J.(Eds.)
Biomechanics and Biology of Movement, Human KisgetlcChap. 20, pp.385-408.

2001
e Strojnik V., Nicol C. & Komi P.V. Fatigue during one-week tourist akpiskiing.In: E. Miiller et al. (eds.)
Science and Skiing I, KowaHamburg,Chap. 46, pp. 599-607

2003

* Nicol C. & Komi P.V. Stretch-shortening Cycle Fatigue atsdinfluence on Force and Power Production.
In: P.V. Komi (Ed.) Strength and Power in Sporte Encyclopedia of Sports Medicine, Blackwell Saenc
Chap.11, pp. 203-228.

2005

 Regueme S., Barthélemy J., Gauthier G.MN&ol C. Central nervous system contralateral adjustments
after unilateral muscle fatiguén: Gantchev (Ed.), From Basic Motor Control to Ftional Recovery IV,
Marin Drinov Academic Publishing Housgofia. pp. 300-307

2008

e Komi P.V. & Nicol C. Neuromuscular adaptation to exercis®. Nigel Taylor, H. Groeller and PL
McLennan (Eds.) Physiological Bases of Human Perforce during Work and Exercise. Churchill
Livingstone Section 1Chap.4, pp71-89.

e Taylor J., Komi P.V. &Nicol C. Central and Neuromuscular fatiglie. Nigel Taylor, H. Groeller and PL

McLennan (Eds.) Physiological Bases of Human Perforce during Work and Exercise. Churchill
Livingstone Section 1Chap.5, pp. 91-113.

Articles de vulgarisation dans des revues a condiéélecture (6)

1994

* Bosco C., Komi P.V., Bosco ENicol C., Pulvirenti G., & Caruso I. (1994) Influence ghihing on
mechanical and biomechanical profiles of athletelssclesCoaching & Sport Sci J,(1) : 8-13.

1997

* Benezet P.Nicol C., & Delarque A. (1997). Evaluation de la fatigue wwlaire par isocinétismeSport
Med’, 97 : 9-10.

1998

e Ftaiti F., Duflot J.C.Nicol C., & Micallef G. (1998). Evolution comparée de taduence cardiaque et de la
température corporelle au cours de I'exercice prggoMédecine du Spar72(1) : 13-18.

2000

» Coudreuse J.MNicol C., Gouby N., Viton J.M., Fondarai J., Delarque & Brunet C. (2000). Trouble de
la commande neuro-musculaire dans les lésionsgdmnknt croisé antérieur opérées par ligamentopliasti
intérét du couplage isocinétisme-électromyographieraumatol Sportl7:132-148.

2001

* Nicol C., Gouby N., Coudreuse J.M., Flin C., Viton J.Mgl@rque A., Brunet C., & Komi P.V. (2001).
Activation and torque deficits in ACL-reconstructpdtients 4 months post-operativeBur J Sports Sci
1(2). (Electronic journal).

2005
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e Pithioux M., Chavet P., St-Onge N. NMicol C. (2005) Influence of muscle preactivation of tbevér limb
on impact dynamics in case of frontal collisiimternational Journal of Crashworthingsgol. 10(6): 1-9.

Conférences invitées internationales

Congres Internationaux (13)

1995
e Nicol C. & Komi P.V. (1995). Neuromuscular fatigue indudeg short and long-lasting stretch-shortening
cycle exercisesbth International Symposium on Exercise and SpmtoBy. Nice, February 9-11, France.

1996

* Nicol C., Komi P.V. & Avela J. (1996). Fatigue effects ethaustive SSC exercise on reflex excitability.
1rst Congress of the European College of Sportrseig Nice, May 28-31, France.

1997

e Nicol C. & Komi P.V. (1997). Surface EMG can be used tondastrate that stretch-reflexes play an
important role in normal locomotion, and vary inseaof fatigue.2nd General Workshop of SENIAM
(Surface EMG for the Non Invasive Assessment ofleg)svVar Gard, Saltsjobaden, June 12-15, Sweden.

1998

e Nicol C. & Komi P.V. (1998). Contribution of short-latencgflexes to force production during passive
stretchesThe 3rd World Congress of Biomechanics (WCB'8®)kkaido University, Sapporo, August 2-8,
Japan.

e Nicol C., Komi P.V., Finni T., & Lepola V. (1998). Sarcoreekinetics and stretch induced force
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1. Stretch-shortening cycle (SSC): a natural form folocomotion and power production

1.1. The nature of the stretch-shortening cycle

As illustrated in Fig. 1. SSC refers, by definitidn a series of consecutive muscle actions
starting with preactivation (100-200 ms prior t@ognd contact). Thpreactivationamplitude

is a function of both the expected impact loadhveitpositive relationship observed between
gastrocnemius preactivation and running velocityinopact load (Komi et al. 1987a). The
greatest EMG activity is measured during tireking phasewith most of the lower limb
extensor muscles experiencing eccentric action whemuscle-tendon unit lengthens. This
active braking (eccentric) phase is followed, withdelay, by thepush-off phaseusually
performed through concentric (shortening) musckoagc but with very low EMG activity.
The nature of this final push-off phase can besitlated as a recoil action resulting in low
metabolic activity, but high mechanical efficiencgonsequently, SSC is important for
locomotion, since it takes up the unnecessary detathe force-time relationship by bringing
the pre-activated force up to the level necessameet the expected impact loading. It also
helps the concentric action (push-off) produce peaker (maximal efforts) or to generate
force more economically (submaximal efforts). Rungnijumping and hopping are typical

examples of SSC actions.

Pre-activation Braking (stretch) phase Push-off (shartening) phase
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Fig. 1. The stretch-shortening cycle (SSC) during the functioal contact phase of running.The
drawings illustrate simultaneously recorded velt{€&a) and horizontal (Fy) ground reaction
forces, together with EMG activities of the gastremius medialis (GM), vastus medialis
(VM) and lateralis (VL) muscles. The vertical lindsnote beginning of ground contact, end
of braking phase and end of push-off phase that especially gastrocnemius medialis (GM)
shows high preactivation, with all muscles showing activity during push-off.

(Adapted from Komi 2000).
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Cavagna and colleagues were among the first ondssitribe the mechanisms of this
performance potentiation in experiments on isoldted sartorius muscle (Cavagna et al.
1965), and later in human forearm flexors (Cavaghal. 1968). Fig. 2 illustrates knee
extensor tension (Komi 1983), and shows that tine tilelay (coupling time) between stretch
(eccentric) and shortening (concentric) has infb@snon force and power output in the
concentric phase of the cycle. That is, a shortpliog time enhances performance. In
addition, a shorter coupling time also improves necny (Aura and Komi 1986). The
mechanisms of this potentiation will involve thetien muscle-tendon unit: fascicles and

tendinous tissue.

A

Tension

i
Zoncentric only Eccantric ! Conceniric Ecoeniric
I I I I I I I I I

Joint angle ()

Time
Fig. 2. Three force-time traces for knee extension (100-1%5 all performed with maximal
voluntary activation. (A) A pure maximal concentric actionBY Concentric activation is
preceded by an eccentric (stretching) activatiom, to delay is allowed between these
actions; note the force enhancemég@) An identical action, but with a time delay between
stretching and shortening; concentric force potgiotn is reduced.
(Adapted from Komi 1983)

1.2. Indirect estimation of the force-length change

For understanding muscle function during locomatibns important to know how muscles
are producing force and power as a function of heuength and velocity of shortening and
lengthening, for example. Until recently, it wasweélifficult to measure much more than the
force-angle relationshim sity, forcing the estimation of force-length changele Tndirect
approach can refer to methods such as the matlesdtition of the muscle force in the
indeterminate musculoskeletal system. This requinesgrouping of muscles to reduce the
number of unknowns for the appropriate equationsnofion. An example of this type of

approach can be taken from the study of Scott amte//(1990) who described an Achilles
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tendon model and its use to estimate Achilles tendading during the stance phase of
running. In this “equivalent muscle” approach, #lectromyography (EMG) was used to
estimate loading of individual human skeletal mesclThe method may sound promising,
especially because a linear or slightly curvilinealationship can be established between
EMG activity and muscular force (Komi and Buski®72; Bouisset 1973), but unfortunately
EMG is a very poor predictor of continuous forceame, because it is very sensitive to
different types of muscle action (isometric, ecdentoncentric) and to the velocity of action
in dynamic situations (Komi 1983). The list of pleims increases when one considers that
EMG is very adaptable to training and detrainingikkinen and Komi 1983) as well as to
fatigue (Komi 1983). In certain dynamic situatisech as running and hopping, EMG may
also be momentarily silent while considerable faraa be recorded from the Achilles tendon
(AT) during the same time period (Fig. 1). Considgrthat indirect estimates are often also
time consuming, it is understandable that reseaschecame interested in developing
methods to directly record in vivo human tendon dighment forces during dynamic

activities.

1.3. The instantaneous force-velocity relationshiguring SSC

It has been a long time wish and challenge amosegarehers to be able to capture exactly
and continuously the loading of the various mussketetal structures in the human body.
Especially relevant in this regard has been a meadcord continuously the loading of an
individual tissue (e.g. tendon or ligament) in natural environment, i.e. when it is
functioning together with other similar or diffetefe.g. muscle) tissues. It is very likely that
the loading (and function) of a tissue may be \fferent when one compares the “natural”
setting with that of an isolated tissue loadingreldi application of the force-velocity
relationship of isolated muscle to natural locomotsuch as the SSC is difficult, indeed,
since isolated preparations use constant electstialulation. The natural setting involves
not only different structural elements, but alsteiference from the nervous system (e.g.
sensory input with various connections, variabletie@ command to the muscles). For
instance, the neural control of a given brakingsehafter impact is well known to differ
when the task is performed with the instructioreither rebound (SSC) or to simply land
(pure eccentric action). This makes necessary tasuore the instantaneous force-velocity
relationship in human, using temporariilyvivo techniques such as the buckle transducer or

the fine optic fiber set around or through majordens.
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Tendons are of particular interest because, bedidagy an important part of the
muscle—tendon unit (MTU), their chief function ie transfer force produced by the
contractile component to the joint and/or bone ewmted in series. The human Achilles
tendon (AT) represents an important part of loweiresnity function. Because of their
anatomic position, the AT and its muscles (solexds gastrocnemius) are the first structures
to take up the impact loads in many activities p@iticular importance is the ability of these
tissues to store energy when deformed (stretchedxternal force and to recoil after being
stretched (Huijing 1992; Komi 2000). This gives thidU efficient possibilities for force
production during locomotion. To evaluate the beétav of the MTU during human
movements, it is useful to quantify in-vivo the ioged loads (forces) as well as the length
changes within the MTU. Both the buckle and thaaofiber techniques have been shown to
be appropriate as they are very sensitive to suaalations in tensile force during normal

activities.

1.3.1. In-vivo buckle-transducer technique

In humans the basic methodology has involved a lbtichnsducer that has been
implanted under local anaesthesia around the Ashténdon (AT). This tendon is an ideal
one because of the large space between the temibbamy structures within the Karger
triangle. Several experiments have been perforraedessfully with this method (Komi et
al. 1992). In the first experiment with a humanjeab(Pr P.V. Komi himself), the E-form
transducer was implanted around the AT and kepsitinfor 7 days before measurements
were performed during slow walking (Komi et al. #98This type of transducer did not,
however, satisfy the requirements of pain-freeyr@tiocomotion, and the transducer design
was changed to Salmons’ original buckle type (Saln®969) (see Fig. 3). In brief, it
consists of a main buckle frame, two strain gauged,a centre bar placed across the frame
(Komi 1990). To provide normal proprioception dgrimovements, lidocaine is carefully
injected around the tendon. An incision of appradely 50 mm in length is made on the
lateral side just anterior to the tendon to avadhédge to small saphenous vein and the sural
nerve. The size of the buckle is matched with tiahe tendon. The correct-sized cross-bar
is then placed under the tendon into the slothefftame. This causes a small bend in the
tendon. If the bending is excessive, the tendoacsires may suffer damage. The cable
containing the wires from the strain gauges isatieel under the skin and brought outside

approximately 10 cm above the transducer. Afterdheis sutured and carefully covered
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with sterile tapes, the cable of the transducecasnected to an amplifying unit for
immediate check-up.

It must be admitted, however, that the buckle tlaner method is quite invasive, and
may receive objections for use by the ethical cotemiin question. Other restrictions in the
use of this technique lie in the critical aspedtthe calibration procedure (Komi 1990; Komi
et al. 1987b) and in the problems of its applicgatidhen long-term and repeated implantation
may be of interest. The buckle transducer methoth@iisolate the forces of the contractile
tissue from the tendon tissues. This method caefiie be used to demonstrate the loading

characteristics of the entire MTU only.

Fig. 3 Lateral radiographic view of the buckle trarsducer in situ after its surgical
implantation.

Nevertheless, the buckle transducer is the origmathod which revealed that the
largest AT forces occur in submaximal hopping (F@.and not in maximal squat jump or
counter-movement jump ( Komi et al. 1992; Fukaskital. 1995b). As illustrated on this
figure, the mean ATF peak value recorded in hopjsngbout twice higher than the vertical
ground reaction force (Fukashiro et al. 1993; Nmodl Komi 1998). This technique revealed
also thatgastrocnemiusand soleusdemonstrate a small, but meaningful stretch-shorte
cycle action during cycling (Gregor et al. 1991yaditionally, cycling was considered an
almost pure form of positive (concentric) work. &ig, this technique allowed the first in-
vivo quantification of the mechanical stretch-rgfleesponse in passive stretch condition
(Nicol and Komi 1998, 1999). This will be furtheisdussed in section 1.5.1.
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Fig. 4 Average curves of the different parameters hile a subject was hopping on a
force plate submaximally at preferred frequency of2.5 Hz. In addition to the
Achilles tendon force and the vertical ground rieerctorce (Fz), the figure shows the
rectified EMGs for the following muscles: soleusO(S, lateralis and medialis
gastrocnemius (GAL and GAM, respectively) as walltivialis anterior (TA). The
dashed line denotes the beginning of the foot cbrta the force plate. The records
are averages of 12 consecutive hops. The Fz and Ed&ds include mean + SD,
and the Achilles tendon force mearsD. (From Nicol and Komi 1998)

1.3.2. In-vivo optic fiber technique

Further technical developments for direct tendondaneasurements resulted in a new
a less invasive approach, the optic fiber technigfigmi et al. 1996). In this technique (Fig.
5A), an optic fiber (@ 0.5 mm) is inserted throutjie tendon to serve as a transducer of
tendon stress. The principle of this method isddiews: when a thin optic fiber is bent or
compressed the light can be reduced linearly witsgure and the sensitivity depends on
fiber index, fiber stiffness and /or bending radalgracteristics. Fig. 5B characterizes the

principle of the light modulation in the two layéladding and core) fiber when the fiber
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diameter is compressed by external force. The aork cladding will be deformed and a
certain amount of light is transferred through tioee-cladding interface. In order to avoid
the pure effect of bending of the fiber, the filsdren inserted through the tendon must have
a loop large enough to exceed the so called dritieading radius. It is also recommended to
insert the optic fiber in a global limb positiorose to the one tested (i.e. with extended knee
joint when subsequently used during locomaotion).

Fig. 5 (A) Demonstration of the insertion of the optic fililbrough the tendon. A hollow 19 gauge
needle is first passed through the tendon (letle $terile optic fiber is then passed through
the needle; the needle is removed and the fibeairein situ (right).

Transmitterreceivd
unit

Optic fiber

compression

Compressive

force (B) Basic principle to demonstrate how the
compression on the optic fiber (left) causes
microbending (right) and less of light through
the core-cladding interface

(From Ishikawa and Komi 2008).

Coren,

3

\

/
Cladding n,

bending

Although the optic fiber method may not be moreuaate than the buckle transducer
method, it has several unique advantages. Firstllaf is much less invasive and can be
reapplied to the same tendon at a few day interfiilsol et al. 2003). In addition, almost
any tendon can be studied provided that criticaldb®y radius is not exceeded. This method
is also quite reliable. As shown in Fig 6A the dymatesting shows good match between the
optic fiber and external force records (Komi et #95). This has been confirmed by our
own recordings of the mechanical stretch-refleyoase induced by passive stretches of the
triceps surae muscle group (Nicol et al. 2003) wilidbe further developed in section 1.5.3.
Figure 6B is another excellent example of the sinty of ATF patterns when the subject
walked at the same speed during a 4-month intékahi et al. 1995). Please note how the

two records follow each other.
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DYNAMIC LOADING TEST

Fz

Optic fiber (v) Transducer(V)
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3 113 Achilles
2 11  tendon force
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0 2 4 6 8

Time (s) 1sec

Fig. 6. Optic fiber recordings in dynamic testing onditions.
(A) Records of optic fiber on external force transdub@ring quick dynamic loading and
unloading of the knee extension movement. (Adafytad Komi et al. 1995)
(B) Achilles tendon (optic fiber) and vertical grourghction forces (Fz) measured for one
subject while walking at same speed at 4 monttrniateBlack line (£ measurement); grey
line (2 measurement). The arrows represent the first midihieel contact with the ground.
(From Ishikawa and Komi 2008)

1.3.3.The instantaneous force-velocity curves obtainethfwvo techniques

A characteristic of the instantaneous force-vejociirves is the considerable force
potentiation, as seen during the push-off (con@&ntphase of running (Fig. 7A).
Furthermore, force-velocity measurements during dbetact phase of running revealed a
curve that was completely different from the cleakiHill relationship. Fig. 7B, obtained
simultaneously for the patella and Achilles tend(oystic fibre technique), demonstrates two
important aspects of human skeletal muscle functinst, in short-contact hopping actions,
triceps suraébehaves like a bouncing ball. Second, when th@ihgpntensity is increased or
changed to another type of movement, the contobubf the patella tendon force increases,
and that of the Achilles may decrease (Finni e2@01). The Hill curve, obtained during a
constant maximal (concentric) activation is supeosed, and the shaded area denotes
remarkable performance potentiation, even though hbpping effort was submaximal.
Animal experiments have obtained similar resultee(®ér et al. 1988).

Such a difference between the instantaneous arssicd curves is partly due to
differences in muscle activation between the twoditions. Isolated preparations primarily
quantify the shortening properties of the contlactiements, whilst natural locomotion uses
the whole SSC, and involves the controlled reledselastic forces from the muscle-tendon
unit that were generated during the eccentric ph@sme of energy recovery occurs during
the shortening phase, resulting in performancenpiatégon. Thus, natural locomotion may

produce more efficient muscle function that diffenarkedly from that observed in isolated
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preparations. In addition, during SSC activity peried without fatigue, electromyographic
activity usually peaks before the eccentric phas#sgethereby confirming the importance of

the eccentric phase.

A Farce (kN) B Force (kN)
Ecceniric 10 Concenlric Ecceniric 4 Concenric
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Fig. 7. Instantaneous force-velocity (F-V) curvesk-V curves measured with a buckle transducer on
the Achilles tendon during running(9 m.s"), and with an optic fibre for the Achilles (solid)
and patella tendons (dashed) during hoppiBy (Note the force potentiation during the
concentric phase of the stretch-shortening cytiaded area).

(Adapted from Komi 1992 (A) and Finni et al. 1989)(

1.4. Fascicle-tendon interactions in natural humamovement

By definition, the SSC involves the entire mus@eeon unit (MTU), although the
contractile tissue, aponeurosis and tendons magrexge different changes in length. In the
contractile element, bundles of fibers are calledscie fascicles and they play also an
important role in the function of the entire MTUsAhe fascicles are controlled both by
external stretch and internal activation, it is ertpnt to study the differences in length
changes of fascicles and tendons in various mustleislg SSC exercises. Furthermore,
synergists might experience different length charggpecially when comparing mono- and
biarticular ones. Therefore, it appears clearly tha muscle function in locomotion cannot
be studied from measurements of muscle-tendon (MIEU) only. Both the buckle
transducer and optic fiber techniques, althougly ireduce very valuable information, are
limited in this regard. With the development oflrae ultrasonography, it is now possible
to non-invasively examine thia-vivo behavior of muscle fascicles and tendinous tissues
(aponeuroses and tendon in series) during exefeigare 8 shows the combined use of the
optic fiber and ultrasonography techniques duringmal human locomotion to capture the
tensile forces and muscle architectural changespestively, in combination with

simultaneous application of EMG recording.
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ULTRASOUND Fig. 8 . Schematic presentation
(50-96 Hz) how the optic fiber and
ultrasound measurements can be
combined with each other and
Video recording together with other instruments.
DATA (200 Hz) (From Ishikawa and Komi 2008)
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1.4.1. The ultrasonography (U.S.) technique

This method is a relatively useful tool to applysitaneously with other biomechanical
parameters in movements covering a large rangatefsities. Ultrasound has been defined
as the sound wave which is higher than human beanghear (> 20 kHz). The sound waves
are propagated at a speed of approximately 154€cnissoft tissues (e.g. bone 3360, muscle
1570, water 1520, brain 1510, and fat 1440 m/sespactively). The thickness, size and
location of various soft tissue structures, suclskas, fat, muscle and tendinous tissues, in
relation to the origin of the ultrasound beam alkewdated at any point in time. The strength
of the reflected sound wave depends on the difteren the acoustic impedance between
adjacent structures. The acoustic impedance skadiis related to its density; the greater the
difference in acoustic impedance between two adjatissues the more reflective will be
their boundary.

In the biomechanical research area, 1-10 MHz frequeultrasound transducers
(probes) are commonly used. The resolution of U&ejgending not only on the transmitted
material but also on the frequency of the ultrasodm ultrasound physics, the wavelength (
lateral resolution) equals the speed of the sowamkmissiony; 1540 m/s) divided by the
frequency of the ultrasound (f; 1-10 MHZ}(v/ f). Therefore, the resolution of ultrasound
scanning image in the human body can be theorgtiaahieved with accuracy from 0.15 to
1.54 mm range. The precision, linearity and repedality of US have been confirmed in
several studies (Henriksson-Larsen et al. 1992;dkami et al. 1993; Kawakami et al. 2000;
Rutherford and Jones 1992). Techniques of the @8rsieg have developed considerably and
now it is possible to monitor the lengthening arwbriening of fascicles and tendinous

structures during in vivo human movements (Herlbed Gandevia 1995; Fukashiro et al.
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1995a; Fukunaga et al. 1996, 1997, 2001, 2002; Nagm et al. 1998, 2003; Maganaris
2003; Finni et al. 2003a; Ishikawa and Komi 2008023, 2005b, 2007; Narici et al. 1996).
Especially, there are particular advantages inuataslg muscle-tendon behaviour for better
understanding of the muscle mechanics during hulm@smotion as compared to the data
derived from cadavers (Grieve et al. 1978).

The instantaneous lengths of fascicle and tendistustures can be measured on the
basis of a geometric MTU models (Zajac 1989; Akingnd Herzog 1992). As shown in Fig
9, the total tendon length (TT) is defined as therf the proximal and distal tendinous
structures and aponeuroses (Fukunaga et al. 20(dgdia et al. 2001; Kurokawa et al. 2001,
2003). The length changes in TT are then calculatiedubtracting the horizontal part of
fascicle in the direction to the aponeurosis fréwe MTU length, thus assuming that changes
in one fascicle reflect the changes in the entivsete compartment.

LTT = LMTU - Lfa- cosa,

where LTT is the TT length, LMTU is the muscle-tendunit length, Lfa is the
fascicle length and is the fascicle angle in each muscle.

Fig. 9. Schematic models of
gastrocnemius muscleThe method
requires that the total MTU length is
recorded continuously, e.g.
kinematically, during locomotion.
The rest of the measurements are
based on the continuous ultrasound
records (Adapted from Zajac 1989;
Kubo et al. 2000; Fukunaga et al.
2001;Kurokawa et al. 2001)

Gastrocnemius muscle model

Fascicle (&9

Proximal tendon-an\ Pennation angle

aponeurosisl(tp)

Horizontal part
of fascicle

Total tendon length = Ltp +Ltd

" Distal tendon and
aponeurosis (Ltd)

1.4.2. Methodological problems and possible errord).S. measurements during SSC
To apply U.S. in dynamic movements, the appropriatebe frequency should be
selected according to the width of the muscle megb interest. While probes producing
higher frequencies have less penetrating abilitpb@s producing lower frequencies will
provide greater depth of penetration but with legdl-defined images. In most cases with
human muscles, scanning is usually performed ugiagh.0-7.5 MHz probes, although the

evaluation of superficial muscle and tendons reguthe use of the 7.5-10 MHz probes. In
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addition, dynamic movements require an appropsiagelected time resolution of U.S. scan
sampling (Ishikawa et al. 2005a, 2005b). After pinebe has been selected, it is then placed
over the mid-belly of the selected muscle. The dbead is tipped slightly and medially or
laterally to find the best images, which coincidegh the plane of the muscle fascicle
(Herbert and Gandevia 1995; Narici et al. 1996)e Thvestigator visually confirms the
echoes reflected from aponeuroses and interspatesrder to avoid echoes of the
reverberation artifacts and pitfalls of vasculagior. It must be noted, however, that in many
cases with adult human superficial muscles, thegtength (e.g. 60 mm) does not cover the
entire length of the fascicle. For this reason,rappate approximations have been adapted
for obtaining correct estimates of changes in #msite structure lengths (Finni et al. 2001,
Finni and Komi 2002; Ishikawa et al. 2003).

1.4.3. Major findings from U.S. measurements in S$3ks

U.S. measurements performed at rest (Kawakanii 983) and in isometric actions
( Narici et al. 1996; Fukunaga et al. 1997; Maganat al. 1998; Maganaris 2003) have
shown that the muscle-tendon architecture undergemsrkable changes. As illustrated in
Fig. 10A, these changes have been clearly demeéedtia a squat jump condition during the
upward movement of the body mass centre (phaseeteding the final push-off (Kurokawa
et al. 2001). Some studies have succeeded in @xgldhese changes during different
intensities of locomotion: in walking (Fukunagaatt 2001; Ishikawa et al. 2005a), running
(Ishikawa et al. 2007b) and in jumping (Kawakamiatt 2002; Kurokawa et al. 2003;
Ishikawa et al. 2003, 2005b; Ishikawa and Komi 2R0%heir findings have dramatically
advanced our understanding of the specificity ofsolettendon interaction during normal
locomotion.

As already discussed, the natural way of muscletfon is SSC, in which muscles are
actively stretched and subsequently shortened. ddmsept refers to the entire muscle-tendon
unit (MTU). Now it is of interest to examine howetlseparate compartments (contractile and
elastic components) obey this SSC concept. Sewsrahal studies have reported that the
muscle fibers shorten during the braking phasen évhe MTU is stretching (Griffiths 1991;
Roberts et al. 1997). Fukunaga and colleagues (fagai et al. 2002) recently summarized
that in human movements such as walking and jumph®ygastrocnemius medialis fascicles
behave almost isometrically, whereas the tendofopes a SSC. They suggested that the
human MTU is designed to match the capacity of euscgenerate force and the elasticity of

the tendon to generate efficient movement perfooearfs illustrated in Fig. 10B (left
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graphs) for a counter movement jump, the rapidtehorg of MTU towards the end of the
push-off phase would depend on the shortening ®ftéimdinous structure (Kurokawa et al.
2003). This mechanism has been called a catapugna@iof et al. 1983). In a more intense
drop-jump condition (Fig. 10B, right graphs), th®CGbehaviour of the MTU complex during
the braking and push-off phase was also found tardgely dependent on the behaviour of the
tendinous structure whereas the gastrocnemius iredéscicles shortened only slightly

during the whole movement.
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Fig. 10. Mean time histories of the structural chages of the MTU unit in different jumping
conditions. (A) Changes observed during the time course of a gqugi in the muscle-
tendon complex length, fascicle length, tendinowscture length, and fascicle angle. Left
vertical dotted lines represent the onset of pudghke., start of upward movement of mass
center of the body; right vertical dotted linesresgent the onset, from which the MTC begins
to become remarkably shortened. Time is expresdative to the instant of toe-off.

(B) Mean time history of the vertical displacemeait mass center of body (MCB) and
respective lengths of the muscle-tendon complestrgaemius medialis fascicle and Achilles
tendon structures. Left vertical dotted lines repre the start of the downward movement of
the MCB. Middle vertical dotted lines represent #iart of its upward movement. Right
vertical dotted lines indicate the start of theidaghortening of the muscle-tendon complex.
Thin vertical bars indicate mean standard erroBfeubjects.

(Adapted from (A) Fukashiro et al. 2006 and (B) gkawa et al. 2003)

31



However, although human leg muscles are commontgmed as being synergists,
they do not have similar mechanical behaviour witthie fascicles during locomotion. For
instance, in extremely high impact loaded drop janiphikawa and colleagues (Ishikawa et
al. 2003; Ishikawa and Komi 2004) demonstrateddtieg and subsequent shortening of the
vastus lateralis fascicles similarly to those @& MTU.

Furthermore, many of these studies used U.S. stgmates of 25-50 Hz that may not
be precise enough to characterize the movemenheffascicles. This may have caused
misleading generalizations. In particular, sometioaushould be used when comparing
mono- and biarticular muscles. Based on modern icgmn of high-speed (96 Hz)
ultrasound scanning to the study of fascicle behayilshikawa and Komi present the
hypotheses that changes in length of the fascamelstendon, when acting together, depend
on the movement task, movement intensity, and reasololved (Ishikawa and Komi 2008).
In particular, the fascicle behaviour of two difat muscles (mediajastrocnemiusand
soleu3 was measured simultaneously during stretch-shioige cycle movements: drop
jumps, hopping and running (Ishikawa et al. 20@8#)5b; Ishikawa and Komi 2007). The
mono-articularsoleusfascicles did behave in a SSC manner whereasidngcblar medial
gastrocnemiugascicles kept a constant length. In drop jump$ wiaximal rebounds (Sousa
et al. 2007), however, the gastrocnemius fascength was found to be either shortened, or
constant or even initially lengthened dependinghendropping height that varied from a low
(50%: DJ1) to a supramaximal (120%: DJ4) level ampgared to the optimal one (Fig. 11).
These differences in fascicle behaviour suppogsctincept of the previous studies (Elftman
1939; Alexander 1974), which suggested that bigldicmuscle €.g medialgastrocnemius
could play a greater energy-conservation role duhinman locomotion, relative to mono-

articular muscled.g soleus.

We must therefore consider that the SSC behavioside given MTU may differ
across different types of SSC exercise, and alsmsadifferent muscles. This emphasizes the
interest to use such a technique to examine tleetsfbf fatiguing SSC exercises on different
types of SSC testing tasks (maximal versus subneakiamd different mono- and biarticular
muscles. Early attempts have been performed (lsfilet al. 2007a) that need to be repeated.

This will be further developed in chapter 2.
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Fig. 11. Representative example in drop jumps (DJjrom increasing dropping heights of the
time course data of the lengths of the MG and Sol uscle-tendon units (MTU), tendinous
tissue (TT), and fascicle, together with the EMG atvity of the MG and Sol muscles.
Subjects performed the DJ with maximal reboundsnfriour individually predetermined
dropping heights: 50, 75, 100, and 120% of thenagitidrop height (DJ1, DJ2, DJ3, and DJ4,
respectively), in a random order. Vertical dottee$ show the points of the contact, end of
the braking phase, and take-off. The “% of stantlinghe y-axis for the first 3 rows shows
the relative changes from the length in the uprgigition. (From Sousa et al. 2007)

1.5. Role of stretch reflexes in stretch-shorteningycle exercise

As will be discussed later in chapter 2, the streteflexes have been found to be quite
sensitive to exhaustive SSC fatigue. In order talewstand this in terms of functional
significance, it is of interest to demonstrate wihat possibilities are for stretch reflexes to be
operative and functionally meaningful in SSC atigad. Short contact SSC exercises such as

hopping and running activities are often used ésisie models of human SSC for possible
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intervention of stretch-reflexes. As illustratedrlieat in Fig. 1, SSC activities are very
effective due to the following fundamental condiso(Komi and Gollhofer 1997): 1) the
muscles are preactivated before touch down (andbtlaé&ing phase); 2) the eccentric
(lengthening phase) is short and fast, and 3) tieesn immediate transition (short delay)
between stretch (eccentric) and shortening (concgmhases. Stretch reflexes are known as
increasing muscle stiffness regulation per sameatipg force than in an areflexive muscle
(Hoffer and Andreassen 1981). According to Niclaisg Stein ( Stein 1982; Nichols 1987), it
is the stretch reflex system that provides higtediity in muscular stiffness. This is
considered as a logical consequence of how mugatelles and Golgi tendon organs are
operating in the control of muscle length and emgHouk and Rymer 1981). In SSC, stretch
reflexes may thus be expected to make a net catiibto muscle stiffness already during
the eccentric phase and this could be a prereguitan efficient storage of elastic energy.
Their intervention and contribution to SSC musotdicens have been, however, source of

several debates in the literature.

1.5.1. Demonstration of stretch-reflex intervention SSC

First evidence for the short-latency stretch reff®xnponent ingastrocnemiusame
from the study of Dietz et al. (1979) later confathby Fellows et al. (1993), who used the
ischemic blocking method to isolate the la affergribrmation acting on spinal pathways
during fast running. During ischemic blockirgastrocnemiuglectromyographic activity was
dramatically reduced during the contact phasettmre was no change in pre-activation. The
control (non-ischemic) runs demonstrated tigastrocnemiushad a clear stretch reflex
component during the contact phase, with the aeeedgctromyographic activity being 2-3
times higher than the activity during maximal vdlny isometric plantar flexion.

Since then, other studies supported the interverdfda afferents in SSC activities in
the commonly observed EMG burst (identified by enow in Fig 12) in running and hopping
activities. The short-latency component, appeaahgut 40 ms after the ground contact, is
visible in all examined muscles and is especiailgrg) in the soleus muscle. These records
were obtained by averaging the rectified EMGs os&veral trials involving two leg hops
with short contact times. Appearance of these xeflemponents is a very common and
repeatable observation (Komi and Gollhofer 1997)isl true, however, that in normal
movements with high EMG activity, the magnitude aned contribution of reflex regulation
of muscle force is methodologically difficult tos®ss. This has led to much controversy

about their functional contribution to the produderte and power output.
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— Fig 12. Short contact SSC type hopping
0.5mV introduces clear bursts in rectified
EMG records. This representative
SOL example is from a drop jumps
—

__________________________ performed from 60 cm height. Timing

« 0.5 mV of the sharp EMG reflex peak occurs

within 40-45 ms after the initial
GAM ground contact corresponding to a
short latency component (SLC) in Lee

— 0.5 mV & Tatton classification (1982). The
M reflex EMG peak (indicated by an
VM arrow) in these jumps is usually very
-—J clear in the soleus (SOL) muscles, but

__________________________ can be identified for the gastrocnemius

(GAM) and vastus (VM) medialis
F 7/ \ / muscles as well. FZ signifies the
“ vertical ground reaction force.

"""""""""""""" (From Komi and Gollhofer 1997)

In order to be fully convinced of the stretch reflatervention in SSC muscle action,
it must be demonstrated that the fascicles aregbsinetched during the braking phase of the
cycle. Based on the ultrasonography measurement®lafively low (40-50 Hz) image
frequency, fascicle stretching during ground conteges found as much greatersaleusthan
medial gastrocnemiusmuscle, which was even thought to demonstrate dalcicle
shortening during the braking phase (Fukunaga et2@01). More recently, however,
Ishikawa and Komi (2007) used higher (96 Hz) fregpyeand observed an early appearance
of the fascicle lengthening immediately upon growodtact (Fig. 13). This can be taken as
an important observation and proof that there isugh fascicle stretching to activate the

stretch reflex component, even in the biarticular edial gastrocnemius

Fig. 13. Examples of fascicle length (Lfa)
of the MG muscle during
running. Lfa of the right leg
JOG during the ground contact are
shown for 4 different running
speeds. 0 represents the moment of

SLOW ground contact.0: end of the
MTU stretching. (Modified from
HIGH MID Ishikawa and Komi 2007)
T I T I
0.0 0.1 0.2
Time (sec)
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1.5.2. Do stretch-reflexes have time to be operativSSC?

Their possible role has been questioned (van Ii@genau et al. 1984) by an
argument that the time constrains limit their poiity to have any functional meaning during
the stance phase of for example running. A firsiaar to this question came from our studies
(Nicol and Komi 1998, 1999) in which the Achillentlon force was quantified-vivo using
the buckle transducer technique during pure pasdweiflexions (0.06 — 0.12 rad of
amplitude and 0.44 — 1.9 rad.sf mean velocity) induced by a powerful ankle engter
(fig. 14). This passive stretch situation made exatsie respective identification of the stretch
reflex EMG- and mechanical response. The use obtlekle transducer (Nicol and Komi
1998, 1999) and, later on, of the optic fiber tagha (Nicol et al. 2003) gave similar results.
During the fastest stretch, the ATF started togase clearly 13—15 ms after the onset of the
reflex EMG response (Fig. 14), showing stretchepefhduced force enhancement between

200 to 500 % over the pure passive stretch respais®ut a reflex EMG response).

(N)A = (N) A
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Fig. 14. Demonstration of passively induced stretcteflexes on the Achilles tendon force (ATF).
Left: passive dorsiflexion at slow stretch caused tiiexeEMG response and led to a small
and rather linear increase of the ATF (pure passdgponse)Right: in case of faster and
larger stretches the reflex contribution to ATFresponds to the additional ATF response
above the pure passive influence represented bgiableed line. The vertical arrow indicates
the beginning of the reflex-induced mechanical oese (From Nicol and Komi 1998).

This electromechanical delay (EMD) value givestherational basis for calculating
the possibilities for stretch reflexes to have tifee operating during SSC activities.
Considering the duration of a monosynaptic stre¢flex loop of 40 ms, the maximum delay
between initial stretch and subsequent force piatigort would be around 50 to 55 ms. When
referred to a running situation, the first contant the ground indicates the point of initial

stretch. The contact time depends naturally oninghapeed, being in marathon run around
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250 ms, but in sprinting as low as 90-100 ms (Mend Komi 1986). The duration of these
two important phases of the contact (braking andhmff) decrease in parallel with the
running speed. Consequently, in slow running theeféex contribution will occur at the end
of the eccentric (braking) phase of the cycle, anthst sprinting it may be partly extended
also to the push-off (concentric) phase of SSC.s&heme calculations confirm that the
stretch reflexes of short latency could have antipie to be instrumental in force and power
enhancement during SSC. During short contact SS@itees such as hopping, activity of
longer latency stretch reflex components shouldasstst the resistance to muscle stretch, but
would rather contribute to the push-off phase (VY@gal. 1998). Thus, there are no time

constraints for short latency reflexes to be opegdh stiffness regulation during a SSC.

1.5.3. What is the functional significance of stadt-reflexes in SSC?

Despite the possibility to record in-vivo the miastendon force in a reliable way,
magnitude of the reflex contribution to stiffnessdaforce enhancement of tendon-muscle
complex is largely unknown in normal locomotion.ig s mostly attributed to the difficulty
to differentiate the reflex-mediated force respofreen the resistive force of the intrinsic
contractile components and from the passive tisandgelaxed muscle fibers.

A partial answer came from the comparison in a miwibject of direct ATF
measurements (with the buckle) in pure passivécstreonditions and in hopping (Nicol and
Komi 1998). This study revealed that the highedtexenduced Achilles tendon force
recorded on the ergometer corresponded to 6.7 peak ATF (2750 = 51 N) recorded in
hopping. In normal running and hopping, even wherfggmed submaximally, the reflex
contribution should be more substantial due togiteat number of motor units receiving la
afferent stimuli from the condition of relativelygh stretch velocities (10 -12 rad)sat the
ankle joint.

The stretching velocity effect was not demonstratithin this slow range of
velocities (1.2 - 1.9 rad%, but this has been subsequently shown at sligtiglger velocities
(2.0 — 4.0 rad:y (Gollhofer and Rapp 1993; Gollhofer et al. 1995t were still 5 to 10
times lower than those occurring in natural forrheboomotion.

As shown in Fig. 15, the subsequent data obtawvittdthe optic fiber technique while
introducing a long plateau duration in the pedalvement in between the two successive
stretches revealed that the ATF continues to ngé about 100 ms (Nicol and Komi 1998;
Nicol et al. 2003). This is in line with the twitatontraction time earlier reported for the

soleus and gastrocnemius muscles (Buller et aB;1d6Comas and Thomas 1968; Sale et al.
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1982). In the absence of reflex EMG response at sktoetching velocity (upper graph, Fig.
15), the force-stretch curves reflected the pedalement, but demonstrated a steeper ATF
rise during the second stretch as compared to itee dne. Although the 2 mechanically
induced stretches were very similar, the second staged from a 3% more dorsiflexed
position, emphasizing the potential influence @& ttndon compliance on the recorded ATF.

This confirms also the sensitivity of the opticdittechnique.

/.\ Pure Passive Response
EAO.F.

Y
PEDAL
Reflex component
Passive component
ATE

EMG

PEDAL V\

Fig. 15. Passive dorsiflexions were induced by the ankle esgeter while the Achilles tendon
force (ATF) was recordedin-vivo using the optic fibre (OF) technique At low stretching
velocity (upper graph), the absence of reflex resparesulted in quantification of the “pure
passive ATF response to stretch” during the plafgease. This was used at higher stretching
velocities to isolate the “pure reflex componetdinfer graph).

(Adapted from Nicol et al. 1999).

If we consider the fact that during various fornfslacomotion the stretch-reflex
mechanical response takes place while the muscietigely stretched, it is of interest to
examine the resistance to stretch of the mechamedleix response (Nicol and Komi 1998;
Nicol et al. 1999). For this purpose, the timingtioé 2 stretch was varied by adjusting the
plateau duration so that thé®atretch started at different force levels, bothirduthe rising
and the decreasing phases of the twitch (Fig. li&o{ et al. 1999). It seems important to
differentiate these two phases because, as thivanmal reflex response results from a
single burst of action potentials, the rising phakée twitch response should correspond to
the attachment phase of most of the involved cbogiges, whereas the decreasing phase
should correspond to the detachment of most of th&snshown on this figure, the results

show that when the"2stretch occurred during the rising phase of thst fitretch-induced
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twitch contraction, it led to clear enhancement tbé rate and peak of ATF (Fig.
16A).Whereas, if the stretch occurred at the onk¢the decreasing phase of the mechanical
reflex response, the combined effect was reduced subjects as compared to the expected
summation of the reflex and stretch effects (F8B)L Referring to the work of Edman et al.
on isolated sarcomeres, it is suggested that thebiced stretch and reflex potentiation is
very likely to depend on the sarcomere kineticaigd et al. 1978; Edman 1980). Our data of
combined stretch and reflex potentiation demonstriiat the resistance to stretch is
particularly efficient during the early part of theflex response. This is in agreement with the
short range elastic stiffness hypothesis accordingvhich the cross-bridge resistance to
stretch is particularly efficient during the eapwrt of the cross-bridge attachment (Edman
1980). Therefore, the rapid reflex-induced crosk-formation could play a substantial role in
the force generation during stretch.

ATF P1(25%) P2(75%) P3(100%) P4(-25%)

(kN)

0,24 [ ]

0,12 4

i
r
<

012 i ] ]
Pedal 500 500 500 1000 500 1000
(rad) TIME (ms) TIME (ms) TIME (ms) TIME (ms)

Fig. 16. ATF potentiation when the 2 stretch occurs during the rising phase (P1 & P2)ro
during the decreasing phase (P3 & P4) of the reflexnduced mechanical response.
Individual ATF records are presented as mean + Sewen trials. The exact summation of
the reflex and stretch effects are represented dig that can be compared to the actual
combined effects (Adapted from Nicol et al. 1999).

Thus, evidence exists that stretches in the eanyact phase of SSC actions such as
running and jumping are powerful enough to induc#figent muscle spindle afferent
activation. This would also mean that stretch sefeare contributing to the efficacy of motor
output by making it more powerful. According to goiet al. (1998), the combination of the
“pre-reflex” background activation and the followirreflex activation might represent a
scenario that supports yield compensation andréastof force development. The concept of
elastic storage favours also the existence of xedtgivation since high muscular activation
during the braking phase of SSC is a prerequisiteefficient storage of elastic energy. All
these aspects may contribute to the observatidnmbahanical efficiency in natural SSC is

higher than in pure concentric exercise (Aura anthK1986; Kyrolainen et al. 1990).
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1.5.4. Task dependent modulation of the reflex gain

A common finding of many drop jump studies is tte,the height of the drop preceding the
rebound is increased, performance can initially rowp (Asmussen and Bonde-Petersen
1974; Bosco et al. 1981), but eventually will dese (Komi and Bosco 1978). In drop-jumps
(Fig. 17), the short-latency reflex (SLR) respossewed higher amplitude with increased
drop height from 20 to 40 and 60 cm, respectiv&lgn(i and Gollhofer 1997). However, in
jumps from excessive heights (80 cm), the SLR wasnished. Despite larger impact loads
and higher stretch velocities, the SLR was decrkasggesting decreased facilitation from
muscle spindles and/or increased inhibitory driwerf various sources such as Golgi tendon
organs or voluntary protection mechanisms (Komi aadllhofer 1997). Changes in
excitability of the la afferent pathway could ocairthe spinal level or could be induced by
an altered fusimotor drive. To our knowledge, thisrao study which investigated fusimotor
drive during jumping, but the excitability at theisal level has been recently examined
(Leukel et al. 2008). In this study, H-reflex eaditlity during the SLR component was
compared in the landing phase of drop-jumps fromesgive and normal heights. H-reflex
excitability and H/M ratio were found to be reducdSLR at excessive heights as compared
to normal heights. H-reflex excitability was noffdrent at the time of ground impact. Their
study supported the earlier hypothesis of a “préwarstrategy” to reduce eccentric stress on
the tendomuscular system (Schmidtbleicher and Gf@th1982; Komi and Gollhofer 1997).

Presynaptic inhibition of la afferents was thoughtmost likely responsible for the change in

H-reflex excitability between the two jump condit®(Leukel et al. 2008).
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Fig. 17. Rectified and averaged EMG pattern of theoleus muscle and vertical ground reaction
force in both leg hopping (BLG) and in various dropjumps from different dropping
heights (20 - 80 cm)The figure illustrates the modulation in the EMGteean and in the force
record with increasing stretch load. The brokertie@r line indicates the initiation of the
phasic activation with a latency of 40 ms afterugrd impact.

(Adapted from Komi and Gollhofer 1997)
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In this line, in drop jumps with high stretch loag&uromuscular inhibition is often
observed prior to reflex activation (Fig. 18) (Guifer et al. 1992). Similar reflex behaviour
could be observed in cats by (Prochazka et al. 19## authors discussed these reductions
as a strategy of the neuromuscular system to tesehotoneurons in order to get a triggered
and synchronized activation of all motor units, @itaneously with the ground impact, i.e.
with the stretching of the extensor muscles. SimEMG patterns have been recently
observed in a landing task from supra-maximal dirgppeight (Galindo et al. in press). This
has been further confirmed by the recent comparafolanding and rebound tasks from a
given maximal dropping height on the sledge ergem@salindo et al. Unpublished data).

This will be further discussed in chapter lll.

Fig. 18. Rectified and averaged EMG pattern of thgastrocnemius muscle and vertical ground
reaction force of a drop jump from 72 cm height.Note that the EMG profile shows a clear
reduction in amplitude already prior to contact,ichhis consistent until the mid-phase of
contact. The phase of reduction is dispersed bhyagip EMG contribution (see vertical arrow)
occurring 43 ms after the ground impact. (AdaptedifGollhofer et al. 1992)

Additionally, ultrasonography results demonstrdtat tthe fascicle-tendinous tissues
interaction can be modified by the prestretch asldound intensity efforts (Ishikawa and
Komi 2004; Ishikawa et al. 2006b). Their studiesndaestrate that during SSC exercises not
only the stretch intensity, but also the rebourntdrisity can have considerable influence on
the activation pattern and consequently on thetielamergy storage and recoil via fascicle
length modification. It is worth noting that, for specific muscle, there may be critical
prestretch intensities that can be tolerated,darese that if this stretch speed is exceedsad (
very-high drop jump), the fascicles may loose tladiility to resist the stretch. This is clearly
observed in supra-maximal landing conditions (Ghdiret al. in press). In SSC, the attached
cross-bridges may thus be broken so that the subségebound height in the concentric
push off phase is decreased (Ishikawa and Komi20d0%s phenomenon may explain why,
after a certain drop height, jumping performancerel@ses (Asmussen and Bonde-Petersen

1974; Komi and Bosco 1978).
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1.6. Concluding comments

These overall observations demonstrate the richoietb® neuromuscular adjustments
that are taking place in a natural SSC muscle maaind give, | hope, some support to my
fascination for this model. It is suggested thathi@ non fatigued state a proper activation of
the muscles allow the muscle-tendon system to démapgmpact and to resist the imposed
stretch in order to favour the storage and subseqeeoil of elastic energy. Stretch-reflexes
appear to play a major role in this process, beit tintervention should be considered within
the overall pre- and post-impact activation patt&imilarly, the muscle-tendon unit should
be examined more precisely for each of its compbnen

Examination of SSC fatigue might have been therahfallow-up of our SSC studies,
but this has been in fact conducted in parallethva clear influence on the protocols
developed in each of these 2 research lines. lticpkar, this made us examining the SSC
fatigue effects in different (maximal and submaximasting tasks and repeatedly along the
several days of the neuromuscular recovery pewtttl, special emphasis on the stretch-reflex
response. Similarly, this has led us to investigatere recently the neuromuscular

adjustments in the stressful situation of supraimaklandings.
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2. Neuromuscular fatigue of exhaustive SSC exercise

This second half focuses on neuromuscular fatiguend exercise involving the stretch-
shortening cycle, which occurs during natural, bybhaustive activities such as short and
intensive or prolonged running and jumping exesidénere is no doubt that much before the
true SSC studies had started, muscle fatigue had hedely explored for decades. These
studies have introduced vast amount of informatmu several mechanisms have been
proposed and proven to explain the various fatepents (for a review, Gandevia 2001). This
information has, however, come primarily from sasliutilising isolated forms of muscle
action (isometric, concentric or eccentric) in humand animal models. Many of these
fundamental fatigue mechanisms may not be tramsfedirectly to SSC fatigue without
considering the special features of SSC in gerardlthe nature of SSC fatigue loading in
particular. Although SSC fatigue is a relativelyupg object of research, it has now been
explored enough so that its peculiarities can besqmted in a review form. Further

investigations are needed, however, to undersiantider the underlying fatigue mechanisms.

2.1. Major historical developments to characterizéatigue

As a member of the IFR Etienne-Jules Marey, ibisnfie a privilege to cite him as one of the
first scientists who brought some valuable infoioratibout the functional effects of fatigue.
Fig. 19 is from Marey (1868) and serves as a detratitn on a frog muscle of the fatigue-
induced changes in the mechanical responses talation. The first scientist who studied
then objectively “Muscle Fatigue” in humans was qably Mosso who developed an
ergograph to record on a smoked drum the effecivein loads on repetitive movements
performed by the middle finger of the hand (Fig) Bdlosso 1892). At that time already,
Mosso was able to demonstrate the high individgaiftthe fatigue response (Fig. 21A) as
well as the positive effects of the increased nasvarousal (Fig. 21B). Although the concept
of “central fatigue” dates back to the work of Mo$4892), the distinction between “central”
and “peripheral” fatigue has emerged only slowlythe 1950s and it is still the subject of
considerable controversy. By the present histoscahmary we would like to acknowledge
the studies of Asmussen and the pertinence ofeview on “Muscle fatigue” (Asmussen
1979). Today, more precise information can be founthe review of Gandevia (2001) who
presented in particular the list of conceptual &chnical advances that have been highly

relevant to examine the contributions of the cémteavous system to human muscle fatigue.
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Fig. 19 Superimposed contractions of a frog
muscle First contraction at bottom.
(From Marey 1868).

Fig. 20 The classical finger ergograph
developed by Mosso (1892)

Fig. 21 (A) Three individual fatigue curves (Adapted from Mosso 1892)
(B) Two fatigue curves illustrating the central arowsal effect From a young colleague of
Mosso, the left recorded before his inaugural lectand the right recorded directly after
lecturing. (Adapted from Mosso 1892)
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One of the first major steps in the evaluationtlad “central” versus peripheral”
components of fatiguas the development by Merton (Merton 1954) of ttveitch
interpolation techniqueThis allowed to assess in humans maximal volyraativation and
to predict maximal evocable force. The incremenfarce so produced (superimposed or
interpolated twitch) is inversely related to theesgth of the activation (Merton 1954). No
force increment appears when voluntary force ambred maximal values, so that it has been
used to measure the excitation level of motoneu(meferred to as “voluntary activation” or
“neural drive”). Measurements afoluntary activationuse the principle that those motor
units, which are not engaged during a voluntanorgffcan be activated by electrical
stimulation of the nerve or muscle. When the adeledtrical stimulation does not increase
the measured voluntary force curve, the level dfimary activation is considered as 100%.
In the absence of fatigue, full activation of thdelactor pollicis was demonstrated by Merton
(1954). This technique remained then unused umil1980s when Belanger and McComas
(1981) reassessed its assumptions and applicatatithe limb muscles. They suggested that
the level of voluntary activation could vary amamgscles. Since then, voluntary activation
has been reported as 85-95 % for the knee exteasdrs95% for the plantarflexors (Taylor
et al. 2008).

Merton applied this technique also to fatigue cbods (Merton 1954). During the
course of a maintained isometric effort with thedactor pollicis muscle, he found no
superimposed twitch to single nerve shocks butcaedese of the resting twitch, and suggested
a purely peripheral site of the muscle fatigue (R28A). This study provided additional
insight that there was no recovery of voluntargrmsgth until the blood flow to the muscles
was restored (Fig. 22B). In contrast, Ikai et 4847) found relatively increasing contractions
as responses to short bursts of tetanizing stiaplied repeatedly during a series of maximal
voluntary contractions (Fig. 23) that supported Hypothesis of a central component of
muscle fatigue. Bigland-Ritchie et al. (1978) comiéd these findings in the bigger muscle
group of the quadriceps femoris (Fig. 24), but thés found in only some of their subjects.

In terms of methodology, Asmussen (1979) alreadiicated that “central fatigue
should show itself as a decrease in the EMG siginata “centrally fatigued” muscles. A
parallel fall in EMG and mechanical output in fatgshould then be expected but, as a fall in
EMG would also be the results of peripheral trassion fatigue, the crucial experiment
should include not only recordings of parallel afges in mechanical output and EMG but
also recordings of muscle action potentials elitlig electrical stimulation distal to the spinal

motor neurons. Such experiments have to my knowledy yet been performed”. Now it
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seems quite obvious that those comments of Asmuskenld have been more widely

followed in SSC fatigue studies.

1mn ischemia

Fig. 22 (A) A maximal voluntary effort persisted until sevgréhtigued. A series of single twitches
precede and follow. Lower trace, the correspondictgpon potentials. Time markers ¥2 min.
(B). The same but with the circulation occluded for pleeiod indicated by a line beneath the

record. (From Merton 1954)
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Fig. 23 Maximal voluntary isometric contractions of the thumb muscles (black dots) interrupted
every five seconds by electrical stimulation of thalnar nerve. (From Ikai et al. 1967)
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Fig. 24. Maximal voluntary isometric contractions of the qualriceps muscle group

(hatched areas) interrupted by periods of electrichtetanizing stimulations (arrows) of
femoral nerve. The tetanic forces (white areas) are expresseéricent of the force recorded
immediately before stimulation (from Bigland-Ritehet al. 1978 in Asmussen 1979).
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As early as in 1979, Asmussen concluded thegritral” and “peripheral” fatigue
may appear separately or combined, depending ospeific situation”. The potential sites
of impairments were introduced as “any one linkhalong chainfrom the voluntary motor
centers in the brain to the contractile filamentshie single muscle fibers may be the weaker
and thus the most direct cause of muscle fatiglibis is close to the traditional model for
considering muscle performance traces a causathar{’ from high levels within the central
nervous system (CNS) via descending paths to themaarons and then via motor axons to
the neuromuscular junction, the sarcolemma, t-efyudnd ultimately the actin and myosin
interactions (Fig. 25A). More recently, supraspifaigue has been identified as a component
of central fatigue (Fig. 25B) (Gandevia et al. 19%@ylor et al. 2000a; 2006). Asmussen
(1979) mentioned also the potential influence difypproducing catabolites” and suggested
that ““central fatigue” is caused by an inhibitielicited by nervous impulses from receptors
(probably some kind of chemoreceptors) in the tedmuscles. The inhibition may act on
the motor pathways anywhere from the voluntary @sntn the brain to the spinal motor
neurons.” This assumption is in complete agreematht the feedback from muscle afferents
shown in Fig. 25A as going to the motoneurons, iiator cortex and premotor areas
(Gandevia 2001).

Asmussen early works (Asmussen 1934 cited in Aseruskd79) revealed the
different levels of susceptibility to fatigue of dvdifferent peripheral sites: the “transmission
mechanism” (neuro-muscular junction, muscle memibrand sarcoplasmic reticulum) and
the “contractile mechanism” (muscle filaments) (F@p). These observations are still
considered as a major principle to emphasizetdbk dependency of the site of impairments
(Enoka and Duchateau 2008). Figure 26 is anothegaet demonstration of the task
dependency. The classical ergograph task thatstedsof lifting weights was performed with
eyes closed until exhaustion. The simple instructm open the eyes allowed the subjects to
perform immediately 20-30 % more extra work (Asnausand Mazin 1978). The reversed
strategy (closing the eyes after reaching exhaustith eyes opened) had no effect.

These observations emphasize the complexity o88@-induced impairments as this
type of exercise involves a large number of musctiferent forms of muscle actions,
different intensities and time durations (short ameénsive versus prolonged exercises) and
combined interventions of central and reflex newainponents. Furthermore its recovery
process is characterized by the delayed occurrehomuscle pain sensation, termed delayed
onset muscle soreness (D.O.M.S.), which is knowsuggested by Asmussen to influence

muscle activation.
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Fig. 25 (A) The chain of processes leading to vaitary movement. Feedback from muscle
afferents is shown going to the motoneurons, theontmrtex and premotor areas.
(B) Division of muscle fatigue into peripheral andcentral fatigue by motor nerve
stimulation. Supraspinal fatigue is a subset of central fatigue
(Modified from Taylor et al. 2008).
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Fig. 26 lllustration of the “Task dependency” from arm ergorgraph recordings.The lifting task
started with subject’'s eyes closed till exhaustiahwhich time he opened his eyes and
continued to exercise (From Asmussen & Mazin 1978).
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2.2. Definitions of fatigue as they apply to repeatli SSC loading

At the influential Ciba Foundation symposium on fammuscle fatigue held in London in
1980, however, “fatigue” applied to muscular exsgoivas defined as “failure to maintain the
required or expected force” (Edwards 1981). Thigind®n is close to the one earlier
proposed by Asmussen (1979) in which fatigue retérto “the transient decrease in
performance capacity of muscles when they have la@time for a certain time, usually
evidenced by a failure to maintain or develop daderexpected force or power”. As reviewed
by Gandevia (2001) and Enoka and Duchateau (20@8yever, such definitions may be
criticised for their lack of precision and for tfect that fatigue really begins almost at the
onset of exercise and develops progressively beafaeaask failure. This may explain why
many researchers adapted the definition of fatigiven by Bigland-Ritchie and Woods
(1984): “Any exercise-induced reduction in the ability tceréxmuscle force or power,
regardless of whether or not the task can be sasthi Accordingly, the inability to continue
a task is often termed “exhaustion” and consideaedthe culmination of these ongoing
fatigue processes. This time is clearly dependenthe exercise intensity and on its mode
(continuous or intermittent). In a submaximal ex&¥¢fatigue may then occur without any
decrement in the task performance as other motats wr muscles are recruited to
compensate for those that are fatiguing.

With regard to the SSC task specificity definedéction 1, one can easily see that the
loading characteristics are different from isolateometric, concentric or eccentric actions.
SSC is a natural but complex activity, which ireltgs often difficult to understand in its all
features. First, SSC is characterised by high imfaces that are often repeated over long
durations €.g during a marathon run). In fatiguing SSC exeighe impact loads are
repeated over time, stressing the metabolic, meéchlaand neural components. Intensive
and/or unaccustomed SSC type exercises may thuls ieseversible ultrastructural muscle
damage and delayed onset muscle soreness. Sectimsllympact loads and the nature of
stretches involved in the active braking phase € &ire usually very fast, of short duration
and controlled simultaneously by reflex and centeadral pathways. The SSC fatigue model
is of particular interest as it causes disturbameasretch-reflex activation and, thus, provides
an excellent basis for studying neuromuscular adimpt to exhaustive exercise. Finally, the
magnitude of metabolic stress is dependent ondlaeity of stretch and on the coupling time
between stretch and shortening. Extending thertrdditional fatigue thoughts to the SSC
fatigue requires rearranging of the thinking of gussible mechanisms involved. It requires

also complementary techniques of investigation.
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2.3 Short- and long-term SSC fatiguing protocols

In the experiments to be reviewed in the followpayagraphs, the impact loads in the SSC
exercises were carefully controlled, but variedarnms of intensity and duration. In most of
these studies, kinematics and kinetic techniquesre weombined with surface
electromyographic (EMG) recordings to examine thmanges during the course of the
exercise as well as during the subsequent daysadivery. Our recent review (Nicol et al.
2006) included 45 SSC fatigue studies performedhduhe last 20 years on human subjects
to which have been added 10 others.

Our own fatiguing protocols shown in Fig. 27 andigated by an asterisk in Tables 1
and 2 consist of either prolonged running (30mip-Ghshorter but more intensive rebound
series on a specific sledge apparatus developprbfassor Komi's laboratory (Kaneko et al.
1984; Komi et al. 1987c). The rebound exercisesisbrither of continuous or intermittent
series until exhaustion. The rebound height isaseither 70 or 80% of the maximal rebound
height. The lower knee flexion reached at impacals® pre-set at 90 to 110 degrees, and
checked all along the exercise by the use of visemdlback on the lower height. The net
duration of the rebound exercise varies from 1-6 mithe continuous protocol to 6-20 min
for the intermittent one. Fatigue effects of auegssweek of alpine skiing (Strojnik et al. 2001)

have been tested as well.

Experimental marathon

Fig. 27 Presentation of the different fatiguing SSC protoocls reported in our papers, with the
exception of the alpine skiing one.
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More generally, and as shown in Tables 1 and @&, glolonged SSC protocols
included different duration-intensity combinatiosfsendurance running and skiing exercises.
The short and intensive SSC exercises include@ssefieither rebound or running exercises
that were for some of them of fixed duration, butmost cases the exercises were performed
until exhaustion.

The long-lasting SSC performances serve for thgpqee to characterize more
specifically the effects of a great number of repdaeccentric muscle actions on various
aspects of the neuromuscular function. As showiiahle 1, the running protocols varied
from a 10-km run by non endurance runners (Nicall.e2003) to a 65-km ultramarathon race
65 km with an altitude difference of 2500 m& h 30 min) by well-trained runners (Millet et
al. 2002). The cross-country skiing protocols védsénilarly, from a skiing marathorn:2 h
30 min) (Millet et al. 2003b) to an 85-km skiingcea 4 to 10 h) (Viitasalo et al. 1982). The
braking (or impact) phases are naturally differéepending on the activity. Cross-country
skiing (X-C) is a typical form of locomotion, in wdh the braking phase is long and relatively
smooth in both free and traditional techniquesthim latter technique the vertical ski forces
seldom exceed 1.5 times body weight (Komi and Norrh@37). Consequently the repeated
SSC actions in this event will have much smallerctional, structural and damaging effects
on muscle if compared to running, for example.hiis tine, Takashima et al. (2007) reported
an early (24h) MVC recovery after a 50-km crossratouskiing that was found to result in
very limited muscle damage. Except perhaps foauting performances, the impact peak in
running is much higher and the duration of the logK“eccentric” phase) short (50-120 ms).
The repeated loading will consequently have greatsstch-induced effects than in X-C
(Millet and Lepers 2004). These two events represengood comparison, especially
regarding the long-term SSC fatigue effects. Inig possible for a runner to repeat the
marathon race in one week intervals due to thety8SC fatigue induced structural damage.
In X-C, even when performed with the same intenaitg duration as the marathon run race,
the recovery processes from possible muscle dama&geplace much faster, and the athletes
are usually ready to repeat the 50 km race affewadays only. This emphasizes that SSC,
when repeated long enough and with high intensatyses reversible neural, structural, and
functional disturbances, severity and duration bfclv are dependent on the nature of SSC

task.
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Table 1: Long-lasting SSC exercises reported in the literate. This list that includes running and
skiing (indicated in italic) protocols may not behaustive. Their classification is based on
the exercise time duration. Our own studies areatdd by an asterisk.

Long-lasting fatiguing SSC exercise

Verin et al. 2004 Incremental treadmill running test (= 18 min)
Martin et al. (b) 2004 30min downhill treadmill run

Millet et al. 2004 30 min downhill treadmill run

Ftaiti et al.* 2001 45 min treadmill run at 65% MAV with heat stress and dehydration
Petersen et al. 2001 90 min downhill run at 75%, -5% slope
Davies & White 1982 1h treadmill run at 80%

Paavolainen et al. 1999 10-km (* 36-39min) run

Nicol et al.* 2003 10 km run

Racinais et al. 2007 90 min running (continuous vs intermittent)
Lepers et al. 2000 2hrun at 75% MAV

Saldanha et al. 2007 2h treadmill running test at 75% VO,max
Millet et al. (a) 2003 30-km (= 2h 30min) running race

Lepers & Hausswirth 1984 Marathon run vs. Triathlon vs 45 min run
Sherman et al. 1984 Marathon race

Hyvarinen et al. 1985 Marathon run

Nicol et al. (a) (b) (c)* 1991 Marathon run (= 2-3h)

Pullinen et al. 1997 Marathon run

Avela and Komi (a) (b) 1998 Marathon run

Avela et al. 1999 Marathon run

Ross et al. 2007 Marathon treadmill run (* 3-4h)

Girard et al. 2007 3h of tennis match at 75% FCmax

Davies & Thompson 1986 4h treadmill run

Place et al. 2004 5h treadmill run at 55% MAV (<=> 52km)
Millet et al. (a) (b) 2002 65-km (= 6-8h) ultramarathon run

Millet et al. (b) 2003 Ski skating marathon

Takashima et al. 2007 50km cross-country skiing

Viitasalo et al. 1982 65 km (= 4-10h) cross-country skiing race
Forsberg et al. 1979 60miles (= 4-6h) cross-country skiing race
Strojnik et al.* 2001 1 week of leisure alpine skiing

The short-term SSC exercise protocols (Table 2jsisv usually of intensive and
exhaustive series of rebounds performed on thegsleghparatus. By adjusting the subject's
position on the gliding sledge, fatigue can be getliselectively in the lower- (Fig. 27) or in
the upper-limb muscles (Fig. 28). The upper-limbtpcol used by (Gollhofer et al. 1987a,
1987b) includes 100 submaximal SSC rebounds witth lmoms. In the basic fatiguing
protocol of the lower-limb extensor muscles, thereise is performed in a sitting position by
rebounding as long as possible to a given submaxisiag height (70-80 % of the maximal
rebound height). Exhaustion is usually reachedr afi@0-400 consecutive submaximal
rebounds ( Horita et al. 1996, 1999; Nicol et &96a, 1996b; Avela and Komi 1998), for a
total of 1-5 min of intensive work.. The severit/tbe fatigue protocol can be increased by
adding 100 maximal drop-jumps prior to the exhamstixercise (Kuitunen et al. 2002, 2004,

2007; Nicol et al. 2003) However, facing the pramatstop of some of the subjects possibly
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due to central fatigue and/or rapid metabolic fatigthe continuous rebound exercise has

been recently replaced by an intermittent rebowedase that consisted of series of 30 to 40

successive rebounds with intermediate recoveryogerof 3 min (Regueme et al. 2005b,
2005c, 2007a, 2007b, 2008). This resulted in aesyatic increase of the net SSC exercise

duration (6-20 min) that secured in most subjdutsaccurrence of delayed fatigue effects.

Table 2: Short and intensive SSC exercises reported in thétdrature. This list that includes
jumping, running and skiing (indicated in italicopocols may not be exhaustive. Our own
studies are indicated by an asterisk.

Short and intense fatiguing SSC exercise

Gollhofer et al. (a) (b)

Hortobagyi et al.
Skurvydas et al.
Skurvydas et al.
Martin et al. (a)

Strojnik and Komi
Nicol et al. (a) (b)*
Horita et al.*

Horita et al.*
Strojnik and Komi
Horita et al.*
Kuitunen et al.*
Nicol et al.*
Kuitunen et al.
Ishikawa et al.*
Dousset et al.
Regueme et al.*
Regueme et al. (b)*
Regueme et al. (a)*
Regueme et al.*

1987
1991
2002
2000
2004

1998
1996
1996
1999
2000
2002
2002
2003
2004
2006
2007
2005
2007
2007
2008

100 submax intermittent arm rebounds
50 maximal Drop-Jumps
100 maximal drop jumps
100 intermittent or continuous Drop Jumps
15*1min one-legged downhill treadmill run

Exhaustive maximal leg rebounds (= 1min )

Exhaustive submax leg rebounds (= 3 min)

Exhaustive submax leg rebounds

Exhaustive submax leg rebounds (= 3 min)

Exhaustive submax leg rebounds

Exhaustive submax leg rebounds

100 max and exhaustive submax leg rebounds

100 max and exhaustive submax leg rebounds

100 max and exhaustive submax leg rebounds

100 max and exhaustive submax leg rebounds

100 max and exhaustive submax leg rebounds
Exhaustive intermittent submax leg rebounds (= 15 min)
Exhaustive intermittent submax leg rebounds (* 9 min)
Exhaustive intermittent submax leg rebounds (= 11 min)
Exhaustive intermittent submax leg rebounds (= 6 min)

Fig. 28. Progression of SSC fatigue induced by dige rebound exercise performed with the
upper limbs (Gollhofer et al. 1987b).The force plate records (averaged over 10 suaeessi
contacts) show progressive increases in the inpgeadt and contact time.
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It is noteworthy that the first SSC fatigue studientioned in Table 2 include
fatiguing protocols of fixed and rather short digat Based on the large inter-individual
variability in exhaustion time systematically obast in our own experiments, it is suggested
that a short term SSC exercise of fixed duratioy mat lead each subject to exhaustion. This
may not apply, however, to the 100 submaximal reboexercise performed with the upper-
limbs on the sledge (Gollhofer et al. 1987a, 1987H)e large and systematic changes
observed in the normal component of the reactiocef¢Fig. 28) are likely to indicate that all

subjects had reached exhaustion.

2.4. How is SSC fatigue revealed through various $éng protocols?

2.4.1. Common protocols
Only a few SSC studies investigated the fatigugomse during the time course of the
exercise. In most studies, the exercise-inducedaimnts were examined by performing
repeated static and dynamic strength tests imnedgibefore the SSC exercise and during the
acute recovery phase (< 2h). In some studies, abis wvere repeated at 2h and along the
delayed recovery period (at 2 days as well as Aeb7al0 days later). In the present review
we will combine their outcomes for three given tiperiods: (1) during the course of the
exhaustive SSC exercise and along its subsequeatiife and (3) delayed recovery phases.
In terms of methodology, we will not concentrate @aur own testing protocols as
more details can be found in the enclosed origbaglers. Without being exhaustive, we will
rather concentrate on the techniques used to ige¢stthe central aspects of fatigue because
of their clear lack of use in the SSC literaturee @b intend also to use more such techniques

in our future investigations.

2.4.2. Measures of “voluntary activation”

As previously shown in Fig. 26B, muscle fatigue bandivided into two aspects: “peripheral
fatigue”, which includes processes at or distathe neuromuscular junction and “central
fatigue”, which includes more proximal processed sndefined as a progressive reduction in
voluntary activation of muscle during exercise (@awia 2001). That is, despite maximal
voluntary effort, the motor units are not driverstfaenough to generate maximal force.
Different techniques have been developed to quatiié fatigue induced fall in “voluntary

activation”. It should be considered, however, thd#terations in intrinsic motoneurone
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properties, sensory feedback or descending drimeccatribute to central fatigue. We will

thus present some of the recent techniques theatdrto isolate these different components.

The twitch superposition (or interpolation) techmégwith peripheral nerve or muscle
stimulation(Merton 1954) commonly used in fatiguing isometasks (e.g. Bigland-Ritchie
et al. 1983a, 1983b; McKenzie et al. 1992) has belyn recently applied to SSC fatigue, and
mostly used in the acute (< 30min) recovery pha&def et al. 2002, 2003a, 2003b; Martin
et al. 2004a; Place et al. 2004; Racinais et &1728aldanha et al. 2008). Some authors have
used double maximal shocks superimposed to maxdordtaction (Strojnik and Komi 1998;
Strojnik et al. 2001; Avela et al. 2001, 2004) the studies of Martin et al. (2004a, 2004b),
transcutaneous stimulation was found to be lessfydaihan nerve stimulation. The capacity
to fully activate a muscle is measured by compattiegtwitch superimposed to a MVC to the
twitch evoked on the relaxed muscle (Merton 19543.29).

(a) (b)
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Fig. 29. Example of the electromyogram (EMG, upper traces) iad torque (lower traces)
responses to the twitch interpolation stimulus
(a) Maximal voluntary isometric contraction (MVC) witilectrical stimulation applied to the
tibial nerve (above) and torque produced during MM@ interpolated twitch (IT) caused by
the electrical stimulation (below).
(b) EMG from the electrical stimulation applied attrésbove) and torque produced by the
electrical stimulation applied at rest (restingtthj RT) (below). The vertical lines in (a) and
in (b) indicate the deflection in the M-wave (EMtaken as the reference for the timing of the
twitch measurements. Note the differences in tiosdes between (a) and (b).
(From Saldanha et al. 2008)
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As indicated in Fig. 30A, the percentage of voluptactivation (VA) is thus calculated as
follows: VA (%) = (1 — Super-imposed twitch / resgitwitch) x 100 (Allen et al. 1995).
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Fig. 30. Voluntary activation measured with motor nerve stirrulation or with motor cortex
stimulation. The top panels show superimposed twitches evakethg brief isometric
voluntary elbow flexions of 100% (a), 90% (b), 7%&}, 50% (d) and 25% MVC (e) in one

subject. The background forces are offset to altmmparison of the twitches. Arrows
indicate the timing of stimulation.

(A) Responses to motor nerve stimulation of bicepstaadhialis. These include a twitch
evoked from the resting muscle (rest). To calcwatentary activation (VA) the size of the
superimposed twitch is compared to the size ofdélkéng twitch.

(B) Responses evoked from all the elbow flexors bysteamial magnetic stimulation of the
motor cortex. To calculate voluntary activation (WAhe size of a resting twitch is
estimated by extrapolation of a linear regressiénsuperimposed twitch size against
voluntary force for contractions >50% MVC. The supgwosed twitch is then compared to
the estimated resting twitch. (From Todd et al.31)0

It is now clearly established that complete or ik VA is the exception rather than
the rule during attempted MVC, even in the absesfciatigue, in well-motivated subjects
using feedback of force. For instance, Belanger BlaComas (1981) found that ankle
plantarflexors could not be activated as fully a&la dorsiflexors in MVC. This difficulty
applies in particular to the soleus muscle andole@n confirmed by others (Bawa et al. 2002;
Bigland-Ritchie et al. 1986). At the end of proledg(90 to 180 s) MVC tasks, voluntary
activation is reported to fall by 10-15 % (Gandewt al. 1996; Rattey et al. 2006).
Notwithstanding, this technique presents some &tighs. As shown in Fig. 31A, the
amplitude of the interpolated twitch is nonlinearffated to “excitation” of the motoneurons
pool, so that at near-maximal contraction inteasi(™> 90% MVC) the accuracy of VA is low
as larger increases in force are observed for emalianges in activation of a non fatigued
muscle (Allen et al. 1998; Behm et al. 2001; Totldle2003). Another limitation is that the
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influence of synergists on the variability in VAdaforce production is unknown (Allen et al.
1998).
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Fig. 31. Voluntary activation measured in fresh andfatigued muscle conditions Voluntary
activation was measured over a range of contrastimmgths for a group of subjects when the
muscle was fresh (black circles) or when it waggisd (grey circles) such that maximal
voluntary force had fallen by 40%A) Voluntary activation measured with motor nerve
stimulation shows a curvilinear relationship to wahry force.(B) Voluntary activation
measured with motor cortex stimulation shows adinelationship to voluntary force both
when the muscle is fresh and when it is fatiguEtbri Todd et al. 2003b)

Finally, one should also be aware that the madsitof the resting twitch, often used
also as an indicator of peripheral fatigue, is tie¢ result of fatigue phenomena causing a
decrease of the resting twitch, and post-activagiotentiation causing an increase (Rassier
and Macintosh 2000). Higher peak twitch may thusf@end in the fatigued state with
depressed tetanus force (Rassier and Macintosh ).20@@thermore, post-activation
potentiation seems to be greater in enduranceetiapeople than in sedentary subjects and

“habitual weight trainers” (Hamada et al. 2000).

Voluntary activation can also be measured usieg‘tlentral activation rati (Kent-
Braun and Le Blanc 1996; Behm et al. 2001). In technique, a train of stimuli rather than
single or double stimuli is delivered during a M\¢Gntraction. The voluntary force prior to
stimulation is compared to the total force (voluptalus evoked) during stimulation. This
technique shows similar falls in voluntary actieaticlose to 20% when measured on ankle
dorsiflexors during a 4 min MVC (Kent-Braun 1999)he major drawback is that the
comparison is likely to overestimate voluntary afion unless all synergists can be
stimulated maximally. Trains of stimuli can alsamkeg inhibitory reflexes between synergists
and reduce the voluntary contribution to force (blait al. 1996).
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More recently, the contribution of descending drihas been explored with
transcranial magnetic stimulation (TMS) over thetonocortex during maximal voluntary
efforts (Fig. 32). The elicited a superimposed divithat gives a measure of VA (Gandevia et
al. 1996; Todd et al. 2003b) (Fig. 30B). This tague identifies thesupraspinal fatigue
component of central fatigue (Gandevia et al. 1998jlor et al. 1996), which is defined as
fatigue produced by failure to generate output ftbe motor cortex. This means that during
fatiguing exercise, motor cortical output becomesslable to drive the motoneurones and
muscles maximally although there is additional attpvailable which is not employed
voluntarily but can be elicited with TMS. The adtege of the supraspinal fatigue process
remains controversial, but supraspinal fatigue lhaen proposed to be a protective
mechanism to prevent irreversible exercise-inducaascle damage and/or homeostatic
failure (Sacco et al. 1997).

magneatic _ .
cortical arco Fig. 32. Experimental arrangement for
stimulation feedback magnetic cortical stimulation
| 1 B (TMS). Subject seated with the
f ST, ‘[-'l- ':""'- right arm on a myograph with
w7 | ~ force force feedback provided and
P b transducer EMGs from arm  muscles
[ jT;T ' recorded. Stimuli are delivered to
t I_iﬂbﬂ.é‘ﬂ the cortex via a magnetic coil.
Iy | F
{ brachio-
biceps radialis
EMG EMG

As shown in Fig. 30B, calculation of VA is simil&s the one used with the twitch
interpolation technique, except that in the TMS$hteque the twitch evoked response at rest is
estimated rather than measured directly (Todd .e2@D3b, 2004). This is because motor
cortical neurones and motoneurones are less ebitaith the muscle at rest than during
voluntary activity. In this line, it is theoretidglimpossible for VA measured with TMS to be
worse than that measured with motor nerve stinaratsince impairments in voluntary
activation shown by the former method are a sub$eahe latter one (Fig. 25B). After
eccentric exercise of the elbow flexor muscless&tavuth et al. (2005) showed impairment
in voluntary activation when estimated by nervenstation but not by TMS. As previously

mentioned, however, the relationship of VA to caaotion strength is curvilinear for
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peripheral nerve stimulation (Fig. 31A). In contraisis linear for TMS (Fig. 31B), so that the
values derived by the two techniques are not easilgpared (Taylor et al. 2006; Todd et al.
2003b). In addition, the relationship between vy activation measured by TMS and
voluntary force remains linear with fatigue for med to high contraction strengths, so that it
is possible to estimate the proportion of forces latributable to supraspinal fatigue (Todd et
al. 2003b; Taylor et al. 2006). This varies fronoa25% during a 2-min MVC to about 40%
during a 40 min 15% MVC. The TMS technique has bsercessfully used to demonstrate
supraspinal fatigue during sustained and interntittometric MVCs of the elbow flexors, as
well as during bouts of maximal concentric and etge contractions (Gandevia et al. 1996;
Taylor et al. 2000a; Loscher and Nordlund 2002)st&ned submaximal isometric
contraction also results in progressive supraspiafgue tested during occasional brief
MVCs (Sggaard et al. 2006).

To our knowledge, only one SSC study (Ross eR@7) investigated with TMS
supraspinal fatigue of the lower limb muscles afteslonged, whole body exercise. It is
noticeable; however, that the investigated musele the tibialis anterior (TA) muscle rather
than one of the lower limb extensor muscles thatukhbe more fatigued by the experimental
marathon run. The TA choice was based on the fadt gtronger TA corticomotoneuronal
connections (exclusively facilitated responsesmfsistent magnitudes) have been observed
when compared with those onto soleus or gastroareemiotoneurons (Brouwer and Qiao
1995; Bawa et al. 2002). A near-maximal excitat@gponse in the ankle flexors may thus be
achieved with only a small response in the antegj@amkle extensors. This is essential as the
lack of precision in the stimulated muscle con&ti$ua clear limitation of this technique.

In terms of our research perspectives, it is notéw that Brouwer and Qiao (1995)
reported that the occurrence of strong facilitatang inhibitory responses or an absence of a
response within a given gastrocnemius medialis neatmn pool was associated with
coefficients of variation about 13 times that of @8Ad 4 times that of soleus. They suggested
that the degree of non-homogeneity within a motomeyool reflects the ability of the cortex
to modulate other inputs. Stimulation of the trisegurae muscle group remains therefore of

interest for the examination of the central SS@) et effects.

2.4.3. Focal changes in cortical excitability
TMS evokes a short-latency excitatory response astnmuscles in humans. The motor

response is seen in the EMG as motor evoked patgMiEP) (Fig. 33). As reviewed by
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Gandevia (2001), different studies using TMS hasecaled lability in the motor cortical
response to exercise. Not only is the drive toicospinal cells suboptimal, but the apparent
“excitability” of cortical circuit also changes.

The characteristics of the MEP response are welk to be sensitive to fatigue both
during the exercise and after it. However, the geanin the response to TMS that occur
during and after a fatiguing task are complex.

During the fatiguing effort itself, both excitatoaynd inhibitory mechanisms take place.
As illustrated in Fig. 34 during a sustained MV@e tMEP grows in size and the subsequent
profound inhibition of ongoing EMG, known as théest period, is prolonged (Taylor et al.
2000b). The silent period is usually attributedato interruption of the corticomotor output
and its duration is often used as an indicatorhef level of inhibition in the motor cortex
(Roick et al. 1993; Inghilleri et al. 1993; Di La#p et al. 2002). According to Gandevia
(2001) more weight must be put on changes in thicabsilent period. The MEP amplitude
is indeed variably influenced by changes in thatakdity of the spinal motoneurons (Morita
et al. 2000) and at the muscle fiber membraneiniib the latter influence, the changes in the
MEP amplitude are usually normalized to the componmuscle action potentials (M-wave)
measured during the same contraction (Nielsen 4985). Recording of the (M-wave) is one
of the common methods to assess the potentialréaitdi peripheral factors involved in
electrical propagation along the neuromuscularyeayh

A

torque

B stim

Wm

50 ms

EF.M\
f end of silent perod

stim

Cc

Fig. 33. Schematic representations of torque measements and EMG responses after TMS.

Arrows on each trace point to the stimulus artefact

(A) The torque trace shows the prestimulus level ofoong maximal torque (a) and the
increment (b) evoked by the stimulus.

(B) This EMG trace shows a motor evoked potential (MEHRE measured area of the MEP is
shaded. Amplitude is measured peak to peak.

(C) EMG shows the MEP and subsequent silent period uneéidrom the stimulus artefact to
the return of EMG, as indicated by the arrow. (Frbawlor et al. 2000a)
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Fig. 34. (A) Example of testing protocol.

20 my

Subjects initially perform  brief
maximal  voluntary  contractions
(control MVCs of 2-3 s). During each
MVC a stimulus is given (arrows).
Subjects then perform a sustained
MVC (1.5-2 min durations). Stimuli
are delivered every 10-15 s. Additional
brief MVCs with superimposed stimuli
are performed during the recovery
period. (Adapted from Taylor et al.
1996)

(B) Individual EMG traces following
TMS during MVCs.

Upper five traces from the biceps
brachii during the brief control MVCs,
middle seven traces during the
sustained 2 min MVC and lower four
traces during recovery.

The TMS stimulus (left vertical line) is
followed by a short latency excitatory
response (MEP) followed by a period
of small-amplitude variable EMG
activity  (silent  period) before
voluntary EMG resumes.

The silent period lengthens during the
sustained MVC and quickly recovers.
(Adapted from Taylor et al. 1996)
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Additionally, Ross et al. ( 2007) completed the a§ TMS over the motor complex by
peripheral magnetic stimulatiomf the peroneal nerve (PN MS) (Fig. 35). This w#o
comparison of the motor evoked potentials (MEP®ked via TMS from those evoked by
PN MS. The outcome of this study will be developedhe results sections 2.6.2.3. and
2.6.2.4.

WS
e Fig. 35. Transcranial and peripheral
2 magnetic stimulation.
Electromyogram was recorded by
| | surface electrodes over the tibialis
/ anterior muscle. Transcranial magnetic
stimulation (TMS) was delivered over
Y the motor cortex and peripheral nerve
ol b magnetic stimulation (PN MS) was
- 3 applied to the peripheral nerve.
\ (Adapted from Ross et al. 2007).

15
i EMG ieomding
.-I.J\ .
l...- 1".‘:'\_
W
PM M5 -""_:_-’__'J'-“ ;

The post-exercise period may demonstrate differesponses. While it is usually
characterized by facilitation after non fatiguirashs (Balbi et al. 2002; Samii et al. 1997),
prolonged fatiguing tasks induce post-exercise efgion (Sacco et al. 2000; Verin et al.
2004), although this is not constantly observed Kic et al. 1995) and may depend on
individual variations of the baseline cortical dability (Zijdewind et al. 2000). Verin’s et al.
(2004) data revealed significant depression of litphragm and quadriceps MEP after
incremental treadmill exercise, suggesting a rolecentral fatigue in task failure with the
conventional Bruce protocol (Mead 1979) of progressnd maximal treadmill run. Hollge
et al. (1997) are seemingly the only investigatordhiave studied the response to TMS of
various muscles after different types of whole besgrcise. They showed that predominantly
anaerobic exercises (press-ups, 400-m runs) indacetarked post-exercise depression in
MEP without changes in latency and without chariggseripheral responses to stimulation.

Conversely, predominantly aerobic prolonged exessisuch as jogging, were not associated
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with post-exercise changes in the MEP amplitudel, msulted in shortened MEP latency.
These observations support the concept of cenadjue as a protective mechanism

(Gandevia 2001) in intense short bouts of exergesgerating high-mechanical forces.

2.4.4. Estimations of changes in motoneuron “exdféty”

As reviewed by Taylor and Gandevia (Taylor and &atad 2001), several techniques can
estimate changes in motoneuron “excitability”: thevave H-reflex transcranial electrical
stimulationandcervicomedullary stimulatiarHowever, none of these techniques seems to be
ideal. Each of them will be introduced shortly wihecial emphasis on their advantages and
disadvantages (for complete information, see Gaad2®01; Pierrot-Deseilligny and Burke
2005; Taylor et al. 2008; Taylor and Gandevia 2008)

Percutaneous electrical stimulation of the postertibial nerve produces a
synchronized response in the soleus muscle (Hoffd@k®). This became known as the
Hoffmann reflex or H-reflex, which tests the oligaaptic reflex pathway from la afferents.
As shown in Fig. 36, H-reflex is produced by eleetr stimulation of la afferents, which have
a lower electrical threshold than alpha motor axdie electrically induced afferent volley
bypasses muscle spindles and produces a singlérrsyrouis volley in group la and Ib
afferents. Paillard was one of the pioneer scientio developed this technique detailed in
Fig. 37.

" : ! $

Fig. 36. Sketch of the pathways of the monosynaptieflex. la afferents from muscle spindle
primary endings have monosynaptic projections phi@limotoneurons (MNs) innervating the
corresponding muscle (homonymous MNSs). The H raBexroduced by electrical stimulation
of la afferents, and bypasses muscle spindles. pHtleway of presynaptic inhibition of la
terminals is represented. (Modified from PierrotsBidligny and Burke 2005).
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Fig. 37. Recruitment curve of the H and M-waves irthe soleus.Sample EMG responses ((e)-(h))
and sketches of the corresponding volleys of laraffts and motor axons ((a)-(d)) when the
stimulus intensity is progressively increased. Milischarging by the la volley are black,
muscle fibers activated by the H reflex are spetlkled those activated by the M-wave are
hatched.

As the intensity of the electrical stimulus is isased, there is a progressive increase in size of
H reflex due to stronger la afferent volley thatis@ both MNs “X and Y” to fire ((a)-(b) and
(e)-(M). It also elicits a motor volley in the axof the largest motoneurons (e.g. MN “Z”) and
a short-latency direct motor response (M-wave) appi the EMG ((b) and (f)). Because the
largest motoneurons have a high threshold for igoemt into the H reflex, the MN “Z” does
not contribute to the reflex. Therefore the antidiovolley in MN “Z” (upper arrow) does not
collide with and interfere with the H reflex resgen

Further increases in the intensity of the teshwhis ((c) and (g)) elicit a motor volley in the
axons of MNs “Z” and “Y”. This causes the M-waveiterease, but the H-reflex to decrease
due to the antidromic volley in the axon of MN “Y”.

Finally, stronger stimulation My ((d) and (h)), but the H-reflex is completely stgxsed.

The vertical dashed line in (e) and (g) indicatks latency of the H-reflex and (i) its
amplitude. (Adapted from Pierrot-Deseilligny andriBz12005)

The impetus fotranscranial electrical stimulatiorame from the studies of Merton
and Morton (Merton and Morton 1980). They used maglsi high voltage transcranial
capacitive discharge and showed that stimulatioer dlie motor cortex could produce a
twitch of contralateral limb muscles (Fig. 38). Téleorter response latency to the electrical

stimulus as compared to the magnetic one sugdeststtie electrical stimulus excites the
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corticospinal axons directly (Day et al. 1987), bah also be affected by changes in cortical
excitability. The major problem of this techniquethat only a small fraction of the current
flows into the brain. Much of the current flows ween the electrodes on the scalp and

produces strong discomfort and local pain (Piereseilligny and Burke 2005).

Fig. 38. Sketch of the presumed pathways
involved in the electrical and in
L Al the magnetic transcranial
it stimulations. A pyramidal neurone
Anadal e 2 / projecting to a first dorsal
. ; interosseus motoneuron (FDI MN)
' is activated at the level of its axon
(dashed arrow) by anodal electrical
stimulation, transynaptically
(continuous arrow) by transcranial
magnetic stimulation (TMS).
(Adapted from Rothwell 1997).

BAR
i | W

According to Taylor and Gandevia (2001), taticospinal tract stimulatiorwould
be the best test of the motoneurons responsive@sslarly to the transcranial electrical
stimulation, however, its use is limited by thearsated discomfort (Ugawa et al. 1991). As
illustrated in Fig. 39, stimuli are delivered t@tbervicomedullary junction through electrodes
placed over the mastoids. This stimulation evokesge, short-latency responses
(cervicomedullary motor evoked potentials: CMEP&)gdwa et al. 1991; Taylor and
Gandevia 2004), characteristics of which are chapugiith fatigue (Taylor et al. 1996; Butler
et al. 2003; Martin et al. 2006;). As it has a &amonosynaptic component and is free in
humans from traditional presynaptic inhibition, thiee of the CMEP reflects motoneurons
excitability (Ugawa et al. 1991; Nielsen and Peiar$994; Petersen et al. 2002). The CMEP

responses to cervicomedullary stimulation are atsonalized to M-max (Taylor et al. 1999).

HDR Caroline Nicol 2009 65



Fig. 39. Experimental arrangement for magnetic coital and corticospinal tract stimulations.
Subject seated with the right arm on a myograpln fotce feedback provided and EMGs
from arm muscles recorded. Stimuli are deliveretheocortex via a magnetic coil and to the
cervicomedullary junction through electrodes oves tnastoids. In this experiment the two
types of stimuli were delivered alternatively ev&f15 s during a sustained MVC.

(Modified from Taylor et al. 1996)

2.5. Fatigue during the course of the exercise

The critical feature consists in revealing the pesgive development of fatigue during the
time course of the SSC task. This fatiguing progiiesndeed clearly individual and exercise
dependent, both in its timing and amplitude. Eveough the development of contractile
failure can be reflected by progressive kinetiopeknatic and electromyographic (EMG)
changes, it is noteworthy that marathon runningekiatics and running economy are not
interrelated when fatigue progresses (Nicol etl@®la; Williams et al. 1987; Kyrdlainen et
al. 2000).

As suggested by Place et al. (2004), part of trengbs in the SSC pattern might
reflect adjustments to fatigue rather than any f@hlre to compensate for it. Supporting this
hypothesis, when subjects performed a fatiguingeseof 100 drop jumps from a 0.4 m
dropping height (Skurvydas et al. 2002), intermedimaximal jumping tests (squat jump,
counter-movement jump, drop jump from 0.9 and In®5performed after 50 drop jumps
were 5 to 10 % lower than the pre-fatigue perforoeanNo further reductions were observed
when the exercise continued until 100 jumps. Imgoaly, this observation applies to

untrained, sprinters and elite long-distance rusiner

HDR Caroline Nicol 2009 66



2.5.1. Follow up of the changes affecting the exisectask

Since the SSC technique is a complex motor taskfiequently improving by learning along
the repetitions. Based on our own studies (Ftaitale 2001; Regueme et al. 2005c) it is
suggested that special care should be taken wéhsthcalled “pre-fatigue” SSC pattern.
During an exhaustive treadmill run, the runningigrat was found to get stabilized in most of
the recorded muscles after the first 10 minuteaitfFet al. 2001). Similarly the middle and
lower graphs of Fig. 40 show, in an intermitterticend exercise on the sledge, 20% longer
contact time and 30% higher preactivation of loweb extensor muscles during the first
rebound series (S0%) as compared to the thirdwtifmnes (S25%) (Regueme et al. 2005c).
The S25% series was therefore chosen instead of &)%he “PRE-fatigue reference”.
Preactivation was indeed at its lowest level atd%2iefore increasing again in all recorded
muscles and the contact time remained then stabke few series before rising again towards

the end of the exhaustive exercise.

A B

40

preactivation (A % S25%)

Contact time (A% 525%)

40 S SI5% S50% ST5% SN -0 50% E25% S50 BT % L LR

Time to exhaustion Time to exhaustion

Fig. 40. Relative group-average changes in the sulbiimal rebound characteristics along an
exhaustive intermittent SSC exerciseFor each subject, the 5 selected rebound series
correspond to the first one (S0%) and to 4 othersesponding to every 25% of the exercise
duration (S25%, S50%, S75% and S100%).

(A) Preactivation in the soleus (SOL), gastrocnemius medialis (GAMY vastus medialis
(VM) muscles.

(B) Contact time on the force plate* P< 0.05 from the reference S25%.
(From Regueme et al. 2005)

During the time course of the exercise, differeminpensatory neural strategies may
then emerge within the fatigued joint as well asss joints in order to maintain the same
global power output as long as possible (Bonnardl.e1994). Horita's finding (2000) of a
clear turning point in the neural adjustments tgte after the middle stage of an exhaustive
leg rebound exercise is in agreement with this ghouThe first half of the exercise presented
rather limited kinetic and kinematic changes dutimg contact phase (Fig. 41B and 41C), but
large kinematic alterations during the flight ph&sSig. 41A).
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Fig. 41. Relative fatigue-induced changes in kinentias (A & B) and in kinetics (C) during the
time course of SSC rebound exercise with the lowémbs. (Data from Horita 2000)

This was accompanied by clear EMG adjustments duha preactivation phase with
a linearly increased activation of the knee extenso the braking phase (Fig. 42). The
associated stable values of range of knee jointom@gROM) and contact time demonstrated
the effectiveness of this adaptation to countettaetioss of force of the knee extensors (Fig.
41B & 41C). It was concluded that the braking pheséhe SSC cycle operated effectively
until the middle stage of the exercise. In the sddoalf of the rebound series, however, the
pre-landing joint kinematics changed dramaticaflig( 41A) and influenced significantly the
subsequent post-landing stiffness regulation (BigB) and contact time (Fig. 41C). The
deterioration of the SSC efficacy during the brakiphase is further confirmed by the
associated increases of the extensor EMG actinidyEEMG/force ratio during the subsequent
push-off phase. This increased work allowed ther&xmal jumping task to be continued.
Finally, the observations of opposite trends ofnges in the knee and ankle range (Fig. 41B)
of motion suggest attempts of compensation amorgdifferent segments that may not
remain sufficient, however, as indicated by thextatic increase of the contact time towards
the end of the exercise. In such a submaximal metbdeight, the increased contact time can
indeed compensate effectively for the reduced favagput, and thus contribute to the
maintained external work output. This is in lingtwihe progressive increase (up to 30%) in
contact time reported by Gollhofer et al. (1987Big( 43) at the end of short and intensive

SSC rebound exercises performed with the upperslimb
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Fig. 42.Relative group averaged EMG changes along exhaust\§SC rebound exercise.
EMG activity of (VL) vastus lateralis, vastus mdigVM), gastrochnemius (GA) and soleus
(SO) during a submaximal SSC rebound exercise tvé@ower limbs.
(Data from Horita 2000)
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Fig. 43. Relative changes in kinetics (contact timend reaction force) during the time course of
100 submaximal rebounds with the upper limbs(Data from Gollhofer et al. 1987b)

The marathon run model has also shown similar asge in the ground contact
duration (Komi et al. 1986). The fatigue statehamacterized by a drop in the force after the
impact that is likely to be related to the obserfaesier and longer flexion movement (Nicol et
al. 1991b; Horita et al. 1996). In case of the axarcises the dramatic increase in the impact
peak (Fig. 43) resulted, most likely, from increhgeeactivation of the arm extensor muscles
(Gollhofer et al. 1987a, 1987b). The increase aptivation is, indeed, usually associated
with more extended limbs and increased muscle-tenstdfness prior to impact. The
subsequent drop in force after impact is nowadaysidered as the important indicator of

reduction in tolerance to repeated stretch loadfatgue progresses (Nicol et al. 2006). A
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logical consequence of this is that in order to nmtaanh the same SSC performance, for
example at a constant marathon speed or a corsthntaximal rebound height, the subject
must perform greater work during the push off pedeading to even a faster progression of
fatigue. Depending upon exercise intensity, thisresents a vicious circle leading to a
progressive reduction of the capacity to maintaentask. Fig. 44 represents in more practical

terms the sequence of events expected to take qacey fatiguing SSC exercise.

These overall findings emphasize the pertinencahef SSC model to study the
neuromuscular adjustments to the contractile faiumd to reveal potential neural limitations.
It is suggested that in the non fatigued statenthecles are able to damp the impact in SSC
by a smooth force increase and smooth joint mofuring submaximal SSC exercises, the
exhaustion time is delayed by the intervention ifflecent neural strategies that take place

both during the pre- and the post-impact phases.

Exhaustive stretch-shortening
cycle exercise

1!

Reduced muscle function

1l

Reduced impact tolerancs

i

Loss of elastic recoil energy ¢

!

Increased wot
during the push-off phase

Fig. 44. Schematic representation of the sequence of eventgpected to take place during
fatiguing SSC exercise(Modified from Nicol and Komi 2000)

2.5.2. Intermediate maximal and submaximal testitagks
As previously mentioned in the section 2.1., thememn protocol used to quantify the
development of muscle fatigue is to interrupt thegoing exercise with brief maximal

contractions (voluntary or electrically evoked) e¢stimate the decline in maximal force
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capacity and voluntary activation (Merton 1954).idtonly recently, however, that SSC
fatigue studies used such tests during the timeseoof the exercise.

Place et al. (2004) introduced brief tests everyrhduring a 5h running exercise
performed at moderate velocity. Their testing protexamined the changes in voluntary and
electrically induced contractions of the quadricemsscle group. Their findings suggested
that maximal voluntary force capability of the knedensor muscles was depressed in the
final stages of a 5-h running exercise, and cleatemce existed for central activation failure
as well as for alterations in muscle action potdntansmission.

Subsequently, Millet and Lepers (2004) compareddhesults with those obtained
during a cycling exercise (Lepers et al. 2002) sTdamparison revealed a similar time course
of MVC reduction throughout the first 3 hours, liifferences occurred after the 4th hour
where MVC declined by 14 % in running and by onlg®6in cycling. As expected, the 5h
running exercise ended up with a greater (-28 %3 lof maximal knee extension strength
capacity than the 5h cycling exercise (-18 %).

To our knowledge, only Girard et al. (2007) exardiniee time course of impairment
in neural and contractile processes every 30 minndua prolonged (3h) high intensity
intermittent exercise (prolonged tennis playingdluntary activation was assessed through 3
methods: the normalized EMG response (RMS/M-wathe,superimposed twitch on MVC
and the 80 Hz tetani. The latter technique wasiegminly before and after the tennis match
and to those subjects who could tolerate it. Thesults revealed progressive but moderate
reductions in the maximal voluntary knee extengmngue (-9%). Central activation failure
(decreased RMS/M) and alterations in excitationtremtion coupling (decreased P20/P80)

are suggested as the main mechanisms contribuatithge tobserved loss in torque.

The progressive development of fatigue may alsoirestigated by repeating
submaximal and/or maximal SSC tests during the timese of the exhaustive exercise. For
example, our initial marathon protocol (Nicol et &b91a, b, c) included submaximal and
maximal running tests performed on the track evHdykm of the marathon run. Kinetic
analysis of the track tests did not reveal any ghan the submaximal run performed at the
individually fixed initial marathon running velogit(Nicol et al. 1991a). In contrast, the
maximal running test revealed a parabolic decre&sikee sprinting velocity after the first 20
km (Fig. 45, left panel) with associated decremanthe resistance to the impact load and
subsequent increased work during the push-off plfgge 45, right panel) (Nicol et al.

1991a). The tests of higher loading level (sprurt)rmay thus reveal a more homogeneous
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deterioration of the muscle function than the sukmal ones, but they should be

complemented by voluntary and electrically-inducgakimal contractions.

Performance Push-off Duration
(%) —kk —p (ms) 4
100 -
80 |-
90 |-
70 -
80 |-
y =100.3 +.02x - .01x? 60 |-
70 [~ r2=.99(p<001) n=8
60 |- or o
1 1 1 1 1 > 1 1 1 1 1 >
0 10 20 30 42 0 10 20 30 42
Run distance (km) Run distance (km)

Fig. 45.Progressive changes in a sprint performance perfored every 10 km during the course
of a marathon run.
Left panel: Relative change (mean + SD) of the maximal spretbaity (100 % = before
marathon value)Right panel: Duration of the push-off phase of the sprint ruteng the
marathon. (From Nicol et al. 1991c)

2.6. Bimodal response of neuro-mechanical paramets?

2.6.1. Basic pattern of bimodality

Intensive and/or unaccustomed SSC exercises indw@ous impairments of the
neuromuscular function that are usually bimodahasure (Fig. 46, 48, 59). This pattern is
quite similar to thebimodal recovery concemf Faulkner et al. (1993) after eccentric type
exercise. This bimodality is first characterisedl&gge acute changes in muscle mechanics
and neuromuscular activation that may significantiffuence the regulation of joint and
muscle stiffness. This is followed after a few fohy a short-term “acute” recovery, which is
in turn followed by a “delayed” functional reduatiavith a slow recovery. This bimodality
concept is not always valid, especially if the S&tyue has not been exhaustive enough. The
delayed recovery phase is typically associated deéfayed-onset muscle soreness (D.O.M.S.)
sensation (Fig. 46, 47).
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Fig. 46. Schematic representation of the generalénd of changes in performance and delayed
onset muscle soreness (D.0.M.S.) sensation aftehaustive SSC exercise.

In brief, the D.O.M.S. sensation is characterisgalsensation of dull pain and discomfort,

increasing in intensity during the first 2 daysnegning symptomatic for 1-2 days and usually

disappearing 5-7 days after exercise (Fig. 46, 8@)eness is not constant, being mostly felt

when the exercised limbs are extended or fullyetexor when the muscles are palpated

deeply (Howell et al. 1993). Sore muscles are ofigfi and tender, and their ability to

produce force is reduced for several days or wéagmussen 1956; Komi and Rusko 1974;
Sherman et al. 1984; Nicol et al. 1996a, 2003; Mamaa et al. 2000). Particularly important
in terms of injury prevention is the timing of DOM$sappearance, as it occurs prior to

complete structural and functional recoveries (Big). It cannot therefore be used to reflect

detailed recovery processes. This will be furthecussed in sections 2.7.1.1. and 2.8.2.

Fatigue leg Non-fatigue leg
-# Confraction —-o-Confraction

-&— Palpation -0~ Palpation
—#- Passive stretch -4 Passive stretch

6 Pain scoring-TS muscle group

Subjective scale

Fig. 47. Pain scoring Group-averaged values
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(-SD) of subjective pain [on a six-

level scale — from no pain (0) to

extremely sore muscle (6)] of the

triceps surae (TS) muscle group.

There were three testing conditions
(palpation, contraction, and passive
stretch). *** P<0.001, significantly

different from the prefatigue (PRE)
absolute values; ## P<0.01, ###
P<0.001, significant inter-leg

difference.

(From (Regueme et al. 2007b)
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Based on our recent (Nicol et al. 2006) and prebtmature reviews of SSC fatigue
studies, it appears that approximately 60 % (31635he studies concentrated on the acute
recovery phase (< 2 hours post-exercise), wherkas2d other studies extended their
investigation to the delayed recovery phase (ug tays). Fig. 48 shows their combined
results in terms of both acute and delayed chamgewmaximal voluntary force (MVC),
voluntary EMG activity and voluntary activation (byitch interpolation technique).

2.6.2. “Time-dependent” effects: a parallelism bet@an neural and mechanical changes

The concept of “time-dependent” effect is basedtlm general observation of a bimodal
recovery pattern along the several days of thevexgoperiod (Fig. 46). The overall results
are in agreement with Asmussen (1979), who was grttanfirst ones to suggest that fatigue-
induced changes occur in parallel between mechiaaitéd neural factors. In SSC fatigue
situations, there is enough evidence to considerititeraction as neural mechanisms that

would compensate for contractile failure or profatigued muscles (Nicol et al. 2006).

2.6.2.1. Maximal voluntary electromyographic actiyiand force production

SSC-induced fatigue has mostly been quantifiedidigg isometric MVC tests, with
simultaneous recordings of surface electromyogm@@ttivity (EMG). Most of the SSC
fatigue studies (34/36) revealed an immediate (8194) drop in maximal voluntary isometric
contraction (MVC). The mean value presented in HEig.includes the 2 non-significant
considered as null values. When re-examined 2heastise a partial or complete recovery
of MVC is frequently observed (-10 = 8 %). From 2he36 SSC fatigue studies, 15/20
reported an immediate drop in both force and vaelgnEMG activity and 8/10 secondary
reductions on Day 2. On the average, a paralleésobserved between activation and force
changes along the 8 days of the recovery periceasel note, however, that the fatiguing
protocol was for 9 of these 10 studies of short amdnsive SSC type, consisting of
exhaustive rebounds on the sledge or downhill trethdun. It is unfortunate that only (Avela
et al. 1999b) examined the two factors during tleéayked recovery period of prolonged
(marathon) SSC exercise. Thus, one may concludettieaacute drop in MVC is quite
independent of the fatiguing protocol duration (pngedversusshort and intensive that may

vary from 3 min to a few hours).
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48. Relative acute and delayed decrements inaximal voluntary isometric force (MVC) and
electromyographic (EMG) activity (RMS or IEMG) foll owing SSC exercises.
Upper panels: MVC data compiled from 31 published articles usingegitknee extensor or
plantarflexor muscles and reporting either decrg€s@ or non significant (ns) changes. The
upper right panel differentiates the immediate fgo@rcise (after) changes of the three major
types of SSC protocols: either prolonged (running akiing exercises, N = 21 studies) or
short and intensive ones (mostly rebound exercides 13 studies), the latter condition being
subdivided into its continuous and intermittent m&d~or the mean value calculation, the non
significant (ns) values have been replaced by #hgevzero.
Lower panel: corresponding changes reported by some of thes#iestun voluntary
electromyographic activity measured by surface EM&ctrodes and in electrically evoked
voluntary activation.

Fig.

On the other hand, the use of intermittent faigusSC protocols (Regueme et al.
2005a, 2005b, 2007a, 2007b, 2008) emphasizes tiralnafluence on the drop in force by
showing systematically small immediate drops in MVSsociated with non significant
changes in voluntary EMG activity (Fig. 48 rightned), followed on day 2 by large
secondary declines in both of these parameters. iShilustrated in Fig. 49 for one of these
studies. Furthermore, this particularity of the rshiotermittent SSC exercise is in agreement
with the relatively limited 9% drop in MVC reportdy Girard et al(2007) after a prolonged
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(3h), but intermittent tennis match. This study &agizes also the necessity to consider the
results of a given protocol in the light of the exgse level of the subjects. Consequently, it is
suggested that one should differentiate the coatisumode of SSC fatiguing protocols from
the intermittent one.

Fig. 49. Group averaged relative changes
MVC peak force (mean £ SD) of maximal voluntary
10 { contraction (MVC) and soleus
(SOL) electromyographic (EMG)
activity immediately after
exhaustive intermittent rebound
exercise (POST) and 2 days later
(D2). The means are expressed in
.30 l percentage of the pre-fatigue (PRE)
** absolute values for the exercise) (
= POSE D2 and non-exercised])) leg. *P < 0.05,
SOL EMG activity * P < 0.01: significantly different
from the PRE values.
1 ‘—} (Modified from (Regueme et al.
2007b)
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The rate of force development is also reported ¢odpbamatically reduced and
accompanied by a slow recovery (Pullinen et al9)9Big. 50). In accordance again with the
concept of parallel neural and mechanical changis ®SC fatigue, recovery of both
maximal EMG and rate of force development remaimemplete until the 6th day post-

exercise (Pullinen et al. 1999).

(% MVC)
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80T Fig. 50: Isometric force-time curves

of the maximal knee extension
measured immediately before
and after a marathon run as
well as 2, 4 and 6 days later.
Note the large and immediate
decrease in the rate of force
development and its slow
recovery towards the 4th day
post-marathon.

(Data from Pullinen et al. 1999)
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2.6.2.2.Maximal voluntary EMG normalized to maximal compodnaction potential
amplitude

Although the voluntary EMG data demonstrate pargjsteductions for a few days
after exhaustive SSC exercises, caution shouldxeecised when interpreting surface EMG
changes during muscle fatigue. These changes donhpteflect the number and firing rates
of the recruited motor units but can also be infledd by changes in the size of the surface-
detected motor unit action potentials (Chan etl@B8). Therefore, it cannot be concluded
from the sole root mean square (RMS) or integr&®ic data that the measured decreases
result entirely from the occurrence of central gaé. In agreement with the early
methodological comment of Asmussen (1979) and thighmore recent review of Gandevia
(2001), impairments in neuromuscular transmissiooukl also be considered. To take into
account this possibility, one of the common techag] consists in using theaximal
compound action potential amplitude “maximal M-wavas an index of neuromuscular
transmission and action potential propagation isctaufibers.

However, even though the ratio of the voluntary EM@&ivity (root mean square —
RMS- or integrated EMG) divided by the M-wave hagf commonly used in the literature;
it has been introduced only recently in the SSdnggrotocols (Strojnik and Komi 2000;
Millet et al. 2002, 2003a, 2003b; Kuitunen et &02; Place et al. 2004; Dousset et al. 2007;
Girard et al. 2007; Racinais et al. 2007, 2008)s Tonstitutes one of the major limitations of
our own measurements mentioned in Tables 1 andr2etiately after a ski skating marathon
(Millet et al. 2003b), RMS was thus found to berdased but RMS/M was unchanged. This
is similar to the influence of prolonged cyclingeesise involving mostly concentric muscle
actions (Lepers et al. 2000). Minimizing, howewbg role of a reduced M-wave in the acute
recovery phase, both RMS and RMS/M parameters wsigreficantly reduced immediately
after prolonged running (Millet et al. 2003a; Plateal. 2004; Racinais et al. 2007) (Fig. 51).
Furthermore, the extended follow-up of the recoeeyiod (over 6-8 days) after a marathon
run (Avela et al. 1999b) as well as after our comneahaustive rebound protocol on the
sledge (Kuitunen et al. 2004; Dousset et al. 208v¢aled very limited and non significant
changes in maximal M-wave. Bimodal decrements wéserved, however, in maximal RMS
(Kuitunen et al. 2004; Dousset et al. 2007), irumthry activation level (Dousset et al. 2007)
as well in both stretch reflex and H reflex ampldg (Avela et al. 1999b). Finally, it is
noteworthy that the reported changes in the M-waelitude are quite variable among SSC
studies and between subjects (2294 % after a 30 km running ragersusa non significant

1 + 36 % after a 65 km ultramarathon and a:-28 % after a ski-skating marathon). From
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these observations it can only be concluded tlaMiwave characteristics are not always the
major cause of the acute drop in maximal voluntBMIG activity after prolonged SSC

exercises.

Pre-exercize Post-exercize
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100 =

E
92

G3

Changes from Pre-exercise (%)
(==l
=

&0 -

Fig. 51: Changes in plantar flexors maximal isometc voluntary contraction (MVC), peak
twitch torque (Pt), EMG activity of the soleus muste recorded during the MVC
expressed in absolute units (RMS) and normalized byhe M-wave amplitude
(RMS/Msup), and voluntary activation (VA) level esimated by the twitch interpolated
method. Data are expressed as percentage from pre-exd8fismin run) values. All the
data displayed a significant effect of the exer¢Be 0.05) and without difference between
the data recorded 5 or 30 min after the exerched(fied from Racinais et al. 2007)

2.6.2.3. Voluntary activation

In the SSC literature, it is only recently that gostudies (including only one of my
own, Strojnik et al. 2001) intended to assess tsntral” versus the “peripheral” origins of
the decreases in voluntary EMG activity and forecedpction through the estimation of
“Voluntary Activation” (Dousset et al. 2007; Kuitan et al. 2004; Martin et al. 2004a; Millet
et al. 2002, 2003a, 2003b; Place et al. 2004; Ri&iet al. 2007; Ross et al. 2007). Their
combined results are presented in Fig. 48.

In the acute SSC recovery phasige use of the twitch interpolation technique has
revealed non significant change after continuousiatermittent 90 min runs (Racinais et al.
2007), but an activation deficit was reported a&eB0-km race (2h30min) and three times
larger one (-2%ersus-8%) after a 65-km (6 to 8h) one (Millet et al.020 2003a). Similarly,
intermediate 16 and 19% deficits in voluntary aation are reported for 2h treadmill run
durations (Place et al. 2004; Saldanha et al. 2@®&)porting our introductory comments on
the runningversusX-C skiing comparison, no deficit in voluntary ietion was reported
after a free style ski-skating marathon despita similar drop in force than after a 30-km run

of same duration (Millet et al. 2003a). Voluntargtigation may also be estimated by
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comparing the forces achieved with voluntary- (MV@nd electrically-evoked (80Hz)
contractions (Duchateau and Enoka 2002). To ouwladge, only a few SSC fatigue studies
have used this method ( Millet et al. 2003a; Maetiral. 2004b). In these studies, fatigue was
induced either by a prolonged 30 km running raceyoa 30-min downhill treadmill run. In
agreement with the findings obtained with the tviiaterpolation technique, a significant
acute decrease of the MVC/80Hz ratio was found #fie 30-km run (Millet et al. 2003a). In
the other study, both of these parameters decreamsethe average by 10%, but the
MVC/80Hz ratio was not reported. On the other haheéjr parallel investigation of “low
frequency fatigue” (LFF), i.e. the preferential dosf force at low frequencies of electrical
stimulation (Jones DA 1996), revealed relative demnts in low-to-high frequency
(20/80Hz) ratios. Peripheral fatigue was therefurggested to explain mostly, but not totally,
the drop in force.

For the delayed recovery phagke lack of estimation of voluntary activatiomi®re
critical as only four SSC fatigue studies are regmbr(Kuitunen et al. 2004; Martin et al.
2004a; Dousset et al. 2007; Ross et al. 2007)hétpresent stage, only the rebound study
(Dousset et al. 2007) reported a significant (6%)a8 drop in voluntary activation whereas
no change was found in the other reports (Fig. #8hough being closer from a pure
eccentric exercise than from an SSC one, the trifdobckward walking study of Racinais et
al. (2008) is of particular interest. As shown ig.F52, acute and 2 days delayed decrements
were found, both in maximal voluntary torque (MVand voluntary muscle activation (VA)
of the plantar flexor muscles, whereas the meastithe (peripheral) contractile properties
(electrically evoked twitch) had recovered sigrafitly within the first 24 h post-exercise. As
shown in this figure, the delayed recovery peri@bwassociated with DOMS sensation. This
was attributed to the occurrence of a supraspimautation of muscle activation during this
period when muscle contractile properties had frélgovered following the exercise. Based
on the persistence of the decrement for severas dayvas suggested that the delayed
modulation would be related to the concurrent preseof muscle soreness. This possibility
will be further developed in section 2.8.2.2.

Our own study examined the effects of a leisurénalmskiing week on maximal
voluntary contractions performed without (MVC) amdth additional electrostimulation
(MVCES) (Strojnik et al. 2001). As shown in Fig.,580oth MVC and MVCES forces
declined after the first skiing day, but on tH& day only MVC/MVCES was significantly
reduced, thus suggesting a central adjustment @octimtractile fatigue. Interestingly, the

subsequent day (day 5) was then characterizedsipndicant self reduction by the skiers of
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their freely chosen skiing distance. Although nonaiosion can be drawn yet, these

observations give additional support to the “Tinependent” neural adjustments along the

recovery phase.
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Fig. 52: Changes Evolution of voluntary torque (a)yvoluntary activation (b), electrically evoked
peak twitch (c) and subjective delayed onset muscleoreness (d, black rectangle:
analogic visual scale, white rectangle: Lickert sda) across the experimental sessions.
Data in meart SEM Asterisk indicates value or group of values siguaifitly different from
the other values of the graph (P < 0.05). (FromiriRés et al. 2008)
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maximal  voluntary  contractions
performed, without (MVC) and with
additional electro-stimulation
(MVCES), before and during a leisure
week of alpine skiing and repeated 7
days later (d14).

(Adapted from Strojnik et al. 2001)

2.6.2.4. Electrically and magnetically evoked tWitEtMG and force responses

The electrically evoked twitch responisepassive testing condition is considered as

one index of peripheral excitation-contraction dmgpand/or contraction failure (Edwards et
al. 1977). For 11 out of the 15 SSC fatigue stuthas examined this parameter (Fig. 54), the

acute recovery phase was characterized by redsciiothe peak twitch torque that varied
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from -8 to -70 %,whereas large increases (+8 and +18 %) were rapaifter ski skating

marathon and ultra-long (5 to 8.5 h) running pemances, respectively. Four of the 7 studies
that examined the delayed fatigue effects obseaveaimplete recovery already 1-2 days post-
exercise ( Nicol et al. 2003; Kuitunen et al. 200rtin et al. 2004a; Ross et al. 2007). Only
the study of Skurvydas et al. (2000) reported letipe acute (-50 to -70 %) and delayed (-34
and -27%) reductions in the peak twitch. The fatigyprotocol consisted of a fixed number
of either 100 maximal intermittent drop jumps o01ébntinuous counter movement jumps.
The authors suggested that mechanical factorgdreta the imposed ground impacts) would

cause larger acute and prolonged contractile tatlban metabolic factors.

ol e T I
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©
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11N, 1ns,32
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Fig. 54. Relative acute and delayed decrements inleetrically induced twitch amplitude
(TWITCH) and in maximal isometric voluntary contraction (MVC). MVC data are
compiled from 29 published articles using eitheedmextensor or plantarflexor muscles and
reporting either decreased) or non significant (ns) changes. The correspandisitch
changes are reported for 11 of these studies. k®rntean value calculation, the non

significant (ns) values have been replaced by #heevzero.

2.6.2.5. Maximal and submaximal SSC type performasac

Although maximal isometric tests often reveal tlifeads of SSC fatigue, maximal
dynamic tests seem more meaningful mechanistidallgynamic tests involving slight or no
ground impact such as in counter-movement and gqoads, no significant change is usually
observed after SSC fatigue. However, when thoge &s maximal and involve high ground
impact peaks (drop-jump, five-jumps and sprintyngficant acute (Nicol et al. 1991b) (Fig.
55) and delayed (Nicol et al. 1996b; Horita etl@96, 1999, 2003) reductions in performance
have been reported after exhausting SSC exerciger #xed fatiguing rebound protocols,

HDR Caroline Nicol 2009 81



however, (Skurvydas et al. 2002) reported similaute reductions in squat jump, counter-

movement jump and drop-jump performances.

| before {4 after |

Fig. 55: Relative changes in the
" e " before-after marathon of the
o0 — —ti — i maximal running, jumping and
L1 VA T . o isometric performances.Sprint: 10
# L 77 s m sprint, 5-jump: 5 jump series,
) [~ /// iy . ;
A A Drop-jump: drop-jump from a 50
- //;, 7 2 v _ _
A // Vo .-/_’/_:; cm height, CM-jump: counter-
w0l ) A /,:/» f/ movement jump. These subjects
7 ////’ 7 % 7, present a mean 22% reduction in
2] ) 7 ,//,;’ ’;/ maximal isometric contraction. *,
- _f:/ // A f’ ** P<0.05 and P<0.01 in pre-post
SPRINT 5-JUMP DROPJUMP  CM-JUMP marathon comparison.
o= (N9 M=) K== (Modified from Nicol et al. 1991b)

In these maximal situations, where stretch loadshagh and muscle stiffness must be
well regulated to meet the external loads, theidecdh performance is typically characterized
by a large peak force reduction after impact. ThHesdings led to the hypothesis that the
observed loss of tolerance to ground impact coetailt from a reduced contribution of the
monosynaptic stretch-reflex to the leg stiffnese@Net al. 1991a, 1991b) (Fig.56).

Extension -
Heel contact ‘--:roe off
o®

Flexion 14'10 200 Extension
Hip Angle (©)

Fz

TR

100 ms

Hypothesis: Reduced contribution of monosynaptic streth-reflex (M1) ?

Fig. 56: Schematic representation of the hypothesibhat the fatigue-induced loss of resistance
(tolerance) to impact might result partly from a reduced contribution of the short-
latency stretch reflex (M1) during the early braking phase.

(Modified from Nicol et al. 19914a, 1991b)

In SSC type performances, both central and reft§ustments are indeed operative

and expected to contribute to the observed chaimgéise post-landing stiffness along the
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recovery period. The submaximal SSC tests emphasezdexibility of the neuromuscular

adjustments between the acute (POST) and the @klé¥P) recovery phases. In a
submaximal rebound test, Regueme et al. (2005c)odsirated varying neural changes
immediately after (POST) and 2 days after (2D)@mestive SSC exercise (Fig. 57).
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Fig. 57 The left figures show group averaged recosdof vertical force (Fz) and soleus (SOL)

electromyographic (EMG) activity compared at three measurement points after
exhaustive stretch-shortening cycle exercisg@re-exercise (Pre), immediately after (Post)
and 2 days post-exercise (2d).
The figures on the right present the relative EMG banges (histograms) for the
preactivation, 0—-M1 and M1 periods, the early braking (first 200ms) and late push-off
(last 200ms) of the contact phasé.p < 0.05, significantly different from the Présolute
values. (From Regueme et al. 2005c)

In the POST testing session, large increases in 8Qivation occurred both during the
preactivation and the early braking phase. Difigrirom these POST exercise observations,
the increased SOL preactivation at 2D was not @ssatwith an increased activation during

the early braking phase, but during the late pusiploase. This shift of muscle activation
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may thus be considered to reflect a neural strategyrotect the recovering muscles at 2D
point from the stressful stretching phase, whileuseg the rebound performance by
increased work during the push-off phase. Differirmm the increase in central activation
(preactivation and 0-M1 periods) in both POST abd the M1 reflex response of SOL did
not change in the acute phase and decreased at~igD H7). These data support the
hypothesis of a bimodal reduction of the stretdtereresponse. Furthermore, the 2D test
revealed a 36 % increase in GAM muscle preactiwatidhese results are supported by the
earlier mentioned fatigue study of Horita (2000)ondemonstrated, during the time course of
a rebound exercise, progressive inter-muscular eosgtions for the exercise-induced
contractile failure (Fig 42). Finally, even thoutite EMG analysis of submaximal SSC tasks
is shown to reveal the existence of a contractikife, this may not necessarily be detected
based through the kinematic and kinetic analysigshef movement (Finni et al. 2003b;

Kyrélainen et al. 2000)

2.6.2.6. Stretch- and H-reflex responses

As it is not always easy to isolate the stretclereEMG response from the global
EMG recordings, potential effect of SSC fatigue toe EMG reflex response have been
examined, at first, irpassive reflex testing conditiorislicol et al. 1996b). As previously
described in section 1.5.2, a powerful engine wesduo induce passive stretches of the
shank muscles at slow and intermediate angularcitis (0.44 — 1.9 rad%. Intensive SSC
rebound exercises were found to result in a bimtrdad of decline in the peak-to-peak EMG
reflex response to passive stretches after a nwaratn (Avela et al. 1999a) as well as after a
very intensive rebound exercise on the sledge (Mical. 1996b).

In subsequent SSC fatigue studies, the stretcexrefIMG response has also been
measured in active stretching conditions, whilefqrering maximal rebound tests (Horita et
al. 1996; Avela et al. 1999b; Dousset et al. 20Régueme et al. 2007b) on the sledge
ergometer. Supporting the functional role of a @nged reduction in M1, Avela et al.
(1999b) showed a parallelism in the bimodal treafiseduction observed in M1 and in the
tolerance to high ground impact loads (Fig. 58)isTWwas associated with clear EMG
reductions during both centrally programmed preatiobn and the subsequent braking phase.
In SSC type performances, both central and reflijustments are operative and they are
expected to contribute to the observed changdsipast-landing stiffness along the recovery

period.
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Fig. 58. SSC fatigue effect on the active short-laicy stretch-reflex (M1) response and
associated changes in the rebound kinetics.
(A) Bimodal recovery of electromyographic activity anettical ground reaction force over
time, during 10 successive sledge rebounds perfbbretore and after marathon running.
(B) Corresponding active short-latency reflex compaoiiietl) of electromyographic activity.
(C) Postlanding stiffness regulation as reflected &siqpforce reduction (PFR) measured from
the normal component of the ground reaction fo(éespted from Avela et al 1999b)

As shown in Fig. 59, the passive short-latency EM@ex response (SR) and the
active one (M1) measured in maximal drop-jump testhe sledge follow on the average the
bimodal trend of recovery. The inter-individual naduility may deserve, however, some
comments as reflex facilitation has been reportedaf few subjects in the acute recovery
phase (after - 2h), in both passive and activecstreeflex responses (Kuitunen et al. 2004;
Nicol et al. 2003). Depending on the study, thi#esefacilitation was followed either by a
complete recovery (Nicol et al. 2003) or by a seeoy inhibition on day 2 (Kuitunen et al.
2004). Based on these observations, it is suggéstedhe bimodal shape of recovery should
not be generalized to all subjects as “fast-redngérsubjects have also been observed in
SSC fatigue studies (i.e. Nicol et al. 2003).

More recently, the SSC fatigue effects on the meicla stretch-reflex response have
been guantified along a 7 day recovery period (N&toal. 2003). The tests consisted of
passive single stretches of the triceps surae mugdup. As shown in Fig 60, the pedal
torque signal was used to quantify the passivéctireffect as well as the reflex-induced peak
torque (PT), mean torque (MT) and relaxation r&®&), This study revealed a bimodal
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recovery of the mechanical reflex response aftertdlerm (sledge exercise) as well as after

long-term (10-km run) fatiguing exercises (Nicolat 2003). The relative changes in the

EMG amplitude of the reflex response were fountidqositively related at day 2 to each of
the measured mechanical response during the detageslery phase (Fig. 61). This implies
that the EMG/force ratio could be maintained t@aé degree during the 2-7 day recovery,
thus emphasizing once again the parallelism onhteal and mechanical changes along the

recovery period.

(delta % before)

—— EMG
|| =—e— M1
—A = SLR

before after 2h

1-2D 4-8D

testing time

Fig. 59. Relative acute and delayed decrements following SS€xercises in maximal voluntary
EMG activity (EMG), in the passive short-latency stetch-reflex response (SLR) and in
the active (M1) one Data compiled from 14 published articles tesgitger knee extensors or

ankle plantarflexors. For the group mean calcutatio = number of studies), the non
significant (ns) values have been replaced by titlevalue.
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Fig 60. Schematic presentation of the stretch-refietest with the analysis of the associated EMG
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Fig 61. (A) Acute and delayed fatigue effects on ¢hmean torque parameter in the 10 km and
sledge subgroups.
(B) Relationship on days 2 and 7 between the respise relative changes in SOL EMG
and twitch reflex parameters.PT1, MT1 and RR1 correspond to the respective paakn
torque, and relative relaxation rate of the twitebponse. All correlations were statistically

significant (P<0.001). (From Nicol et al. 2003)

The preceding presentation may give an impresdian the fatigue response and

subsequent recovery is a generalized pattern.ihist at all true in all cases, because SSC

fatigue responses can be very individual in natkrg. 62 gives examples of these varying
responses. In this study (Nicol et al. 2003), theepnechanical reflex response of 12 subjects
were divided into 3 subgroups: G1 presents onlyteachanges (Fig. 62A), G2 follows the

expected bimodal trend (Fig. 62B), and G3 presantadditional slower rate of relaxation on
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the 2nd and 4th days post-exercise (Fig. 62C). ddélayed mechanical changes varied in
accordance with the respective changes in EMGxe#lsponse and in creatine kinase (CK)
activity, an indirect marker of muscle damage. Asven by the limited CK changes, the first

subgroup included the less fatigued subjects.

A B C

G1: passive stretch-reflex G2 : passive stretch-reflex G3: Passive stretch-reflex
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Fig 62. Effects of fatiguing SSC exercises on theagsive mechanical reflex response (torque
response) (upper 2 lines of graphs) with the respiéee changes in serum lactate
concentration and creatine kinase (CK) activity.The data are presented for 12 subjects
divided into 3 subgroups according to the peakrardn torque (T) reflex responses: G1 with
only acute changes (A), G2 with a bimodal trend, @)d G3 with additional slower rate of
relaxation on the"™ and 7" days post exercise (C). (From Nicol et al. 2003)

These overall results demonstrate that muscle ifumeind stiffness regulation may be
disturbed in a delayed, but individual manner adtdraustive type SSC exercise. On the other
hand, a clear parallelism exists between the réispechanges in performance, in neural
(central and peripheral) activation, and in indireclicators of either metabolic or structural
source of fatigue. This implies the existence deptal coupling between the contractile type

of failure and the central and peripheral adjusts@mat take place along its recovery.

Finally, to detect potential changes in the speaiitability level, theHoffmann-reflex
test (H-reflex)of the soleus muscle have also been also recodfést. intensive rebound
exercise on the sledge (Nicol et al. 1996b), thas wssociated with a bimodal decrease of the

H-reflex response. Similarly, both acute and defayeductions in H/M ratio have been
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observed after each of 3 successive exhaustiveinebexercises performed on the sledge at a
5 day interval (Nicol et al. 1996a) (Fig. 63). ot other marathon running studies, however,
the acute reduction in the H/M-wave ratio was rallofved by any significant secondary
decline (Avela et al. 1999b; Kuitunen et al. 200¢49wever, emphasizing the neural influence
on the bimodal stretch-reflex changes, Doussel @087) recently reported parallel changes
in both passive (SR) and active (M1) EMG resporzsesell as in the normalized H (H/M)

reflex response.
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Fig 63. Upper graph: Relative changes (meanS.D.)in H-reflex amplitude after 75 min of electrical
stimulation combined with mechanically induced tstnes. (Unpublished observations)
Lower graph: Relative changes (mean - S.D.) in the H/M-wavi®iiatthe course of a 15-day
follow-up during which an exhaustive short-term S&@rcise was repeated on days 0, 5 and
10. In both experiments the changes are expressedpercentage of the pre-fatigue value
(dOb: day 0 before). (Data from Nicol et al. 1996a)

d2

2.6.3. “Testing —task” influence on the activatigpattern
If the “time-dependency” is a factor to take intonsideration in SSC fatigue studies, the

"testing task-dependent” effect should be equaltysered.

2.6.3.1. Maximal versus endurance type isometristse
According to our knowledge, only one study (Nicdl a&. 1991b) examined the

influence of an exhaustive SSC exercise (marathioh on both maximal and submaximal
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voluntary isometric tasks. In sustained submaxis@hetric contractions, EMG amplitude is
reported to increase during the course of the esesrand to remain less than maximal at the
limit of endurance (Gandevia 2001). In the presémtly, the post-marathon test was found to
start at a higher EMG activity level and to endaasimilar terminal value than the pre-
marathon one (Fig. 64). Although this led to arieastop of the exercise, the initial increase
of the neural drive is likely to reflect the re¢ment of additional motor units in order to
compensate for fatigue of active muscle fibres.shswn in Fig. 64, this contrasted clearly
with the parallel and systematic drops in maxineaité and voluntary activation observed in
the MVC test. The submaximal testing condition mhbys reveal a “central attempt of
compensation” of the contractile failure.

IEMG £ BEFORE
[] AFTER

£8 ENDURANCE

200}

VASTUS MEDIALIS VASTUS LATERALIS

Fig 64. Before and after-marathon levels of the avage integrated (IEMG) activity in the
maximal (MAX) and endurance tests for vastus medid& and vastus lateralis muscles:
(From Nicol et al. 1991b)

2.6.3.2. Influence on maximal vs. submaximal SSChdgnic contractions

The hypothesis of “testing task dependent” effectsupported by the different trends
of neural adjustments to fatigue reported in submak(Regueme et al. 2005c) as compared
to maximal (Avela et al. 1999b; Regueme et al. 2006bound tests. In maximal drop-jump
performances that require an appropriate muscfnesds regulation to meet the external
loads, the decline in performance is typically cleérized by a loss of resistance to impact
(PFR: peak force reduction after impact) (Fig. 5&, As illustrated in Fig. 65, this is

associated with clear EMG reductions during both ¢kentrally programmed preactivation
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phase, and the subsequent braking phase. Simultsigeabserved reductions in the short
latency stretch-reflex response (M1) suggest timbbserved EMG changes in SSC tasks are
both central and reflex in nature. These obsematgupport the existence of neural attempts
to protect the fatigued muscles in maximal SSC. (drgp-jump) conditions. They also
support the findings of Gollhofer et al. (1987a81B) in arm muscles that protective neural
mechanisms (reduced short, medium and long lateamponents of the stretch reflex) only
take place in the most extreme testing conditida#is(on the floor performed with arm
muscles). Supporting the functional role of a pngled reduction in M1, Avela et al (1999b)
showed a parallelism in the bimodal changes betvé&rand the ability to withstand high

ground impact loads (Fig. 58B, C).
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Fig. 65. Group (n = 10) averaged records of verti¢areaction force (Fz) and soleus (SOL)
electromyographic activity recorded in maximal drop jump and compared at two
measurement points after exhaustive stretch-shortémg cycle exercise: just before
exercise (Pre) and 2 days after the exercise (2@hrom Regueme et al. 2007b).

The neural changes with fatigue may differ in sukimal SSC rebound and running
tests in which the neuromuscular system may adjuatmore flexible way to the acute and
delayed contractile impairments. For example, Reguet al. (2005c) demonstrated in a
submaximal SSC rebound task large acute (+ 74 %)detayed (+ 79 %) increases in SOL
preactivation (Fig 57). It is well known that a Kinexists between the increases in
preactivation and impact peak (Avela et al. 1998btihofer et al. 1987a, 1987b; Komi et al.
1987a). In the SSC fatiguing condition, a lossotériance to ground impact occurs frequently
(Gollhofer et al. 1987a, 1987b; Nicol et al. 1992wela et al. 1999b). In such a case, an
increased preactivation should be functionally ulsefi submaximal rebound conditions
(Bonnard et al. 1994), but detrimental in maximedaund jumps. In this line, the only SSC

fatigue study that reported post-fatigue increasesuscle preactivation in maximal DJ was
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characterized by large decreases in performancatéHet al. 1999)Deviating slightly from
this “general rule” of testing task dependency, lavand Komi (Avela and Komi 1998)
revealed large, but similar fatigue-induced redudiin preactivation in SSC performances
performed from submaximal (70 %) and supramaxirh@0(%) dropping heights, but in both
cases with maximal rebound effort. This would ssgigkeat exhaustive SSC exercise leads to
different variations in neural adjustment dependingthe type of the drop jump test. When
the rebound height is varied (sub- vs. maximal)wheability is greater as compared to the
test in which the dropping height is varied (suk-supra-maximal one).

In our initial marathon study (Nicol et al. 1991&ven though the immediate post-
marathon treadmill test revealed unchanged runriimgematics at the three pre-set
submaximal velocities, EMG activity of the gastreaornius muscle was significantly increased
at the two fastest velocities during both brakimgl @ush-off phases. The higher the testing
velocity, the larger was the increase in gastronsnaictivation (Nicol et al. 1991a). Clear
modification in the running kinematics was obsereedy in the subject (@ Fig. 66) whose
maximal and endurance force productions by the knéensors were reduced at the post-
marathon test by 40 and 56%, respectively. In shisject fatigue was found to result in a
larger and faster knee flexion after impact. Tisidikely to indicate a deterioration of the
musculo-tendinous tolerance to impact with a counsagloss in its recoil characteristics. To
maintain the imposed running velocity, this woukplain also the needs for an increased

work during the push—off phase and for a shortdrfaster return during the flight phase.
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Fig. 66. Examples (subjects A, B and C) of hip-knesngle cyclograms measured before (cut line)
and after (black line) the marathon at the fast (6-6 m.s") treadmill running speed.
(Adapted from Nicol et al. 1991a)
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In conclusion, our analysis of the relevant SS@ &t literature emphasises the testing
time and task dependency of the neural adjustnentseet the functional requirement of the
peripheral system. Centrally programmed and redletivation changes may be opposite in a
given task (central facilitation vs. peripheralilition). They may also vary depending on the
task intensity (maximal vs. submaximal) and recateatifferent pace (acute vs. delayed). It is
very likely that in order to observe true changethese parameters one may need to fatigue
the subjects more exhaustively as this was the (s@geFig. 66) for the most fatigued runner

of our marathon study (Nicol et al. 1991a).

2.6.4. Delayed influence on the sense of positionl aelocity
Surprisingly, the literature presents no clear egrent related to the influence of eccentric-
and SSC-type muscle fatigue on the position setisityaAs reviewed by Proske and Morgan
(Proske and Morgan 2001), no effect as well as sippgroprioceptive disturbances have
been reported. These conflicting results may haftferent origins. Firstly, perception of
active limb position may arise as a consequendbeo€ffort required to accomplish the task
(Gandevia et al. 2006; Proske 2006). Secondly,tipascoding is known to depend on the
sensory information available during the positigniphase of the limb toward the target.
Healthy human subjects are indeed aware of thdiposiof their limbs while the limbs are
moving (dynamic information) as well as when theynain stationary (static information)
(Cordo et al. 1994). It is noteworthy that senaiiiazn of small diameter muscle afferents by
intramuscular injections of inflammatory substané¢es led to the following trends: an
increase of the static intrafusal fibre sensitiiBjupsjobacka et al. 1995; Thunberg et al.
2002; Masri et al. 2005) and a decrease of therdimane (Pedersen et al. 1998).

The recent study of Regueme et al. (2008) investihthe influence of an exhaustive
SSC exercise on the static position sense in amattto give information about its effects on
the static sensitivity of the muscle spindle affegse The position sense test was carried out
before an exhaustive SSC exercise, and was repedtdtle expected times of major
inflammation and pain (day 2), and at complete vecp (day 8). A protocol making dynamic
information unavailable in position coding was ddesed as an appropriate method to assess
the SSC fatigue influence on the static sensitioftthe muscle spindle afferents (Regueme et
al. 2008). The test consisted of actively reprodggciwith the non-exercised ankle, target
dorsiflexed positions previously maintained witther the non-exercised (control procedure)

or the exercised ankle (fatigue procedure). Basethe main contribution of the stretched

HDR Caroline Nicol 2009 93



muscle to the position sense (Roll et al. 198fot-Ciscar et al. 2003) and on the linear
relationship between muscle spindle discharge auscla stretch (Vallbo 1974), a position
sense test using ankle dorsiflexion was indeed ct®geto reveal potential changes in the
muscle spindle afferent sensitivity of the fatigysttetched) triceps surae muscle group. The
use of the non-exercised ankle for the active iycon was based on the fact that SSC
muscle fatigue may affect both the ascending (poopptive) and the descending (motor)
neural pathways of the exercised ankle (Nicol e2@06) The time between the target phase
with the exercised ankle and the reproduction pkagethe non-exercised ankle was chosen
to be long enough to prohibit any memory storagiefefferent copy (3s).

Testing of the fatigued leg supported the hypothesiat the proprioceptive
information and especially the position sense mightmodified during the recovery period
following an exhaustive SSC exercise (Regueme.e2Gd8). As previously observed after
such a fatiguing protocol (Regueme et al. 2005d)7B), the exercised leg presented
significant reductions in both maximal plantarflexi force and voluntary SOL muscle
activity at day 2 (D2). In addition, all subjecesported major muscle pain in the fatigued
triceps surae muscle group, with a peak at D2.¥p&eted, no fatigue effect was revealed in
the MVC test of the contralateral (non-exercised) In the position sense test, no error in the
ankle dorsiflexed position coding was found whea tilon-exercised ankle was used both in
the target and reproduction phases (control praegdirig. 67 upper left histograms). In
contrast, the fatigue procedure revealed positivét @nstant coding errors at D2 (Fig. 67
upper right histograms) when the non-exercisedeardgproduced the large dorsiflexed target
position held by the exercised ankle, thus refleca systematic overestimation of the target
dorsiflexed position held with the exercised ankle.

The parallel EMG analysis revealed, however, langguctions in both agonist and
antagonist EMG activities in the control proced(Fwg. 67 left panel). Interestingly, when the
exercised ankle was used in the target phase dhatlyie position procedure (Fig. 67 right
panel, black squares), similar trends of changes wbserved. Based on the high inter-
subject variability observed in the agonist/antagfoBMG ratio during the pre-fatigue (PRE)
testing session (Fig. 68), these EMG changes mmafléct a learning effect. The respective
analysis of the fatigue position procedure revealesignificant reduction in gastrocemius
medialis (GAM) but not in soleus (SOL) muscle aityivat D2 that contrasted with an
increased TA muscle activity up to day 8 (D8). Tit@sulted at D2 in a significant increase of

the agonist/antagonist EMG ratio as compared vaghRre testing session (Fig. 68b).
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In agreement with the antagonist (stretched) musdleence on the position sense,
the overestimation of large dorsiflexed positionmestly attributed to potential SSC fatigue
effects on ascending proprioceptive afferents dsuem the exercised/inflamed antagonist
muscles. )
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Fig. 67. Major results of the large dorsiflexed pdson, when using either the control position
procedure (left panel) or the fatigue one (right pael) in the tests performed before (Pre), 2
(D2) and 8 days (D8) after the unilateral exhaustiy SSC exercisdn the control procedure
the non-exercised ankle was used in both the témyetnd reproduction{) phases, whereas in
the fatigue procedure the target was held withettercised anklem{), and the reproduction with
the non-exercised one), The constant error is represented by its grougresged values (and
SD). The relative changes in the recorded musdleitaes are expressed in percentage of their
values recorded during the position sense tedtarPre testing session (delta % Pre). *P<0.05,
*P<0.01, ***P<0.001: significantly different fromthe Pre absolute values; ###P<0.001:
reproduction phase significantly different from theget phase. (From Regueme et al. 2008)
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Control position procedure Fig. 68. Agonist/Antagonist muscle EMG
activity ratio. Agonist/antagonist ratio
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In another study of Regueme et al. (2007a), thegdperd movement velocity induced
by tendon vibrations was examined during the delageovery phase of a SSC-type exercise
characterized by 2 to 4 days of neuromuscular aodripceptive impairments. SSC fatigue
effects were quantified for the exercised and narased legs through a maximal voluntary
plantarflexion test (MVC) performed immediately bef (PRE) and after the SSC exercise,
and repeated two days later (D2). At PRE and DZhawaical vibrations at 40, 60, 80, 100,
and 120Hz were randomly applied to distal tenddrnibeexercised ankle. For each vibration,
the subjects had to reproduce the perceived movevedotity with the non-exercised ankle.
In agreement with previous studies (Regueme efR@D5c, 2007b), MVC data showed
significant decreases in maximal force and meaausoiuscle activity at D2 restricted to the
exercised leg. As compared to the PRE test antl suljects, the vibrations applied at D2 to
the tendon of the fatigued ankle extensor muselgés$d significant decreases in the perceived
movement velocity at 80 and 100 Hz, but to an iaseel one at 40 Hz. In contrast, vibrations
applied to the tendon of the non-fatigued anklgdiemuscle did not result in any significant
change.

These results suggest that SSC fatigue can respibprioceptive disturbances lasting
for a few days. Similarly to what was observednimzal (Pedersen et al. 1998) and in Human
(Paschalis et al. 2007) studies, the present mogption impairments suggest a decrease in

sensitivity of the primary endings during the deldyhase of the SSC recovery period.
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2.6.5. Muscle specificity

Differing from the “eccentric type exercise”, SS€adls to a more complex mechanical
loading of the fascicles and tendinon-aponeurasssi¢s. In the SSC description it has been
shown that the interaction between contractileiés$ascicles) and tendinous tissue may be a
complex one. The recent works of Ishikawa and bolators (Sousa et al. 2007; Ishikawa
and Komi 2008) confirm the possibility that the trawtile tissue does not always follow the
basic concept of SSC of the whole muscle-tendohMiiU. The general observation was
that the gastrocnemius muscle usually demonstfatescle shortening during the braking
phase at low impact conditions of the drop jumpsthWery high dropping heights the
fascicles may become dramatically lengthened dutiegoraking phase. This was interpreted
to indicate reduced resistance to stretch throungsiple detachment of cross-bridges. The
soleus and vastus lateralis muscles, on the otted, showed usual SSC behaviour in the
fascicles. The fascicle length changes were thuisddo be clearly “muscle specific” (G#s.
SOL) and “intensity specific The tendinous tissue (aponeurosis and outer tendwy)
behave even more differently from the basic MTU 86@cept (Fig. 11).

If the questions raised above deal with the naigidia situation, the understanding of
the changes in fascicle length and orientationndugxhaustive SSC fatigue is even more
open. In our recent study (Ishikawa et al. 2006 fascicles were found to be lengthened in
a passive (resting) situation immediately aftergkercise and they remained lengthened until
2 days post-exercise (fig. 69). During maximal istme action, the final fascicle length
measured at peak force was also longer at day Repescise, and recovered completely to
the original length at day 8 post-exercise. loig €arly to interpret these findings in terms of
functional mechanisms. More studies are needed tivghultrasound method that should also

take into consideration the entire fascicle-tenishberaction.

Fascicle length Fig. 69. Fascicle length changes in
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2.6.6. Any contralateral influence?

The preceding paragraphs have included materidl thie assumption that the SSC fatigue
effects are primarily unilateral in case the exa¥dnas been performed with one limb only.

There is, however, information in the literaturattibould imply contralateral effects as well.

The general existence of “contralateral irradidtiohunilateral activation has been known for

a century (e.g. Sherrington 1906). Since then, grgvevidence exists that contralateral

improvements in motor skill and strength rely omo&s-over effects” of unilateral motor and

sensory activity (e.g. Hortobagyi et al. 2003). rAgscle fatigue is typically associated with

motor and sensory changes, fatiguing voluntaryresffon one side may thus be expected to
alter voluntary activation of homologous musclegtmnother side of the body.

This hypothesis has been examined by some stumiesyostly after maximal isometric
contractions (Zijdewind et al. 1998; Todd et al028; Rattey et al. 2006). Their results have
revealed minor crossover effects on the voluntacyivation of upper limb muscles
(Zijdewind et al. 1998; Todd et al. 2003a), but ensignificant ones are expected in the lower
limbs (Rattey et al. 2006). Transcranial magndiim@ation has shown only some evidence
of changes in the ipsilateral cortex following fpting exercise, with effects confined to the
muscle homologous to the fatigued one (Humphryl.004). Within a limb, exercise of the
biceps muscle that produced altered responsesatsdranial stimulation did not produce
similar changes in hand muscles (Taylor et al. 18886nphry et al. 2004)

Our interest is, however, to discuss the hypothefspotential cross-over effects as it is
related to the exhaustive SSC exercise, in paatidol the delayed recovery period (after day
2). This is due to the fact that it lasts for a féays, usually associated with muscle pain and
attributed to the natural time course of inflammmatand/or remodelling processes related to
the exercise-induced muscle damage (for a revie®, Nicol and Komi 2003). Muscle
inflammation and pain have repeatedly been showaffext the contralateral side in case of
chronic (more than three weeks) unilateral pertimba (e.g. Johansson and Sojka 1991
Lund et al. 1991; Radhakrishnan et al. 2003). TRE &covery is also very likely to result in
an increased effort perception for a given task shauld favor the occurrence of cross-over
effects (Dettmers et al. 1995; Zijdewind et al. 8T hese observations raise the question as
to whether contralateral changes that are knowresalt from long-term adaptations in the
human behavior could occur in case of a few dayswadculoskeletal disorders. Leading to
short-term muscle disorders, with reversible musdimage, inflammation and pain,

exhaustive SSC exercises are thus of particularast.
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For this purpose, Regueme et al. (2007b) recentigm@ed the possibility of
contralateral effects of unilateral SSC fatiguehef triceps surae muscle group in unilateral as
well as in bilateral testing conditions. Ipsilalexeersus contralateral fatigue effects were
compared in a single-joint task of maximal isoneepiantarflexion (MVC), and in multi-joint
SSC tasks that included 10 intermittent maximapdwmps (DJ). The latter SSC testing task
was chosen to examine fatigue-induced neural adprs#ls and more specifically those
occurring during the preactivation phase and dutigintervention of the short-latency M1
stretch-reflex response. Uni- and bilateral testsewcarried out before and after the fatiguing
exercise and were repeated two days later, atrtieedf expected peak of damage and pain in
the exercising muscles, as well as eight days. ls¢éen such a stressful maximal DJ task is
performed with both legs, two additional and opfmsiends of compensatory contralateral
strategies may be expected to occur: (i) an ineckastivity of the contralateral leg muscles
prior to impact and during the subsequent brakingsp in order to limit the risk of further
injury of the fatigued/damaged muscles or (ii) &rdased contralateral muscle activity in
order to either reduce the inter-leg imbalance (Bo€et al. 1972) or to ensure maintained
coordination (Rattey et al. 2006).

In all testing conditions, however, the overaligae effects occurred at day 2 only, and
were restricted to the exercised leg in both umd dilateral tests (Fig. 70). Three non
exclusive reasons may be considered to explain wey did not observe any clear
contralateral neural change. First, it is suggestiatl the present SSC fatiguing exercise did
not lead to sufficient inflammation and pain toeaff the contralateral side clearly. Owing to
the expected right shift of the force-length relaship after fatiguing eccentric muscle
actions (Morgan et al. 2002, McHugh and Tetro 2008) large 20% drops in isometric force
at day 2 might have been overestimated. Secondhth@ DJ test was performed on the
sledge, the subjects landed in a well-secured iposihat did not require any high bipedal
balance control. Finally, the duration of the MV@aDJ tests, 3 and 0.6 s respectively, might
have been too short for contralateral changeski® pdace. As suggested by Zijdewind and
Kernell (2001) and recently confirmed by Ratteyakt(2006), it seems that “cross-over” of
central fatigue is more likely to occur in moderhtg sustained contractions than in maximal
but brief motor task. Supporting this hypothesis¢amtinuous series of 15 sub-maximal
rebound task used by Regueme et al. (2007b) revgadsitive correlations between the
fatigue-induced changes in muscle activity of thereised and non-exercised legs. This task
lasted 15 sec and required a high visual attentitomemain within the upper and lower

rebound targets via visual feedbacks. This pre@beund task, which required high visual
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attention and effort levels for at least 15 s, migdive favored the occurrence of contralateral
neural adjustments. Finally, the observation dfriected contralateral effects at day 2 is likely
to support the involvement of central structureamted with pain (Ploghaus et al. 1999).

Based on these results it seems that acute muscilers induced by SSC exercises
do not lead to contralateral changes in performanagther single or intermittent maximal
motor tasks. Some evidence of cross-over of cefatigjue exists (Regueme et al. 2007hb),
however, thus emphasizing the needs to be expfarduer.
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Fig. 70. Maximal drop jump test. Left panel: D2 versus PRE group mean absolute Fz and SOL EMG
recordings from the fatigued and non-fatigued legbe unilateral (a) and bilateral (b) DJ tests.
Right panel: For each testing condition, the D2 relative changetta % PRE) ¢ SD) of the
maximal rebound performance. The D2 relative EMGngfes (delta % PRE) are presented
successively for the preactivation (a), stretcHexe1 response (b), and the braking phase ). (
fatigued leg;o, non-fatigued leg; and bilateral data). **P<0.01, **P<0.001, significdnt
different from the pre-fatigue (PRE) normalized EM&ues (% MVC PRE). #P<0.05, ##P<0.01,
###P<0.001, significant inter-leg difference. SGtleus; DJ, maximal drop jump; MVC, maximal
isometric voluntary contraction. (FroRegueme et al. 2007b)

HDR Caroline Nicol 2009 10C



2.7. Potential mechanisms related to SSC-induced um®muscular changes

The bimodal nature of fatigue recovery and its eissed DOMS sensation can be considered
as characteristics of exhaustive SSC exercise. Menwehe challenge lies in finding the
origins and underlying mechanisms of this procéssit has been discussed in the previous
paragraphs, SSC exercises load the neuromuscugtansyn a more complex way than any
isolated form of muscle actions.

Including both eccentric and concentric muscleoast) it is evident that the SSC
exercise stresses the involved skeletal musclesbmkétally, but the magnitude of the
metabolic loading is dependent on the velocity todétesh (eccentric), and the coupling time
between stretch and shortening (concentric phasehe present review, we would like to
emphasise that, in addition to metabolic effect€ $&igue includes structural perturbations
of the muscle-tendon complex that require sevemysdto recover. SSC is indeed
characterised by high impact forces that are afg@eated over long durations. These impact
loads (braking forces) are accompanied by loadinthe reflexes that are involved in both
length-feedback (muscle spindles) and force-feedb@olgi tendon organs) control of
muscular forces. Finally, the present review of & literature demonstrates that exhaustive
SSC exercises have large functional effects thatbath “testing time” and “testing task”
dependent.

SSC fatigue may thus be considered as a model amier the potential neural
adjustments to short-term and reversible structthlahges of the muscle-tendon complex. As
in the case of isolated forms of muscle action veedealing with both central and peripheral
neural adjustments to fatigue that may be thougldiffer between the acute (< 2 h) and the
delayed recovery phases. The delayed and perhapsdhe relevant recovery phase is, in
particular, usually related to the natural time reseuof inflammatory and/or remodelling
processes related to muscle damage. This phaskyuasts for a few days and is associated
with delayed-onset muscle soreness (DOMS). This mgylain why DOMS has been
repeatedly considered as an indirect marker oeeithuscle damage and/or inflammation. It
is noticeable; however, that muscle soreness desappbefore functional recovery is
complete. This observation, in particular, raiset®rest regarding the potential parameters
that could interact during the delayed recoveryigoer On the other hand, the entire
succession of events may be considered accordiogine “remodelling model” recently
proposed by Malm et al. (2000). This model questite necessity for an inflammatory
process in the regeneration of the damaged musatethis is still not clearly established in

the literature.
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As the bimodality concept particularly applies t@rise-induced changes in stretch-
reflex response, we will then concentrate on theermgal “alteration in the fusimotor-muscle
spindle function”. Considering the combined testinge and testing task effects on the neural
strategy, special emphasis will be put on the gitkimfluence of sensory inputs at spinal and

motor cortex levels.

2.7.1.Metabolic loading

From the bimodal nature of SSC fatigue recoveryel\{Fig. 46), it is obvious that the
immediate reduction of performance deals with tlegainolic fatigue. That is, it is thought to
be caused by the accumulation or depletion of noditab or ions, either intra- or extra-
cellularly, potentially combined with the effectsteat stress and dehydration.

This type of fatigue has been discussed extensiaslya basic fatigue concept for
isolated forms of muscle function (usually eith@metric or concentric) (for references, see
Vandenboom 2004, Allen et al. 2008). For exampldatiguing exercise, conduction velocity
slows, and the amplitude of the action potential dacrease, with depolarisation of the
muscle fibore membrane through the accumulationxtfeellular potassium (&gaard et al.
1996) After exhaustive dynamic exercise, Marcos and Ri295) reported potassium
recovery as a very short-lasting (about 5 min) phegnon. Interestingly, it has been recently
reported that the extracellular accumulation ofapsium would be of lesser importance than
indicated by previous fatigue studies on isolatagsetes (Nielsen et al. 2001, Nielsen and
Paoli 2007). However, as the concentration of-K& pumps is reported to increase with
training (Nielsen and Clausen 2000), this paramedeftd remain of importance in untrained
subjects (Millet and Lepers 2004). Although metabehd products may thus explain part of
the acute neuromuscular changes after SSC exer(dses for instance the comparison
between the acute effects of intermittent versusticoous forms of SSC exercises in Fig.
48), they cannot be used to explain those obsedwethg the delayed recovery phase.
Furthermore, the potential delayed influence of fgiyvcogen stores and blood glucose levels
after prolonged SSC exercises are not likely tdamphe similar functional defects reported
after short and intensive SSC exercises (Nicol. &093).

When considering its potential central influencer (@& review, see Nybo and Secher
2004), a deficit in voluntary activation has beeparted to be exacerbated by conditions such
as a decline in the levels of blood glucose andoise in hot environments (Nybo and
Nielsen 2001; Nybo 2003; Todd et al. 2005). In own study (Ftaiti et al. 2001), in which
hyperthermia (4& 0.3 °C) and dehydration € 0.5% of body mass loss) was induced by a
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40 min treadmill run at 65% of their maximal aewlbielocity while wearing a tracksuit
covered with an impermeable jacket and pants, dearements were observed in maximal
knee extension torque and EMG activity both in istim and at slow isokinetic velocity
(60°.s-1). However, no differences in these paramsetwvere found at 240%s The EMG
patterns remained also remarkable stable duringrédamill run. This would suggest that
high internal body temperature per se could lirhé production of high force levels more
than the SSC performance. Additional evidence flomaed metabolic influence comes from
the study of Millet and Lepers (2004) who compaiteel acute effects of a marathon skiing
and a 30 km running of similar duration. The prged run led indeed to a large drop in

MVC as well as to a significant reduction in actiga, but this was not the case after skiing.

2.7.2. Structural changes

The overall process may be considered on the omel les following the classical
“Armstrong’s model” (Armstrong 1990, 1991) thatfdientiated four subsequent phases for
exercise-induced muscle damage and ensuing inflalmmahe initial-, the autogenetic-, the
phagocytic- and the regenerative phase. As theceeeinduced ultrastructural muscle
damage is reversible, these phases include theewdnotess from initial damage to repair. It
is rather obvious that these different phases cawe hsome acute and long-lasting
conseqguences directly on the contractile propedigeke muscle itself and, on the other hand,
on its neural control mechanisms. This obviously rba thought to contribute to the SSC-
induced functional impairments. In the next fewguaaphs, we will attempt to describe the

delayed onset muscle soreness (DOMS) sensatiothardur phases of Armstrong’s model.

2.7.2.1. D.O.M.S. as an indirect indicator of mesgamage

Exercise induced muscle soreness has been sugigastearly as in 1902 by Hough
(Hough 1902), to result in its delayed phase frammie sort of rupture within the muscle”.
Hill (1951) suggested that soreness is due to mechanical jrgistyibuted microscopically
throughout the muscle. As referred to by AsmussEibg), Bgje (1955) was inclined to
believe that the pains are located in the intramlascconnective tissues. Supporting the
mechanical source of peripheral fatigue, intensdong-lasting SSC exercise is typically
associated with D.O.M.S. This delayed type of meisdreness has been extensively studied

in case of eccentric fatigue (for a review, seeu@ge2003), which has helped development of

HDR Caroline Nicol 2009 10z



several mechanistic explanations for the SSC tgtgufe and damage has been evidenced
directly from histological measurements (see 227)1.

At present it is known, however, that neither tdegree nor the timing of
ultrastructural damage correlates well with thepeetive changes in D.O.M.S. sensation
(Howell et al. 1993; Newham et al. 1983b). Simitadven though muscle stiffness has been
reported to increase with a delayed time coursepuallels that of muscle soreness (Jones et
al. 1987), stiffness may peak earlier and it oftasts much longer (Dousset et al. 2007,
Howell et al. 1993)In case of prolonged SSC exercises, D.O.M.S. rfsylze considered as
attributable to reactive oxygen species (ROS). éently reported by Close et al. (2006),
however, the use of ascorbic acid supplementaticattenuate ROS did not affect D.O.M.S.
and was even found to delay the recovery of muUscletion.

It is noteworthy that experimental muscle painuicedd by intramuscular injections of
algogenic substances such as bradykinin, serotminsubstance P did not reveal either any
dose-relation with the induced pain intensity (Bat®eet al. 1999)This has been attributed
to the fact that when peripheral tissues are dadthatpe sensation of pain in response to a
given stimulus is enhanced. This phenomenon, tefimgakralgesia”, may involve lowering
of threshold of nociceptors by the presence ofllpecaleased chemicals such as substance P
(for a review see Jessel and Kelly 1991, Millan9)9®™yperalgesia occurs indeed first at the
site of tissue damage before spreading throughihar @ompartments (Bobbert et al. 1986,
Fields 1987, Howell et al. 1993). Finally, Malmadt (2004) recently questioned the use of
D.O.M.S. as an indirect marker of skeletal musclgammation. Exercise was thought to
induce D.O.M.S. by activating inflammatory fact¢fscells and/or neutrophils) present in the
epimysium before exercise.

It is widely accepted also that D.O.M.S. will ordgcur after the first few bouts of an
exercise programme and therefore training acts preaentive fashion to reduce muscle
soreness. When a given exercise is indeed repattegdcomplete recovery of the initial one,
e.g. one to three weeks later, the subsequent isgentuced D.O.M.S. and functional
impairments are usually reduced (e.g. Byrnes et1@B5; Brockett et al. 2001). This
adaptative process, known as the « repeated bfadt ef (e.g. Ebbeling and Clarkson 1990;
Nosaka et al. 1995), would rely on both structamadl neural adaptations (for a review, see
McHugh 2003). As illustrated by the lower graphFag. 63, however, it is noteworthy that in
most studies with short interval time (3-5 day® performance parameters recorded at the
initiation of a given exercise bout were still @da® their lowest values from the previous one
(Ebbeling and Clarkson 1990; Nosaka and Clarks@b;1Ghen 2003). Similarly, the DOMS
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markers were still very high. One may therefore sjoa the validity of comparing the
different bout effects. The reported absence oaydey effect on the recovering process
(Chen 2003) might be questioned as well. In theysghown in Fig. 63, an exhaustive SSC
rebound exercise was repeated three times at aySntlrval. The normalized H reflex
response (H//M) did not recover for any of the sotg along the 15-day follow-up period
(Nicol et al. 1996a). Similarly, Ebbeling and Clsok (1990) reported a slower recovery of
the maximal isometric strength when the second bwag repeated at a \ersusl4 day
interval. These observations differ from the onngpirecovering process repeated for
eccentric exercises repeated at a 3 days intdemaka and Clarkson 1995; Chen 2003)
More generally, our own studies emphasize the elaagsociated to the D.O.M.S.
disappearance one to several days prior to the ledenfunctional recovery (for a review, see
Nicol et al. 2006). As illustrated by our alpineiisg study (Strojnik and Komi 2000),
subjects are becoming more cautious when D.O.Me®eldps, but they rapidly come back to
their original behaviour (e.g. daily skiing distajavhen D.O.M.S. disappears. At that time,
however, functional tests are still revealing dé&diof 20% in maximal force and voluntary

activation.

2.7.2.2. Extra- and intrafusal muscle fibre damage

In Armstrong’s model (Armstrong 1990; Armstrongadt 1991), the ihitial stage’
includes events that trigger the whole processughér muscle damage and repair. Damage
has been evidenced directly from histological mezrsents as well as indirectly from
reductions in strength and range of motion, asem®ed plasma concentration of soluble
muscle proteins (for reviews, see e.g. ClarksonNegtham 1995; Fridén and Lieber 2001a).
Sorichter et al. (1999) have summarized the liteeabn the identification and usefulness of
indirect markers of muscle injury and muscle memeéerantegrity. The most commonly
reported indirect indicators include myoglobin (Mbactate dehydrogenase (LDH) and
creatine kinase (CK). Assays using myofibrillar-bdyproteins, such as myosin heavy chain
(MHC) fragments of slow-twitch skeletal muscle miyosnd calcium regulatory proteins
such as the troponins (sTnl) have also been imgagsti as markers of the disruptions within
the contractile unit (Mair et al. 1992; Sorichtéra¢ 1997, 2001). However, these indirect
indicators of muscle damage do not accurately eeflee magnitude of muscle damage. This
is particularly true for serum creatine kinase\amti(Evans and Cannon 1991; Fielding et al.
1993; Komulainen et al. 1995; Fridén and Lieber12)0
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In pure eccentric work, much evidence exists thatinitial local damage results from
mechanical rather than from metabolic mechanisnsb@r and Fridén 1993; Warren et al.
1993; Brooks et al. 1995Dne of the mechanisms proposed for the initiahei® based on
the “popping sarcomere hypothesis” (Morgan 1990jefBy, the basis mechanism is the
region of instability on the descending limb of tearcomere length-tension curve. It is
suggested that when the myofibrils of a musclerféoe stretched while contracting, some
sarcomere resist the stretch more than others. &sequence, weaker sarcomeres take up
most of the stretch. It is likely that repeatedglés@ning actions lead to increased number of
disrupted sarcomeres in which the myofilaments tfaite-interdigitate. This theory has got
recent support through its direct demonstratioa jpopulation of living muscle fibers (Patel
et al. 2004). Several other mechanical factors heaen reported by animal studies to affect
the magnitude of contraction-induced injury, susthpaak force (Gosselin and Burton 2002),
average force (Brooks et al. 1995), work duringgtretch (Hunter and Faulkner 1997), strain
defined as the relative change in length (Liebet Bridén 1993, 1999), and fiber length
(Hunter and Faulkner 1997; Cutlip et al. 2004; @tssand Burton 2002)in an alternative
proposal for the initial stage of fatigue, Warrérak (2001) supported the hypothesis of an
excitation-contraction (E-C) uncoupling. Followistrenuous exercises, gross focal dilation
of sarcoplasmic reticulum would be accompanied dgyression in the rate of €auptake and
diminished C&' release, resulting in an increase of intracellflee calcium concentration
[Ca®"]; (Byrd 1992). The supporting evidence for this Hizesis was based on intracellular
C&* measurements, but is has been argued since thethéhincrease in is secondary to
mechanical changes in the fiber (Yeung and AlleB420Nowadays, it is suggested that the
associated stresses applied to membranous strsidéa@ to the opening of stretch-activated
cation channels and produce an influx of'Nend C&" ions (Proske and Allen 2005)
Nevertheless, an excitation-contraction uncouphmgchanism does not readily explain the
unique post-eccentric shift of the length-tensielation of the muscle (Morgan et al. 2004;
Proske and Allen 2005) The expected consequencte dftracellular increase in Eawill
be therefore presented in the subsequent stagemisdle degradation, and the excitation-
contraction uncoupling hypothesis will be discussetie neural aspects of SSC fatigue.

After SSC exercises, histological studies have ntegodirect evidence of extensive
disorganisation and even disruption of the myolféaristructures and intermediate filaments,
leading to the classically observed Z-line stream(Rridén et al. 1983, 1984; Waterman-
Storer 1991). Indices of sarcolemmal disruptionkitth et al. 1983; McBride et al. 2000)
swelling and disruption of the sarcotubular sys{@&mmstrong 1990; Fridén and Lieber 1996)
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and swollen mitochondria (Warhol et al. 1985; S&ut©89) as well as extracellular matrix
injury (Myllyla et al. 1986; Han et al. 1999; Koskin et al. 2001) have also been reported. In
the case of prolonged SSC exercises, influenceeefridicals has been suggested to occur as
well (Margaritis et al. 1997), but their consequehon exercise-induced oxidative damage
indices appear to be linked to subjects’ adaptasitaate. Considering also the absence of
decrements in peak twitch reported after very proga running (Millet et al. 2002, Place et
al. 2004) and skiing exercises (Millet et al. 2003kis will not be discussed in more details.
With regard to the ultrastructural changes alomgSBC recovery period, it is noteworthy that
cytoskeletal and myofibrillar abnormalities are &swmmediately after exercise, relative to
those observed 2-3 d later (Newham et al. 1983ath& time, normal muscle architecture is
also reported as being lost from the areas adjacettte damaged sarcomeres and fibres
(Fridén et al. 1983; Newham et al. 1983a). Aftemarathon run, Hikida et al. (1983)
demonstrated significant ultrastructural changes peaked on days one and three, with some
lasting until day seven. These observations giypsi to by the rapid functional recovery,
usually observed 1-2 h after exercise, and follobgda secondary decline 1-2 d later. The
resulting sarcomere and muscle fiber disruptionslevdhen contribute to the common shift
of the length-tension relationship towards longeusobe lengths after eccentric exercise
(Komi and Rusko 1974, Wood et al. 1993, Jones.et%7). This shift is now considered as
one of the most reliable indicators of muscle daen@fhitehead et al. 2001) and reported to
contribute to the decline in force at the originptimum length (Wood et al. 1993, Brockett
et al. 2001). There is no reason to doubt thatwusld also occur in the case of stretch-
shortening cycle fatigue (Ishikawa et al. 2006a).

Evidence has also been presented that eccentricigexes differently severe in
muscles with different architectures (Lieber anaién 2000; Fridén and Lieber 2001a) and
fiber type specific so that fast-twitch fibers wdille more sensitive than slow-twitch fibers to
eccentric-induced muscle damage (Fridén et al. 18838; Fridén and Lieber 2001a; Vijayan
et al. 2001 Brockett et al. 2002). In addition heit structural differences, fast-twitch fibers
possess a reduced oxidative capacity, which igbetdi to result during intensive exercises in
failure of cross-bridges detachment, thus leadm@rt inhomogeneous resistance to stretch
among sarcomeres and muscle fibers (Fridén andeti@®92). This would imply that
intensive SSC exercise could favour the rapid agraknt of sarcomere inhomogeneity, and
enhance the damaging effect of the repeated impads. Our own findings using different
fatiguing protocols give some support to the addai influence of metabolic failure.

Considering the similarity of the functional fais induced by either 3 min of intensive
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rebound exercise or a prolonged marathon run @ig, it is suggested that high exercise
intensity (reflected by 10s.4 mmol.I* of blood lactate concentration) might favour thpid
development of inhomogeneous resistance to stegtdhmuscle damage in connection to the
more intensive exercise (Nicol et al. 2003). Tki®xpected to have enhanced the damaging
effect of the high impact loads experienced duting rebound exercise. As illustrated by the
protective effect of previous eccentric work (Koamd Buskirk 1972; Clarkson and Tremblay
1988; Nosaka et al. 2005), the training statushef subjects may also be considered as
playing a role in the large individual variabilibpserved in terms of exercise-induced muscle
damage.

Finally, provided that mechanical coupling doesstxietween extra— and intrafusal
fibres, this may give support to the possibility disturbances in the intrafusal fibres
themselves (Komi and Nicol 2000). Leading to reduriscle spindle sensitivity, this could
contribute to the immediate reductions of both telreeflex sensitivity and the
electromyographic response (Nicol et al. 1996aoiding to the animal study of Gregory et
al. (2004), however, intrafusal fibres are not pronelamage of the kind seen in extrafusal
fibres after eccentric work. After eccentric faggunowever, Trappe et al. (2002) were able to
show disruption of titin and nebulin structures emtrafusal fibers. Provided that the
mechanical coupling truly exists between extra— amdafusal fibers, this finding may
provide evidence to keep the hypothesis of intaftiser damage alive. Whether this notion
applies to stretch-shortening cycle fatigue thabimes much higher impact (stretch) loads

than pure eccentric exercise remains to be seen.

2.7.2.3. Muscle inflammation and/or remodelling

In Armstrong’s model (Armstrong 1990; Armstrong at 1991), the dutogenetic
stagé corresponds to the first 3-4 h following the injuand marks the beginning of the
degrading process of the membrane structures. phagbcytic stageis characterized by a
typical inflammatory response in the tissues whidy last for 2-4 days or more, with a peak
around the '8 day post-exercise. Theegenerative stagebegins on days 4-6 and reflects the
regeneration of muscle fibers. In this line, muacwadaptation to exercises involving intense
and/or unaccustomed eccentric muscle actions alyexplained by the classical “damage-
inflammation-repair” pathway (Macintyre et al. 199Fidball 1995; Chambers and
McDermott 1996; Clarkson and Sayers 1999). As shiomiig. 71, the inflammatory process

may be sub-classified into acute and chronic phases
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Fig. 71. Possible sequence of events involving arfimation in muscle injury.
ATP = adenosine triphospate; IL = interleukin; LTleukotriene; PAF = platelet activating
factor; PGE = prostaglandin E; TNF = tumour ne@dactor. (From Macintyre et al. 1995)

The acute response begins with changes in the lasaall structure, leading to
structural and functional alterations of the bassmmembrane, migration of neutrophils to
the site of injury, later followed by an accumubati of monocytes by chemotaxis and
activation of satellite cells (Evans and Cannon 119¢%antone 1993; Tidball 1995).
Mobilization of neutrophils has been reported to dreater after eccentric- than after
concentric-type exercises performed by the samgesisbat similar levels of oxygen
consumption (Smith et al. 1989uring inflammation, monocytes undergo morphologica
and functional differentiation, becoming macropleageOnce activated, neutrophils,
monocytes and macrophages are capable of phagiscytosvide a fresh supply of cytokine
mediators and cytotoxic factors which may be paelsponsible for amplifying and delaying
the inflammation (Toumi and Best 2003; Toumi et 2006). Macrophages are indeed the
prime sources of cytokines such as interleukint31)l and tumour necrosis factor (TNF) that
alter endothelial permeability, leading to leuceciytfiltration and oedema.

On the other hand and as reviewed by Evans anddbaii®991), macrophages secrete
fibronectin and proteoglycans that help to stabilthe extracellular matrix, promote cell
adhesion, and stimulate fibroblast proliferatiord awllagen synthesis by means of IB-1
Elevated levels of ILf immunoreactivity in muscle tissue are reportedtad days after

downhill running (Cannon et al. 1989; Fielding &t 2993). Non-phagocytic macrophages
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(ED2+) and fibroblasts are thought to produce llater (Cannon and St. Pierre 1998), which
is probably related to repair of the tissue. Toetmal. (2006) recently suggested that reducing
neutrophil infiltration would not result only in daced collateral damage, but also in an
attenuated repair response. In this line, therstrigng evidence that following exercise-
induced muscle injury regeneration proceeds nitéurin the absence of macrophages (for a
review see Carlson and Faulkner 1983; Macintyral.e1995). In the study of Mishra et al.
(1995), non-steroidal anti-inflammatory medicat@iter muscle injury was also reported to

result in short-term improvement but subsequerst ¢dsnuscle function.

Only a few SSC fatigue studies measured functiam@nges as well as indirect
markers of the development of an inflammatory rieact{e.g. Dousset et al. 2007). The
results of this study indicated an immediate inseeanly in interleukin 6 (IL-6) and 2h peaks
of prostaglandin E2 (PG E2) and leucocyte concaatra (Fig. 72A and B), with delayed
changes in increases in C reactive protein (CRi#)stance P concentrations and serum
creatine kinase activity (S-CK), and also in mushlekness (Fig. 72C and D). These changes
occurred concomitantly with bimodal decrements iaximal voluntary force, voluntary

activation, H reflex/M-wave ratio and stretch r&fEMG amplitude.
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Fig. 72. Changes in blood concentrations of indirect markes of muscle damage and
inflammation before exhaustive SSC exercise and alg 8 days of its recovery period.
(A) Interleukin 6 (L-6, solid line) andprostaglandin E2RG E2, dashed line).
(B) Leucocyte concentration(C) reactive protein (CRP), substance P concentrations
(D) Serum creatine kinase activity (S-CK) and mudtiekhess (MT)
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HDR Caroline Nicol 2009 110



The validity of the inflammatory model after ecaemtmuscle actions has recently
been challenged, however, as recent immunologicalies have produced evidence for a
remodelling theory without preceding muscle inflaation (Pedersen and Toft 2000; Malm
et al. 2000; Malm et al. 2004; Yu et al. 2002, 200304). This theory argues that exercise-
induced disruption of the cytoskeleton is a sigrrashodelling. For instance, the frequently
reported Z-band streaming (e.g. Fielding et al.3)98 considered as a desmin re-synthesis
(Yu et al. 2002) The results of Malm et al. (2000) demonstrated thah respect to
infiltrating neutrophils and macrophages, satellgell activation and IL-f detection,
eccentric cycling exercise and multiple biopsiasseasimilar changes in adult human skeletal
muscle. According these authors, if the presendeudfocytes in human skeletal muscle after
exercise is established, it could reflect a fun@iorole of leukocytes in muscle adaptation
rather than degeneration. As the question remges,ove will now concentrate on the way

the different phases of Armstrong’s model may applthe SSC type fatigue.

The “autogenetic stage”

The additional structural degradation associatethéo‘autogenetic stadeis well in
agreement with the secondary functional declineonted after exhaustive SSC exercises.
Armstrong’s model predicts that exercise-inducednalge of the sarcolemma, T-tubule
system and sarcoplasmic reticulum (SR) would giige to a loss of calcium (€2
homeostasis. Following strenuous exercises, gasa flilation of SR have been reported to
be accompanied by depression in the rate of @atake and diminished &arelease,
resulting in an increase of intracellular free @att concentration [C&]; (Byrd, 1992).
According to the reviews of Ebbeling and Clarks@889) and Armstrong (1990), alteration
of resting [C&']; in the injured fibers could result in enhancediceh-activated endogeneous
proteases (e.g. calpain) causing further muscieyinCalpain leads to specific hydrolysis of
cytoskeletal proteins such as desmin, but not aatid myosin, whereas other calcium-
stimulated proteases act directly on the Z-lingsb@ting and Clarkson 1989). Interestingly,
Belcastro (1993) demonstrated an increased affioitgalpain for calcium after exercise,
suggesting that a given amount of damage could dkeuar at a lower calcium concentration.
Quantitative measurements of resting{Gan skeletal muscles following acute or long-term
downhill running exercise have been performed its hynch et al. 1997). The results
indicated a significant increase in resting {Gawhich coincided with the functional
decrement. Further confirmation of the role of tacium-calpain pathway in the acute
cytoskeletal damage and functional deficits aftmreatric actions has been recently obtained
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by reducing extracellular calcium to zero as wsllby applying calpain inhibitor leupeptin
(Zhang et al., 2008).

It should be mentioned, however, that Lowe et 4894) reported no immediate
changes in [C4]; and that Lynch et al. (1997) observed changeih fC&']; and muscle
function 48 h, but not 24 h post exercise. Accaydio Lynch et al. (1997Xhese combined
results would support the hypothesis that musakegested to exercises involving eccentric
muscle actions could buffer changes in{Gaintil the phagocytic stage of the inflammatory
process. In this line, a loss of force generatingtgins (myosin heavy chain and actin) by
mouse EDL muscle injured by eccentric contractias not found to contribute to the initial
strength loss, but to explain the prolonged tinterézovery in muscle strength (Ingalls et al.
1998).

The phagocytic stage”

Supporting the phagocytic stageoccurrence, several studies have reported greater
myofibrillar damage 2 days following eccentric eciee than immediately post-exercise in
both humans (Fridén et al. 1981; Newham et al. 49&8d animals (Geronilla et al. 2003).
At that time, normal muscle architecture is algworéed as being lost from the areas adjacent
to the damaged sarcomeres and fibres. After a hwrarun, Hikida et al. (1983)
demonstrated the presence of significant ultrasirat changes that were found to peak on
days 1 and 3, some of them persisting on day 7s&lobservations give support to the
secondary functional deficits observed 1-2 daysraétxhaustive SSC exercise. Myofiber
degeneration and necrosis accompanied with inteistboedema and infiltration of
inflammatory cells have been repeatedly reportedriynal studies on day one to three after
eccentric (McCully and Faulkner 1986; Lowe et &93; Lieber et al. 2002) or SSC exercise
(Geronilla et al. 2003)In the SSC animal study of Geronilla et al. (200Bge pathology
scores for myofiber degeneration and necrosis weneonstrated to increase with increasing
numbers of SSC and to be significantly greateattthan at 30 min post exercise.

Among indirect indicators of muscle inflammatiometrelative changes in serum
creatine kinase have been frequently used by Stilidastudies, including most of our own,
to determine the existence (but not the importaar exact timing) of tissue inflammation.
According to Malm (2000), however, serum creatimeake would not even be related to
muscle inflammation. On the other hand, serum credtinase activity appears to be an
indicator of either fast- or slow-recovering sultge@icol et al. 2003). This is in line with our
earlier findings relative to neuromuscular chang@golainen et al. 1998; Avela et al. 1999b;
Horita et al. 1999; Nicol et al. 2003). Other imdit indicators of exercise-induced
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inflammation include delayed changes in muscléngtffs and thickness (e.g. Fig. 73), as well

as delayed-onset muscle soreness (Fig. 47).

The “regenerative stage”

This stage is usually characterized by a functioeeovery starting on days 4-6 after
exhaustive SSC exercises. In the animal study efeLet al. (1995), protein synthesis rates
was found to increase approximately 48 h post ypjtemaining elevated by 83 % five days
post-injury. By days 10-14, muscle protein degrimsiatind synthesis rates had returned to
normal, and phagocytic infiltration was not detectdowever, muscle mass, protein content,
and absolute force production were still lower thefore. Based on the review of Warren et
al. (2001), contractile protein content and strengould recover in parallel towards the end
of the recovery (14-28days). Similar delays of recovery (Hikida et #)83), but also much
longer ones (Warhol et al. 1985; Howell et al. )988ve been reported in humans following
eccentric-induced muscle damage.

According to the classical “damage-inflammatiopaie’ theory, regeneration of
mature skeletal muscle recapitulates closely faatadgenesis (Fantone 1993; Tidball 1995)
A key element in the initiation of the events leagto recovery of muscle fibers to injuries is
the activation of satellite cells. Once activatediellite cells divide mitotically to form
myoblasts, with subsequent fusion of the myoblasferm myotubes (Carlson and Faulkner
1983; Darr and Schultz 1987The myotubes become immature fibers and ultimately
differentiated muscle fibers. According to Rantaretnal. (1995), the stem satellite cells
would follow the entire sequence of events whetbascommitted satellite cells would be
ready for immediate differentiation. Subsequentlifen@tion of satellite cells has been
reported for instance in rats after downhill rumn{Darr and Schultz 1987). The satellite cells
are reported as self-renewing, so that a residuall @f these cells is re-established after each
discrete episode of muscle injury, and therefongabke of supporting additional rounds of
regeneration (Hawke 2005). According to Kadi et(aD04), however, the pool of satellite
cells would decrease with ageing.

According to Malm et al. (2000, 2004), however, olegegeneration after eccentric
exercise would not involve satellite cell activatidn both of these studies, expression of
CD56" was used as a marker for activated satellite aelisregenerating/degenerating muscle
fibers in humans (llla et al. 1992)hese markers were found to increase within 2tdr éfie

trauma inflicted by the needle biopsy, but notrafe eccentric exercise.
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2.7.2.4. Changes in the muscle-tendon unit compdian

In addition to possible muscle damage, repeated 188€&le action can also modify
the mechanical properties of the muscle tendon ling well known that, with pure eccentric
fatigue, muscle volume increases after exercisavéiicet al. 1993, Murayama et &000).
This can be caused, among other things, by incdeiasernal fluid pressure due to swelling
(Crenshaw et al. 1994). However, swelling andret$s do not change in parallel (Chleboun
et al. 1998), and Ishikawa et gR006a) demonstrated this using ultrasound scanning
following fatiguing exercise (Fig. 73). In this diupeaks for passive resistance to stretch and
muscle thickness occurred immediately after, addys after exercise, respectively. Note that
the passive resistance to stretch remained elevated 2 days after exercise.

This modification and its direct effects on the trantile machinery are difficult to
identify in active fatigue conditions. Thereforeysgive stretching protocols have frequently
been used for this purpose. Several experiments tl@wmonstrated with a variety of protocols
that passive dynamic or static stretching of a hurskeletal muscle can impair its force
generating capacity (Taylor et al. 1990; Avela let1899b, 2001; Fowles et al. 2000). The
cause of this contractile impairment has often beénibuted to the increased compliance of
the muscle tendon unit induced by the stretch. Ating to Taylor et al. (1990) the
mechanical changes of the muscle-tendon unit are &nd history dependent because of the
viscoelastic nature of the tissue. Two differergpanses in this regard have been suggested.
The first one is stress relaxation (Magnusson.et1@95; Taylor et al. 1997), which is purely
mechanical in nature and is mainly responsibleHerreduced passive tension of the muscle-
tendon unit over time. The second one is calledstigladeformation, which means
reorientation of the supporting connective and ssflue-supporting tissue into more parallel
arrays (Purslow 1989)This response is suggested to be more time deperafethe
maintained tissue strain. Independently on the texachanism, an increased compliance of
the muscle-tendon unit could then result in imphii@ce transfer from the muscle fibres via
the tendon to the bone (Lieber et al. 1991), oaugvery likely during the course of the SSC
exercise and immediately after (early acute phaShjs is illustrated in Fig. 74 by the
reduction in passive stretch-resisting torque reggbby Avela et al. (2004) immediately after
1h of continuous passive stretching. This is ofgposd the delayed SSC recovery phase
effect, which is characterized by an increasedhstss of the muscle-tendon unit (Avela et al.
1999b; Ishikawa et al. 2006a) (Fig. 73).
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Fig. 73. Relative changes during the 8-day
follow-up period after exhaustive
SSC exercise.
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In the case of damaged elbow flexors due to edceakercise, delayed changes in
stiffness have frequently been reported in assoaiatith a reduced ability to fully flex the
joint (Clarkson et al1992). According to Whitehead et al. (2001), ttse iin passive tension
results from development of injury contracturesti® damaged muscles. Ebbeling and
Clarkson (1989) suggested there may be an abnaomaimulation of calcium inside the
muscle cell, due either to a loss of sarcolemmigigiity or dysfunction of the sarcoplasmic
reticulum. Increased muscle stiffness might be etquk as well to result in an increased
intrafusal passive tension, and subsequently iinareased resting level of spindle activity
(Gregory et al. 1988). Increased stiffness mightiltealso in increased response to stretch of
the muscle spindle. This could have contributedht overestimation reported at day 2 by
Regueme et al. (2008) in a large dorsiflexed pmsitwvhen the fatigued muscles were
stretched while holding the position (Fig. 67). $amy, this could explain why some authors

HDR Caroline Nicol 2009 11t



(Kuitunen et al. 2004) demonstrated at 2h postoesereflex amplitudes that were in some
subjects higher than in the before fatigue measenesn

However, this possibility is not in agreement witle secondary reductions repeatedly
observed in both EMG and mechanical reflex resppaster SSC exercise (e.g. Nicol et al.
1996b; Horita et al. 1999; Avela et al. 1999b; Dsmiset al. 2007). This emphasizes the need
when discussing of the SSC fatigue effects on tinetch reflex response to take into
consideration the influence of other afferent ing\g reflected in Fig. 72 and Fig. 73B by the
delayed increases in blood markers of inflammatibousset et al. 2007) and in muscle
thickness (Ishikawa et al. 2006a), the nature efdtlayed SSC recovery phase should favour

the intervention of reflex adjustments of the neacdivation.

2.7.3. Potential sources of neural changes
As suggested by the complexity of the SSC fatigifiects, the possible neural mechanisms
involved in SSC-type fatiguing exercises are greahumber. During the time course of
fatiguing SSC exercise, a significant interacti@s been demonstrated between pre-landing
activation and kinematics, and the resulting pastling stiffness adjustment (see 2.6.2.5.).
These results emphasise the plasticity, as weleaefficacy of neural adjustments during the
early parts of fatiguing exercise. They may alspl@x why, in some studies that used very
moderate-intensity exercise, the fatigue effectsewrinimal. As shown in sections 2.6.2.1.
and 2.6.2.2., the parallelism between activatiod #orce changes may persist during the
recovery period. This would indicate the existerafeneural failure or adjustments to
contractile deterioration that could operate atedént levels of the activation pathways (Fig.
25). Modified from Bigland-Ritchie (1981) and Losrh(1996), these potential sites include
the following: 1) excitatory input to supraspinabtor centers, 2) excitatory drive to-
motoneurones, 3) modulation of interneuronal cts;ui4) motoneuron excitability, 5)
peripheral reflex activity from small diameter a#fats, and 6) muscle spindle activity. The
potential sources of neural changes with SSC fatipay be discussed in terms of “central”
and “peripheral”, with “acute” and “delayed” conseqces.

First, we would like to emphasize that the bimdgtationcept particularly applies to
exercise-induced changes in stretch-reflex respoks¢his is one of the major topics of our
own research work since 1991, we will thus conedaton the potential “alteration in the

fusimotor-muscle spindle function”.
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Secondly, the manifestation and the contributiontte central and reflex neural
adjustments to SSC fatigue are clearly shown ty Epending on the testing task (see
section 2.5.3.). The variation in neural adjustredrds been classically addressed to several
mechanisms; 1) to compensate for the contractileréa (Gollhofer et al. 1987b), 2) to
optimize the neural drive in proportion to the cantile failure (also known as “muscle
wisdom”) (Bigland-Ritchie et al. 1983a) and 3) twluce contractile failure with inadequate
neural drive (Gandevia et al. 1999).is not very well known why neural drive itseliculd
be a limiting factor for the force output of the sole, but this has been repeatedly observed
after intense or prolonged running and jumping eises (see section 2.6.2.3.).

In such situations, inadequate neural drive carcdiesidered as an attempt of the
neuromuscular system to protect the muscle-tendon from additional damage (Horita
2000, Strojnik and Komi 2000, Strojnik et al. 200Erin et al. 2004). If the result of these
neural adjustments is reduced neural drive, regasdbf the mechanism, development of
central fatigue exists. In the case of SSC fatighe, recent use of transcranial magnetic
stimulation and corticospinal tract stimulation drapizes the potential influence of fatigue-
sensitive muscle afferents (namely group Il anjldYspinal and motor cortex levels (Martin
et al. 2006; Taylor and Gandevia 2001). The charmtics and expected influence of these
sensory afferents will thus be developed as theomh might be of particular interest for

improving the understanding of the delayed SSCvegophase.

2.7.3.1. Specific alteration in the fusimotor-muscépindle function

The monosynaptic reflex loop originating from mesepindle is well known to be
under fusimotor controlfloop) (Burke et al. 1979). In case of muscle faigvarious spinal
and /or peripheral feedback mechanisms may be stegyg¢o occur (Gandevia 2001). In
general, these mechanisms can be related to gitlesynaptic or postsynaptic inhibitory
effects coming from decreased net facilitation fediditation) of the la-afferents originating
from the muscle spindle or from different feedbadurces. Some direct evidence comes
from microneurographic recordings that reflex figsmibry influence provided by muscle
afferents indeed declines as fatigue develops (Beagi and Hagbarth 1990). Even though
the hypothesis of la afferent supported reductrombtor unit firing rates have been lately
challenged (Gandevia 2001), it is likely that siespecially the eccentric (braking) part of the
SSC muscle action induces a powerful loading of ringscle spindles, continuous SSC
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loading can modify thg-loop system. Unfortunately, owing to technicafidiflties no direct
microneurographic recordings have so far been mans during SSC fatigue.

Although the exact mechanism inducing the redueedffierent activity has not yet
been thoroughly explained, three major possibdlitiave been presented: 1) withdrawal of the
fusimotor support to the muscle spindles (Bongiowamd Hagbarth 1990; Hagbarth et al.
1986) and/or 2) intrafusal fibre fatigue itself (Bnet-Dénand and Laporte 1974) and/or 3)
mechanical unloading of the muscle spindle (Fowé¢sal. 2000; Avela et al. 2004).
Methodologically it is very difficult to separatbe effect of fusimotor support to muscle
spindles from the effects of muscle spindles théwasein fatigue. In some SSC fatigue
experiments listed in Table 2, large acute andétaysd reductions in stretch-reflex responses
have been measured in both passive and activetmomgl{e.g. Nicol et al. 1996b; Avela et al.
1999a, 1999b; Kuitunen et al. 2004; Regueme eR@05a, 2005c, 2007b; Dousset et al.
2007). At present, however, it can only be hypaditegsthat both direct and indirect fatigue
effects on the fusimotor-muscle spindle systemtexis

Direct influences include both metabolic and meate factors. Bongiovanni and
Hagbarth (1990) were able to show that metabotigda can influence the fusimotor support
to the muscle spindles. In addition, they suggesled that there is a possibility for some
more direct fatigue effects on the intrafusal fétbotkemselves. The theory of intrafusal fatigue
relies on a fatigue-induced decline in intrafusaitcaction force, which could then reduce the
afferent discharge. However, direct fatigue effamtsthe intrafusal fibres are scarce. Some
signs of metabolic fatigue in intrafusal fibres baleen observed following prolonged
stimulation of statig-axons in cat (Decorte et al. 1984), through thHectfof NH; and CQ
on the sensory ending of cat muscle spindles (Fuk&®8) or during prolonged swimming
of mice (Yoshimura et al. 1996).

With regard to the possibility of mechanical chamge the intrafusal fibres, one can
assume that the SSC fatigue can potentially inflaehe intrafusal fibre force. As previously
mentioned, the hypothesis of direct intrafusal dgen# still questionable (see 2.7.1.2.)
whereas there is some evidence of fatigue-indubadges in the muscle-tendon compliance
(see 2.7.1.4.). Some signs of the latter influemcehe muscle spindle response have been
reported by Avela et al. (2004) who showed cledications of reduced stretch- reflex EMG
responses immediately after 1h of continuous passtetching. Based on the simultaneously
measured reduction in fascicle length, their fingtrpretation was that increased compliance
of the aponeurosis-tendon system could have resulteeduced mechanical response of the

muscle spindles, thus leading to reduced la-affesetivity and, finally, to disfacilitation of
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the a-motoneuron pool. In this line, Ishikawa et al. @88) demonstrated an increased
compliance of the tendinous tissue when measureghiMVC test performed 2h after an
exhaustive rebound exercise. The passive fasacigth was, however, found to be longer
immediately after the SSC exercise as well as 2h Zrdays later. As reflected by the
associated delayed peak of muscle stiffness at2délyig. 73A), increased internal fluid

pressure due to swelling may be suggested to hamerred (Crenshaw et al. 1994; Nosaka
and Clarkson 1996). This gives some support topthtential influence of mechanical and
metabo-sensitive muscle afferents.

2.7.3.2. Reflex adjustments of the neural activaticpecial emphasis on group I
and IV afferents

It was originally suggested by Asmussen and Ma1®i/78) and later supported by
Bigland-Ritchie et al(1986) that reduction in the neural activation dodepend on some
reflex response from the contracting muscle itsetiis hypothesis has been later challenged
by Loscher et al1996) for sustained isometric contractions. Theimeaof SSC fatigue could,
however, favour the intervention of such mechanisbsring the delayed phase of the
recovery, structural and chemical changes assdcwith induced damage and inflammation
should, in particular, have logical consequencestlan afferent sensory pathways, and

consequently on the efferent activities.

Characteristics of group Il and IV afferents

The afferents most likely to change during fatiguexercise, and thus contribute to
central fatigue, are those in the muscle. Thededecmuscle spindle afferents (group la and
II), Golgi tendon organ afferents (group Ib), grolipand Il afferents (mechanically
sensitive), and groups lll and IV afferents (sewmsito non-noxious and noxious chemical and
metabolic events). It is of interest for the preés#iacussion on the functional effects of SSC-
induced muscle damage that small diameter, groupndl 1V, muscle afferents could be
likely candidates for such influences. As previgusientioned also (see section 2.7.1.1.), part
of these receptors is of nociceptive type and Jéwly to contribute to the D.O.M.S.
sensation.

These free nerve endings are particularly dengldrregions of connective tissues,
but also between intra- and extrafusal muscle dilbsrwell as near blood vessels, in the Golgi
tendon organs and at the myotendinous junctiorcé$tal969; Kaufman et al., 1987). These
muscle afferents are known to be mostly polymodédufman and Rybicki 1987), and
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sensitive to several parameters associated witlereinetabolic fatigue or muscle injury
(Kniffki et al. 1978; Rotto and Kaufmann 1988). the acute phase of SSC fatigue,
extracellular increases in potassium, phosphat |lastic acid may constitute stimuli of the
muscle metaboceptors (for a review see Decherctii Bousset 2003). According to the
review of McMahon and Koltzenburg (1990), unmyetigth primary sensory neurones are
particularly responsive to the long-lasting changeat can occur with slow tissue
perturbations such as inflammation. In case of heustamage, group Il and/or IV
metaboceptors are indeed activated by the reledsechemical substances, such as
bradykinin (Mense and Meyer 1988) and productsyofaoxygenase activation (Kniffki et al.
1978; Rotto and Kaufman 1988, Kaufmetnal. 2002). Additional stimuli, such as increases
in the intramuscular pressure may also take placegl the inflammatory process (Myatani
et al. 2000, 2004; Ge anf Khalsa 2003). Once aetivathe nociceptors release also
neuropeptides, which cause vasodilatation, oedemdaelease of histamine and substance P
(Cuesta et al. 1999). These processes lead trefutther and long-lasting activation of some
of the sensory endings (Fields, 198n)humans, the mean conduction velocity for grollip |
and 1V fibers have been reported by Simone etl@94) to vary within the following ranges:
(3.1 -13.5)and (0.6 — 1.2) nt.s

Only part of these receptors is of nociceptive t{idense and Meyer 1985), but they
are very likely to contribute to the D.O.M.S. sdisa Group Il and IV afferents, however,
have non-homogeneous response characteristics: gnmsp |1V afferents are nociceptors,
whereas group lll afferents also respond to norieusxmechanical stimuli, such as muscle
contraction and stretch (Mense and Meyer 1985; iaunfand Rybicki 1987; Hayward et al.
1991). Thus, during contractions, mechanically-gmes group Ill afferents fire initially
whereas the group IV afferents fire later as mdit@soaccumulate (Kaufman and Rybicki
1987; Kaufmaret al. 2002). Finally, myelinated group Ill (A-dejtcarries sharp, localized
pain, whereas unmyelinated group IV (C) muscleraffts carry dull and diffuse pain (Mense
1977; Kniffki et al. 1978). Group 1V fibers havedresuggested by Armstrong (1984) to be
primarily responsible for the sensation of D.O.M.But group Il may be expected to be

involved as well when the muscle becomes swolleinduhe delayed SSC recovery phase.

Can sensitization of small diameter afferents dbote to the bimodal SSC recovery?
The exact influence of small diameter muscle affey®n the neural activation is not

clearly established in fatigue conditions. In terofigheir influence on the neural activation
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they can act via spinal as well as via supraspo@ds, but the literature presents two major
and contradictory trends in case of pain and damage

As early as 1942, Travell and collaborators progdke hypothesis further defined by
Johansson and Sojka (1991) of a "vicious circleivinch group Il and IV muscle afferents
are believed to activatgmotoneurons and thereby to increase the backgréring of the
muscle spindles and/or their sensitivity to strefthis model is mostly supported by animal
studies performed on decerebrate cats. Among tlidanyvay et al. (1982) demonstrated a
tightly coupled excitation ofy-motoneurons by group IIl afferents in responselaw
threshold mechanical stimuli. In the case of SS@da, this mechanism has been suggested
to play a role in the large stretch reflex factlda observed after repeated and prolonged
passive muscle stretching (Avela et al. 1999aprather cat study (Jovanéwet al. 1990),
intra-arterial injection of algesic agents (bradykj potassium chloride, histamine, 5-
hydroxytryptamine) and lactic acid were found tdune increase of fusimotor discharge rate,
which was mainly attributed to the activity of gplil and IV muscle afferents. At the end of
fatiguing contractions, evidence exists also foefeexively-induced increase of the fusimotor
discharge rate to the contracting muscle and tolitse synergists (e.g. Ljubisavljéwet al.
1992, 1995). Other muscles may be influenced ak (fegla review, see Ljubisavlje&iand
Anastasijewt 1996). In this line, increased arterial concerdratof bradykinin and 5-
hydroxytryptamine are reported to excite primaryl aecondary muscle spindle afferents
from homonymous as well as heteronymous musclesludimg contralateral ones
(Djupsjobacka et al. 1995). Back to the originaldst of Appelberg et al. (1983), however,
sensitization of group Il muscle afferents wouehd predominantly to inhibition of the
dynamic y-cells and excitation of the statiecells. Similar trends have been reported in
anesthetized cats after injection of KCI and laatid (Johansson et al. 1993). Understanding
of this facilitation and of the functional effecf emall muscle afferents becomes more
complicated, since it is known from the animal gtad Cleland et al. (1982) that these small
muscle afferents make a powerful input to inhibjitmterneurones which could inhibit the la-
afferent terminals (Duchateau and Hainaut 1993ditkzhal complication comes from the
recent experimental muscle pain studies conduatedumans by Matre and collaborators
(1998, 1999). In these studies, the infusion ofemfgnic saline resulted in a stretch-reflex
facilitation at rest, but had no effect when thesole was functionally active (during sitting

and walking).
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The opposite hypothesis refers to the sparing antegtive effects of the fatigued
muscle (Bigland-Ritchie et al. 1986; Garland 19&hoka and Stuart 1992; Jammes and
Balzamo 1992; Garland and Kaufman 1995). The hysishthat small-diameter muscle
afferents inhibit motoneurones during fatigue ipmuted by human studies, in which
muscles were maintained ischemic at the end ofiguiag contraction (Woods et al. 1987).
In this condition, motor unit firing rates duringWZs remain low. This is likely to indicate
that feedback from the muscle is responsible fardeotor unit firing rates in fatigue, and the
most likely candidates are the small-diameter affes. Some convincing, although indirect
evidence exists in favour of a presynaptic inhifyiteffect ona-motoneurones (Garland and
McComas 1990; Garland 1991). For example Garlamd\deComas (1990) showed that the
H-reflex was significantly depressed after eleetiic induced fatigue of human ankle
plantarflexors under ischemia, and they failed ltsewve similar reduction in H-reflex with
ischemia alone and with electrical stimulation wiih ischemia. Similarly, Duchateau and
Hainaut (1993) observed that the decrement in kxe{normalised to the M-wave
amplitude) did not recover as long as the fatiqukiced metabolic accumulation was
maintained by ischemia. Avela et al. (2001) werke @b show the same phenomenon after
long-lasting SSC fatigue. Additional support to theolvement of group Il and IV muscle
afferents comes from the finding that selective dgenof these afferents (by application of
capsaicin) abolishes the depression of the monpsigneeflex induced by muscle fatigue
(Brunetti et al. 2003).

These overall observations give some support to hyngothesis of a potential
functional effect of group Ill and IV muscle affets, especially during the inflammatory
process that characterizes the delayed SSC recpegiyd. This is in line with the recent
findings of Dousset et al. (2007) that the delagbdnges in reflexes and isometric force
occurred concomitantly with an increase in mushiekness, in C reactive protein, and in
substance P concentration as well as in serumieddhase activity. With regard to the slow
conducting velocity of small muscle afferents (0.83 m.§"), their continuous activation by
these polymodal stimuli gives support to their ptitd role in the delayed and prolonged SSC
recovery phase. Thus, it is likely that presynaptfabition triggered by the group Il and IV

muscle afferents may contribute to the bimodalgpatbbserved along the recovery period.

Influence of sensory input at motor cortex levels
As delayed-onset muscle soreness is charactewstite delayed SSC recovery phase,

one would expect that pain research would bringit@xél information on the central
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influence of nociceptive group Il and IV muscldeaénts. Although pain influence has not
been measured directly in connection with SSC di&tigmodifications in motor control
strategies have been demonstrated using experimeaita protocols. With regard of the
inflammation effects, Besson et al. (1975) dematstt inhibitory influence of
mesencephalitic areas on neurons located in thendam from the dorsal horn when they
were previously sensitized to bradykinin. Anderssnal. (1995) reported that a central
summation of nociceptive and non-nociceptive afferactivity can occur once secondary
hyperalgesia is present. The introduction in maraaiew method of evoking tonic pain
discharge through intramuscular injection of hypeit saline may bring new insights into the
comprehension of the immediate and delayed pagteff(Rossi and Decchi 1995; Rossi et
al. 1998, 1999; Andersen et al. 2000; Sohn etQfl02Le Pera et al. 2001; Farina et al. 2005;
Qerama et al. 2005). This technique is consider®dh anodel for exciting nociceptive
afferents without affecting muscle fiber electropimogical properties (Farina et al. 2005).
For instance, Le Pera et al. (2001) demonstrataitdmic muscle pain can induce an
inhibition of the primary motor cortex as reflectieg a reduction in motor evoked potentials
(MEPSs) in the resting muscle. During the peak p#ir, absence of effects on the H-reflex
response suggested that the observed reductigzeimfsthe motor-evoked potentials (MEPS)
was probably due to decreased excitability of tlitkomcortex. Twenty minutes after pain, the
MEP amplitude was found to be further depressed tardH-reflex amplitude was also
reduced suggesting an inhibition of the spinal metoones, possibly overlapping the cortical
inhibitory processes. Furthermore, when the firomfigsmall-diameter muscle afferents is
maintained by muscle ischemia at the end of a datgy contraction, force and voluntary
activation remain reduced, although MEP and thensiberiod recover (Gandevia et al. 1996)
(Fig. 75). Thus, it is likely that an increase wluntary drive rather than changes in afferent
inputs caused the observed MEP changes. On the btrel, the absence of voluntary
activation recovery as long as the muscles weré isehemic suggests that small-diameter

muscle afferents have a role in supraspinal fatigue
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Fig. 75. Effect of a maintained ischemia
after sustained MVC on maximal
voluntary force, voluntary activation
and MEP characteristics (MEP area
and silent period).

g Ountary activation The upper two panels show maximal
h " — voluntary fore and voluntary activation
" (estimated by the force increment
: elicited by TMS). Both of them fell
| during the sustained MVC, did not
g r recover during the ischemic period, but
Sitant pariod recovered when blood flow resumed.

The bottom two panels show changes
in the TMS elicited EMG responses.
Both the silent period duration and the
MEP area increased during the
sustained MVC. Unlike voluntary
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Furthermore and confirming animal studies (Martiale2006) provided evidence that
motoneurons of extensor and flexor muscles of thmdn elbow are not uniformly affected
by inputs from group Ill and IV muscle afferentsglF76A). As shown in Fig. 76B, afferent
inputs from homonymous and antagonist muscles inlektensor motoneurons, whereas
motoneurons innervating flexors are facilitatedisThuggests that extensor muscles might
require greater cortical output to generate a giegce during fatigue (Martin et al. 2006).
Thus, small-diameter muscle afferents may conteitiotthe inhibition of motoneurones in
some muscles, but not in others.

Based on these overall observations, it is sugdetstat group Il and IV muscle
afferents are likely to contribute to the bimodaltprn observed along the SSC recovery
period. On the other hand, both animal and humadiest show mixed effects of group IlI
and IV muscle afferents on motoneurones. It is esggl that the spinal and supraspinal
effects of the sensitization of small muscle affésecould vary depending on the level of the
imposed musculo-tendinous fatigue. Variation irepgor types and in the ability to modulate
pain at multiple levels in the nervous system caxplain part of the inter-subject variability

in soreness perception.
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Fig. 76. Changes in single responses
to corticospinal tract stimulation
A (CMEPs) of elbow flexor and
extensor muscles produced by
maintained ischemia after sustained
MVC.
(A) Change in CMEP in triceps or
. biceps during maintained ischemia
777 after a 2 min MVC of the elbow
i [ ] extensors or flexors. The difference in
CMEP area is expressed as a
-20 | I percentage of its control size prior to
|_ ' MVC. That is the percentage of
20 1_ facilitation or depression of the CMEP
' is shown. CMEPs in triceps were
always evoked during brief extension
MVCs and CMEPs in biceps during
brief flexion MVCs. (*, significantly
different  from the  pre-MVC
reference).
(B) Schematic diagram showing
apparent effects of firing of group I
and IV muscle afferents on the flexor
and extensor motoneuron pools. The
present findings indicate facilitation of
flexor afferents and inhibition of
extensors by flexor or extensor
afferents. A previous study (Butler et
al. 2003) showed nonsignificant
facilitation of the flexors by flexors
afferents (dashed line).
(From Martin et al. 2006).
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2.8. Concluding comments
This chapter made an attempt to demonstrate thatatlg occurring, but exhaustive SSC
exercise induces often dramatic reduction in foeioel power production. Although these
effects are in some cases somewhat similar to tlo@serrring after intensive eccentric
exercise, the SSC fatigue is much more complexause its more comprehensive way of
loading the neuromuscular system mechanically, Inaditzally and neurally. The complex
features of SSC loading is represented in the bainoature of performance deterioration and
recovery.

When sufficiently exhaustive, SSC exercises mayl o reversible muscle damage,

with subsequent inflammation/remodelling processesociated with delayed-onset muscle
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soreness. These events have considerable inflaenoeuromuscular function including such
indices as muscle structure, muscle mechanicsjaanidand muscle stiffness. In connection
with these variables, the neural modificationsafreonsiderable mechanistic interest. This is
demonstrated by the parallelism between the neum@lmechanical changes during the SSC
exercise and along its subsequent recovery.

In the acute recovery phase, the monosynaptidcchtreeflex is one of the most
dramatically reduced parameters immediately af®€ &xercise. The immediate reduction is
though to result from the short term effects of abetic fatigue and from the decrease in
muscle-tendon compliance.

The delayed recovery is more complex in naturds Isuggested that the delayed
recovery results from the influences of structwramage/remodelling of the muscle-tendon
tissues. Structural and functional recovery is Itegting, and prevents an individual from
performing normal exercise routines for severalsddy some severe cases, the recovery
period may exceed 10 days. After fatiguing SSC @gey inadequate neural drive may be
considered as an attempt of the neuromuscularmyst@rotect the muscle-tendon unit from
additional damage. The many studies quoted in riasiuscript suggest the influence of
exhaustive SSC fatigue on the fusimotor-muscledipifunction as well as at the supraspinal
level. Activation of small (lll and 1V) afferents iproposed as an attractive factor to cause
presynaptic inhibition with subsequent reductiontlire stretch reflex response, but also
inhibition and/or facilitation at the supraspinal¢l. The functional neural consequences and
their coupling with muscle damage/remodelling iretidy SSC exercise are illustrated in
Figure 77.

Finally, based on the reported SSC fatigue studssg maximal isometric and/or
SSC testing tasks, it is emphasized that the lattes may allow distinct examination of the
central and stretch reflex EMG changes with fatigeer instance, the maximal SSC tests
confirmed the functional role of the stretch-reflEXIG response (discussed in Chapter 1) as
their reduction with fatigue was found to resultlange decrease in SSC performance. Even
more meaningful are the submaximal SSC testingstask they may reveal the panel of
changes (adjustments) of the central and reflex Eldd@ponents along the recovering period.
As the SSC tasks involve several joints they favalgp the examination of inter-muscular
compensations. These remarks apply particulari$3€ exercises performed on the sledge

exercise as they are characterized by a high rapioiity.
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Fig. 77. Schematic representation of the possible interactiobetween neural pathways and the
events of mechanical failure during the delayed rewery phase from exhaustive SSC
exercise.Presynaptic inhibition pathway is not yet représdron this graph but should be
added to it. When the muscle deteriorates, it igratterised by reduced tolerance to
repeated stretch loads, by a deterioration of ielastoil and increased work during the
push-off phase, so that the same functional outazanebe maintained.

(Modified from Horita et al. 2000).
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3. Conclusion and perspectives

The present review on our own research work withi larger research published on “SSC
fatigue” demonstrates the interest of such a madaelinvestigate the neuromuscular
adjustments in case of alteration of the muscutohteous system. This review emphasizes,
however, the need for further investigation of teural mechanisms (from peripheral to
supraspinal levels) that could explain the char&sties of the secondary decrease in
performance after SSC exercise.

To examine further the potential mechanisms leadoy neural inhibition and their
functional consequences within the muscle-tendahaamplex, we recently got interested in
maximal and supramaximal landing performances agenpal testing tasks. Several
experiments have been performed, but up to nowerabsence of neuromuscular fatigue. As
presented in the coming research plan, SSC fattpoelld be examined within one or two
years.

The present research plan entitled “Inter-segmemdlneuromuscular control of high
impact loads” constitutes the PhD project of AmaedGALINDO and will be co-supervised
by Pr Janne AVELA from the Neuromuscular Researeht€r of the University of Jyvéaskyla
(Finland).

3.1. Research perspectives

Although ground impact peak is usually attenuatsd the pre-impact neuromuscular
adjustments, intense and/or rapid ground impa&gegportedly associated with considerable
risks of injury (Dufek and Bates 1990). It has bespeculated that the natural protective
neural strategy would be a continuum from the foahe post-impact phase (Santello 2005).
In particular, the post-impact neural strategydestdered as a way to absorb energy (Dyhre-
Poulsen et al. 1991) and to protect the musculditens system (Leukel et al. 2008a). This
phase is characterized by a short-latency EMG puitsich has been recently suggested for
the Soleus muscle to be down regulated by supralspemters (Leukel et al. 2008a). The pre-
impact muscle activity may, thus, be expected tluémce the post-impact central and reflex
activation. The present project aims to investigdte origin, the flexibility and the
functionality of neuromuscular strategies when iags are performed as single leg exercise
including very high impact loads. To be optimaluremuscular adjustments during the pre-

and post-impact landing phases are expected to itkeaccount the external (impact
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characteristics) task constraints as well as tternal ones, which are related to the capacity
of the musculo-tendinous system to resist to thgosad stretch.

This project will examine in a complementary fashid) the influence of the pre-
impact force level on the stretch reflex responsend the post-impact landing phase, (2) the
adjustments of the neuromuscular strategy to tBk $pecificity (expected ground impact
peak and required rebound vs. landing task), ap¢hé8 modulation of the corticospinal and
spinal excitabilities in case of prolonged, butamible muscle damage and inflammatory
process.

Each of these experiments will involve 12 to 16 mak male/female volunteer
subjects. High impact landings will be performedome leg on a sledge apparatus (Kaneko et
al. 1984). A lower limb guiding device will be fideto the front part of the sledge seat to
allow the subjects to sustain given pre-set foesels. Evaluation of the neuromuscular and
inter-segmental strategies will be performed ugingmatics, kinetics and electromyographic
recordings and complemented by the use of H-retiest and transcranial magnetic
stimulation. Functional efficacy of the chosen mustrategies will be examined further
through high-frequency ultrasonography recordings Spleus, Gastrocnemii and Vastii
muscles. The study will be conducted accordingh® declaration of Helsinki after the

approval from the ethics committee of the Univgrsit Jyvaskyla.

3.1. 1. Background and significance

In vigorous forms of sport activities, the maxinmapact peak can reach high or even extreme
values that can exceed the mechanical tolerandbeomuscle-tendon system. Landing in
gymnastics and parachute jumps are typical aasjitivhere the landing motion plays an
important role. These activities are also exampldere the ground impact forces can reach
impact loads as high as 11 or 18 times body weidiNitt-Gray 1993; Whitting et al. 2007).
Although ground impact peak is usually attenuated the pre-impact neuromuscular
adjustments, intense and/or rapid ground impaetseportedly associated with considerable
risks of injury (Dufek and Bates 1990). Poor lamdiiechniques are identified as a major
cause of serious injuries to the muscle—tendon mmgs well as to the skeletal and joint
structures (Teh et al. 2003)o cope with high impact landings, athletes andpeaopers are
properly trained and their multijoint pre- and ptsiding strategies are specifically
developed to allow effective attenuation of groimgact loads (McNitt-Gray 1993; Whitting

et al. 2007)Controlling an expected collision involves a préigie component such as the
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estimation of the amplitude and time of the foresgeound reaction force. Understanding
how the central nervous system (CNS) controls irh@dzsorption remains essential to
determine the mechanisms of fall-related injuriesl @0 define the pre- and post-impact

strategies used to control the movement.

3.1.1.1. Central and reflex neural adjustments @nding

As recently reviewed by Santello (2005), a safe amdoth preparation for impact
requires a precise control of muscle activationthgymotor system. Pre-impact modulation of
the muscular activity is well known as pre-prograedar(Jones and Watt 1971). To attain
optimal limb stiffness at impact, both timing anch@itude of pre-landing muscle activity
(preactivation) need to be controlled. AccordingSantello (2005), preactivation modulates
muscle forces using a “general strategy” that wdaddndependent on the mechanical action
(flexors versus extensors) and anatomical chaiatiter (uni- versus bi-articular muscles) of
the individual muscles. On the other hand, thisegainstrategy requires the integration of
both external and internal information such as dnep height, the training level or the
performed task. Thus, muscle preactivation is gfearodulated by the dropping height in
landing tasks (Santello et al. 2001). In termsraining effect, untrained subjects are usually
unaware of their actual functional capacity to sesincoming ground impacts, and this is
resulting in a delayed stabilization in landing @licley and Pedotti 1992). For trained
subjects, viewing the drop height before self atitig the fall seem to allow accurate
predetermination of the impact time (Liebermann &@wbdman 1991; Santello et al. 2001,
Liebermann and Hoffman 2005), and thus the timihghe mechanical stretch (McDonagh
and Duncan 2002).

On the other hand, the post-impact phase is claiaetl by a short-latency EMG
burst, which exact origin and modulation are stiitter of debate and uncertainty. Both the
pre-programmed (Jones and Watt 1971; Dyhre-PowsdnLaursen 1984; Dyhre-Poulsen et
al. 1991) and the reflex (Dietz and Noth 1978; Piet al. 1981; Santello and McDonagh
1998; Duncan and McDonagh 2000; Kamibayashi andoN2®06) hypothesis have received
support. More recently, however, the use of falmed platform (Duncan and McDonagh
2000; McDonagh and Duncan 2002) revealed robusieece for short latency stretch
reflexes (SLR) in the Gastrocnemius Medialis ante@» muscles as well as for a potential
reflex gain modulation by signals in descendindpaitys triggered by the false platform. For
the quadriceps muscle group, the post-impact EMGthwould be mainly pre-programmed
(Duncan and McDonagh 2000), but there is a lacklaih for this muscle group. Further
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support for a Soleus SLR modulation by supraspieakters comes from the observation by
Leukel et al. (2008a) of a reduced H-reflex sewigjtiat the time of the SLR response in
landing as compared to drop-jump. The additionaleobation of lower background EMG
activities at SLR in the landing task reinforceg thiypothesis of a task-dependent neural
strategy. From a functional point of view, thisaségy can be considered as a way to absorb
energy (Dyhre-Poulsen et al. 1991) as well as aegotéon strategy to protect the musculo-
tendinous system from the high stretching load. pSujng the latter hypothesis, similar
reductions in both stretch- and H-reflex resports®ge been reported for the Soleus muscle
with increasing dropping height in drop-jumps (LeLi&t al. 2008b; Taube et al. 2008).

Based on these observations, it is thought thttdarcase of landing from a high dropping
height, the natural protective neural strategy &hbe considered as a continuum from pre- to
post-impact phases. According to Santello (2008);landing muscle activity is essential to
prepare the muscle tendon complex for a rapid,efatcstretch occurring after foot contact
and throughout the subsequent joint rotations. |[&vding muscle activity may, thus, be
expected to influence the post-impact SLR. Howeifethe literature is quite rich on the
influence of the background EMG activity on theetth reflex response in the isometric
testing condition (Gottlieb and Agarwal 1979; Matifs 1986; Sinkjaer et al. 1988; Toft et al.
1991, Ogiso et al. 2002; Mrachacz-Kersting and jak2003), this relationship has not been

tested in the stressful situation of landing.

3.1.1.2. Dynamic stiffness regulation in landing
The dynamic relation between joint position andttirgue acting about it defines the
mechanical behaviour of a joint, called the dynafoint stiffness (Kearney and Hunter
1990). Dynamic joint stiffness may be decompos¢al t'wo components:
1. An intrinsic componenarising from the mechanical properties of the tjopassive
tissue, and active muscle fibers,
2. A reflex componerdrising from changes in muscle activation dueettssry responses
to stretch.
The overall dynamic stiffness, and perhaps thdivel@ontributions of the intrinsic and reflex
components, can be modulated by the central nersyatem to determine the displacements
due to the external forces as well as the forcesle® to generate voluntary movements
(Mirbagheri et al. 2000). In landing, Dyhre-Poulsral. (1991) suggested that the dynamic
stiffness in the ankle joint increases prior to atipand then becomes negative at post-impact,

thus leading to a loss of mechanical energy dupiost-impact phase. This phase of negative
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stiffness plays an important role in motor contstblanding as high muscle stiffness might be
dangerous for the muscle-tendon integrity in owatloconditions. These observations
demonstrate that one of the major roles of the fausndon system is to protect the body
from injury coming from shockwaves, bone bendingst and joint instability. On the other
hand, if excessive muscle stiffness can be dettimhéo muscle and tendon; a low level of
stiffness may also be considered as inappropr@atstabilize the joint rotations for a safe
landing (Mizrahi and Susak 1982).

As previously mentioned, if a stretch reflex intmtion during the post-impact
landing phase is nowadays accepted, its functimb@lhas not yet been examined. The recent
use, however, of high-frequency ultrasonographyeteeal a brief stretch of various lower
limb muscles during the braking phase in rebounsisikawa and Komi 2007; Sousa et al.

2007) demonstrates its potential use in landingasin.

3.1.1.3.Influence of muscle fatigue on the centiahd reflex neural adjustments in
landing

To be optimal, neuromuscular adjustments duringptfee and post-impact landing
phases are expected to take into account the ext@nmpact characteristics) task constraints
as well as the internal ones, which are relatetigacapacity of the musculo-tendinous system
to resist to the imposed stretch. The latter tdy@is not been much studied and the landing
literature includes only a few studies on eithamied (McKinley and Pedotti 1992; McNitt-
Gray 1993; Whitting et al. 2007) or fatigued (Cotrgret al. 2006; Madigan and Pidcoe 2003)
subjects. As recently reported by Coventry et 2006), when fatigue progresses along the
repetition of submaximal landings, subjects are ablalter their lower limb joint kinematics
at impact in a way to maintain the same level afckhattenuation. Although different inter-
segmental compensatory strategies have been rdpogjgending to the type of fatiguing
protocol (Coventry et al. 2006; Madigan and Pid@@03), the same level of shock
attenuation was indeed preserved. It is unfortutietenone of these studies has examined the
associated neural adjustments.

Fatigue induced by repeated landings should, horgvevide an excellent basis for
studying neuromuscular adaptations to prolongedractile failure. In repeated landings,
each ground impact requires from the lower limbeagbr muscles to resist actively to the
induced stretch. When intensive and/or unaccustpthéieccentric type of muscle action is

well known to induce reversible muscle damage. Thassociated with delayed onset muscle

13z



soreness (DOMS), and with proprioceptive and neusmmlar impairments that may last over
several days (Cheung et al. 2003; Faulkner eai3)L

Interestingly, natural forms of ground locomotiarck as running and jumping, which
include also repeated impacts and subsequent dutakeng phase, have been much studied
in terms of their delayed structural and functioetié&cts (for a review see Nicol et al. 2006).
Recovery from a so-called stretch shortening cy@8C) type exercise is a long-term
process. The largest functional deficits, includingximal force, activation and reflex (stretch
and H-reflex) responses, are usually recorded e@'fhday post-exercise when the symptoms
of muscle soreness/damage are also greatest. betaged recovery phase, the pain usually
disappears one to several days prior to the completictural and functional recovery. The
overall results suggest that fatigue-induced chsiogeur in parallel between mechanical and
neural factors. There is enough evidence also tosider this interaction as neural
mechanisms that compensate for contractile faidurprotect fatigued muscles. Furthermore,
a clear "testing task-dependent effect" is obsetiiattemphasizes the plasticity of the neural
adjustments. Clear trends are observed in SSC tdstbther facilitation in tasks with
submaximal effort level or inhibition in more stséd maximal testing conditions. In the
latter case, significant relationships have beemdobetween the fatigue-induced changes in
the preactivation and in the post-landing stiffnésgela and Komi 1998). Importantly also,
both central and reflex adjustments were found @oy valong the recovery period, and
differently in submaximal and maximal rebound tasks

These overall observations emphasize the inteoegsé SSC fatigue to examine the
hierarchy of the neural adjustments, including rinator reflex adjustments via activation of
group Il and IV muscle afferents. The delayed werp phase after SSC exercise is indeed
characterized by an inflammatory process associatéh intramuscular chemical,
mechanical, and thermic changes that are repastetimulate group IlI-IV muscle afferents
and, thus, to contribute to the DOMS sensation. [&hding test imposing high impact loads,

it requires optimal neuromuscular strategies atetisegmental compensations.

3.2. Specific aims and unique features of the proje

The aim of this PhD project will be to investigatiee origin, the flexibility and the
functionality of neuromuscular strategies when iags are performed as single leg exercise
including very high impact loads. The investigatafrrisky activities such as the high impact
landings will be chosen because it is expected thatcontrol mechanisms are robust,

automatic, and thus susceptible to affect thedtretflex response of the post-impact phase.
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Specific emphasis will be put on:
(1) the influence of the pre-impact force level the post-impact central and stretch
reflex responses in a vigorous landing task.
(2) the adjustments of the neuromuscular landinatesgy to the task specificity, with
special emphasis on the inter-segmental compensatio
(3) the central and reflex neural adjustments dutive delayed recovery phase of
fatiguing SSC exercise inducing reversible muselaage.
The basic neuromuscular strategy will be thus erachfrom a given dropping height, and its
adaptability will be subsequently tested by varyaither the external constraint (dropping
height and task) or the internal one (muscle fatjgu
This project follows the initial collaboration worketween Prof. Paavo Komi
(Neuromuscular Research Center, Department of Byolof Physical Activity, Univ. of
Jyvaskyld) and Dr Caroline Nicol (Institute of Mowent Sciences, Faculty of Sport Sciences,
Univ. of the Mediterranean)

The detailed objectives of the project are as fadlo

3.2.1. Objective I:
Influence of the pre-impact force level on the shatency stretch reflex (SLR) response in a

vigorous landing task.

Hypothesis I:

Isometric studies have provided evidence that @alinmelationship exists at low force levels
between SLR amplitude and background EMG activityis phenomenon is referred to as
“automatic gain control” (Gottlieb and Agarwal 19Matthews 1986; Sinkjaer et al. 1988).
At higher force levels this relationship has becamae linear (Toft et al. 1991; Ogiso et al.

2002; Mrachacz-Kersting and Sinkjaer 2003). Sinyilaa linear increase in the H-reflex

amplitude (Burke et al. 1989; Butler et al. 1998ftTand Sinkjaer 1993; Oya et al. 2008) has
been reported with increasing plantar flexion terguoduction up to 50 % of the maximal

voluntary contraction, but not above this forceele(Taube et al. 2008). Although the pre-
impact phase of high impact landings might be gsitgic up to the impact-induced stretch,
this stressful situation is expected to affect linear relationship reported between low
background force level and the SLR response angglitin the case of high landing loads, it

is thought that an increase in the pre-impact ftegel up to 50% of MVC might not lead to
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an increased SLR response as a neural proteatiibifory) strategy is likely to occur during

the post-impact phase.

Abstract of the paper entitled “Neuromuscular control in landing from supra-maximal
dropping height” Galindo et al. in press (J. Appl.Physiol.) — see Original publications

The present study utilized high impact supra-makilmadings to examine the influence of
the pre-impact force level on the post-impact sugfalectromyographic (EMG) activity and,
in particular, on the short latency EMG reflex (SLd®mponent. Unilateral-leg landings were
performed in a sitting position on a sledge apparafter release from high, but individually
constant dropping height. A lower limb guiding dmvifixed to the front of the sledge seat
allowed the subjects to sustain a given pre-seeftevel up to impact. This force level was
either freely chosen or set at 20, 35 and 50% ofirmal isometric plantarflexion force. EMG
activity was recorded from eight major lower limluscles. It was expected that the increase
in the pre-impact force level would require theemention of a protective neural strategy
during the post-impact phase that would attenuaeSLR amplitude. Confirmation of the
existence of SLR response was confirmed for the $@iscle by the mechanical stretch
revealed by ultrasonography. The main finding weesdimilarity across all tested conditions
of the impact peak force and post-impact EMG aigtivincluding the SLR response. Both of
these observations are mostly attributed to thelainEMG levels and close force levels
reached towards impact. The instruction to maintigiven pre-set force level was indeed
overruled when getting close to impact. It is sigjgé that in the present supra-maximal
landing condition, a protective central neural tefgg did occur systematically, but in an

adjusted way, that secured similar impact loads.

3.2.2. Objective II:
Adjustments of the neuromuscular landing strateghé task specificity.

Hypothesis II:

Influence of the ground impact intensity on thetpogpact central and reflex EMG responses
has been investigated in rebound conditions (Adants Hamilton 1988; Avela et al. 1996;
Leukel et al. 2008a), but not yet in landings.Ha tatter study, the H-reflex over the maximal
mass compound action potential (M-wave) ratio (H#&)s found to progressively decrease at
the SLR timing from low to excessive dropping hésghThis was suggested to prevent the
musculo-tendinous system from excessive loadinglithahally, this study reported a lower

H reflex response at SLR in a landing as compaeced tebound task from a same low
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dropping height. It can be hypothesised that imilags, higher dropping height might result
in smaller H-reflex and SLR responses highlightagprotective strategy. Furthermore,
different inter-segmental strategies might be etqubas well to attempt to protect particularly

the more distal segment.

Research methods I

The basic landing protocol previously defined iesearch methods I’ has been used with a
similar number of subjects, but two dropping hesg{supramaximal and maximal) have been
tested. By changing the dropping height we cancafiiedirectly (through visuo-vestibular
inputs) and directly the impact peak intensity. Boe maximal dropping height, a rebound
test has been performed as well to allow compangtinthe actual literature. In this case, the
instruction given to the subject for the post-intppbase intended to rebound instead of
landing. This part of the research plan is under analysid #éme results should be presented
at the next ECSS Congress (Oslo, Norway june 2009).

The evaluation of the neuromuscular and inter-segmhestrategies will be
complemented by the use of H-reflex test. For eadiject, three stimulations will be timed,
so that the H-reflex peak occurred either at 10Defsre impact, at ground impact, or at the
SLR peak. H-reflex will be elicited in the Soleusisole by stimulating the posterior tibial
nerve. Moreover, to compare modulation of spinal aaorticospinal excitability at distinct
phases, motor-evoked potentials (MEPS) will be aaduby transcranial magnetic stimulation
(TMS). After an optimal coil position on the leftator cortex and an accurate set up of the
stimulus intensity for each subject, the MEPs atsame three timings than the ones used for
the H-reflex.This second part of the project will be performedlyvaskyla, under the co-

supervision of Pr J. Avela, in collaboration of It Gruber and A.G. Cresswell

3.2.3. Objective I
Central and reflex neural adjustments in the delageovery phase lasting for a few days

after fatiguing SSC exercise inducing reversiblesaieldamage.

Hypotheses IlI:

SSC exercise including intense and unaccustomedn&@@ muscle actions can induce

potential ultrastructural muscle damage that reguseveral days to recover. As previously
mentioned in section 2.7.2.2., group IlI-IV musaféerents have been proposed to favour a

presynaptic inhibitory effect oa-motoneurones ( Garland and McComas 1990; Garland
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1991; Duchateau and Hainaut 1993; Avela et al. 280dnetti et al. 2003). In addition, the
concept of supraspinal fatigue via group IlI-IVe#nts is supported by the reported effects
of muscle pain at supraspinal and spinal levels Feea et al. 2001; Qerama et al. 2005).
When dealing with fatiguing SSC exercise, the sdadmy is known to be associated in most
of the subjects with the largest values of DOMS &mtttional decrements. At that time, a
high landing test may be expected to favour theuoeoce of both supraspinal and spinal
reflex-induced inhibitions. During the subsequeays] however, the precocity of the DOMS
disappearance as compared to the functional newwutar recovery (Nicol et al. 2006) is
expected to be associated with an earlier recovkthe cortical as compared to the spinal

excitability.

Research methods llI:

The basic landing protocol previously defined iesearch methods I” will be used with a
similar number of subjects as test before and #dtegue protocol. The fatigue protocol will
consist of intensive and exhaustive series of retiswn the sledge apparatus. Supramaximal
and maximal landing tasks will be tested after, thay, four days and eight days after the
exhausted SSC tasks in the way to follow the eméioevery phase. Thus, precise functional
evaluation of the adopted central and reflex nestrategies in landing task will be performed
by combining the same kinetic, kinematics and stireographic recordings similarly to one
described in “research methods I”. Furthermore, itheestigation of the inter-segmental
strategy will be done by adjusting the SSC fatigupmotocol on the muscle group chosen
(Triceps Surae or Quadriceps). Central fatigue lbamrmeasured by comparing the twitch
superimposed to a Maximal Voluntary Contraction (@)Vand the twitch evoked on the
relaxed muscle. The twitch superposition is thetrpopular method in the literature to reveal
an activation deficit (Merton 1954). The inconvertief this method is that it is not possible
to determine if the central fatigue originates frarsupraspinal site and/or from spinal level.
The change in spinal and corticospinal excitabiitying the landing after impact along the
entire recovery period will be examined by perigtharerve stimulation (H-reflexes) and
transcranial magnetic stimulation (TMS) (motor-eedkpotentials, MEPS). This protocol will
use these measurement methods to localise as glyeeis possible the site of reduced
activation (corticospinal, spinal or peripheraldrad a recovery period after SSC exhausted

exercise.



The combination of the successive phases of thissearch plan should reveal some of
neural mechanisms involved in the adaptability of he lower limb activation pattern to
both external and internal constraints in case of fgh impact loads. Evaluation of its
functional efficacy should allow us to evaluate thepertinence of the chosen neural
strategy.
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LE CYCLE ETIREMENT-DETENTE:
un modéle d’étude des mécanismes de compensation
en cas d’altération du systéme musculo-tendineux

Mémoire de recherche présenté @aroline Nicol
Résumé

Dans les formes habituelles de la locomotion, lesales extenseurs des membres inférieurs sont éngag
cours de chaque appui au sol dans un enchaineneemthases de freinage (excentrique) et de poussée
(concentrique). Cette combinaison, appél§ele Etirement-Détentest connue pouaccroitre I'efficacité de la
phase finale concentrique, notamment par la réistitide I'énergie élastique préalablement accumldéede
I'étirement actif du complexe musculo-tendineuxsNi@vaux ont contribué & démontrer que l'interientle la
composante de courte latence du réflexe d’étiremmargculaire permettait d’accroitre la force etdaeur du
muscle. L'utilisation récente de I'échographie ateafréquence révéle I'existence d'un étirementfdeseaux
musculaires des muscles mono- et biarticulairegédut de phase de freinage. Cela renforce I'hysetittune
contribution non négligeable du réflexe d’étiremaiiefficacité du CED.

Lorsqu’ils sont épuisants ou inhabituels, les ekescde type CED peuvent engendrer des micro-Iésion
musculaires dont la lente résorption comprend uenpmene inflammatoire ou de remodelage associésa de
douleurs musculaires retardées. La période de ééatipn est généralement de type biphasique, muntes
baisses fonctionnelles immédiates, suivies d'umepération partielle ou totale a 2h qui précédenaievelles
baisses pouvant perdurer plusieurs jours. L’évofuparalléle des paramétres nerveux et mécaniqueigrse
l'influence des baisses d'activation sur les pededorce enregistrées. L'étude des performanaesmales et
sous-maximales de type CED montre la flexibilité dgistements neuromusculaires. La présence diafiéamn
ou d’inhibition de I'activation centrale et/ou réfles suggére une intégration sensorimotrice desniations
relatives a I'état du muscle (avec ou sans inflationa et des contraintes de la tdche (maximalesusis-
maximale). L’inhibition spécifique du muscle « léséors de son étirement actif pendant la phas&aleage
pourrait ainsi refléter lintervention d’un mécamis protecteur. En accord avec de récentes études de
mécanismes centraux de la fatigue, ces résultatiee & conforter I’hypothése d’une inhibition motaronale
réflexe via un circuit activé par les afférencegyge il et 1V.

Nos travaux soulignent également la persistanc@ed’mauvaise estimation et/ou compensation des
déficits fonctionnels (altération des sens de lsitipm et du mouvement) ainsi qu’'une absence depeosation
contralatérale d’'une fatigue musculaire ipsilagrales conséquences de tels déficits perceptiveunst
pourraient s'avérer critiques lorsque la douleuspdrait précocement par rapport au retour a I'iittg
structurale et fonctionnelle.

Nos perspectives de recherche visent a approfteslimécanismes sous-jacents des inhibitions cestral
et réflexes qui caractérisent la phase retardde decupération des exercices de types CED. Le®qoles de
recherche en cours examinent les stratégies nesmutaires adoptées dans une tache plus extrémeatim
supramaximal. Les prochains protocoles devrontrgkin des techniques actuelles d’investigationaléatigue

centrale.



