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I.   Introduction 

 
Ce document est la synthèse du cheminement scientifique que j’ai suivi depuis que 

j’ai soutenu ma thèse en 2003 (dir. : Luc Martin ; Laboratoire Sport et Performance Motrice 

(SPM), EA 597, Université Joseph Fourier Grenoble I, Grenoble), d’abord en tant qu’attaché 

temporaire d’enseignement et de recherche à l’Université de la Méditerranée Aix-Marseille 

II (2003-2004), puis comme maître de conférences à l’Université Paul Sabatier Toulouse III. 

J’ai été successivement rattaché au Laboratoire d’Aérodynamique et de 

Biomécanique du Mouvement (LABM, USR 2164 CNRS, Marseille), au Laboratoire 

Adaptation Perceptivo Motrice et Apprentissage (LAPMA (EA 3691) puis PRISSMH-

LAPMA (EA 4561), Toulouse) et au Toulouse NeuroImaging Center (ToNIC, UMR 825 

puis UMR 1214 Inserm / UPS, Toulouse). J’y ai (co-)encadré 5 thèses de Doctorat et 18 

Master 2 Recherche déjà soutenus, ainsi que 16 Master 2 Professionnel dans l’offre de 

formation en « Entrainement Sportif » à la Faculté des Sciences du Sport et du Mouvement 

Humain (Université Paul Sabatier Toulouse III, Toulouse). L’ensemble de mes travaux ont 

conduit à la publication de 59 articles (36), chapitre (1), rapports d’études (3) et résumés 

(19), et la présentation de 100 communications orales (69) et affichées (31). 

 

Au sein de chacune des équipes auxquelles j’ai été intégré, j’ai participé au 

développement des activités des recherche dans le domaine de la biomécanique puis de la 

neuro-biomécanique, en centrant mes travaux sur la question de la redondance musculaire. 

Cette propriété anatomo-fonctionnelle est liée au fait que le système musculo-squelettique 

dispose de plus de muscles que de degrés de liberté articulaires, avec en moyenne 2,6 

actionneurs musculaires par degré de liberté cinématique. La redondance musculaire confère 

ainsi une extrême complexité au système neuro-musculo-squelettique, mais apparaît 

également comme un atout majeur pour adapter la coordination motrice aux contraintes 

externes et internes du mouvement (Gelfand & Latash, 1998 ; Latash, 2012 ; Roby-Brami et 

al., 2005). C’est un sujet de recherche au cœur des questions fondamentales et appliquées 

dans les domaines de la biomécanique et du contrôle moteur, où il fait notamment référence 

aux problèmes de la « redondance motrice » (‘problem of motor redundancy’ ; Bernstein, 
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1967) et de la « distribution des forces musculaires » (‘force-sharing problem’ ; p. ex., Chao 

& An, 1978 ; Prilutsky, 2000). En termes mécanique, la redondance musculaire implique 

qu’il existe une infinité de combinaisons de forces (ou de moments de forces) musculaires 

individuelles possibles pour produire un même effort résultant dans une direction donnée 

autour d’une articulation. La complexité du problème sous-déterminé qui en découle est 

d’autant plus importante que la redondance musculaire ne concerne pas que les muscles 

synergistes agonistes qui exercent un effort dans le sens de l’effort résultant, mais également 

les muscles synergistes antagonistes qui agissent simultanément dans le sens opposé. Même 

si de nombreux modèles musculo-squelettiques ont été proposés – y compris ceux que nous 

avons développés dans le cadre de mon travail de thèse (Amarantini & Martin, 2004 ; 

Cahouët et al., 2002) – pour trouver une solution à ce problème et fournir une estimation 

physiologiquement réaliste des efforts résultant, agoniste et antagoniste, et musculaires, la 

question de la quantification de l’action mécanique produite par les muscles lors d’une action 

isométrique ou dynamique n’est pas résolue. C’est dans ce contexte que j’ai initié mes 

travaux dans le but de contribuer à une meilleure caractérisation et une meilleure 

compréhension du phénomène de co-contraction entre les muscles agonistes et antagonistes 

en utilisant une approche biomécanique. L’objectif était à la fois de proposer un modèle 

musculo-squelettique fournissant une estimation fiable de la contribution mécanique des 

muscles antagonistes à la production d’un effort résultant, et d’étudier les facteurs 

susceptibles d’expliquer la modulation de cette contribution dans une double perspective 

clinique et d’optimisation de la performance. Dans la continuité de mon travail de thèse, ces 

travaux ont donné lieu à la co-direction de la thèse de Guillaume Rao (Rao, 2006 ; co-dir. : 

Eric Berton) et ma participation active à celle d’Hugo Centomo (Centomo, 2006 ; dirs. : 

François Prince & Luc Martin) qui m’a par ailleurs permis d’établir une collaboration 

internationale durable et productive avec le Département de kinésiologie de l’Université de 

Montréal. Les études que nous avons menées ont contribué à une meilleure compréhension 

du rôle fonctionnel et des conséquences d’une altération du niveau d’activité des muscles 

antagonistes lors de la production d’un effort musculaire chez des sujets sains (Amarantini 

& Bru, 2015 ; Rao et al., 2009) et des patients souffrant d’un déficit moteur (Centomo et al., 

2007, 2008). Elles feront l’objet du premier chapitre de cette note de synthèse pour 
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l’habilitation à diriger des recherches, intitulé « La biomécanique, c’est génial ! » 2 à la suite 

de mon curriculum vitae détaillé. 

Dans le même temps, ces travaux ont fait émerger de nouveaux questionnements 

qui m’ont conduit à développer, en étroite collaboration avec Marieke Longcamp 

(Laboratoire de Neurosciences Cognitives, UMR 7291 CNRS / Aix-Marseille Université, 

Marseille) et Jérémie Bigot (Institut de Mathématiques de Bordeaux, UMR 5251 

CNRS / Université de Bordeaux, Bordeaux), une nouvelle approche pluridisciplinaire au 

croisement de la biomécanique et des neurosciences pour aborder la question des 

mécanismes nerveux centraux sous-jacents au contrôle de l’activité musculaire antagoniste 

chez l’homme. Cette conversion, ou plutôt cette extension thématique a été opérée au regard 

de deux constats. Le premier concerne la difficulté d’arriver à un consensus clair dans la 

communauté scientifique en biomécanique quant à la définition d’un modèle musculo-

squelettique de référence pour l’estimation des efforts musculaires « au-delà » du moment 

musculaire résultant. Même si dans ce domaine l’innovation doit rester une priorité énoncée 

de longue date (Yeadon & Challis, 1994), on peut questionner, et regretter en ce qui me 

concerne, le caractère analytique des nombreux modèles musculo-squelettique proposés 

dans le domaine de la biomécanique du mouvement au détriment d’un modèle synthétique. 

Le second constat est, comme l’illustre parfaitement la réflexion de Désiré Mégot (Tome & 

Janry, 2010 ; p. 20) et l’affirme Latash (2016), la nécessité réciproque d’étudier les 

mécanismes nerveux sous-jacents la modulation de l’activité musculaire pour comprendre 

le fonctionnement biomécanique du système musculo-squelettique. Dans cette logique, la 

stratégie de recherche que j’ai priorisée se fonde sur l’analyse combinée de données 

électroencéphalographiques (EEG), électromyographiques (EMG) et d’efforts musculaires 

pour aborder la problématique clé du contrôle moteur de la redondance musculaire lors de 

contractions normales et altérées chez l’homme. J’ai fait le choix de privilégier l’analyse de 

cohérence entre les signaux électrophysiologiques (EEG-EMG et EMG-EMG) comme un 

outil approprié pour étudier la contribution des mécanismes nerveux centraux (Boonstra, 

2013 ; Dai et al., 2017) à la régulation du niveau d’activité des muscles antagonistes chez 

des sujets sains contrôles ou experts dans une spécialité sportive, et des patients présentant 

des déficiences motrices. Nous avons développé une méthode originale d’analyse de 

cohérence temps-fréquence (Bigot et al., 2011), combinée à la mesure des efforts 

 
2 Adapté du titre complet de la première édition du livre intitulé « analyse du mouvement humain par la 
biomécanique » (Allard & Blanchi, 1996), co-écrit par mon non moins génial directeur de DEA Jean-Pierre 
Blanchi. 



Amarantini, D. Habilitation à Diriger des Recherches  |  Introduction 

	 5 

musculaires et/ou à la modélisation biomécanique. Cette démarche a permis d’étudier de 

manière globale le rôle fonctionnel de la co-contraction entre les muscles agonistes et 

antagonistes, et de mieux comprendre les mécanismes impliqués dans la distribution des 

efforts musculaires en fonction des contraintes externes et internes de la contraction 

musculaire. Ces travaux ont été concrétisés par les thèses de Fabien Dal Maso (Dal Maso, 

2012 ; co-dir. : Marieke Longcamp), Sylvain Cremoux (Cremoux, 2013 ; co-dir. : Eric 

Berton) et Camille Charissou (Charissou, 2018 ; co-dirs. : Laurent Vigouroux & Eric 

Berton) que j’ai co-encadrées. Ces problématiques seront développées dans le deuxième 

chapitre de cette note de synthèse pour l’habilitation à diriger des recherches, intitulé « La 

neuro-biomécanique, c’est magique ! ». 

 

Je tiens à souligner que, de manière transversale à l’ensemble de mes travaux de 

recherche, j’ai porté un soin tout particulier au développement de mes propres scripts de 

traitement de données, en faisant appel pour certains aux techniques les plus avancées dans 

les domaines du calcul numérique et du traitement du signal. Ce choix est central dans les 

questions qui jalonnent mon parcours scientifique et dans ma pratique d’encadrement, 

comme dans le cadre de la co-direction de la thèse de David Gasq (Gasq, 2015 ; co-dir. : 

Pier-Giorgio Zanone) qui a par ailleurs permis de diversifier mes travaux sur des 

problématiques cliniques chez les patients cérébro-lésés en phase chronique, et de les 

valoriser dans le domaine industriel. Cet aspect de mon travail de recherche a pour défauts 

d’être addictif, chronophage et plus difficile à valoriser directement en termes de productions 

scientifiques reconnues, mais il présente à mon sens plusieurs avantages qui marquent ma 

stratégie de recherche. Le premier est l’acquisition de compétences et des connaissances 

déterminantes en vue d’obtenir des résultats fiables et reproductibles, condition 

indispensable pour en faire une interprétation adéquate. Le second est la maitrise de chacune 

des étapes et des paramètres du traitement des données, évitant ainsi, comme le recommande 

McClelland et al. (2012) concernant la rectification du signal EMG pour l’analyse de 

cohérence, de perpétuer des méthodes d’analyse inappropriées qui peuvent biaiser les 

résultats. Le troisième est de participer au développement d’outils d’analyse novateurs à 

disposition de l’ensemble de la communauté scientifique en biomécanique et neurosciences 

comportementales, avec un haut niveau de confiance pouvant être accordé aux résultats dont 

ils sont issus. Cette démarche fait partie intégrante de mon cheminement scientifique et a 

permis de me forger une compétence forte en traitement avancé des signaux cinématiques, 

dynamiques, électromyographiques et électroencéphalographiques déterminante pour le 
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développement de mes axes de recherche en biomécanique, contrôle moteur, 

neurophysiologie et neurosciences. Le regard rétrospectif qu’offre la rédaction de ce 

mémoire de synthèse est l’occasion de souligner l’importance de la confiance et du soutien 

que m’a apporté Eric Berton (Institut des Sciences du Mouvement Etienne-Jules Marey, 

UMR 7287 CNRS / Aix-Marseille Université, Marseille) après ma thèse, qui m’ont permis 

de renforcer cette stratégie et de développer de manière durable mes principaux axes de 

recherche dans un environnement privilégié, notamment en matière d’encadrement. Je suis 

très reconnaissant à vous, Pr. Berton ! 3 L’expertise que j’ai ainsi acquise dans le domaine 

du traitement des données, et que je m’attache à transmettre aux étudiants de Master 2 et aux 

doctorants que j’encadre et avec lesquels je collabore, a été un vecteur de développement de 

mes travaux de recherche, d’interactions et de collaborations riches et productives. Elle m’a 

permis d’accéder à une forte autonomie y compris du point de vue financier grâce aux projets 

auxquels j’ai participé en tant qu’investigateur principal ou de partenaire. Dans ce contexte, 

le contrat de prestation établi avec Airbus © contribue au transfert industriel et clinique de 

mes activités de recherche dans le domaine des exosquelettes. Ces travaux s’inscrivent dans 

une double perspective d’amélioration de la santé et la sécurité d’opérateurs sur ligne 

d’assemblage, et du développement d’une neuroprothèse visant la facilitation des 

mouvements du membre supérieur chez le patient post-accident vasculaire cérébral en 

collaboration avec David Gasq (ToNIC UMR 1214 Inserm / UPS & service des explorations 

fonctionnelles physiologiques de l’hôpital Rangueil (CHU de Toulouse), Toulouse). 

Le troisième chapitre de cette note de synthèse pour l’habilitation à diriger des 

recherches sera consacré aux perspectives scientifiques, et à l’exposé synthétique des axes 

de recherche auxquels je souhaite donner priorité à l’avenir. Une partie de ces projets sont 

déjà engagés, dans le cadre de la co-direction de la thèse de Joseph Tisseyre (co-dir. : Jessica 

Tallet) et ma participation active à la thèse CIFRE d’Alexandre Chalard (dirs. : David Gasq 

& Philippe Marque). La thèse de Joseph Tisseyre a pour objet central l’étude des mécanismes 

sous-jacents aux mouvements miroirs, définis comme des mouvements ou contractions 

involontaires se produisant dans les muscles homologues controlatéraux à ceux du 

mouvement volontaire (Armatas et al., 1994 ; Cernacek, 1961). Les objectifs sont 

d’explorer, d’une part, les corrélats cérébraux associés à l’asymétrie des mouvements 

miroirs et, d’autre part, le lien entre les fonctions attentionnelles et exécutives et les 

mouvement miroirs chez des adultes sains et des patients cérébro- lésés (Tisseyre et al., 

 
3 Adapté de l’anglicisme consacré par Jolitorax s’adressant à Panoramix (Goscinny & Uderzo, 1966) : « Je suis 
très reconnaissant à vous, druide Panoramix ». 
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2018). La thèse d’Alexandre Chalard vise à étudier l’effet d’injections de toxine botulique 

dans les fléchisseurs du coude sur la réduction des co-contractions spastiques au cours d’un 

mouvement d’extension active de coude chez des patients hémiplégiques vasculaires 

chroniques. Ce travail a déjà permis de formuler des recommandations méthodologiques 

pour normaliser de manière adaptée les données EMG chez les patients présentant des 

patterns d’activation musculaire atypiques (Chalard et al., 2018a), et de clarifier les facteurs 

fonctionnels et cliniques les plus déterminants dans la limitation des mouvements du 

membre supérieur suite à un accident vasculaire cérébral (AVC) (Chalard et al., 2018b). Plus 

globalement, ce projet fait appel à une approche multimodale pour étudier la modulation de 

l’indice de co-contraction spastique ainsi que celles, concomitantes, de l’activité corticale et 

de l’excitabilité cortico-spinale avant et à court et long terme après injection de toxine 

botulique. L’ensemble de ces travaux sont réalisés en étroite collaboration avec David Gasq 

et Philippe Marque au sein des services des Explorations Fonctionnelles Physiologiques et 

de Médecine Physique et de Réadaptation à l’hôpital Rangueil du Centre Hospitalier 

Universitaire de Toulouse. Mon engagement dans ces projets est en totale cohérence avec le 

cheminement scientifique que j’ai suivi depuis ma thèse, mais marquent l’extension de mes 

travaux de recherche à une définition élargie de la redondance musculaire et à des 

problématiques fondamentales et appliquées dans le domaine médical. Ces orientations de 

recherche sont dans la logique de mon rattachement depuis septembre 2013 à l’équipe 

iDREAM (dir. : Isabelle Loubinoux) de l’Unité de Recherche Mixte Inserm / UPS ToNIC, 

et se placent dans la perspective de contribuer au développement de thérapeutiques 

innovantes chez le patient post-accident vasculaire cérébral, pour restituer une préhension 

fonctionnelle notamment. Dans la continuité des travaux que j’ai déjà menés (Bigot et al., 

2011 ; Blais et al., 2018 ; Charissou et al., 2016 ; Charissou et al., 2017 ; Cremoux et al., 

2017 ; Cremoux et al., 2018 ; Dal Maso et al., 2017), l’axe de recherche central que je 

souhaite développer en priorité vise à explorer la contribution des centres nerveux supra-

spinaux et spinaux dans le contrôle de la redondance musculaire en faisant appel à l’analyse 

de cohérence. Pour traiter cette question, le premier projet est conduit par Maxime Fauvet 

dans le cadre d’une thèse qui vient de débuter à l’Université de Toulouse (co-dir. : Philippe 

Marque), avec pour but d’étudier au cours du temps le couplage entre le cortex et les 

muscles, entre les muscles et au sein du cortex via la mesure des cohérences cortico-

musculaire (EEG-EMG), intermusculaire (EMG-EMG) et cortico-corticales (EEG-EEG) 

lors de contractions isométriques et de mouvements volontaires. Ces résultats permettront 

de mieux comprendre les liens fonctionnels entre les différentes structures centrales 
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impliquées dans le contrôle du mouvement et leur dynamique au cours de l’action motrice. 

Le second projet sera développé par Emilie Mathieu (co-dirs. : Sylvain Cremoux & Philippe 

Pudlo ; Laboratoire d’Automatique, de Mécanique et d’Informatique Industrielles et 

Humaines, UMR 8201 CNRS / Université Polytechnique des Hauts-de-France, 

Valenciennes) dans le cadre d’une thèse de l’Université de Valenciennes, déjà associée au 

projet de thèse CIFRE d’Alexandre Chalard. L’objectif central de ce travail sera d’étudier le 

lien entre la modulation de la cohérence intermusculaire et la plasticité de la coordination 

motrice chez des sujets sains et des patients hémiplégiques vasculaires chroniques. Il visera 

également à développer un modèle neuro-biomécanique d’estimation des forces 

musculaires, au sein duquel la cohérence intermusculaire pourrait être introduite comme 

donnée d’entrée afin apporter une redondance d’information supplémentaire qui réduirait la 

dimensionnalité du problème d’optimisation numérique formulé pour estimer les efforts 

musculaires. Finalement, deux stages de Master 2 Recherche, co-dirigés respectivement 

avec Julien Duclay et Lilian Fautrelle (ToNIC UMR 1214 Inserm / UPS, Toulouse), initient 

des travaux autour de deux problématiques qui permettront de mieux comprendre le rôle 

fonctionnel et les mécanismes impliqués dans la modulation des cohérences cortico-

musculaire et intermusculaire. Le premier comparera la cohérence cortico-musculaire entre 

des contractions isométriques et concentriques et des contractions excentriques au cours 

desquelles l’excitabilité cortico-spinale est diminuée en lien avec l’intervention de 

mécanismes nerveux d’inhibition au niveau médullaire (Duclay et al., 2011, 2014). Le 

second étudiera l’effet du contexte émotionnel sur la cohérence intermusculaire lors de 

mouvement de pointage par une approche pluridisciplinaire, au croisement de la psychologie 

cognitive, des neurosciences et de la biomécanique. Ce travail contribuera à meilleure 

compréhension des processus nerveux centraux impliqués dans les comportements moteurs 

d’approche ou d’évitement selon la valence émotionnelle, respectivement positive ou 

négative, perçue lors de la tâche (Elliot, 2006). L’intérêt est fondamental, mais également 

pratique et clinique dans une double perspective de maximiser la performance motrice chez 

le sportif et de faciliter la rééducation chez des patients présentant une altération de la 

fonction motrice.
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A la suite de ma thèse soutenue le 7 juillet 2003, j’ai été recruté comme ATER au 
sein de la Faculté de Sciences du Sport de l’Université de la Méditerranée Aix-Marseille II, 
puis comme maître de conférences à l’UFR STAPS de l’Université Paul Sabatier Toulouse 
III. Au sein des structures de recherche auxquelles j’ai été successivement rattaché, 
actuellement le Toulouse NeuroImaging Center (UMR 1214 ToNIC Inserm / UPS, 
http://tonic.inserm.fr/), l’objet central de mes travaux de recherche est la « redondance 
musculaire », avec des visées dans les domaines entrecroisés de l’optimisation de la 
performance motrice chez le sujet sain et l’amélioration de la fonction motrice chez le 
patient cérébro- ou médullo-lésé. Tout au long de mon parcours scientifique, j’ai approfondi 
ce sujet en m’intéressant de manière privilégiée aux rôles fonctionnels de la co-contraction 
agoniste / antagoniste et aux mécanismes nerveux centraux de contrôle de l’activité 
musculaire antagoniste lors de contractions volontaires et involontaires chez l’homme. Pour 
traiter cette question cruciale en contrôle moteur, mon cheminement scientifique m’a fait 
passer d’une approche strictement biomécanique à une approche multimodale réellement 
pluridisciplinaire au croisement de la biomécanique, des neurosciences et du traitement du 
signal. Chronologiquement, les principales thématiques de recherche que j’ai développées, 
et qui sont pour partie présentées de manière détaillée dans ce rapport de synthèse, sont : 
 • La modélisation musculo-squelettique de la redondance musculaire ; 
 • L’étude des facteurs de modulation de la co-contraction agoniste / antagoniste 

saine et pathologique ; 
 • L’étude des corrélats cérébraux de l’activité des muscles antagonistes ; 
 • La contribution des interactions cortico-musculaires et intermusculaires au 

contrôle de la co-contraction agoniste / antagoniste. 
J’ai toujours cherché à mener ces travaux dans un esprit de partage de 

compétences, d’interactions réciproques et de collaborations désintéressées, ce qui 
constitue à mon sens une des clés de mon parcours scientifique. Mes activités de recherche 
ont ainsi donné lieu un total de 59 publications et 100 communications en date du 28 février 
2019, et m’a offert le privilège de co-encadrer 5 thèses de Doctorat et 18 Master 2 
Recherche déjà soutenus. Au-delà des aspects bibliométriques, cette riche pratique 
d’encadrement a directement contribué au développement de mes axes de recherche et à 
l’élaboration de ceux auxquels je souhaite donner priorité à l’avenir. En poursuivant la 
démarche originale dans laquelle je m’inscris dans le domaine de la neuro-biomécanique, 
ces travaux approfondiront l’analyse de la co-contraction à travers une définition élargie et 
une vision ouverte à de nouveaux champs scientifiques. Ils contribueront également à mieux 
comprendre le rôle fonctionnel et les mécanismes impliqués dans le contrôle de la 
redondance musculaire dans une double perspective fondamentale et clinique. 
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II.   Curriculum vitae 4 

 
David AMARANTINI, PhD 

Né le 6 aout 1975 à Chambéry (73), pacsé, 3 enfants. 
+ Université Toulouse III - Paul Sabatier 
 Faculté des Sciences du Sport et du Mouvement Humain 
 118 route de Narbonne 

31062 Toulouse Cedex 9 
France 

 

' +33 (0)5 61 55 65 46  /  +33 (0)5 62 74 61 85 
7 +33 (0)5 61 55 82 80  /  +33 (0)5 62 74 61 63 
- david.amarantini@univ-tlse3.fr  /  david.amarantini@inserm.fr 
; Page web  |   /  Citations Google Scholar  /  Profil ResearchGate 

 
CURSUS 
 

Ø PARCOURS PROFESSIONNEL 

• 2011 - 2014 : Professeur associé, Département de kinésiologie, Université de 
Montréal, Montréal, Canada (du 01/08/2011 au 31/05/2014). 

• 2010 - 2011 : Congé pour recherche. Laboratoire de Simulation et Modélisation du 
Mouvement, Université de Montréal, Montréal, Québec, Canada. 

• 2004 - … : Maître de conférences, Université Paul Sabatier Toulouse 3 (UPS), 
Université de Toulouse (UFTMiP), Toulouse, France. 
- Composante : UFR STAPS puis Faculté des Sciences du Sport et du Mouvement 

Humain (F2SMH). 
- Laboratoire : LAPMA (EA 3691) de sept. 2004 à déc. 2010 ; 

 PRISSMH-LAPMA (EA 4561) de janv. 2011 à août 2013 ; 
 UMR 825 (Inserm / UPS) puis Toulouse NeuroImaging Center 

(ToNIC, UMR 1214 Inserm / UPS) depuis sept. 2013. 

• 2003 - 2004 : Attaché Temporaire d’Enseignement et de Recherche à temps 
partiel, Université de la Méditerranée Aix-Marseille II, Marseille, France. 
- Composante : Faculté des Sciences du Sport. 
- Laboratoire : LABM, USR 2164 CNRS. 

• 2003 : Ingénieur de recherche. Contrat de prestation établi entre le Laboratoire 
SPM et la Fonderie Moulaire pour « l’analyse comparative du pédalier « CG-BR ». 
CDD à temps plein du 01/03/2003 au 31/07/2003. 

 
4 Mise à jour : 28 février 2019. 
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Ø PARCOURS UNIVERSITAIRE 

• 2008 : Autorisation à diriger les recherches à titre individuel, Ecole Doctorale 
CLESCO (ED 326). Doctorant : Dal Maso, F.. 

• 1999 - 2003 : Doctorat STAPS (allocataire MENRT 1999 - 2002, soutenu le 
07/07/2003), Université Joseph Fourier Grenoble 1, Grenoble, France. Dir. : Martin, 
L.. 

• 1998 - 1999 : DEA STAPS, « Sport et Performance - Facteurs biomécaniques, 
biologiques et socio-économiques », Université Joseph Fourier Grenoble 1, 
Grenoble, France. Dirs. : Blanchi, J.P., Martin, L.. 

• 1997 - 1998 : Maîtrise STAPS, « Education et Motricité », Université Joseph 
Fourier Grenoble 1, Grenoble, France. 

• 1996 - 1997 : Licence STAPS, « Education et Motricité », Université Joseph Fourier 
Grenoble 1, Grenoble, France. 

• 1994 - 1996 : DEUG STAPS, Université Joseph Fourier Grenoble 1, Grenoble, 
France. 

• 1993 - 1994 : Classe Préparatoire aux Grandes Ecoles PTSI, Lycée Louis 
Lachenal, Argonay (74). 

• 1993 : Baccalauréat série E, lycée Louis Lachenal, Argonay (74). 

 

DISTINCTIONS 
 

• 2016 - 2020 : Prime d’Encadrement Doctoral et de Recherche. 

• 2012 - 2016 : Prime d’Excellence Scientifique. 

• 2008 - 2012 : Prime d’Encadrement Doctoral et de Recherche. 

• 2004 : Qualification aux fonctions de maître de conférences. Section 74 - STAPS, N° 
04274147390. 

 

FORMATIONS 
 

• 2007 : Journées Inter-Régions de Formation en Neuro-Imagerie. 
Formation EEG/MEG : Introduction à l’acquisition et au traitement du signal. 
Application et travaux dirigés. 24-28 Septembre 2007, Marseille, France. 

• 2007 : 4th EEGLAB Workshop. 
Atelier de formation sur le traitement avancé des données électro-physiologiques. 26-29 
Juin 2007, Aspet, France. 

• 1999 - 2001 : Modules de formation scientifique. 
Ecole Doctorale « Ingénierie pour le Vivant », Université Joseph Fourier Grenoble 1, 
Grenoble, France. 
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THÉMATIQUES DE RECHERCHE 
 

• Etude neuro-biomécanique des mécanismes de contrôle de l’activité musculaire. 

• Quantification et analyse des cohérences électrophysiologiques. 

• Modélisations biomécaniques pour l’estimation des efforts musculaires. 

• Etude des mécanismes de contrôle de la coordination multi-musculaire et de la posture. 
§ Mots clés : Biomécanique ; neurosciences ; contrôle moteur ; traitement du signal ; 

mouvement humain sain et pathologique. 
 

PRODUCTION SCIENTIFIQUE 
 

• Publications : 
- 36 articles. 
- 1 chapitre d’ouvrage. 
- 19 résumés publiés. 
- 3 rapports d’études. 

• Communications : 
- 69 communications orales, dont 9 conférences et séminaires invités. 
- 31 communications affichées. 

• Indicateurs d’impact (source : Google Scholar) : 
- Citations : 898. 
- h / i10-index : 15 / 18. 

• Encadrements : 
- 6 thèses de doctorat, dont 1 en cours. 
- 21 mémoires de Master 2 Recherche et Master of Science, dont 3 en cours. 
- 19 mémoires de Master 2 Professionnel, dont 3 en cours. 

 
 
Ø ARTICLES 

• Fauvet, M., Cremoux, S., Chalard, A., Tisseyre, J., Gasq, D.*, Amarantini, D.* 
(* co-derniers auteurs) (accepted for publication). A novel method to generalize time-
frequency coherence analysis between EEG or EMG signals during repetitive trials 
of different durations. In 2019 9th International IEEE/EMBS Conference on Neural 
Engineering (NER). 

• Chalard, A., Amarantini, D., Tisseyre, J., Marque, P., Tallet, J., Gasq, D. (epub 
ahead of print). Spastic co-contraction, rather than spasticity, is associated with 
impaired active function in adults with acquired brain injury: A pilot study. Journal 
of Rehabilitation Medicine. 

• Tisseyre, J., Marquet-Doléac, J., Barral, J., Amarantini, D.*, Tallet, J.* (* co-
derniers auteurs) (2019). Lateralized inhibition of symmetric contractions is 
associated with motor, attentional and executive processes. Behavioural Brain 
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Research, 361, 65-73. 

• Gimenez, P., Chicoine, E., Amarantini, D., Dal Maso, F., Tremblay, J. (2018). 
Unilateral conditioning contractions enhance power output in elite short track speed 
skaters. Sports Medicine International Open, 2(6): E185-E190. 

• Blais, M., Amarantini, D., Albaret, J.M., Chaix, Y., Tallet, J. (2018). Atypical inter-
hemispheric communication correlates with altered motor inhibition during learning 
of a new bimanual coordination pattern in developmental coordination disorder. 
Developmental Science, 21(3), e12563. 

• Tisseyre, J., Amarantini, D., Chalard, A., Marque, P., Gasq, D., Tallet, J. (2018). 
Mirror movements are linked to executive control in healthy and brain-injured adults. 
Neuroscience, 379, 246-256. 

• Charissou, C., Amarantini, D., Baurès, R., Berton, E., Vigouroux, L. (2017). Effects 
of hand configuration on muscle force coordination, co-contraction and concomitant 
intermuscular coupling during maximal isometric flexion of the fingers. European 
Journal of Applied Physiology, 117(11), 2309-2320. 

• Dal Maso, F., Longcamp, M., Cremoux, S., Amarantini, D. (2017). Effect of training 
status on corticomuscular beta-range coherence with agonist vs. antagonist muscles 
during knee isometric contractions. Experimental Brain Research, 235(10), 3023-
3031. 

• Cremoux, S., Tallet, J., Dal Maso, F., Berton, E., Amarantini, D. (2017). Impaired 
corticomuscular coherence during isometric elbow flexion contractions in human 
with cervical Spinal Cord Injury. European Journal of Neuroscience, 46(4), 1991-
2000. 

• Lajante, M., Droulers, O., Amarantini, D. (2017). How reliable are “state-of-the-art” 
facial EMG processing methods? Guidelines for improving the assessment of 
emotional valence in advertising research. Journal of Advertising Research, 57(1) 
28-37. 

• Daviaux, Y., Cremoux, S., Tallet, J., Amarantini, D., Cornu, C., Deschamps, T. 
(2016). I can’t reach it! Focus on theta sensorimotor rhythm toward a better 
understanding of impaired action-perception coupling. Neuroscience, 339, 32-46. 

• Barrué-Belou, S., Amarantini, D., Marque, P., Duclay, J. (2016). Neural adaptations 
to submaximal isokinetic eccentric strength training. European Journal of Applied 
Physiology, 116(5), 1021-1030. 

• Charissou, C., Vigouroux, L., Berton, E., Amarantini, D. (2016). Fatigue- and 
training-related changes in ‘beta’ intermuscular interactions between agonist muscles. 
Journal of Electromyography and Kinesiology, 27, 52-59. 

• Daviaux, Y., Cremoux, S., Tallet, J., Amarantini, D., Cornu, C., Deschamps, T. 
(2016). An enhanced experimental procedure to rationalize on the impairment of 
perception of action capabilities. Psychological Research, 80(2), 224-234. 

• Cremoux, S., Amarantini, D., Tallet, J., Dal Maso, F., Berton, E. (2016). Increased 
antagonist muscle activity in cervical SCI patients suggests altered reciprocal 
inhibition during elbow contractions. Clinical Neurophysiology, 127(1), 629-634. 

• Amarantini, D., Bru, B. (2015). Training-related changes in the EMG-moment 
relationship during isometric contractions: Further evidence of improved control of 
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muscle activation in strength-trained men? Journal of Electromyography and 
Kinesiology, 25(4), 697-702. 

• Zorgati, H., Prieur, F., Vergniaud, T., Cottin, F., Do, M.-C., Labsy, Z., Amarantini, 
D., Gagey, O., Lasne, F., Collomp, K. (2014). Ergogenic effect of oral glucocorticoid 
intake during repeated bouts of high- intensity exercise. Steroids, 86, 10-15. 

• Gasq, D., Labrunée, M., Amarantini, D., Dupui, P., Montoya, R., Marque, P. (2014). 
Between-day reliability of centre of pressure measures for balance assessment in 
hemiplegic stroke patients. Journal of NeuroEngineering and Rehabilitation, 11(1), 
39. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2013). Motor-
related cortical activity after cervical spinal cord injury: multifaceted EEG analysis 
of isometric elbow flexion contractions. Brain Research, 1533, 44-51. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2013). Does the 
force level modulate the cortical activity during isometric contractions after a 
cervical spinal cord injury? Clinical Neurophysiology, 124, 1005-1012. 

• Lajante, M., Droulers, O., Dondaine, T., Amarantini, D. (2012). Opening the “Black 
Box” of Electrodermal Activity in Consumer Neuroscience. Journal of Neuroscience, 
Psychology, and Economics, 5(4), 238-249. 

• Dal Maso, F., Longcamp, M., Amarantini, D. (2012). Training-related decrease in 
antagonist muscles activation is associated with increased motor cortex activation: 
evidence of central mechanisms for control of antagonist muscles. Experimental 
Brain Research, 220, 287-295. 

• Amarantini, D., Rao, G., Martin, L., Cahouët, V., Berton, E. (2012). EMG-based 
estimation of muscular efforts exerted during human movements. Movement & Sport 
Sciences, 75, 27-37. 

• Bigot, J., Longcamp, M., Dal Maso, F., Amarantini, D. (2011). A new statistical test 
based on the wavelet cross-spectrum to detect time-frequency dependence between 
non-stationary signals: application to the analysis of cortico-muscular interactions. 
NeuroImage. 55(4), 1504-1518. 

• Rao, G., Berton, E., Amarantini, D., Vigouroux, L., Buchanan, T.S. (2010). An 
EMG-driven biomechanical model that accounts for the decrease in moment 
generation capacity during a dynamic fatigued condition. Journal of Biomechanical 
Engineering, 132(7), 071003. 

• Amarantini, D., Rao, G., Berton, E. (2010). A two-step EMG-and-optimization 
process to estimate muscle force during dynamic movement. Journal of 
Biomechanics, 43(9), 1827-1830. 

• Rao, G., Amarantini, D., Berton, E. (2009). Influence of additional load on the 
moments of the agonist and antagonist muscle groups at the knee joint during closed 
chain exercise. Journal of Electromyography and Kinesiology, 19(3), 459-466. 

• Noé, F., Amarantini, D., Paillard, T. (2009). How experienced alpine-skiers cope 
with restrictions of ankle degrees-of-freedom when wearing ski-boots in postural 
exercises. Journal of Electromyography and Kinesiology, 19(2), 341-346. 

• Centomo, H., Amarantini, D., Martin, L., Prince, F. (2008). Differences in the 
coordination of agonist and antagonist muscle groups in below-knee amputee and 
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able-bodied children during dynamic exercise. Journal of Electromyography and 
Kinesiology, 18(3), 487-494. 

• Centomo, H., Amarantini, D., Martin, L., Prince, F. (2007). Kinematic and kinetic 
analysis of a stepping-in-place task in below-knee amputee children compared to 
able-bodied children. IEEE Transactions on Neural Systems and Rehabilitation 
Engineering, 15(2), 258-265. 

• Vigouroux, L., Quaine, F., Labarre-Vila, A., Amarantini, D., Moutet, F. (2007). 
Using EMG data to constrain optimization procedure improves finger tendon tension 
estimations during static fingertip force production. Journal of Biomechanics, 40(13), 
2846-2856. 

• Centomo, H., Amarantini, D., Martin, L., Prince, F. (2007). Muscle adaptation 
patterns of below-knee amputee children during walking. Clinical Biomechanics, 
22(4), 457-463. 

• Huffenus, A.F., Amarantini, D., Forestier, N. (2006). Effects of distal and proximal 
arm muscles fatigue on multi-joint movement organization. Experimental Brain 
Research, 170(4), 438-447. 

• Rao, G., Amarantini, D., Berton, E., Favier, D. (2006). Influence of body segments’ 
parameters estimation models on inverse dynamics solutions during gait. Journal of 
Biomechanics, 39(8), 1531-1536. 

• Amarantini, D., Martin, L. (2004). A method to combine numerical optimization 
and EMG data for the estimation of joint moments under dynamic conditions. 
Journal of Biomechanics, 37(9), 1393-1404. 

• Cahouët, V., Martin, L., Amarantini, D. (2002). Static optimal estimation of joint 
accelerations for inverse dynamic problem solution. Journal of Biomechanics, 35(11), 
1507-1513. 

 
Ø CHAPITRES D’OUVRAGES 

• Bouisset, S., Rao, G., Amarantini, D., Berton, E. (2006). Etude et modélisation du 
mouvement humain. In: Fuchs P. and Moreau G. (Eds.). Traité de la Réalité Virtuelle 
– Vol. 1 : L’Homme et l’environnement virtuel. ODILE-JACOB, Paris, pp. 109-117. 

 
Ø RÉSUMÉS PUBLIÉS 

• Chalard, A., Amarantini, D., Picaut, P., Pons, L., Marque, P., Gasq, D. (2018). 
Assessment of upper limb active movement facilitation and neuromuscular plasticity 
induced by abobotulinumtoxinA in chronic poststroke: A study protocol. Toxicon, 
156(Suppl. 1), S15-S16. 

• Chalard, A., Amarantini, D., Belle, M., Montané, E., Gasq, D. (2018). Impact of 
different EMG normalisation methods on muscle activations and cocontraction index 
in adults with chronic post-stroke hemiparesis. Annals of Physical and Rehabilitation 
Medicine, 61(Suppl.), e444. 

• Chalard, A., Amarantini, D., Tisseyre, J., Marque, P., Tallet, J., Gasq, D. (2018). Is 
spasticity or spastic cocontraction of the elbow flexors associated with the limitation 
of voluntary elbow extension in adults with acquired hemiparesis? Annals of Physical 
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and Rehabilitation Medicine, 61(Suppl.), e439. 

• Cremoux, S., Charissou, C., Tallet, J., Abade-Moreira, A., Dal Maso, F., Amarantini, 
D. (2018). T80. Alteration of intermuscular coherence in synergistic muscle pairs 
during actual elbow flexion contractions after cervical spinal cord injury. Clinical 
Neurophysiology, 129(Suppl. 1), e33. 

• Gasq, D., Montastruc, J., Lambert, V., Dupui, P., Amarantini, D. (2016). Facteurs 
déterminants de l’asymétrie d’appui en posture statique chez le patient hémiparétique. 
Neurophysiologie Clinique / Clinical Neurophysiology, 46(4-5), 260-261. 

• Gasq, D., Lainard, M., Kaluza, L., Dupui, P., Amarantini, D. (2016). Identification 
of a voluntary overcontrol of postural sway from static stabilometric assessment. 
Annals of Physical and Rehabilitation Medicine, 59(Suppl.), e124. 

• Montastruc, J., Amarantini, D., Lambert, V., Castel-Lacanal, E., Marque, P., Gasq, 
D. (2016). Main determinants of weight-bearing asymmetry in hemiplegic stroke 
patients. Annals of Physical and Rehabilitation Medicine, 59(Suppl.), e69. 

• Achour-Benallegue, A., Paubel, P.V., Amarantini, D., Pelletier, J., Kaminski, G. 
(2016). Could the diversity of facial expressions representations in visual art be the 
subject of a harmonized aesthetic relation? International Journal of Psychology, 
51(Suppl. 1), 60-61. 

• Gasq, D., Dupui, P., Marque, P., Zanone, P.-G., Amarantini, D. (2015). Pourquoi 
faire appel à l’analyse temps-fréquence pour quantifier la stabilité posturale de 
patients neurologiques ? Neurophysiologie Clinique / Clinical Neurophysiology, 
45(4-5), 404-405. 

• Kaluza, L., Amarantini, D., Lainard, M., Dupui, P., Gasq, D. (2015). Quels 
paramètres stabilométriques pour objectiver un surcontrôle volontaire des 
oscillations posturales ? Neurophysiologie Clinique / Clinical Neurophysiology, 
45(4-5), 400. 

• Cremoux, S., Amarantini, D., Tallet, J., Dal Maso, F., Berton, E. (2014). P76: 
Increased antagonist muscular activations in cervical SCI participants: evidence of 
altered reciprocal inhibition during voluntary elbow contractions. Clinical 
Neurophysiology, 125(Suppl. 1), S68. 

• Gasq, D., Labrunée, M., Amarantini, D., Dupui, P., Montoya, R., Marque, P. (2013). 
Between-day reliability of centre of pressure measures in hemiplegic stroke patients. 
Fundamental & Clinical Pharmacology, 27(Suppl. 1), 54-55. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2012). Atypical 
EMG activation patterns of the elbow extensors after complete C6 tetraplegia during 
isometric contractions: a case report. Computer Methods in Biomechanics and 
Biomedical Engineering, 15(Suppl. 1), 266-268. 

• Amarantini, D., Rao, G., Martin, L., Cahouët, V., Berton, E. (2009). Optimization- 
and EMG-assisted estimation of joint moments and muscle forces during dynamic 
movements. In: Lacouture, P., Colloud, F., Monnet, T., La machine humaine au 
regard de la performance humaine, Société de Biomécanique, France, pp. 17-22. 

• Bru, B., Amarantini, D. (2008). Influence of sporting expertise on the EMG-torque 
relationship during isometric contraction in man. Computer Methods in 
Biomechanics and Biomedical Engineering, 11(Suppl. 1), 43-44. 
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• Rao, G., Amarantini, D., Vigouroux, L., Berton, E. (2006). Influence of muscular 
fatigue on agonist and antagonist muscle groups moments during loaded squats. 
Journal of Biomechanics, 39(Suppl. 1), S74-S75. 

• Rao, G., Berton, E., Amarantini, D. (2005). Effect of load on agonist and antagonist 
muscle moments during dynamic squats. Computer Methods in Biomechanics and 
Biomedical Engineering, 8(Suppl. 1), 233-234. 

• Amarantini, D., Martin, L. (2003). Estimation of knee muscle moments from an 
EMG-assisted optimization method during dynamic contractions. Archives of 
Physiology and Biochemistry, 111(1), 106. 

• Amarantini, D., Martin, L., Blanchi, J.P. (1999). Biomechanical analysis of inter-
joint coordination. Archives of Physiology and Biochemistry, 107(Suppl.), 93. 

 

Ø MONOGRAPHIES 

• Guebba, S.†, Carrere-Casajus, P.†, Gasq, D.‡, Amarantini, D.‡ (2018). A review of 
promising technologies for the worker’s future ‘exosuit’. Rapport final de recherche, 
Inserm / Airbus, Toulouse, France († co-premiers auteurs ; ‡ co-superviseurs). 

• Gasq, D., Amarantini, D. (2017). Evaluation ergonomique de l’apport pour la santé 
d’un exosquelette assistant une tâche de crabotage. Rapport final de recherche, 
Inserm / Airbus, Toulouse, France. 

• Amarantini, D., Martin, L. (2003). Analyse comparative du pédalier Chichignoud 
G. – Bardin R. « CG – BR ». Rapport final de recherche, Université Joseph Fourier 
Grenoble 1 / Fonderie Moulaire, Grenoble, France. 

• Amarantini, D. (2003). Estimation des efforts musculaires à partir de données 
périphériques : Application à l’analyse de la coordination pluri-articulaire. Thèse de 
doctorat, Université Joseph Fourier Grenoble 1, Grenoble, France. 

 
Ø COMMUNICATIONS ORALES 

• Amarantini, D., Rieu, I., Simonetta-Moreau, M.*, Durif, F.* (* co-derniers auteurs) 
(2018). Analyse comparative accélérométrie / vidéo dans les tremblements du chef. 
Colloque NEURO-MD, Allergan Medical Institute®, Paris, France. Présentation orale. 

• Tisseyre, J., Amarantini, D., Chalard, A., Marque, P., Gasq, D., Tallet, J. (2018). 
Alteration of executive control is associated with greater mirror movements in 
healthy and brain-injured adults. 20èmes Journées Toulousaines de Psychomotricité, 
Toulouse, France. Présentation orale. 

• Cremoux, S., Tallet, J., Dal Maso, F., Charissou, C., Amarantini, D. (2018). 
Potential of corticomuscular and intermuscular interactions to evaluate and detect 
alteration of motor control in healthy people and people with cervical spinal cord 
injury. 31st International Congress of Clinical Neurophysiology, Washington, DC, 
USA. Présentation orale en symposium. 

• Chalard, A., Amarantini, D., Tisseyre, J., Marque, P., Tallet, J., Gasq, D. (2018). 
Spastic cocontraction, spasticity and impairment of motor function during active 
elbow extension in adults with hemiparesis. XVIIème congrès de la SOFAMEA, 
Toulouse, France. Présentation orale. 
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• Cremoux, S., Dal Maso, F., Longcamp, M., Bigot, J., Berton, E., Tallet, J., 
Amarantini, D. (2017). L’ElectroEncéphaloGraphie – Couplage cortico-musculaire 
et mécanismes de contrôle de la contraction musculaire. 17ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Dijon, France. Présentation orale en symposium. 

• Charissou, C., Amarantini, D., Baurès, R., Berton, E., Vigouroux, L. (2017). 
Contribution of pair-specific intermuscular coupling to the regulation of agonist-
antagonist co-contraction during maximal isometric flexion of the fingers. 17ème 
Congrès International de l’Association des Chercheurs en Activités Physiques et 
Sportives, Dijon, France. Présentation orale. 

• Tisseyre, J., Amarantini, D., Chalard, A., Marque, P., Gasq, D., Tallet J. (2017). 
Mirror movements of upper limbs are correlated with attentional and executive 
functions in healthy subjects and brain injury patients. 17ème Congrès International 
de l’Association des Chercheurs en Activités Physiques et Sportives, Dijon, France. 
Présentation orale. 

• Blais, M., Amarantini, D., Albaret, J.M., Chaix, Y., Tallet, J. (2017). Inter-
hemispheric communication is altered during learning of a new bimanual 
coordination in teenagers with developmental coordination disorder. 12th 
Developmental Coordination Disorder Conference, Perth, Western Australia, 
Australia. Présentation orale. 

• Charissou, C., Vigouroux, L., Berton, E., Amarantini, D. (2017). Functional 
relevance of correlated neural inputs in the regulation of antagonist activity during 
submaximal isometric fingers flexion tasks. 13ème colloque de la Journée de l’École 
Doctorale des Sciences du Mouvement Humain, Montpellier, France. Présentation 
orale. 

• Gasq, D., Montastruc, J., Lambert, V., Dupui, P., Amarantini, D. (2016). Facteurs 
déterminants de l’asymétrie d’appui en posture statique chez le patient hémiparétique. 
Congrès Posture Equilibre Mouvement (PEM), Nancy, France. Présentation orale. 

• Gasq, D., Lainard, M., Kaluza, L., Dupui, P., Amarantini, D. (2016). Identification 
of a voluntary overcontrol of postural sway from static stabilometric assessment. 
31ème Congrès de la Société Française de Médecine Physique et de Réadaptation, 
Saint Etienne, France. Présentation orale. 

• Montastruc, J., Amarantini, D., Lambert, V., Castel-Lacanal, E., Marque, P., Gasq, 
D. (2016). Main determinants of weight-bearing asymmetry in hemiplegic stroke 
patients. 31ème Congrès de la Société Française de Médecine Physique et de 
Réadaptation, Saint Etienne, France. Présentation orale. 

• Achour-Benallegue, A., Paubel, P.V., Amarantini, D., Pelletier J., Kaminski G. 
(2016). Could the diversity of facial expressions representations in visual art be the 
subject of a harmonized aesthetic relation? 31st International Congress of 
Psychology, Yokohama, Japan. Présentation orale. 

• Lamaud, M., Bonneval, F., Destruhaut, P., Rodriguez, A., Amarantini, D., Darmana, 
R. (2016). Effects of padding material and thickness on second metatarsal head 
discharge. FIP World Congress of Podiatry, Montréal, Canada. Présentation orale. 

• Auzias, P., Seitz, C., Escalle, Y., Rodriguez, A., Amarantini, D., Darmana, R. (2016). 
Shod, barefoot and minimalist shoes running: A comparative study. FIP World 
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Congress of Podiatry, Montréal, Canada. Présentation orale. 

• Amarantini, D. (2015). Quantification of synchronization processes between 
electrophysiological signals by coherence. Movement to Health Laboratory - 
Euromov, Université de Montpellier 1, Montpellier, France. Séminaire invité. 

• Cremoux, S., Amarantini, D. (2015). Time-frequency coherence analysis between 
electrophysiological signals provides new insights into the mechanisms underlying 
the control and perception of motor action. 16ème Congrès International de 
l’Association des Chercheurs en Activités Physiques et Sportives, Nantes, France. 
Symposium. 

• Blais, M., Amarantini, D., Albaret, J.M., Chaix, Y., Tallet, J. (2015). EEG-EEG 
coherence as a marker of motor learning in adults and teenagers with and without 
motor impairments. 16ème Congrès International de l’Association des Chercheurs 
en Activités Physiques et Sportives, Nantes, France. Présentation orale en symposium. 

• Charissou, C., Vigouroux, L., Berton, E., Amarantini, D. (2015). Effects of fatigue 
on EMG-EMG coherence between agonist muscles during isometric contractions in 
trained and untrained participants: Evidence for the importance of intermuscular 
coupling in motor control. 16ème Congrès International de l’Association des 
Chercheurs en Activités Physiques et Sportives, Nantes, France. Présentation orale 
en symposium. 

• Cremoux, S., Daviaux, Y., Amarantini, D., Deschamps, T., Cornu, C., Tallet, J. 
(2015). Cortico-cortical coherence elicits neurophysiological processes underlying 
impaired action-perception coupling. 16ème Congrès International de l’Association 
des Chercheurs en Activités Physiques et Sportives, Nantes, France. Présentation 
orale en symposium. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, E., Amarantini, D. (2015). Altered 
corticomuscular coherence after cervical spinal cord injury. 16ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Nantes, France. Présentation orale en symposium. 

• Gasq, D., Dupui, P., Marque, P., Zanone, P.-G., Amarantini, D. (2015). Pourquoi 
faire appel à l’analyse temps-fréquence pour quantifier la stabilité posturale de 
patients neurologiques ? 22ème Congrès de la Société Francophone Posture 
Equilibre Locomotion, Paris, France. Présentation orale. 

• Kaluza, L., Amarantini, D., Lainard, M., Dupui, P., Gasq, D. (2015). Quels 
paramètres stabilométriques pour objectiver un surcontrôle volontaire des 
oscillations posturales ? 22ème Congrès de la Société Francophone Posture 
Equilibre Locomotion, Paris, France. Présentation orale. 

• Amarantini, D., Lajante, M. (2014). The hidden face of consumers’ experience: an 
EMG-based method for continuous measurement of emotion. International 
Workshop on Neuroscience and Consumer Behavior: New Insights in Attention and 
Emotion Research, Graduate School of Management of Rennes, Rennes, France. 
Conférence invitée. 

• Droulers, O., Lajante, M., Amarantini, D. (2014). Paradigme neuroscientifique : 
Applicabilité des mesures psychophysiologiques en marketing. Atelier 
d’approfondissement proposé par l’Association Française du Marketing, Institut de 
Gestion de Rennes, Université de Rennes 1, Rennes, France. Atelier. 
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• Daviaux, Y., Cremoux, S., Tallet, J., Amarantini, D., Cornu, C., Deschamps, T. 
(2014). Effects of anxiety on the perception of action capabilities towards a 
sensorimotor integration perspective. 19th Annual Congress of the European College 
of Sport Science, Amsterdam, The Netherlands. Mini-présentation orale. 

• Amarantini, D. (2013). Mesurer la valence des réactions émotionnelles du 
consommateur avec l’électromyographie faciale. 29e Congrès International de 
l’Association Française du Marketing – « Apports de la psychophysiologie à l’étude 
des cognitions et des affects du consommateur : vers un renouveau de la discipline », 
La Rochelle, France. Présentation orale en session spéciale. 

• Barrué-Belou, S., Amarantini, D., Duclay, J. (2013). Modulations de l’excitabilité 
spinale suite à un entrainement excentrique sous-maximal. 15ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Grenoble, France. Présentation orale. 

• Cremoux, S., Amarantini, D., Tallet, J., Dal Maso, F., Berton, E. (2013). Effets d’une 
lésion médullaire sur la modulation de l’activation musculaire agonistes et 
antagonistes lors de contractions isométriques sous-maximales. 15ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Grenoble, France. Présentation orale. 

• Dal Maso, F., Longcamp, M., Cremoux, S., Amarantini, D. (2013). Corticomuscular 
interactions with antagonist muscles – Direct evidence of supraspinal control of 
antagonist muscles. 15ème Congrès International de l’Association des Chercheurs 
en Activités Physiques et Sportives, Grenoble, France. Présentation orale. 

• Marquet-Doléac, J., Amarantini, D., Albaret, JM., Barral, J., Tallet, J. (2013). Motor 
overflows to investigate behavioral and cerebral asymmetries. 15ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Grenoble, France. Présentation orale. 

• Amarantini, D. (2013). Neuro-biomécanique des muscles antagonistes. Journée du 
GT8 Robotique et Neurosciences « Génération de mouvement et contrôle moteur », 
Toulouse, France. Présentation orale. 

• Amarantini, D. (2012). A neurobiomechanical approach to understanding the 
mechanisms involved in the regulation of agonist-antagonist cocontraction during 
voluntary activity. Movement to Health Laboratory, Université de Montpellier 1, 
Montpellier, France. Séminaire invité. 

• Prince, F., Gasq, D., Amarantini, D. (2012). Comment interpréter une évaluation 
stabilométrique ? 27ème Congrès de la Société Française de Médecine Physique et 
de Réadaptation, Toulouse, France. Atelier. 

• Duclay, J., Amarantini, D., Martin, A. (2012). Recurrent inhibition of synergistic 
muscles during maximal voluntary anisometric contraction. 17th Annual Congress of 
European College of Sport Science, Bruges, Belgium. Présentation orale. 

• Lajante, M., Droulers, O., Dondaine, T., Amarantini, D. (2012). Opening the “Black 
Box” of Electrodermal Activity in Consumer Neuroscience. 2012 
NeuroPsychoEconomics Conference, Rotterdam, The Netherlands. Présentation 
orale. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2012). Modulation 
de l’activité corticale lors de contractions isométriques à différents niveaux de force 
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après une lésion médullaire cervicale. XVIèmes Journées d’Etudes Francophones en 
Activités Physiques Adaptées, Orsay, France. Présentation orale. 

• Amarantini, D. (2011). Modélisation musculosquelettique & approche « neuro-
biomécanique » de la fonction musculaire. Laboratoire Motricité, Interactions, 
Performance, Université de Nantes, Nantes, France. Séminaire invité. 

• Amarantini, D. (2011). EMG-based estimation of muscular efforts exerted during 
human movements. Sport, Measure & Simulation 2011, Poitiers, France. Conférence 
invitée. 

• Amarantini, D. (2011). Modélisations biomécaniques de la fonction musculaire : 
applications pour l’optimisation de la préparation physique. Atelier entraînement 
spécialisé et préparation physique, Centre National Multisport Montréal, Montréal, 
Canada. Conférence invitée. 

• Amarantini, D. (2011). Modélisations biomécaniques pour l’étude des mécanismes 
de contrôle et de régulation de la cocontraction. Unité de recherche CIAMS-RIME, 
Université Paris-Sud 11, Orsay, France. Séminaire invité. 

• Amarantini, D. (2011). Modélisations des forces musculaires utilisant 
l’électromyographie comme information redondante. Xèmes Journées de la 
SOFAMEA – Journée thématique : « regards croisés sur la modélisation de la 
fonction musculaire », Saint-Etienne, France. Conférence invitée. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2011). 
Désynchronisation corticale lors de contractions isométriques volontaires sous 
maximales chez le sujet tétraplégique. 14ème Congrès International de l’Association 
des Chercheurs en Activités Physiques et Sportives, Rennes, France. Présentation 
orale. 

• Dal Maso, F., Longcamp, M., Amarantini, D. (2011). Modulation of cortical 
oscillatory suppression is associated with decreased activation of antagonist muscles 
in strength-trained athletes. 14ème Congrès International de l’Association des 
Chercheurs en Activités Physiques et Sportives, Rennes, France. Présentation orale. 

• Duclay, J., Amarantini, D., Martin, A. (2011). Changes in recurent inhibition during 
maximal voluntary anisometric contraction. 16th Annual Congress of the European 
College of Sport Science, Liverpool, United Kingdom. Présentation orale. 

• Amarantini, D. (2010). Biomechanical modeling and analysis of force distribution 
patterns in isometric and dynamic muscle contractions. 6th World Congress on 
Biomechanics, Singapore, Singapore. Présentation orale en symposium. 

• Dal Maso, F., Longcamp, M., Amarantini, D. (2010). Influence of agonist-
antagonist muscle coactivation on corticomuscular coherence during submaximal 
isometric contractions. IXes Journées de la SOFAMEA, Toulouse, France. 
Présentation orale. 

• Gasq, D., Dal Maso, F., Prince, F., Montoya, R., Amarantini, D. (2010). Medio-
lateral control of the centre of pressure in healthy subjects under asymmetric 
conditions: preliminary results. IXes Journées de la SOFAMEA, Toulouse, France. 
Présentation orale. 

• Dal Maso, F., Longcamp, M., Amarantini, D. (2009). Influence of agonist-
antagonist cocontraction on cortico-muscular coherence in strength-trained and 
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untrained men during submaximal isometric knee contractions. 13ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Lyon, France. Présentation orale. 

• Amarantini, D., Rao, G., Martin, L., Cahouët, V., Berton, E. (2009). Optimization- 
and EMG-assisted estimation of joint moments and muscle forces during dynamic 
movements. Journée Thématique de la Société de Biomécanique : La machine 
humaine au regard de la performance sportive, Poitiers, France. Présentation orale. 

• Amarantini, D. (2008). Optimization-based and EMG-assisted estimation of muscle 
forces and joint moments under isometric and dynamic contractions. 8th World 
Congress on Computational Mechanics & 5th. European Congress on 
Computational Methods in Applied Sciences and Engineering, Venice, Italy. 
Présentation orale en symposium. 

• Amarantini, D. (2008). Modélisation(s) biomécanique(s) pour l’estimation des 
efforts musculaires : applications cliniques. Journée Scientifique 2008 de l’IFR 96, 
Toulouse, France. Présentation orale. 

• Bru, B., Amarantini, D. (2008). Sporting expertise influences the EMG-torque 
relationship during isometric contraction. Journées Nationales de la Robotique 
Humanoïde, Aéroclub de France, Paris, France. Présentation orale. 

• Amarantini, D., Rao, G., Berton, E. (2007). A two-step EMG-assisted minimax 
optimization process to estimate individual muscle forces in dynamic movements. 
12ème Congrès International de l’Association des Chercheurs en Activités Physiques 
et Sportives, Leuven, Belgium. Présentation orale. 

• Amarantini, D. (2007). Changes in multi-muscle and multi-joint coordination 
during perturbed locomotor-like rhythmic movement. 24ème Congrès du Club 
Locomotion et Motricité Rythmique, Toulouse, France. Présentation orale. 

• Centomo, H., Amarantini, D., Martin, L., Prince, F. (2006). Differences in agonist 
and antagonist muscle groups coordination between below-knee amputee and able-
bodied children during dynamic exercise. 14th Biennial Conference for the Canadian 
Society for Biomechanics, University of Waterloo, Waterloo, Canada. Présentation 
orale. 

• Rao, G., Amarantini, D., Vigouroux, L., Berton, E. (2006). Influence of muscular 
fatigue on agonist and antagonist muscle groups moments during loaded squats. 5th 
World Congress of Biomechanics, Munich, Germany. Présentation orale. 

• Centomo, H., Amarantini, D., Martin, L., Prince, F. (2006). Differences in the 
coordination of agonist and antagonist muscle groups in below-knee amputee and 
able-bodied children during dynamic exercise. Journée scientifique du Programme 
MENTOR des IRSC (Programme de formation stratégique sur les troubles de la 
mobilité et de la posture), École de technologie supérieure, Montréal, Canada. 
Présentation orale. 

• Amarantini, D. (2005). Modélisations biomécaniques pour l’estimation des efforts 
musculaires. 11ème Congrès International de l’Association des Chercheurs en 
Activités Physiques et Sportives, Paris, France. Présentation orale en symposium. 

• Rao, G., Amarantini, D., Favier, D., Berton, E. (2005). Estimation du niveau de co-
contraction et des forces articulaires au genou lors d’un exercice de squat en charge. 
11ème Congrès International de l’Association des Chercheurs en Activités Physiques 
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et Sportives, Paris, France. Présentation orale. 

• Rao, G., Berton, E, Amarantini, D. (2005). Effect of load on agonist and antagonist 
muscle moments during dynamic squats. 30th Congress of the Société de 
Biomécanique, Brussels, Belgium. Présentation orale. 

• Amarantini, D. (2004). Développement de modèles biomécaniques pour l’analyse 
du mouvement humain. Laboratoire Mouvement et Perception, Université Aix-
Marseille 2, Marseille (Luminy), France. Séminaire invité. 

• Gonzalez, D., Amarantini, D., Dietrich, G., Micallef, J.P., Favier, D. (2004). 3D 
Kinematics and kinetics analysis of javelin throwing performance. XXIInd 
International Symposium of Biomechanics in Sports, University of Ottawa, Ottawa, 
Ontario, Canada. Présentation orale. 

• Rao, G., Berton, E., Amarantini, D., Favier, D. (2004). A Kinematic and Dynamic 
Analysis of Elite Alpine Skiers. XXIInd International Symposium of Biomechanics 
in Sports, University of Ottawa, Ottawa, Ontario, Canada. Présentation orale. 

• Rao, G., Amarantini, D., Berton, E., Favier, D. (2004). Influence of Anthropometric 
Prediction Models on Inverse Dynamics Solutions. 13th Biennial Conference of the 
Canadian Society for Biomechanics, Halifax, Nova Scotia, Canada. Présentation 
orale. 

• Amarantini, D., Martin, L., Cahouët, V. (2004). Optimization-based Procedures for 
the Prediction of Joint Muscular Efforts. 13th Biennial Conference of the Canadian 
Society for Biomechanics, Halifax, Nova Scotia, Canada. Présentation orale. 

• Amarantini, D., Martin, L. (2003). Détermination des moments musculaires 
agoniste et antagoniste au cours de mouvements dynamiques : utilisation de 
l’optimisation numérique et des signaux électromyographiques. 10ème Congrès 
International de l’Association des Chercheurs en Activités Physiques et Sportives, 
Toulouse, France. Présentation orale. 

• Amarantini, D., Martin, L. (2003). Estimation of knee muscle moments from an 
EMG-assisted optimization method during dynamic contractions. 28ème Congrès de 
la Société de Biomécanique, Poitiers, France. Présentation orale. 

• Amarantini, D., Cahouët, V., Martin, L. (2001). Method for solving inverse dynamic 
problems using static optimisation of joint accelerations. 9ème Congrès International 
de l’Association des Chercheurs en Activités Physiques et Sportives, Valence, France. 
Présentation orale. 

 

Ø COMMUNICATIONS AFFICHEES 

• Chalard, A., Amarantini, D., Picaut, P., Pons, L., Marque, P., Gasq, D. (2019). 
Assessment of upper limb active movement facilitation and neuromuscular plasticity 
induced by abobotulinumtoxinA in chronic poststroke: A study protocol. 4th 
International Neurotoxin Association Conference, Copenhagen, Denmark. Poster. 

• Chalard, A., Amarantini, D., Tisseyre, J., Marque, P., Tallet, J., Gasq, D. (2018). Is 
spasticity or spastic cocontraction of the elbow flexors associated with the limitation 
of voluntary elbow extension in adults with acquired hemiparesis? 12th World 
Congress of the International Society of Physical and Rehabilitation Medicine, Paris, 
France. E-Poster. 
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• Chalard, A., Amarantini, D., Belle, M., Montané, E., Gasq, D. (2018). Impact of 
different EMG normalisation methods on muscle activations and cocontraction index 
in adults with chronic post-stroke hemiparesis. 12th World Congress of the 
International Society of Physical and Rehabilitation Medicine, Paris, France. E-
Poster. 

• Cremoux, S., Charissou, C., Tallet, J., Abade-Moreira, A., Dal Maso, F., Amarantini, 
D. (2018). Alteration of intermuscular coherence in synergistic muscle pairs during 
actual elbow flexion contractions after cervical spinal cord injury. 31st International 
Congress of Clinical Neurophysiology, Washington, DC, USA. Poster. 

• Cremoux, S., Amarantini, D., Dal Maso, F., Tallet, J. (2017). Etude neuro-
physiologique des mouvements miroirs chez le sujet traumatisé médullaire cervical. 
17ème Congrès International de l’Association des Chercheurs en Activités Physiques 
et Sportives, Dijon, France. Poster. 

• Blais, M., Amarantini, D., Albaret, J.M., Chaix, Y., Tallet, J. (2016). Inter-
hemispheric communication is altered during learning of a new bimanual 
coordination in teenagers with developmental coordination disorder. Journée de 
l’Ecole Doctorale Comportement, Langage, Education, Socialisation, Cognition, 
Toulouse, France. Poster. 

• Charissou, C., Amarantini, D., Berton, E., Vigouroux, L. (2016). Effects of grip type 
on EMG-EMG coherence between hand flexor and extensor muscles during maximal 
isometric contractions. 12ème colloque de la Journée de l’Ecole Doctorale des 
Sciences du Mouvement Humain, Marseille (Luminy), France. Poster. 

• Charissou, C., Vigouroux, L., Berton, E., Amarantini, D. (2015). Fatigue- and 
training-related modulation of “β” EMG-EMG coherence between synergist agonist 
muscles during isometric contractions: New evidence of the significance of 
intermuscular coupling in motor control. Progress in Motor Control X, Budapest, 
Hungary. Poster. 

• Daviaux, Y., Cremoux, S., Tallet, J., Amarantini, D., Cornu, C., Deschamps, T. 
(2015). Impaired perception of reaching capabilities involves an atypical 
sensorimotor activity over the contralateral premotor area. 9th IBRO World Congress 
of Neuroscience, Rio de Janeiro, Brazil. Poster. 

• Gimenez, P., Chicoine, E., Amarantini, D., Dal Maso, F., Tremblay, J. (2014). Effect 
of lower-body pre-activation on performance during repeated jump squats in short-
track speed skaters. SPIN Summit 2014, Montréal, Canada. Poster. 

• Cremoux, S., Amarantini, D., Tallet, J., Dal Maso, F., Berton, E. (2014). Increased 
antagonist muscular activations in cervical SCI participants: evidence of altered 
reciprocal inhibition during voluntary elbow contractions. 30th International 
Congress of Clinical Neurophysiology, Berlin, Germany. Poster. 

• Zorgati, H., Collomp, K., Cottin, F., Vergniaud, T., Do, M.-C., Amarantini, D., 
Labsy, Z., Gagey, O., Prieur, F. (2013). Effet d’une prise de courte durée de corticoïde 
sur l’oxygénation musculaire du vastus lateralis lors d’exercices brefs et intenses. 
15ème Congrès International de l’Association des Chercheurs en Activités Physiques 
et Sportives, Grenoble. Poster. 

• Gasq, D., Labrunée, M., Amarantini, D., Dupui, P., Montoya, R., Marque, P. (2013). 
Between-day reliability of centre of pressure measures in hemiplegic stroke patients. 
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VIIIème Congrès de Physiologie, de Pharmacologie et de Thérapeutique (P2T), 
Angers, France. Poster. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2012). Atypical 
EMG activation patterns of the elbow extensors after complete C6 tetraplegia during 
isometric contractions: a case report. 37ème Congrès de la Société de Biomécanique 
(en collaboration avec 27ème Congrès de Médecine Physique et de Réadaptation), 
Toulouse, France. Poster. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2012). Modulation 
of the cortical activity during isometric contractions at different force levels after a 
cervical spinal cord injury. 2012 Summer School on Neurorehabilitation, Nuévalos 
(Zaragoza), Spain. Poster. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2012). Evolution 
de l’activité corticale lors de contractions isométriques à différents niveaux de force 
après une tétraplégie. 8ème Journée de l’Ecole Doctorale en Sciences du Mouvement 
Humain, Montpellier, France. Poster, prix de la meilleure communication affichée. 

• Dal Maso, F., Longcamp, M., Amarantini, D. (2011). Effect of strength-training on 
cortical oscillatory activity modulations in isometric contractions. 17th Annual 
Meeting of the Organization for Human Brain Mapping, Québec, Canada. Poster. 

• Cremoux, S., Tallet, J., Berton, E., Dal Maso, F., Amarantini, D. (2011). Effets d’une 
lésion médullaire sur la désynchronisation corticale lors de contractions isométriques 
volontaires sous-maximales. 7ème Journée de l’Ecole Doctorale Sciences du 
Mouvement Humain, Faculté des Sciences du Sport, Marseille, France. Poster. 

• Dal Maso, F., Amarantini, D., Longcamp, M. (2009). Influence of 
agonist/antagonist cocontraction on the cortico-muscular coherence during knee 
isometric contractions. Progress in Motor Control VII, Marseille, France. Poster. 

• Dal Maso, F., Longcamp, M., Amarantini, D. (2008). Influence de la coactivation 
des muscles agonistes et antagonistes sur la cohérence corticomusculaire chez 
l’expert en production de force. 1ère journée « Gilles Cometti » - La force : pourquoi, 
comment ?, Dijon, France. Poster. 

• Dedieu, P., Amarantini, D., Doutreloux, J.P., Zanone, P.-G. (2008). Changes in ankle 
kinematics during walking/running with or without swinging arms. 1st i-FAB 
Congress, Bologne, Italie. Poster. 

• Bru, B., Amarantini, D. (2008). Influence of sporting expertise on the EMG-torque 
relationship during isometric contraction in man. 33ème Congrès annuel de la 
Société de Biomécanique, Compiègne, France. Poster. 

• Bru, B., Amarantini, D. (2007). Influence de l’expertise sur la nature de la relation 
moment résultant–EMG en conditions isométriques. 12ème Congrès International de 
l’Association des Chercheurs en Activités Physiques et Sportives, Leuven, Belgium. 
Poster. 

• Rao, G., Amarantini, D., Berton, E., Vigouroux, L. (2007). Biomechanical 
investigation of the muscular redundancy through internal and external perturbations. 
12ème Congrès International de l’Association des Chercheurs en Activités Physiques 
et Sportives, Leuven, Belgium. Poster. 

• Bru, B., Amarantini, D. (2007). Influence de l’expertise sur la relation 



Amarantini, D. Habilitation à Diriger des Recherches  |  Curriculum vitae 

 27 

moment - EMG en conditions isométriques : étude préliminaire. Journée IFR 96 
Jeunes Chercheurs, Institut des Sciences du Cerveau de Toulouse, Université Paul 
Sabatier Toulouse 3, Toulouse, France. Poster. 

• Vigouroux, L., Amarantini, D., Dion, F, Quaine, F. (2004). Finger muscle 
recruitment by the min/max optimization procedure. 29th Congrès de la Société de 
Biomécanique, Créteil, France. Poster. 

• Rao, G., Berton, E., Amarantini, D., Favier, D. (2004). A Biomechanical Analysis 
of Turning Motion of Elite Alpine Skiers. 9th Annual Congress of the European 
College of Sport Science, Clermont-Ferrand, France. Poster. 

• Amarantini, D., Martin, L. (2002). Procédure d’optimisation non linéaire pour 
l’estimation des moments musculaires agoniste et antagoniste à l’articulation du 
genou à partir des signaux EMG. Congrès REPAR 2002, Montréal, Canada. Poster. 

• Termoz, N., Martin, L., Amarantini, D., Prince, F. (2002). Modélisation 
biomécanique pour l’analyse des tâches d’interaction posture/mouvement. III ème 
Congrès annuel des stagiaires de recherche en santé de la Faculté de médecine et 
des Centres hospitaliers de l’Université de Montréal, Montréal, Canada. Poster. 

• Amarantini, D., Martin, L., Blanchi, J.P. (1999). Analyse biomécanique de la 
coordination interarticulaire. 24ème Congrès de la Société de Biomécanique, Dijon, 
France. Poster. 

• Amarantini, D., Martin, L., Blanchi, J.P. (1999). Analyse biomécanique des 
coordinations interarticulaires : Application à la rééducation. Journées des Sciences 
de la Vie et de la Santé, Université Joseph Fourier Grenoble 1, Grenoble, France. 
Poster, prix du Meilleur Poster. 

 

Ø ACTIVITES DE DIFFUSION, VULGARISATION SCIENTIFIQUE 

• Amarantini, D. (2018). Bouge ton cerveau ! – Gérer mes mouvements : Que fait 
mon cerveau ? Festival Pint of Science, Toulouse, France. Vulgarisation scientifique. 

 
ENCADREMENT DE THÈSE 
 

• 2016 - … : Tisseyre, J. (co-dir. : Tallet, J.). 
Etude longitudinale des liens entre attention et syncinésies chez des patients cérébro-
lésés : marqueurs de la récupération ? Thèse de doctorat, Université Paul Sabatier 
Toulouse 3, Toulouse, France. 

• 2014 - 2018 : Charissou, C. (co-encadrant ; co-dirs. : Berton, E., Vigouroux, L.). 
Etude de la contribution du couplage intermusculaire au contrôle de l’activité des muscles 
synergistes agonistes et antagonistes lors de contractions isométriques volontaires. Thèse 
de doctorat, Université d’Aix-Marseille, Marseille, France ; soutenue le 30/03/2018. 
Situation : ATER ; Département STAPS, Institut National Universitaire Champollion, 
Rodez, France. 

• 2011 - 2015 : Gasq, D. (co-dir. : Zanone, P.-G.). 
Application de l’analyse temps-fréquence à l’évaluation de l’instabilité posturale chez le 
patient neurologique. Thèse de doctorat, Université Paul Sabatier Toulouse 3, Toulouse, 
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France ; soutenue le 11/12/2015. 
Situation : MCU-PH ; Université Paul Sabatier Toulouse 3 - CHU Toulouse (Rangueil), 
Toulouse, France. 

• 2010 - 2013 : Cremoux, S. (co-dir. : Berton, E.). 
Contrôle de la contraction musculaire volontaire après un traumatisme médullaire 
cervical : Etude de la réorganisation des activations musculaires et corticales. Thèse de 
doctorat, Université d’Aix-Marseille, Marseille, France ; soutenue le 2/12/2013. 
Situation : MCF ; Université de Valenciennes, Valenciennes, France. 

• 2008 - 2012 : Dal Maso, F. (co-dir. : Longcamp, M.). 
Implication du cortex moteur primaire dans la régulation de la coactivation musculaire – 
Etude de la modulation des oscillations corticales et des interactions cortico-musculaires. 
Thèse de doctorat, Université Paul Sabatier Toulouse 3, Toulouse, France ; soutenue le 
20/09/2012. 
Situation : Assistant professor ; Université de Montréal, Montréal, Canada. 

• 2003 - 2006 : Rao, G. (co-dir. : Berton, E.). 
Biomécanique de la coordination motrice : Modélisations et analyses en réponse à une 
perturbation interne ou externe. Thèse de doctorat, Université de la Méditerranée Aix-
Marseille II, Marseille, France ; soutenue le 17/11/2006, prix de thèse 2006 de 
l’Université de la Méditerranée. 
Situation : MCF ; Université d’Aix-Marseille, Marseille, France. 

 

ENCADREMENT DE MASTER 2 RECHERCHE & MASTER OF SCIENCE 
 

• 2018 - 2019 : Glories, D. (co-dir. : Duclay, J.). 
Effet du mode de contraction sur la cohérence corticomusculaire lors de flexions 
plantaires sous-maximales à différents niveaux de force. Master 2 Recherche, 
Optimisation de la Performance Sportive et Entraînement, Université Paul Sabatier 
Toulouse 3, Toulouse, France. 

• 2018 - 2019 : Pierrieau, E. (co-dir. : Fautrelle, L. ; co-encadrante : Charissou, C.). 
Influence du contexte émotionnel sur le contrôle moteur lors de mouvements dirigés 
complexes : apport de l’étude de la cohérence intermusculaire. Master 2 Recherche, 
Neuropsychologie et Neurosciences Cliniques, Université Paul Sabatier Toulouse 3, 
Toulouse, France. 

• 2018 - 2019 : Soulhol, M. (co-dir. : Duclay, J.). 
Influence du mode et de l’intensité de contraction sur la réactivité des rythmes 
électroencéphalographiques lors de flexions plantaires sous-maximales chez le sujet sain. 
Master 2 Recherche, Optimisation de la Performance Sportive et Entraînement, 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2017 - 2018 : Carrère-Casajus, P. (co-dir. : Gasq, D. ; co-encadrant : Gimenez, C. (R&T 
Manufacturing Engineering / Exoskeleton, Airbus Group)). 
Establishment of a review: promising technologies for the worker’s future ‘exosuit’. 
Master 2 Recherche, mention « Sciences Pour l’Ingénieur », programme international 
« Mechatronic System for Rehabilitation », Université Franco-Italienne (Université 
Pierre et Marie Curie, Paris, France & Università di Brescia, Brescia, Italia). 

• 2017 - 2018 : Guebba, S. (co-dir. : Gasq, D. ; co-encadrant : Gimenez, C. (R&T 
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Manufacturing Engineering / Exoskeleton, Airbus Group)). 
Review of promising technologies for the worker’s future ‘exosuit’. Master of Science, 
Mechatronics of complex systems, Institut Supérieur de Mécanique de Paris (Supméca), 
Saint-Ouen, France. 

• 2017 - 2018 : Fauvet, M. (co-dir. : Gasq, D.). 
Etude du lien entre les cocontractions spastiques et le couplage corticomusculaire chez le 
patient post AVC. Master 2 Recherche « Neuropsychologie et Neurosciences Cliniques », 
Université Paul Sabatier Toulouse 3, Toulouse, France. 
Poursuite d’études : Thèse de doctorat, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2016 - 2017 : Belle, M. (co-dir. : Gasq, D.). 
Etude des cocontractions spastiques et limitation du mouvement actif du membre 
supérieur des patients post-AVC : étude pilote. Master 2 Recherche « Neuropsychologie 
et Neurosciences Cliniques », Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2015 - 2016 : Chalard, A. (co-dir. : Gasq, D.). 
Etude du lien entre la modulation de la coactivation musculaire et l’altération des 
capacités fonctionnelles chez le patient hémiplégique. Master 2 Recherche, mention 
« Sciences du Sport et du Mouvement Humain », spécialité « Optimisation de la 
Performance Sportive et Entraînement », Université Paul Sabatier Toulouse 3, Toulouse, 
France ; lauréat du 3ème Prix de l’Ordre des masseurs-kinésithérapeutes 2018 dans la 
catégorie Sénior. 
Poursuite d’études : Thèse de doctorat CIFRE, Université Paul Sabatier Toulouse 3, 
Toulouse, France. 

• 2015 - 2016 : Tisseyre, J. (co-dir. : Tallet, J.). 
Étude des liens entre le profil attentionnel et exécutif et le degré de syncinésies chez des 
adultes sains et des patients neurologiques. Master 2 Recherche « Neuropsychologie et 
Neurosciences Cliniques », Université Paul Sabatier Toulouse 3, Toulouse, France. 
Poursuite d’études : Thèse de doctorat, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2014 - 2015 : Carmet, D. (co-dir. : Accadbled, F. ; co-encadrant : Cavaignac E.). 
Modification des caractéristiques neuromusculaires induites par la chirurgie du LCA en 
utilisant la TMG. Master 2 Recherche, mention « Sciences du Sport et du Mouvement 
Humain », spécialité « Optimisation de la Performance Sportive et Entraînement », 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2014 - 2015 : Marrier, B. (co-dir. : Le Meur, Y. ; co-encadrant : Piscione, J.). 
Effet de la fatigue neuromusculaire sur les propriétés mécaniques d’un système poly-
articulé lors d’une course en sprint : application en rugby à VII. Master 2 Recherche, 
mention « Sciences du Sport et du Mouvement Humain », spécialité « Optimisation de la 
Performance Sportive et Entraînement », Université Paul Sabatier Toulouse 3, Toulouse, 
France. 
Poursuite d’études : Thèse de doctorat, Université Paris Descartes, Paris, France. 

• 2013 - 2014 : Charissou, C. (co-dir. : Duclay, J.). 
Influence de la fatigue sur la cohérence intermusculaire : effets de la spécialité sportive. 
Master 2 Recherche « Mécanique pour le Vivant », Université Paul Sabatier Toulouse 3, 
Toulouse, France. 
Poursuite d’études : Thèse de doctorat, Université d’Aix-Marseille, Marseille, France. 
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• 2012 - 2013 : Gov, T.. 
Etude du délai électromécanique - Aspects méthodologiques et influence des paramètres 
d’exécution lors d’une contraction volontaire. Master 2 Recherche, mention « Sciences 
du Sport et du Mouvement Humain », spécialité « Optimisation de la Performance 
Sportive et Entraînement », Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2012 - 2013 : Raynaldy, L. (co-dir. : Hamaoui, A.). 
Effets de la modification de la position de la tête et du focus attentionnel sur la 
performance posturale lors d’une tâche posturo-cinétique : Etude préliminaire. Master 2 
Recherche, mention « Sciences du Sport et du Mouvement Humain », spécialité 
« Activités Physiques Adaptées à la Prévention en Santé Publique », Université Paul 
Sabatier Toulouse 3, Toulouse, France. 

• 2012 - 2013 : Chicoine, E. (co-dir. : Tremblay, J.). 
Effet d’une présollicitation maximale isométrique des muscles stabilisateurs sur la 
coordination intermusculaire lors d’un exercice pluriarticulaire épuisant. Maîtrise en 
Sciences de l’activité physique, Université de Montréal, Montréal, Canada. 

• 2009 - 2010 : Cremoux, C. (co-dir. : Tallet, J.). 
Effets d’une lésion médullaire sur la cohérence corticomusculaire et la coactivation lors 
de contractions isométriques volontaires. Master 2 Recherche « Sport, Motricité, Santé 
et Société », Université Paul Sabatier Toulouse 3, Toulouse, France. 
Poursuite d’études : Thèse de doctorat, Université d’Aix-Marseille, Marseille, France. 

• 2008 - 2009 : Gasq, D.. 
Mécanismes de contrôle du centre de pression résultant, selon l’axe médio-latéral, en 
conditions d’asymétries chez le sujet sain : résultats préliminaires. Master 2 Recherche 
« Sport, Motricité, Santé et Société », Université Paul Sabatier Toulouse 3, Toulouse, 
France. 
Poursuite d’études : Thèse de doctorat, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2007 - 2008 : Dal Maso, F. (co-dir. : Longcamp, M.). 
Influence de la co-activation des muscles agonistes et antagonistes sur la cohérence 
cortico-musculaire lors de contractions isométriques chez l’homme. Master 2 Recherche 
« Sport, Motricité, Santé et Société », Université Paul Sabatier Toulouse 3, Toulouse, 
France. 
Poursuite d’études : Thèse de doctorat, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2007 - 2008 : Zélic, G.. 
Influence de l’interface homme-environnement sur les mécanismes de stabilisation active 
et les efforts articulaires subis lors d’activités physiques et sportives à impacts. Master 2 
Recherche « Sport, Motricité, Santé et Société », Université Paul Sabatier Toulouse 3, 
Toulouse, France. 
Poursuite d’études : Thèse de doctorat, Université de Montpellier 1, Montpellier, France. 

• 2006 - 2007 : Bru, B.. 
Influence de l’expertise sportive sur la relation fondamentale entre électromyographie et 
effort musculaire. Master 2 Recherche « Sport, Motricité, Santé et Société », Université 
Paul Sabatier Toulouse 3, Toulouse, France. 
Poursuite d’études : Thèse de doctorat, Université Pierre-et-Marie-Curie, Paris, France. 

• 2004 - 2005 : Martin, E. (co-dir. : Do, M.-C.). 
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Effet d’une raideur articulaire sur le contrôle de l’équilibre postural. Master 2 Recherche 
« Sport, Motricité, Santé et Société », Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

 
ENCADREMENT DE MASTER 2 PROFESSIONNEL 
 
L’ensemble des mémoires ci-dessous ont été soutenus dans le cadre de l’offre de formation 
en Master 2 du département « Entraînement Sportif » de la Faculté des Sciences du Sport et 
du Mouvement Humain (Université Paul Sabatier Toulouse III, Toulouse, France). 
 

• 2018 - 2019 : Braconnier, A.. 
Effets de différents types d’entraînements intermittents sur la capacité à répéter des efforts 
à haute intensité chez le jeune rugbyman. 

• 2018 - 2019 : Dupreys, P.. 
Apport de l’ajustement de l’articulation talo-crurale sur le développement de la détente 
verticale par un entrainement « pliométrie-vitesse » en rugby à XIII. 

• 2018 - 2019 : Maiau, R.. 
Effets d’une préactivation des muscles des membres inférieurs sur l’optimisation des dix 
derniers mètres de la course d’élan en saut en longueur. 

• 2017 - 2018 : Baudraz, V.. 
Le développement de la puissance musculaire des membres inférieurs par la pliométrie 
chez le jeune rugbyman. 

• 2017 - 2018 : Gayrard, V.. 
Les effets d’un entrainement en pliométrie chez de jeunes footballeuses. 

• 2016 - 2017 : Nuttman, M.. 
Le développement de la puissance neuromusculaire par le biais de répétitions de sprints. 

• 2016 - 2017 : Point, G.. 
Développement de la puissance des membres inférieurs en vue d’augmenter la détente 
verticale et maintenir la qualité de vitesse chez des jeunes footballeurs. 

• 2016 - 2017 : Sans, J.. 
Effet d’un entraînement en pliométrie sur la performance en sprint chez des jeunes 
footballeurs U10-U11. 

• 2015 - 2016 : Lepretre, S.-A. (co-dir. : Vaucelle, S.). 
Effets d’un entrainement intermittent « vitesse-pliométrie » sur la relation force-vitesse-
puissance en sprint  

• 2015 - 2016 : Maris, L. (co-dir. : Vaucelle, S.). 
Amélioration de la performance en répétition de sprints par un entrainement aérobie. 

• 2015 - 2016 : Nsiri, S. (co-dir. : Vaucelle, S.). 
Effet d’un entrainement combiné en force et sprint résisté et/ou non résisté sur le 
démarrage en sprint. 

• 2015 - 2016 : Rey, J.. 
Amélioration de l’équilibre du judoka par un travail de proprioception. 

• 2014 - 2015 : Doumerc, J. (co-dir. : Vaucelle, S.). 
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Effet d’un entrainement de sprints résistés sur les propriétés de force-vitesse-puissance et 
sur l’efficacité mécanique lors du sprint. 

• 2014 - 2015 : Galiègue, W.. 
L’effet d’un entraînement pliométrique sur la phase de départ et de virage en natation lors 
d’un 50 mètres nage libre. 

• 2014 - 2015 : Maillot, R.. 
Développement de la force maximale des membres inférieurs à travers des résistances 
variables. 

• 2012 - 2013 : Ganot, R.. 
Développement de l’explosivité des membres inférieurs chez le karatéka. 

• 2012 - 2013 : Lénard, T.. 
Développement spécifique de la puissance des membres inférieurs afin d’augmenter la 
vitesse de course. 

• 2011 - 2012 : Bouchfira, Z.. 
Effets d’un entrainement excentrique sur l’hypertrophie et la force explosive des 
membres inférieurs en karaté. 

• 2011 - 2012 : Gauthier, J.. 
Variables déterminantes de la performance du jeu au pied en rugby à XV. 

 
PROJETS DE RECHERCHE ET DE FORMATION 
 

• Contrat de prestations Inserm / Airbus (1/07/2016 – 1/07/2019). 
Responsable scientifique (co-resp. : David Gasq (ToNIC, Université Paul Sabatier 
Toulouse 3)) du contrat de prestation de recherche entre Airbus et l’Inserm relatif au 
développement et à l’étude biomécanique d’exosquelettes. Partenaire industriel :	
Gimenez, C. (R&T Manufacturing Engineering / Exoskeleton, Airbus Group). 
- 2017 : « ErgoAirbus » | Evaluation ergonomique de l’apport pour la santé d’un 

exosquelette assistant une tâche de crabotage. 
- 2018 : « Wearable of the future » | A review of promising technologies for the 

worker’s future ‘exosuit’. 

• Programme IDEX Toulouse, volet Formation 2016 - 2017, axe « parcours innovants 
en licence ». 
Participant au projet Enseigner Par les Outils (EPO) : Plateforme pédagogique et 
expérimentale des sciences du mouvement, financé par le 4ème appel à projets 
« Innovations en Licence » de l’IDEX de Toulouse. Porteurs : Robin Baurès (CerCo, 
Université Paul Sabatier Toulouse 3) et Bruno Watier (LAAS, Université Paul Sabatier 
Toulouse 3). 

• PHRC National 2014. 
Participant au projet Evaluation of botulinum toxin injection efficacy in the treatment of 
head essential tremor by a multi-center, randomized, double-blind, parallel-group, 
placebo-controlled study (Btx-HT) financé par le Ministère des Affaires sociales, de la 
Santé et des Droits des femmes. Porteur : Durif, F. (NPsy-Sydo, CHU de Clermont-
Ferrand). 

• ANR, Appel à projets générique 2014, Défi 4 « Santé et bien-être ». 
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Participant au projet Improving the evaluation of comatose and post-comatose patients 
and boosting their cognitive functions (CogniComa) sélectionné par l’ANR. Porteur : 
Perrin, F. (CRNL, Université Lyon 1 Claude Bernard). 

• World Anti-Doping Agency (WADA) research grant 2011. 
Participant au projet Effects of glucocorticoid during repeated bouts of high-intensity 
exercise financé par l’Agence mondiale antidopage. Porteur : Do, M.-C. (CIAMS, 
Université Paris Sud). 

• Clusters de recherche Rhône-Alpes 2008. 
Participant (responsable modélisation biomécanique) au projet Prévention des troubles 
musculo squelettiques du membre supérieur (TMS - MS) financé par la Région Rhône-
Alpes. Porteur : Forestier, N. (EMAS, Université de Savoie). 

• Opérations scientifiques UPS 2006-2008. 
Co-porteur du projet Neuro-Biomécanique de la cohérence cortico-musculaire 
(NeuroBiomeCo) financé par l’Université Paul Sabatier Toulouse 3 dans le cadre du 1er 
appel d’offre du Conseil Scientifique « opérations scientifiques 2006-2008 ». Porteur : 
Longcamp, M. (LAPMA, Université Paul Sabatier Toulouse 3). 

 

ACTIVITÉS D’EXPERTISES 
 
Ø REVIEWER 

Journal Nb. 

BMC Neuroscience 1 

BioMedical Engineering OnLine 1 

British Journal of Sports Medicine 1 

Communications in Nonlinear Science and Numerical Simulation 1 

Computer Methods in Biomechanics and Biomedical Engineering 3 

European Journal of Applied Physiology 4 

Experimental Techniques 1 

Frontiers in Human Neuroscience 1 

Gait & Posture 3 

Innovation and Research in BioMedical engineering 1 

Journal of Biomechanics 5 

Journal of Physical Therapy Science 1 

Mécanique et Industries 3 

Medicine and Science in Sports and Exercise 1 

Movement & Sport Sciences - Science & Motricité 1 

Perceptual and Motor Skills 1 

PLoS ONE 1 
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Ø JURYS DE DOCTORATS (PHD ET MD, HORS ENCADREMENTS) 

• Daviaux, Y. (18/09/2015). Membre invité du jury de Thèse de Doctorat STAPS, 
spécialité Neurosciences, de l’Université de Nantes Angers Le Mans (Nantes, France) 
intitulée « Intégration sensorimotrice et contexte somatosensoriel – Vers une 
meilleure compréhension des processus neuronaux impliqués dans le couplage 
action-perception ». 

• Montastruc, J. (19/06/2015). Membre invité du jury de Thèse pour le Diplôme 
d’Etat de Docteur en Médecine de l’Université Paul Sabatier Toulouse 3 (Toulouse, 
France) intitulée « Etude des déterminants de l’asymétrie d’appui chez le patient 
hémiplégique suite à un AVC ». 

• Chotard, C. (21/10/2014). Membre invité du jury de Thèse pour le Diplôme d’Etat 
de Docteur en Médecine de l’Université Paul Sabatier Toulouse 3 (Toulouse, France) 
intitulée « Analyse cinématique tridimensionnelle du mouvement du membre 
supérieur : faisabilité, résultats préliminaires chez le sujet sain et le sujet 
hémiplégique, perspectives ». 

• Lajante, M. (4/12/2013). Examinateur de la Thèse de Doctorat en Sciences de 
Gestion de l’Université de Rennes 1 (Rennes, France) intitulée « Contribution des 
neurosciences à l’étude de l’émotion en persuasion publicitaire : concepts, méthodes 
et mesures ». 

• Huchez, A. (22/01/2013). Examinateur de la Thèse de Doctorat STAPS de 
l’Université de Valenciennes et du Hainaut-Cambrésis (Valenciennes, France) 
intitulée « Etude de la gestion et du contrôle de l’inertie lors de la réalisation d’une 
tâche acrobatique complexe en gymnastique ». 

• Bru, B. (27/09/2012). Examinateur de la Thèse de Doctorat STAPS de l’Université 
de Pierre et Marie Curie - Paris VI (Paris, France) intitulée « Contribution à 
l’identification des paramètres géométriques et inertiels pour la modélisation 
dynamique du corps humain ». 

• Gérus, P. (26/09/2011). Examinateur de la Thèse de doctorat STAPS de l’Université 
de la Méditerranée (Marseille, France) intitulée « Modélisation biomécanique de 
l’interaction tendon-aponévrose-fibre pour estimer les forces musculaires : apport 
des mesures échographiques ». 

• Domalain, M. (19/02/2010). Examinateur de la Thèse de doctorat STAPS de 
l’Université de la Méditerranée (Marseille, France) intitulée « Modélisation 
biomécanique de la main pour l’estimation des contraintes du système musculo-
squelettique lors de la préhension pouce-index ». 

• Billot, M. (8/12/2009). Examinateur de la Thèse de doctorat STAPS de l’Université 
de Bourgogne (Dijon, France) intitulée « Estimation des contributions mécaniques 
agonistes et antagonistes à l’articulation de la cheville dans différentes conditions de 
sollicitations ». 

 

Ø AGENCES, FONDATIONS, FONDS ET ORGANISMES 

• Expert auprès du Haut Conseil de l’Évaluation de la Recherche et de 
l’Enseignement Supérieur (HCÉRES) : Campagne d’évaluation des entités de 
recherche de la 2018-2019 (vague E). 
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• Expert auprès de l’Agence Nationale de la Recherche : Programme « Blanc » 
2008, 2009, 2010, 2012 ; Programme « TecSan » 2008. 

• Expert auprès de l’Association Nationale de la Recherche Technique : 
Programme « CIFRE » 2007. 

• Expert auprès de l’Université Paul Sabatier Toulouse 3 : Appel d’offre du Conseil 
Scientifique « opérations scientifiques 2011 - 2012 ». 

• Expert auprès de la Fondation de l’Avenir : Appel d’offres « Recherche Médicale 
Appliquée » 2015. 

• Expert auprès de la Fondation universitaire « Santé, Sport et Développement 
Durable » de l’Université de la Méditerranée : Appel d’offres 2011. 

• Expert auprès du Mitacs : Programme « Accélération » 2014. 

 

Ø CONGRÈS SCIENTIFIQUES 

• Membre du comité scientifique des 20èmes Journées Toulousaines de 
Psychomotricité, 2018, Toulouse. 

• Organisateur du XVIIème congrès de la Société Francophone d’Analyse du 
Mouvement chez l’Enfant et l’Adulte (SOFAMEA), 24-26 Janvier 2018, Toulouse, 
France. Co-orgs. : Darmana, R., Gasq, D.. 

• Membre du comité scientifique du 16ème Congrès International de l’Association 
des Chercheurs en Activités Physiques et Sportives (ACAPS), 26-28 octobre 2015, 
Nantes, France. 

• Membre du comité scientifique du 15ème Congrès International de l’Association 
des Chercheurs en Activités Physiques et Sportives (ACAPS), 29-31 Octobre 2013, 
Grenoble, France. 

• Membre du comité d’organisation du 37ème Congrès de la Société de 
Biomécanique (SB), 16-19 octobre 2012, Toulouse, France. 

• Membre du comité d’évaluation du 27ème Congrès de Médecine Physique et de 
Réadaptation (SOFMER), 18-20 Octobre 2012, Toulouse, France. 

• Membre du comité d’organisation du XVIIIème Congrès de l’Association Posture 
et Equilibre (APE), 2-3 Décembre 2011, Albi, France. 

 
ACTIVITÉS D’ENSEIGNEMENT 
 
Ø SITUATIONS 

• 2004 - … : Maître de conférences (192 h eq. TD par an), Faculté des Sciences du 
Sport et du Mouvement Humain (UFR STAPS), Université Paul Sabatier Toulouse 3, 
Toulouse, France. 

• 2003 - 2004 : Attaché Temporaire d’Enseignement et de Recherche (mi-temps, 
96 h eq. TD), Faculté des Sciences du Sport, Université de la Méditerranée Aix-
Marseille 2, Marseille, France. 
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• 1999 - 2003 : Vacataire (145 h eq. TD), UFR STAPS, Université Joseph Fourier 
Grenoble 1, Grenoble, France. 

 
Ø DISCIPLINES ENSEIGNÉES 

• Biomécanique et analyse du mouvement humain, anatomie : 

- Licence et Master 1, Faculté des Sciences du Sport et du Mouvement Humain 
(UFR STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France ; 

- Institut de Formation en Psychomotricité de Toulouse (2ème année), Université 
Paul Sabatier Toulouse 3, Toulouse, France. 

• Programmation et analyse de données, traitement du signal : 

- Master 2, Faculté des Sciences du Sport et du Mouvement Humain (UFR STAPS) 
et Faculté des Sciences et Ingénierie, Université Paul Sabatier Toulouse 3, 
Toulouse, France. 

• Bioénergétique de l’activité physique : 

- Licence et Master 1, Faculté des Sciences du Sport et du Mouvement Humain 
(UFR STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France. 

• Approche scientifique de la préparation physique : 

- Master 2 Entraînement Sportif, Faculté des Sciences du Sport et du Mouvement 
Humain (UFR STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France. 

• Notes et mémoires de recherche, mémoires professionnels : 

- Licence 3 Entraînement Sportif et Activités Physiques Adaptées, Faculté des 
Sciences du Sport et du Mouvement Humain (UFR STAPS), Université Paul 
Sabatier Toulouse 3, Toulouse, France. 

- Master 1 Entraînement Sportif, Faculté des Sciences du Sport et du Mouvement 
Humain (UFR STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France. 

- Master 1 Biosanté, Faculté des Sciences et Ingénierie, Université Paul Sabatier 
Toulouse 3, Toulouse, France. 

- Master 2 Entraînement Sportif, Faculté des Sciences du Sport et du Mouvement 
Humain (UFR STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France. 

 
ACTIVITÉS D’ADMINISTRATION 
 

Ø RESPONSABILITÉS ADMINISTRATIVES ET COLLECTIVES 

• 2017 - … : Membre de la commission pédagogique, Faculté des Sciences du Sport 
et du Mouvement Humain, Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2016 - … :  Responsable de l’axe de recherche « Axe 3 : Neurobiomécanique. 
Motricité volontaire et involontaire » (co-resp. : Gasq, D.), équipe « iDREAM 
Plasticité Neuromotrice, Médecine Régénérative et Médicaments innovants post-
AVC » (dir. : Loubinoux, I.), Toulouse NeuroImaging Center (ToNIC, UMR 1214 
Inserm / UPS). 
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• 2014 - … : Membre de la Commission des Thèses, Ecole Doctorale 
« Comportement, Langage, Education, Socialisation, Cognition » (ED 326), 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2014 - … : Membre élu au Conseil de Laboratoire, collège MCF ou MCU-PH, 
Laboratoire « Imagerie Cérébrale et Handicaps Neurologiques » (UMR 825 
Inserm / UPS) puis Toulouse NeuroImaging Center (ToNIC, UMR 1214 
Inserm / UPS). 

• 2014 - 2017 : Membre nommé au Groupe d’Avancement (GA) « SHS - STAPS », 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2010 - 2013 : Membre nommé au Groupe d’Avancement et Primes (GAP) « SHS 
- STAPS », Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2008 - 2012 : Membre élu au Conseil Scientifique de l’Université Paul Sabatier, 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2008 - 2012 : Membre élu au Conseil Scientifique de l’UFR STAPS de Toulouse, 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2008 - … : Membre de la Commission Informatique, Multimédia et Nouvelles 
Technologies, Faculté des Sciences du Sport et du Mouvement Humain, Université 
Paul Sabatier Toulouse 3, Toulouse, France. 

 

Ø COMMISSIONS / COMITÉS DE RECRUTEMENT 

• 2019 : Comité de sélection pour le poste de maître de conférences 485, profil 
Biomécanique du mouvement humain. UFR STAPS, GIPSA-lab, Université 
Grenoble Alpes, Grenoble, France. 

• 2018 : Comité de sélection pour le poste de maître de conférences 659, profil 
Biomécanique et/ou physiologie de l’exercice. Faculté des Sciences du Sport, Institut 
des Sciences du Mouvement, Aix-Marseille Université, Marseille, France. 

• 2015 : Comité de sélection pour le poste de maître de conférences 370, profil 
Vieillissement, approche neuromécanique et système dynamique. Faculté des 
Sciences du Sport, Institut des Sciences du Mouvement, Aix-Marseille Université, 
Marseille, France. 

• 2014 : Comité de sélection pour le poste de maître de conférences 4241, profil 
Neurosciences, électrophysiologie (EEG, MEG, EMG...), santé, physiologie et 
analyse du mouvement. UFR STAPS, Centre de recherches sur le sport et le 
mouvement, Université Paris Ouest Nanterre La Défense, Nanterre, France. 

• 2014 : Commission de recrutement MAST, profil APA, éducation pour la santé, 
éducation thérapeutique et institutions sanitaires et sociales (médico-social, 
sanitaire, réseaux). Faculté des Sciences du Sport et du Mouvement Humain, 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2014 : Commission de recrutement MAST, profil APA, promotion pour la santé, 
éducation thérapeutique et création de services APA-Santé (collectivités, fédérations, 
entreprises). Faculté des Sciences du Sport et du Mouvement Humain, Université 
Paul Sabatier Toulouse 3, Toulouse, France. 

• 2013 : Comité de sélection pour le poste de maître de conférences 1033, profil 
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Analyse du mouvement, activité physique. Faculté des Sciences du Sport, Laboratoire 
« Motricité Humaine, Éducation, Sport, Santé », Université Nice Sophia Antipolis, 
Nice, France. 

• 2012 : Comité de sélection pour le poste de maître de conférences 4096, profil 
Analyses cinématique et dynamique de la locomotion, amélioration des modèles 
articulaires et introduction des modèles musculaires. Faculté des sciences du sport, 
Institut Pprime, Université de Poitiers, Poitiers, France. 

• 2012 : Comité de sélection pour le poste de maître de Conférences 4094, profil 
Analyses cinématique et dynamique de la locomotion, personnalisation des modèles 
pour des applications en milieu sévère. Faculté des sciences du sport, Institut Pprime, 
Université de Poitiers, Poitiers, France. 

• 2012 : Comité de sélection pour le poste de maître de Conférences 0563, profil 
Approche comportementale de l’expertise motrice et apprentissage. Faculté des 
Sciences du Sport et du Mouvement Humain, PRISSMH - Laboratoire Adaptation 
Perceptivo-Motrice et Apprentissage, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2010 : Comité de sélection pour le poste de maître de Conférences 1551, profil 
Biomécanique des matériaux et des structures. Faculté des Sciences du Sport, Institut 
des Sciences du Mouvement, Université Aix-Marseille 2, Marseille, France. 

• 2010 : Comité de sélection pour le poste de maître de Conférences 1437, profil 
Sociologie et psychologie sociale des pratiques physiques et sportives : Etude du 
rapport à la norme. Faculté des Sciences du Sport, Institut des Sciences du 
Mouvement, Université Aix-Marseille 2, Marseille, France. 

• 2009 : Comité de sélection pour le poste de maître de Conférences 0769, profil 
Biomécanique et mécanique musculaire. UFR STAPS, Laboratoire Adaptation 
Perceptivo-Motrice et Apprentissage, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2008 : Comité de sélection pour le poste de maître de Conférences 0907, profil 
Neurosciences de la motricité humaine. UFR STAPS, Laboratoire Adaptation 
Perceptivo-Motrice et Apprentissage, Université Paul Sabatier Toulouse 3, Toulouse, 
France. 

• 2008 - 2011 : Commission de recrutement des enseignants du 2nd degré, UFR 
STAPS, Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2007 : Commission de spécialistes pour le poste de maître de Conférences 0437 S, 
profil Interactions posture-mouvement et vieillissement des fonctions sensori-
motrices. UFR STAPS, Université Joseph Fourier Grenoble 1, Grenoble, France. 

• 2007 : Commission de spécialistes pour le poste de maître de Conférences 1292 S, 
profil Ingénierie pour la santé. UFR STAPS, Université Joseph Fourier Grenoble 1, 
Grenoble, France. 

 
Ø RESPONSABILITÉS PÉDAGOGIQUES 

• 2017 - … : Responsable de la Licence 3 « Entrainement Sportif » (L3 ES), 
Faculté des Sciences du Sport et du Mouvement Humain, Université Paul Sabatier 
Toulouse 3, Toulouse, France. 
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• 2014 - 2016 : Coordinateur du parcours « Recherche » du Master 2 mention 
« Sciences du Sport et du Mouvement Humain », Domaine « Sciences, 
Technologies, Santé », Faculté des Sciences du Sport et du Mouvement Humain, 
Université Paul Sabatier Toulouse 3, Toulouse, France. Co-coord. : Garcia, M.C.. 

• 2012 - 2013 : Responsable du parcours « Recherche » du Master 2 mention 
« Sciences du Sport et du Mouvement Humain », Domaine « Sciences, 
Technologies, Santé », Faculté des Sciences du Sport et du Mouvement Humain, 
Université Paul Sabatier Toulouse 3, Toulouse, France. 

• 2004 - … : Responsabilités d’UE dans les formations : 

- Licence 1 STAPS. Faculté des Sciences du Sport et du Mouvement Humain (UFR 
STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France. 

- Licence 3 STAPS spécialité « Entraînement Sportif ». Faculté des Sciences du 
Sport et du Mouvement Humain (UFR STAPS), Université Paul Sabatier 
Toulouse 3, Toulouse, France. 

- Master 1 STAPS. Faculté des Sciences du Sport et du Mouvement Humain (UFR 
STAPS), Université Paul Sabatier Toulouse 3, Toulouse, France. 

- Master 2 STAPS spécialité « Entraînement Sportif ». Faculté des Sciences du 
Sport et du Mouvement Humain (UFR STAPS), Université Paul Sabatier 
Toulouse 3, Toulouse, France. 

 



Amarantini, D. Habilitation à Diriger des Recherches  |  Petit préambule à l’usage du lecteur 

 40 

 

Petit préambule à l’usage du lecteur 

 
Le prochain chapitre intitulé « La biomécanique, c’est génial ! », comme celui 

intitulé « La neuro-biomécanique, c’est magique ! » (cf. V.), est complété par des 

publications jointes au format des revues dans lesquelles elles ont été publiées. Cette prise 

de partie assumée, autorisée par les recommandations du conseil scientifique restreint de 

l’Université Toulouse 3 Paul Sabatier 5, n’est en rien une solution de facilité retenue en raison 

d’un manque d’exigence. Elle relève au contraire de l’affirmation que les produits de la 

recherche des étudiants que j’encadre sont le fruit d’un travail collaboratif et d’interactions 

continues dans lesquels je m’implique totalement, à toutes les étapes, quitte à reconnaître 

être parfois – sans doute – trop intrusif dans leur démarche. Sans aucunement prétendre être 

le parfait directeur de thèse 6, ce fonctionnement fait partie intégrante de ma stratégie de 

recherche et de ma pratique d’encadrement. 

Si l’HDR se veut didactique, alors autant éviter les redites, même en travaillant sur 

la question de la redondance ! 

 

 
5 Page synthétique de recommandations du conseil scientifique restreint de l’Université Toulouse 3 Paul 
Sabatier aux candidats à l’Habilitation à Diriger des Recherches (HDR). Repéré à : http://www.univ-
tlse3.fr/medias/fichier/recommandations_hdr_du_cs_ups_1351766448335.pdf. 
6 Le guide du parfait directeur de thèse. Ecole Doctorale des Sciences de la Mer et du Littoral, Université 
Bretagne Loire. Repéré à : https://ed-sml.u-bretagneloire.fr/sites/default/files/u51/le_guide_du_parfait_ 
directeur_de_these_edition_2017.pdf. 
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III.   La biomécanique, c’est génial ! 7 

 
Comme je l’ai rappelé en Introduction, le système musculo-squelettique est doté 

d’une grande redondance, tout particulièrement au niveau musculaire avec en moyenne 2,6 

actionneurs musculaires par degré de liberté cinématique. Cette propriété singulière lui 

confère de très grandes capacités d’adaptation pour produire une action motrice isométrique 

ou dynamique adaptée aux contraintes internes et externes de la tâche. Elle implique 

également qu’il existe une infinité de combinaisons d’efforts musculaires pour produire un 

même effort résultant autour d’une articulation (Challis, 1997 ; Prilutsky & Zatsiorsky, 

2002). Du point de vue biomécanique, ce sujet renvoie à un niveau de complexité d’autant 

plus important que le problème sous-déterminé qui en résulte concerne à la fois les muscles 

agonistes agissant mécaniquement dans le sens de l’effort résultant, et les muscles 

antagonistes agissant dans le sens opposé. 

Cette activation des muscles antagonistes lors de contractions volontaires est 

systématique et définie le phénomène de « co-activation » (ou « coactivation ») ou de « co-

contraction » (ou « cocontraction ») entre les muscles agonistes et antagonistes (Figure 1). 

Si les deux termes renvoient généralement au même phénomène dans la littérature 

scientifique francophone et anglophone, la différence n’est toutefois pas uniquement 

sémantique. Le terme « co-activation » fait le plus souvent référence au rapport d’activité 

EMG entre les muscles antagonistes et les muscles agonistes (p. ex., Amarantini & Bru, 

2015 ; Kellis et al., 2003). Le terme « co-contraction » semble plus adapté quand cet indice 

est quantifié à partir de l’estimation des efforts musculaires, que ce soit en matière de forces 

ou de moments de forces (p. ex., Amarantini & Martin, 2004 ; Centomo et al., 2007, 2008 ; 

Charissou et al., 2017 ; Falconer & Winter, 1985 ; Goislard de Monsabert et al., 2012 ; Rao 

et al., 2009, 2010 ; Winter, 1990) 8. Du point de vue fonctionnel, l’indice de co-activation 

ou de co-contraction peut être quantifié par le rapport entre l’activité EMG d’un muscle 

 
7 Collection Un mémoire de synthèse présenté en vue de l’obtention de l’HDR dont vous êtes le Héros. Si vous 
voulez plus d’informations à propos de ce titre, retournez auprès des Prs. Paul Allard et Jean-Pierre Blanchi à 
la note de bas de page n° 2 (p. 4). Sinon, poursuivez votre activité de lecture sur cette page. 
8 De là à penser que mon collègue et encore ami Laurent Vigouroux (Vigouroux et al., 2019) a fait exprès de 
prendre le contrepied de cette désambiguïsation sémantique pour contrarier le regard rétrospectif que je porte 
aujourd’hui sur mon parcours scientifique, il n’y a qu’un pas – d’escalade – que je ne franchirai pas. 
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agissant comme antagoniste et celle de ce même muscle activé volontairement de manière 

maximale (p. ex., Barrué-Belou et al., 2016 ; Billot et al., 2014 ; Duclay et al., 2011, 2014 ; 

Kluka et al., 2015, 2016 ; Vinti et al., 2012). Pour les travaux que j’ai menés sur la question 

de la redondance musculaire, la préférence a été donnée aux recommandations 

méthodologiques élaborées pour quantifier de la manière la plus appropriée l’indice de co-

activation (Kellis et al., 2003) ou de co-contraction (Winter, 1990) par un rapport entre les 

muscles antagonistes et les muscles agonistes agissant simultanément autour de la ou les 

articulations étudiées. 

 

 

Figure 1, adaptée de Sun et al. (2016). Illustration du phénomène de co-contraction 
agoniste / antagoniste à partir d’enregistrements électromyographiques des muscles biceps 
(tracés noirs) et triceps (tracés rouges) brachiaux lors de trois mouvements consécutifs de 
flexion (A.) et d’extension (B.) du coude chez des participants jeunes (panneaux de gauche) 
et âgés (panneaux de droite). Quelle que soit la direction du mouvement, l’activité du muscle 
agoniste est systématiquement associée à celle de l’antagoniste agissant dans le sens opposé. 
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Mon intérêt à approfondir le sujet de de la redondance musculaire et la co-

contraction agoniste / antagoniste comme objet central de mes activités de recherche ne se 

réduit évidemment pas à ces considérations sémantico-méthodologiques. Cette 

problématique a été au cœur de mes travaux dès les stages de recherche que j’ai réalisés en 

Maîtrise (dir. : Jean-Pierre Blanchi) et en DEA (dirs. : Luc Martin & Jean-Pierre Blanchi) 

au sein du Laboratoire Sport et Performance Motrice (SPM, EA 597) de l’UFR STAPS de 

Grenoble (Université Joseph Fourier Grenoble I). Dans une double perspective clinique 

(Allard et al., 1981) et robotique en collaboration avec Bernard Espiau (projet robot bipède 

BIP ; Inria Grenoble - Rhône-Alpes, Grenoble, France) (Espiau et al., 1998 ; Espiau & 

Oudeyer, 2008), l’objectif était d’évaluer les effets du port d’une orthèse du genou équipée 

d’un système élastique d’aide à la flexion sur les paramètres spatio-temporels, cinématiques 

et cinétiques d’une tâche posturo-cinétique de piétinement (Amarantini et al., 1999 ; 

Amarantini, 2003, p. 78-115). Dans ce contexte, l’analyse de la co-contraction 

agoniste / antagoniste s’est avérée essentielle pour étudier de manière pertinente les 

changements de coordinations multi-segmentaire et multi-musculaire dans des 

configurations mécaniques où l’ajout d’un système élastique externe participe, avec les 

muscles, à la production du mouvement. 

Le choix de centrer mes travaux de recherche sur la thématique de la redondance 

musculaire et de la co-contraction agoniste / antagoniste s’est également imposé à partir du 

constat contradictoire que la contribution de l’activité antagoniste à la performance motrice 

a été le plus souvent négligée, alors que de nombreux travaux ont clairement établi que leur 

contribution est loin d’être négligeable (Carolan & Cafarelli, 1992). Même si cette question 

a donné matière à débat (Kellis, 1998), les muscles antagonistes peuvent être activés entre 

10 % et 35 % de leurs activations maximales au cours de contractions maximales 

isométriques (Beltman et al., 2003 ; Kubo et al., 2004) ou dynamiques (Baratta et al., 1988 ; 

Grabiner et al., 1989). D’autres travaux ont permis d’estimer à 30 N·m le moment de force 

développé par les muscles fléchisseurs du genou lors d’extensions isocinétiques de la jambe 

à 30 °·s-1 au cours desquelles le moment musculaire résultant atteignait 250 N·m (Aagaard 

et al., 2000). En plus de ces aspects quantitatifs, les conclusions de la littérature sur les rôles 

fonctionnels de la co-contraction agoniste / antagoniste permettent d’établir sans ambiguïté 

que cette dernière ne peut pas être réduite à un épiphénomène, et qu’elle revêt au contraire 

une importance majeure dans la contraction musculaire (Falconer & Winter, 1985 ; Kellis et 

al., 2003). 
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D’une manière générale, la co-contraction agoniste / antagoniste à un double rôle 

stabilisateur et protecteur de l’articulation. L’augmentation de la contrainte articulaire due à 

la co-contraction confère une meilleure stabilité de l’articulation (Granata & Marras, 2000 ; 

Mengarelli et al., 2018). En augmentant la raideur de cette dernière (Carolan et Cafarelli, 

1992 ; Remaud et al., 2007), la co-contraction des groupes musculaires agoniste et 

antagoniste agirait de manière à stabiliser « activement » l’articulation en assistant les 

structures jouant un rôle « passif » de stabilisation articulaire (Alkjaer et al., 2002 ; 

Basmajian & De Luca, 1985 ; Cholewicki et al., 1997 ; Kingma et al., 2004 ; Li et al., 1999 ; 

Rudolph et al., 2001 ; Shelburne et al., 2005). La co-contraction des ischio-jambiers 

contribue à la fonction du ligament croisé antérieur pour maintenir la stabilité articulaire du 

genou et produire une force opposée au mouvement de translation antérieure du tibia (Miller 

et al., 2000 ; Yanagawa, et al., 2002). A l’inverse, un manque de co-contraction pourrait 

donc entraîner une diminution de la stabilité articulaire, en créant un stress supplémentaire 

aux structures internes du genou (Miller et al., 2000). Lors d’activités dynamiques des 

membres inférieurs, le manque de stabilité articulaire semble ainsi à l’origine de certaines 

pathologies musculo-squelettiques (Miller et al., 2000) et le développement à long terme de 

troubles ostéo-articulaires (Felson et al., 2000 ; Issa & Sharma, 2006). 

Comme l’ensemble des travaux que j’ai encadrés ont permis de le documenter de 

manière approfondie, de nombreuses études ont mis en évidence d’autres rôles fonctionnels 

bénéfiques de la co-contraction agoniste / antagoniste. Il a notamment été montré que 

l’activation simultanée des muscles ischio-jambiers simultanée à celle du quadriceps lors 

d’une extension du genou permet d’une part une répartition plus homogène des pressions 

sur le plateau tibial (Aagaard et al., 2000 ; Remaud et al., 2007) et, d’autre part, de limiter 

les tensions au sein des capsules articulaires (Baratta et al., 1988 ; Solomonow et al., 1988). 

La co-contraction agoniste / antagoniste joue également un rôle important dans le contrôle 

moteur (Kellis, 1998 ; Minetti, 1994 ; Osternig et al., 1986 ; Psek & Cafarelli, 1993) et la 

stabilisation de la posture (Goislard de Monsabert et al., 2012 ; Mora et al., 2003). 

Finalement, elle apparaît comme un mécanisme nécessaire à l’apprentissage de nouvelles 

tâches et à la réalisation de mouvements nécessitant un haut degré de précision (De Luca et 

Mambrito, 1987 ; Gribble et al., 2003 ; Heald et al., 2018). De nombreux résultats 

soutiennent ainsi l’hypothèse proposée par Levine et Kabat (Levine & Kabat, 1952) selon 

laquelle la co-contraction agoniste / antagoniste pourrait améliorer la fluidité et la précision 

du mouvement produit par la contraction des muscles agonistes (da Fonseca et al., 2006 ; 

Gribble et al., 2003 ; Hagood et al., 1990 ; van Soest et al., 2003). 
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Certes, la présence de co-contraction agoniste / antagoniste implique une altération 

de l’efficience de la contraction musculaire car, pour un même moment résultant, la demande 

métabolique associée à l’effort produit par groupe musculaire agoniste augmente pour 

s’opposer à la contribution des muscles antagonistes (Baratta et al., 1988 ; Remaud et al., 

2005), ce qui peut entraîner une diminution de la performance (Olney & Winter, 1985). Il 

est cependant intéressant de noter que, pour les mouvements impliquant des changements 

rapides et successifs de direction, il apparaît plus économique de moduler conjointement le 

niveau d’activation de l’ensemble des muscles agonistes et antagonistes plutôt que de les 

solliciter alternativement (Engelhorn, 1983 ; Hasan, 1986). Ainsi, dans certaines conditions, 

la co-contraction agoniste / antagoniste pourrait participer à une stratégie de contrôle qui 

permettrait de diminuer la dépense énergétique de la tâche. 

 

Dans ce contexte, la principale contribution de mon travail de thèse (Amarantini, 

2003) a été le développement d’un modèle musculo-squelettique « assisté » ou « piloté » par 

EMG (Amarantini & Martin, 2004) permettant d’estimer de manière physiologiquement 

réaliste les moments de force développés autour d’une articulation par les groupes 

musculaires agoniste et antagoniste, et donc la co-contraction agoniste / antagoniste. Dans la 

perspective d’analyser les coordinations multi-musculaire et pluri-articulaire d’un 

mouvement complexe dans des conditions perturbées (Amarantini et al., 1999), l’objectif 

était également d’optimiser l’estimation du moment résultant classiquement obtenu par 

dynamique inverse (Winter, 1990 ; Cahouët et al., 2002), en tenant compte de manière 

appropriée du phénomène de co-contraction. Sans redétailler ici le formalisme proposé, il 

est important de rappeler que ce modèle neuro- (au sens où l’EMG y est considérée comme 

un marqueur de la « commande centrale ») musculo-squelettique présentait l’originalité de 

combiner de manière précurseur l’utilisation de l’optimisation numérique non linéaire avec 

l’introduction des données EMG comme donnée d’entrée. Ce travail a permis de lever un 

verrou important dans la littérature concernant le calcul des efforts musculaires agoniste et 

antagoniste, « et au-delà » 9 (Amarantini et al., 2010), car les méthodes par approche inverse 

n’en permettaient alors qu’une estimation en grande partie insatisfaite (Brand et al., 1986 ; 

Buchanan & Shreeve, 1996 ; Challis, 1997 ; Challis & Kerwin, 1993 ; Cholewicki et al., 

1995 ; Herzog & Binding, 1992, 1993 ; Raikova & Prilutsky, 2001). Même au détriment 

d’une procédure de calibration relativement lourde, le modèle proposé fournissait une 

 
9 Adapté de la devise « Vers l’infini, et au-delà ! » que martèle avec force le ranger de l’espace Buzz l’Éclair 
en mission secrète pour la sauvegarde de l’humanité (Lasseter, 1995). 
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excellente estimation du moment résultant déterminé par dynamique inverse, ainsi qu’une 

estimation des moments musculaires tout à fait réaliste d’un point de vue physiologique 

(Figures 2 et 3). 

 

 

Figure 2, adaptée de Amarantini et al. (2004). a. Profils EMG redressés enregistrés au 
cours de contractions isométriques des muscles extenseurs et des muscles fléchisseurs du 
genou (gastrocnemius (GA), biceps femoris (BF), rectus femoris (RF) et vastus medialis 
(VM)) à 20, 40, 60 et 80 % de la force maximale volontaire. b. Moments musculaires estimés 
à l’articulation du genou à partir des données EMG en résolvant le problème d’optimisation 
non linéaire avec contraintes formulé dans le cadre de ma thèse (Amarantini, 2003) en 
conditions isométriques. 
 

  

satisfy the sign convention. Conversely, the development
of the mathematical expressions associated with the
optimization problem (Eqs. (8)–(11)) produced very
accurate estimates of MKdyn: the mean relative RMS
error decreased up to 1.0170.48% (r2E1.0). Also, the
solution from the proposed optimization appeared to
provide physiologically realistic estimations of the
agonist and antagonist moments (Fig. 4) and produced
a mean CI of 55.41711.13% in good agreement with
Falconer and Winter (1985).

The mean values of b; d and w computed using
optimization are presented in Table 2. The results
showed no significant Models effect on either bK

(t8=0.56, p>0.05) or dK (t8=1.55, p>0.05) but
revealed sign discrepancies when using least-squares
estimation. The mean of the added weights designed to
balance each muscle moment was 0.4870.02 (see Table
2), indicating that no muscle remained inactive over the
duration of the cycle.

4. Discussion

The present study was aimed to predict the agonist
and antagonist muscle moments at the knee joint during
dynamic conditions. The associated method used EMG

ARTICLE IN PRESS

Fig. 3. (a) Raw-rectified EMG signals recorded during step isometric efforts at 20%, 40%, 60% and 80% MVC under knee extension and flexion
contractions and (b) the corresponding knee joint moments estimated using non-linear constrained curve-fitting (BF, biceps femoris; GA,
gastrocnemius; RF, rectus femoris; VM, vastus medialis).

D. Amarantini, L. Martin / Journal of Biomechanics 37 (2004) 1393–1404 1399
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Figure 3, adaptée de Amarantini et al. (2004). a. Déplacement des segments du membre 
inférieur droit lors des phases d’un mouvement de piétinement (SS : simple appui ; DS : 
double appui). b. EMG redressée des muscles gastrocnemius (GA), biceps femoris (BF), 
rectus femoris (RF) et vastus medialis (VM). c. & d. Moments musculaires résultant, 
extenseur et fléchisseur estimés à partir de l’EMG en utilisant : c. une méthode de 
minimisation sans contraintes (Olney & Winter, 1985) et d. la procédure d’optimisation non 
linéaire avec contraintes proposée dans le cadre de mon travail de thèse (Amarantini, 2003).  

ARTICLE IN PRESS

Fig. 4. (a) Schematic representation of limb postures during one step (S.S., single-stance phase; D.S., double-stance phase) and (b) the corresponding
dynamic raw-rectified EMG signals (BF, biceps femoris; GA, gastrocnemius; RF, rectus femoris; VM, vastus medialis). The resultant, agonist and
antagonist moments about the knee computed using least-squares estimation are represented in (c); those obtained from the proposed non-linear
constrained optimization method are represented in (d).

D. Amarantini, L. Martin / Journal of Biomechanics 37 (2004) 1393–14041400
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Au commencement de ma démarche scientifique était donc la modélisation de la 

co-contraction agoniste / antagoniste, cette dernière étant abordée à la fois comme un modèle 

d’étude de la redondance musculaire et comme un objet de recherche original et privilégié 

dans une perspective d’analyse de la coordination motrice. A la suite de mon recrutement 

comme ATER à la Faculté de Sciences du Sport de Marseille, j’ai poursuivi ces travaux en 

biomécanique afin d’apporter des éléments de réponse à la question fondamentale de savoir 

en quoi une exagération ou une atténuation de la co-contraction agoniste / antagoniste 

pourrait favoriser l'apparition de certaines pathologies, ou, au contraire, contribuer à 

augmenter l’efficience de la contraction musculaire. Ce cheminement m’a conduit à engager 

mes activités de recherche dans deux directions qui ont fait l’objet des thèses de Guillaume 

Rao (Rao, 2006) et d’Hugo Centomo (Centomo, 2006) ainsi que du Master 2 Recherche de 

Bertrand Bru. 

 

La première est d’ordre méthodologique et visait à réviser le modèle neuro-

musculo-squelettique développé au cours de ma thèse (Amarantini et al., 2004) afin d’en 

simplifier la procédure expérimentale et d’en généraliser l’application chez i) des patients 

dans une perspective clinique et translationnelle et ii) des sujets sains dans une perspective 

d’optimisation de la performance. Si les modèles musculo-squelettiques EMG-assistés ont 

démontré l’avantage de tenir compte de manière appropriée de la co-contraction 

agoniste / antagoniste (Hoang et al., 2018, 2019 ; Nikooyan et al., 2012), ils présentent 

cependant une limite importante. En effet, ils requièrent généralement une étape 

relativement lourde de calibration des signaux EMG afin d’établir, en amont de leur 

application dans une tâche expérimentale d’intérêt, les paramètres relatifs à la relation force- 

ou moment-EMG pour chaque muscle. Comme décrit de manière détaillée dans Amarantini 

et al. (2010), Centomo et al. (2007, 2008) et Rao et al. (2009, 2010), la reformulation du 

problème d’optimisation, au niveau du critère objectif comme des contraintes, a permis de 

s’affranchir de cette étape de calibration et ainsi de dépasser une limitation restrictive de 

l’utilisation des modèles musculo-squelettiques EMG-assistés pour estimer les efforts 

musculaires. Cette dynamique de recherche a finalement abouti à un modèle permettant de 

fournir une estimation physiologiquement réaliste, au sens qu’elle reflète la co-contraction 

agoniste / antagoniste de manière adaptée, les moments résultant, agoniste et antagoniste en 

conditions isométriques comme en conditions dynamiques, que les capacités de production 

de force soient intactes ou altérées par la présence de fatigue musculaire (Rao et al., 2010). 

Cette contribution significative, qui présente également l’originalité de faire appel à 
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l’analyse temps-fréquence pour la première fois dans le cadre de mes travaux, est présentée 

de manière détaillée p. 54-62 : 

• Rao, G., Berton, E., Amarantini, D., Vigouroux, L., Buchanan, T.S. (2010). An 

EMG-driven biomechanical model that accounts for the decrease in moment 

generation capacity during a dynamic fatigued condition. Journal of Biomechanical 

Engineering, 132(7), 071003. 

 

Finalement, pour aller au bout de mon cheminement scientifique sur cette question 

de la modélisation de la redondance musculaire, il semblait pertinent de prendre en 

considération le fait que, selon les conditions externes ou internes de réalisation d’une action 

motrice, le moment développé par un groupe musculaire peut résulter de combinaisons très 

différentes des forces produites par les muscles qui le composent (Pincivero et al., 2006, 

2008). 

 

 

Figure 4, adaptée de Amarantini et al. (2010). Profils des forces musculaires produites par 
les muscles extenseurs (panneaux du haut) et fléchisseurs (panneaux du bas) du genou lors 
d’une tâche de squat. Les panneaux de gauche représentent les résultats obtenus à l’aide 
d’une méthode d’optimisation minmax « classique » (Rasmussen et al., 2001) ; les panneaux 
de droite représentent les solutions fournies en utilisant la méthode d’optimisation minmax 
assistée par EMG proposée pour estimer les forces produites par chacun des muscles 
extenseurs et fléchisseurs du genou en tenant compte de manière appropriée de la co-
contraction agoniste / antagoniste (Amarantini et al., 2010). 
 

ARTICLE IN PRESS

the strength of min/max optimization in force-sharing (Rasmus-
sen et al., 2001) and provides muscle forces compatible with VL
muscle dominance (Pincivero et al., 2006; 2008), our results do
not definitively resolve the question of appropriateness of force
distribution within muscles. In the first step, the proposed
method may benefit from more precise modeling of the force-
generating potential of muscles. In the second step, it could
incorporate PCSA values depending on joint angles (Narici et al.,
1996) or pennation angles (Manal et al., 2006), different for each
muscle (Buchanan, 1995), to enhance the accuracy of force-
sharing solutions. However, an interesting feature of the proposed
two-step approach is to reduce the sensitivity of muscle group
moments to muscle parameters (Raikova and Prilutsky, 2001),
thus providing more reliable equality constraints on min/max
optimization in the second step.

The results emphasize that pure traditional min/max optimi-
zation can produce misleading muscle force estimates because
cocontraction remains hidden in the net joint moment. On the
contrary, pure min/max optimization with equality constraints on
the agonist and antagonist moments computed in a first step
using EMG-to-moment optimization (Centomo et al., 2007; Rao
et al., 2009) greatly improves our confidence in muscle force
estimation. The solutions by the two-step EMG-and-optimization
approach indicate remarkable correspondence with both ob-
served and reported (Isear et al., 1997) EMG patterns. The
formulation of the proposed method adequately exploited min/
max optimization to properly account for cocontraction.

The proposed method extends the EMG-to-moment model
originally developed by Amarantini and Martin (2004) and
enables estimation of muscle force during dynamic movement
treated as 2D motion. Such reduction of movement dimension-
ality is reasonable during half squats (Toutoungi et al., 2000) but
our force-sharing solutions might not match those of the ‘‘real’’

3D musculoskeletal system because the key point is the mapping
between the solution-space of the optimization problem and the
number of degrees of freedom of the musculoskeletal system
(Jinha et al., 2006). Nevertheless, the proposed approach is not
restricted to 2D analyses. Extension to 3D can be performed by
incorporating additional EMG (e.g., Lloyd and Besier, 2003) and
moment equilibrium constraints (Cholewicki and McGill, 1994,
1995) to provide mechanically valid optimal solutions for 3D
models.

Other improvements can be expected to enhance the accuracy
of muscle force estimates using the proposed method. Another
criterion than minimization of muscle stress (Eq. (1)) can be used
to best represent the neural command and dynamic optimization
(Chao and Rim, 1973) can be incorporated – to the detriment of
computational cost – to obtain muscle force that best reproduces
the measured motion. Even if static and dynamic optimization
may produce comparable results (Anderson and Pandy, 2001), a
direction for future research could be a comparison of muscle
forces from EMG-and-optimization with those from forward
dynamics to address questions of validity and sensitivity of
force-sharing solutions. An interesting complement would also be
to compare the proposed method with other EMG-assisted
processes (e.g., Cholewicki and McGill, 1994) to help determine
the best way to implement EMG into optimization problems.

In conclusion, the proposed two-step EMG-and-optimization
process has the advantages of being noninvasive, of requiring a
single experimental session, and of using static optimization, thus
making the proposed method easy to implement with acceptably
low computational requirements. We think that EMG-and-
optimization may offer a convenient way to estimate the muscle
force for applications in various fields, including rehabilitation
and sports biomechanics. In considering the observations by
Erdemir et al. (2007), the generalization of the proposed method
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Fig. 2. Force estimates of knee extensor muscles (a)–(c) and knee flexor muscles (b)–(d) obtained from traditional min/max optimization (a, b) and from the proposed
EMG-assisted min/max optimization (c, d) during dynamic half squat.

D. Amarantini et al. / Journal of Biomechanics 43 (2010) 1827–1830 1829
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Cet objectif représentait un défi majeur en biomécanique car les méthodes basées 

sur l’optimisation statique par approche inverse (p. ex., Crowninshield & Brand, 1981) peut 

conduire à une estimation incohérente des forces musculaires, même en faisant appel à 

l’optimisation dite « minmax » qui présente pourtant l’avantage de répartir au mieux la 

tension allouée à chaque muscle (Rasmussen et al., 2001). En effet, les forces musculaires 

des muscles antagonistes sont incorrectement évaluées à zéro alors que les signaux EMG 

correspondants montrent une activité significative (Challis, 1997). Cette réflexion a abouti 

au développement d’un modèle d’optimisation minmax assisté par EMG (Amarantini et al., 

2010) qui, utilisé comme une extension au modèle d’estimation des moments agoniste et 

antagoniste, améliore sensiblement l’estimation des forces musculaires même pour les 

muscles dont l’EMG n’est pas introduite comme donnée d’entrée (Figure 4). 

 

La deuxième direction de recherche dans laquelle je me suis engagé visait à explorer 

les facteurs de modulation de la co-contraction agoniste / antagoniste. 

Comme évoqué précédemment, la présence de lésions ostéo-articulaires est un des 

facteurs qui impactent le plus la contribution des muscles antagonistes au cours d’une action 

motrice. D’autres études ont montré une augmentation significative de la co-contraction 

agoniste / antagoniste chez des patients neurologiques (Cremoux et al., 2012 ; Farmer et al., 

1998 ; Thomas et al., 1998 ; Unnithan et al., 1996a, 1996b), au détriment de l’efficacité du 

mouvement. Unnithan et al. (1996b) ont ainsi observé que la co-contraction des muscles des 

membres inférieurs est un facteur majeur responsable du plus grand coût énergétique de la 

marche chez les enfants atteints de paralysie cérébrale. La co-contraction 

agoniste / antagoniste est également directement dépendante de la nature de la tâche 

(Escamilla et al., 1998 ; Goislard de Monsabert et al., 2012), des capacités de production de 

force (Kellis, 1999 ; Kellis et al., 2011 ; Potvin & O’Brien, 1998) et du niveau d’expertise. 

Basmajian et De Luca (1985) ont mis en évidence que la pratique d’un entraînement en force 

diminue la contribution des muscles antagonistes. Ce résultat est en accord avec d’autres 

travaux qui ont montré une diminution de la co-contraction avec l’expertise ou la plasticité 

induite par un entrainement spécifique (Amiridis et al., 1996 ; Carolan & Caffareli, 1992 ; 

Griffin et Cafarelli, 2005 ; Hakkinen et al., 1998 ; Hakkinen et al., 2000 ; Tillin et al., 2011). 

Par ailleurs, plusieurs auteurs ont conclu que la co-contraction joue un rôle définitif dans le 

développement des habiletés motrices des jeunes enfants (Okamoto et al., 2003 ; Winter, 

1979). Le raffinement de la co-contraction agoniste / antagoniste semble ainsi pouvoir être 

considéré comme un indicateur pertinent de l’amélioration d’une habilité et de son 
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acquisition (Corser, 1973 ; Tanaka, 1974). 

Le niveau de co-contraction agoniste / antagoniste semblent donc constamment 

ajusté selon les conditions internes et externes de réalisation d’une action motrice. Les 

travaux de Guillaume Rao (Rao, 2006) et d’Hugo Centomo (Centomo, 2006) ont eu pour 

objet de contribuer à cette réflexion et à une meilleure compréhension des conséquences 

fonctionnelles d’une régulation optimale ou inappropriée de la co-contraction. Ils ont donné 

lieu à plusieurs publications significatives, dont les deux suivantes sont présentées de 

manière détaillée p. 63-77 : 

• Centomo, H., Amarantini, D., Martin, L., Prince, F. (2007). Muscle adaptation 

patterns of below-knee amputee children during walking. Clinical Biomechanics, 

22(4), 457-463. 

• Rao, G., Amarantini, D., Berton, E. (2009). Influence of additional load on the 

moments of the agonist and antagonist muscle groups at the knee joint during closed 

chain exercise. Journal of Electromyography and Kinesiology, 19(3), 459-466. 

 

Dans leur ensemble, les résultats de ces travaux ont a renforcé ma conviction dans 

la pertinence de la démarche scientifique que j’ai adoptée immédiatement à la suite de ma 

thèse. En effet, ils ont apporté des connaissances essentielles qui enrichissent la 

compréhension de l’importance fonctionnelle de la co-contraction dans des conditions 

perturbées par une altération de la fonction motrice (Centomo et al., 2007, 2008 ; Rao et al., 

2010), la présence d’une charge externe (Rao et al., 2009) ou d’une plasticité induite par un 

entrainement (Amarantini & Bru, 2015). 

Concernant la co-contraction elle-même, le fait que les enfants amputés trans-

tibiaux en présentent une forme d’altération pourrait être un facteur important dans 

l’étiologie des maladies dégénératives de l’articulation du genou observée chez cette 

population. La moindre co-contraction agoniste / antagoniste observée chez ces enfants 

comparativement à des enfants contrôles pourrait entrainer une diminution de stabilité à 

l’articulation du genou, précurseur du développement asymptomatique d’ostéoarthrite à la 

jambe amputée mais également à la jambe saine (Burke et al., 1978 ; Melzer et al., 2001). 

Par ailleurs, le fait que les enfants amputés produisent la même cinématique de piétinement 

que les enfants contrôles en adoptant une coordination agoniste / antagoniste différente 

suggère que le système nerveux central exploite la redondance musculaire pour maintenir la 

performance malgré l’altération des capacités motrices. Cette hypothèse est cohérente avec 

les travaux qui ont mis en évidence une plasticité au niveau central suite à une amputation 
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chez l’homme (Chen et al., 2002 ; Flor et al., 1995 ; Knecht et al., 1995). Elle est également 

en accord avec les conclusions établies dans des conditions de perturbation externe et de 

fatigue, qui suggèrent que le système neuro-musculo-squelettique exploite la redondance 

musculaire de manière appropriée au niveau agoniste / antagoniste afin de préserver 

l’intégrité des articulations tout en conservant une coordination motrice optimale (Rao et al., 

2009, 2010). Comme l’ont montré les effets de l’expertise en force sur la co-contraction 

agoniste / antagoniste (Amarantini & Bru, 2015), ce phénomène pourrait être associé à une 

modification de la nature de la relation entre les signaux EMG des muscles synergistes et le 

moment de force développé autour de l’articulation (Figure 5). 

 

 

Figure 5, adaptée de Amarantini & Bru (2015). Effet de l’expertise en production de force 
(a. participants experts en haltérophilie / musculation vs b. participants actifs non 
spécialistes dans une activité de force) sur la relation EMG-moment des muscles fléchisseurs 
( × ) et extenseurs ( • ) du genou lors de contractions isométriques réalisées en flexion et en 
extension à différents niveaux de force. VM : vastus medialis ; Ga : gastrocnemius. 
 

obtained for the VM muscle, linear regression revealed that non-
linearity of EMG–moment relationship was not significantly
related to the observed changes on the indicator of muscle fibre
dominance (F1,8 = 0.004, p > 0.05; R2 = 4 ! 10" 4).

3.3. Agonist–antagonist co-activation

Results showed a significant Training effect on the level of co-
activation of knee agonist/antagonist muscle pairs (Fig. 4), with
CoAct values greater for UT than for ST (F1,8 = 1.88, p < 0.05; mean
CoAct: 63 ± 3% vs. 40 ± 3%, respectively). CoAct was also signifi-
cantly greater in extension than in flexion (F1,8 = 5.48, p < 0.05;
mean CoAct: 59 ± 4% vs. 44 ± 3%, respectively). No significant
Training # Direction of contraction interaction on CoAct was
found.

4. Discussion

The present study investigated the effects of strength training
on the relationship between electromyography (EMG) and the
net joint moment in isometric conditions. Our aim was to clarify

the nature of the EMG–moment relationship and to gain better
insights into how morphological and neural factors, especially fibre
type composition and motor unit synchronization influenced by
strength training, may affect this key relationship.

The results indicated that strength training significantly
affected the nature of the EMG–moment relationship. For
strength-trained participants, the increase in net knee joint
moment was typically linearly related to EMG increase, with low
level of co-activation between knee agonist and antagonist muscle
groups. By contrast, our results revealed that the EMG–moment
relationship could be reasonably considered as systematically
curvilinear (quadratic) for untrained participants, with two differ-
ent steps regarding the increase in EMG activity. As observed by
Monod and Flandrois (2003), EMG values increased almost linearly
with moment values for isometric contraction levels below 40%
MVC in flexion and in extension, while EMG increased faster than
the net joint moment for greater MVC levels.

The remarkable linearity observed in strength-trained partici-
pants for all experimental conditions could indicate enhanced con-
trol of muscle activation and regulation in voluntary contractions,
which may be related to more efficient or greater motor unit syn-
chronization after strength training (Fling et al., 2009; Fukunaga,
1976; Pucci et al., 2006; Semmler and Nordstrom, 1998). Our
results on muscle fibre dominance (see Supplementary data and
Supplementary Fig. 1) and those on the level of co-activation of
knee agonist–antagonist muscle pair appeared to support this
assumption. Firstly, we found no significant relationship between
muscle fibre type I dominance and the maximum net joint moment
produced at the knee joint, and no significant correlation between
muscle fibre dominance and non-linearity of the EMG–moment
relationship. Without completely excluding the influence of
strength training-related adaptations at the peripheral level, these
results suggested that the changes in the EMG–moment relation-
ship between untrained and strength-trained participants could
be largely explained by the influence of neural adaptations. Thus,
the linearity of the EMG–moment relationship observed in
strength-trained participants could be associated with cortical
adaptations (Dal Maso et al., 2012; Falvo et al., 2010; Griffin and
Cafarelli, 2005) and enhanced motor unit recruitment compared
with untrained participants (Aagaard et al., 2002; Adkins et al.,
2006; Griffin and Cafarelli, 2005; Sale, 1988; Semmler et al.,
2004), rather than changes in maximum force generation capacity
or in morphological factors such as muscle myotypology (Fry et al.,
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Fig. 3. Representative normalized EMG–torque relationship in strength-trained athletes (a) and untrained participants (b) for Vastus Medialis (VM) and Gastrocnemus (Ga)
muscles.

Fig. 4. Mean co-activation of knee agonist/antagonist muscle pairs between
strength-trained athletes (ST) and untrained participants (UT) during flexion and
extension isometric contractions (CoAct, %). ⁄ Indicates a significant effect of the
contraction type; ⁄⁄ indicate a significant effect of expertise; (p < 0.05).
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An EMG-Driven Biomechanical
Model That Accounts for the
Decrease in Moment Generation
Capacity During a Dynamic
Fatigued Condition
Although it is well known that fatigue can greatly reduce muscle forces, it is not generally
included in biomechanical models. The aim of the present study was to develop an
electromyographic-driven (EMG-driven) biomechanical model to estimate the contribu-
tions of flexor and extensor muscle groups to the net joint moment during a nonisokinetic
functional movement (squat exercise) performed in nonfatigued and in fatigued condi-
tions. A methodology that aims at balancing the decreased muscle moment production
capacity following fatigue was developed. During an isometric fatigue session, a linear
regression was created linking the decrease in force production capacity of the muscle
(normalized force/EMG ratio) to the EMG mean frequency. Using the decrease in mean
frequency estimated through wavelet transforms between dynamic squats performed be-
fore and after the fatigue session as input to the previous linear regression, a coefficient
accounting for the presence of fatigue in the quadriceps group was computed. This
coefficient was used to constrain the moment production capacity of the fatigued muscle
group within an EMG-driven optimization model dedicated to estimate the contributions
of the knee flexor and extensor muscle groups to the net joint moment. During squats, our
results showed significant increases in the EMG amplitudes with fatigue (!23.27% in
average) while the outputs of the EMG-driven model were similar. The modifications of
the EMG amplitudes following fatigue were successfully taken into account while esti-
mating the contributions of the flexor and extensor muscle groups to the net joint moment.
These results demonstrated that the new procedure was able to estimate the decrease in
moment production capacity of the fatigued muscle group. !DOI: 10.1115/1.4001383"

Keywords: EMG, biomechanical model, muscle fatigue, muscle force, frequency shift

1 Introduction
Muscular fatigue is an inevitable feature of muscle activation,

such as that which occurs during sporting competitions, rehabili-
tation exercises, or repetitive tasks #e.g., lifting and material han-
dling$. The fatigue starts at the beginning of the muscle activation
and is commonly defined as a loss of force production capacity
associated with an increase in the perceived level of effort !1". The
multiple physiological mechanisms underlying the decrease in
force production capacity have been studied extensively and en-
compass central fatigue with diminished muscle activation !2" or
peripheral fatigue with an increased concentration of inorganic
phosphate or a failure in excitation-contraction coupling !3,4".
Changes in the electromyographic #EMG$ signal have also been
reported in the presence of fatigue. To compensate for the loss of
force production capacity, previous work reported an increase in
the EMG amplitude during submaximal isometric activities. Con-
sequently, force decreases for constant levels of EMG during

maximal voluntary activations !1". Related to the development of
muscle fatigue, the EMG frequency content is also modified as the
mean and median frequencies have been shown to decrease
!1,5,6". During dynamic #i.e., force-varying and/or nonisometric$
contractions, the EMG signal has been described as nonstationary
because of changes in its frequency content through time !5,6".
Due to these nonstationarities, time-frequency methods that do not
rely on a local quasi-stationarity assumption #e.g., Choi–Williams
distributions or wavelet transforms$ are better suited to the spec-
tral analysis of the EMG signal during fatiguing and/or dynamic
contractions than the fast Fourier transforms !5,6".

The muscular redundancy of the human body prevents one
from finding a unique combination of muscle forces leading to the
net joint moment !7". Most advanced biomechanical models use
geometrical and physiological data #force-length and force-
velocity relationships, moment arms, physiological cross sectional
area #PCSA$, and muscle length$, kinematics, dynamics, EMG,
and mechanical laws of motion as inputs to optimization pro-
cesses in order to resolve the redundancy issue !8–10". These
models use the EMG amplitudes as direct or indirect information
to compute muscle forces or muscle group contributions to the net
joint moment. Despite the quasi-permanent presence of muscle
fatigue during daily activities, few studies have attempted to take
into account its presence when investigating muscle forces or their
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contributions to the net joint moment. Indeed, the major limitation
of using the EMG data of fatigued muscles in EMG-driven bio-
mechanical models is the altered EMG-force relationship. A single
study reported a method to take into account the changes in the
EMG amplitudes due to fatigue during an isokinetic exercise !11".
This method was used as a part of an EMG-driven biomechanical
model to estimate the modifications of spinal loading due to fa-
tigue. However, this method required the movement to be per-
formed on a dynamometer because a direct measurement of the
force produced during the motion was needed. Its utility would be
greatly improved if such a method could be applied to functional
nonisokinetic movements.

The aim of the present study was to develop an EMG-driven
biomechanical model to obtain the contributions of flexor and
extensor muscle groups to the net joint moment during a noniso-
kinetic functional movement #squat exercise$ performed in nonfa-
tigued and in fatigued conditions. A methodology that aims at
balancing the decreased muscle moment production capacity fol-
lowing fatigue was developed. This procedure aims at, first, as-
sessing the changes in the activation level due to the presence of
muscle fatigue #i.e., the changes in the EMG-moment relation-
ship$ and, second, taking these changes into account while esti-
mating the contributions of the agonist and antagonist muscle
groups to the net joint moment. We expected higher EMG ampli-
tudes for the fatigued than for the nonfatigued condition for the
same motion. When applying the original methodology developed
in this study and assuming few changes in muscle activation pat-
terns, we hypothesized identical outputs of the EMG-driven
model #i.e., the contributions of the flexor and extensor muscle
groups to the net joint moment$ between both conditions. Indeed,
given identical inputs in terms of kinematics and dynamics data,
increased EMG amplitudes of the agonist muscles under fatigue
#required to perform the task due to the low moment production
capacity$ would be balanced by the methodology presented here.

2 Methods

2.1 Subjects. Nine male subjects participated in this study.
Mean #!s.d.$ age, height, and mass were, respectively, 26.9
#!3.2 years$, 1.75 #!0.05 m$, and 70.6 #!6.2 kg$. All subjects
were free of known injuries. The project was approved by the
University Review Board and all subjects gave written consent
after being informed of the experimental procedures.

2.2 Experimental Protocol. The experimental design was
comprised of four consecutive steps: an isometric maximal volun-
tary contraction, 11 cycles of dynamic half squats in a nonfatigued
condition, an isometric fatigue session, and 11 cycles of dynamic
half squats in a fatigued condition.

The first step involved isometric maximal voluntary contrac-
tions. The subjects were standing on a force plate and anchored to
the ground using four inextensible ropes. Rope lengths were ad-
justed so that knee angles were close to 90 deg #Fig. 1$. The
subjects were instructed to produce the greatest vertical force dur-
ing 4 s while maintaining their trunks as vertical as possible. In
order to obtain a maximal performance, a visual feedback of the
performance was provided through an oscilloscope and subjects
were given verbal encouragement. The maximal value within
three trials of maximal voluntary force #MVF$ measured by the
force plate was used in the third step of the experiment.

The second step examined dynamic half squats in the nonfa-
tigued condition. The subjects performed 11 cycles of dynamic
half squats #beginning in an upright posture and bending the knees
until the thighs were parallel to the ground, then going back up$
loaded with 20% of their bodyweight. The bar was positioned on
the subjects’ shoulders. A piece of wood was located below the
heels and no motion of the heels was allowed. A metronome was
used to keep constant the duration of each squat cycle #0.5 Hz
frequency$. Online verbal feedbacks were given to the subjects in

order for them to control their motions and perform the same
squat movements in nonfatigued and fatigued conditions.

The third step was an isometric fatigue session. The subjects
had to sustain 60% MVF for as long as possible to create fatigue
in the knee extensor muscle group. This isometric fatigue protocol
was performed in the same posture as the MVF trials. A visual
feedback of the force to sustain was provided using an oscillo-
scope. The fatigue session was terminated as soon as the force
level dropped below 40% MVF.

Finally, the fourth step consisted of dynamic half squats in the
fatigued condition. Immediately after the end of the fatigue ses-
sion, the subjects were loaded with 20% bodyweight and per-
formed another block of 11 squat cycles. The squat cycle duration
was also controlled #0.5 Hz pace$.

2.3 Data Acquisition. Kinematic data were recorded at 120
Hz using a six camera Vicon 624 system. Trajectories of the foot,
shank, thigh, trunk, and barbell segments were recorded from ten
passive markers placed over the following landmarks on the right
side of the body: the fifth metatarsal head, the lateral malleolus,
the lateral femoral condyle, the great trochanter, the head of the
clavicle, the epicondyle of the elbow, the wrist, the jaw, the vertex
of the head, and the middle of the barbell. The ground reaction
data were sampled at 1560 Hz from a six component AMTI force
platform. As recommended in Refs. !8,12", electromyographic
data for the gastrocnemius medialis #ga$, biceps femoris #bf$, rec-
tus femoris #rf$, and vastus medialis #vm$ muscles were recorded
at 1000 Hz using a Biopac MP 150 system #gain=500, input
impedance=1.0 M", common mode rejection ratio #CMRR$
=110 dB, noise=0.5 #V, resolution=16 bits$. Ag/Ag–Cl bipo-
lar surface electrodes were placed over bellies of the selected
muscles with a 2 cm center-to-center interelectrode distance. Skin
preparation and electrode placements were done following the
recommendations of the SENIAM group !13". A TTL signal gen-
erated by the EMG acquisition device was later used to synchro-
nize the EMG and the kinematics and dynamics data.

2.4 Data Processing. Ground reaction data were filtered us-
ing a fourth-order zero phase-lag Butterworth filter with a 10 Hz
net cutoff frequency. Marker trajectories were smoothed using a
constrained cubic smoothing spline procedure #MATLAB, SPLINE
TOOLBOX, version 3.2.2$. Angular time series of the ankle, knee,
hip, and trunk angles were computed from smoothed Cartesian
coordinates of the markers. Using cubic spline interpolation, an-
gular kinematics, and ground reaction were resampled to 1000 Hz
to match the EMG acquisition frequency. Values of joint angular
velocities and accelerations were obtained by analytically differ-
entiating the spline functions.

Based on the vertical velocity of the barbell, each variable of
the squat cycle was normalized in time from 0% to 100%. The
two first and two last cycles were removed from the analysis to

Fig. 1 Typical posture of a subject during the MVC and the
isometric fatigue tasks
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avoid electromyographic and kinematic changes due to movement
initiation and termination. The seven remaining cycles were aver-
aged to obtain one representative cycle for each variable !EMG,
angular kinematics, and ground reaction" for each subject. In the
nonfatigued and fatigued conditions, the knee net joint moment
was computed via inverse dynamics #14$ using the representative
cycles of kinematics and ground reaction data as well as body
segment parameters from Ref. #15$. Inverse dynamics were com-
puted using the Langrangian formalism with the human body
modeled as a planar four-link system with frictionless hinges.

2.5 Modeling. Based on the modifications of the EMG signal
during the isometric fatigue session, a methodology was devel-
oped to assess the loss of moment production capacity of the
fatigued muscle group during the dynamic session. This method-
ology was further used as a part of an EMG-driven biomechanical
model to estimate the contributions of the flexor and extensor
muscle groups to the knee net joint moment under muscle fatigue
condition.

First, the isometric fatigue session served as a basis to create a
linear relationship representing the loss of force production capac-
ity of the fatigued muscles as a function of the decrease in the
EMG mean frequency. Second, an EMG-driven model was used
to estimate the flexor and extensor contributions to the knee net
joint moment in the nonfatigued condition. Third, the decrease in
force production capacity in the fatigued dynamic condition !fur-
ther referred as the K coefficient" was estimated using the de-
crease in the EMG mean frequency between the nonfatigued and
the fatigued conditions as input to the linear relationship. Finally,
the K coefficient was used in the EMG-driven model to constrain
the moment production capacity of the fatigued muscle group.
These different steps will be detailed in the following paragraphs.

2.5.1 Isometric Fatigue Session. During the isometric fatigue
session, the subjects had to sustain 60% of their MVF for as long
as possible. During this session, angular kinematics and EMG
data were analyzed within windows that were 512 points long and
centered every 5% force decrease. These windows corresponded
to 60% !nonfatigued condition", 55%, 50%, 45%, and 40% of the
MVF. Within each window, the knee angles and the root mean
square !RMS" of the EMG signal were computed. Wavelet trans-
forms with Morlet wavelets of 126 points length at the coarsest
scale were used to obtain the values of the mean frequency of the
myoelectric signal within each window #16,17$.

Force plate vertical force, RMS EMG, and mean EMG fre-
quency values were then normalized relative to values of the non-
fatigued condition. Because adaptations to fatigue may arise either
on EMG or on force signals, a ratio between the normalized force
plate vertical force and the normalized RMS EMG signal was
computed for each analysis window !normalized force/EMG ra-
tio". Finally, linear regression was used to fit the normalized force/
EMG ratio to the normalized mean frequency decrease. Thus, the
output of the isometric fatigue session consisted of a linear rela-
tionship that represents the normalized force/EMG ratio !the force
production capacity of the muscle group" as a function of the
normalized mean frequency decrease.

Considering, first, that the fatigue protocol would only affect
the extensor muscle group and, second, that the low activation
levels of the flexor muscles would produce highly variable fre-
quency content estimates, the linear regression was only com-
puted for the knee extensor muscles !i.e., rectus femoris and vas-
tus medialis muscles".

2.5.2 Dynamic Trials—Nonfatigued Case. The contributions
of the knee flexor and extensor muscle groups to the net joint
moment were obtained from an EMG-to-moment optimization
procedure #8,18$. For the nonfatigued condition, the optimization
problem was formulated as follows:

Find
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nf,!bf
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The “nf” and “f” superscripts correspond, respectively, to the non-
fatigued and the fatigued conditions while the indices “i” stand for
the muscle investigated !ga, bf, rf, and vm" and the indices “j”
represent the joint of concern !ankle, knee, and hip". Bold and
italic terms stand for matrix and scalars, respectively. In Eq. !1",
MK

nf!t" corresponds to the knee net joint moment computed

through inverse dynamics while M̂K
nf!t" stands for the net moment

estimated using the EMG data. In Eq. !2", !i
nf represents the iso-

metric EMG-moment coefficient in the nonfatigued condition and
wi

nf!t" stands for the individual muscle gains at each time t. Si
nf!t"

contains the rectified and filtered !low-pass, fourth-order, 2.5 Hz
net cutoff frequency" EMG data of the four selected muscles.
M̂K

nf!t" also comprises an identity matrix !1" of size 4, biarticular-
ity matrix !E", and "j

nf and #j
nf terms to take into account that

EMG amplitudes may change depending on the origins and inser-
tions of the muscles, respectively, as well as the length and the
shortening velocity of the muscle fibers. Additional constraints
!Eq. !3"" were added to the procedure to ensure that the sign
convention of the outputs !i.e., the contribution of the flexor and
extensor muscle groups to the net joint moment" is fulfilled at
each time t #8$.

2.5.3 Dynamic Trials—Fatigued Case. A schematic represen-
tation of the methodology used in the present study to estimate the
contributions of the knee flexor and extensor muscle groups to the
net joint moment under fatigue condition is presented in Fig. 2.

In the fatigued condition, the formulation of the optimization
problem included a supplementary equality constraint that took
into account the loss of moment production capacity of the exten-
sor muscle group. The loss of moment production capacity was
estimated using the previously described linear relationship !see
the isometric fatigue session section" with the normalized de-
crease in the EMG mean frequency between the dynamic nonfa-
tigued and fatigued sessions as input.

The time-frequency spectrums of the EMG signals were ob-
tained from wavelet transforms of the EMG bursts within fixed-
length windows for each squat cycle. These windows of 512
samples were centered at the time instants, where the knee joint
angle trajectory was the most repeatable, that is the time instants
corresponding to the minimum of the knee angle standard devia-
tion !quasi-cyclostationarity hypothesis #5$". The time-frequency
spectrum estimates were then averaged over all the cycles to ob-
tain a single estimate of the mean frequency for the selected
muscle in either the nonfatigued or the fatigued condition !Fig. 3".
The normalized mean frequency decrease was assessed as the dif-
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ference between the mean frequency estimates obtained from the
nonfatigued and the fatigued conditions normalized by the value
in the nonfatigued case. Using the linear regression previously
created !see the isometric fatigue session section", an estimate of
the moment production capacity of the fatigued muscle !the K
coefficient" was obtained for the dynamic squat in the fatigued
condition.

In the fatigued condition, the nonlinear constrained optimiza-
tion problem was formulated as for the nonfatigued case !see Eqs.
!1"–!3"" with a supplementary set of equality constraints !Eq. !4"".
Hence, the methodology developed in this study to account for the
presence of fatigue in the EMG signals was used to constrain the
moment production capacity of the extensor muscle group during
the resolution of the optimization problem in the fatigued case.

!ga
f = !ga

nf, !bf
f = !bf

nf

!4"
!rf

f = Krf · !rf
nf, !vm

f = Kvm · !vm
nf

where the !i
f coefficient represents the isometric EMG-moment

relationship in the fatigued condition and the K coefficients are
computed from the mean frequency decrease in the EMG signals
!see the dynamic trials section".

The optimization problems under the nonfatigued and fatigued
conditions were solved using a sequential quadratic programming
!SQP" approach #19$. All computations were done using MATLAB
software !version 7; Optimization Toolbox, version 3.0.3; Spline
Toolbox, version 3.2.2; Time-Frequency Toolbox".

2.6 Statistics. One-way ANOVAs !fatigue effect" were con-
ducted on the minimum, maximum, and mean values of the ankle,
knee and hip angular displacements and velocities, as well as on
the model parameters. One-way ANOVAs !fatigue effect" were
also carried out on the minimal, maximal, and mean values of the
knee net joint moment and the contributions of the flexor and

extensor muscle groups to the net joint moment. A significance
level of 0.05 was used for all comparisons. Tukey post-hoc tests
were used whenever necessary.

3 Results

3.1 Isometric Fatigue Session. The presence of muscle fa-
tigue during the isometric session was revealed by an increase in
the EMG amplitudes and a decrease in the EMG mean frequen-
cies. Indeed, mean RMS EMG increased by 4.6" 27.2% and
16.4" 23.7%, respectively, for the rectus femoris and the vastus
medialis muscles. As mentioned in the Sec. 2, no estimate of the
gastrocnemius medialis and biceps femoris mean frequencies was
performed due to the low activation level of these muscles and the
high variability of this variable under such conditions. Oppositely,
decreases in mean frequencies of 36.0" 5.9% and 23.4" 12.5%
for the rectus femoris and the vastus medialis muscles, respec-
tively, were observed. These changes corresponded to decreases
of 31.8" 19.2% and 40.1" 14.8% of the normalized force/EMG
ratio for the rectus femoris and the vastus medialis muscles. Dur-
ing this isometric fatigue session, the knee joint angles showed
little variations with maximal discrepancies below 5 deg.

An example of the original methodology developed in this
study and consisting of a linear regression between the force pro-
duction capacity !i.e., the normalized force/EMG ratio" and the
normalized mean frequency decrease is illustrated in Fig. 4. All
the slopes of the linear regressions were positive with mean values
of 0.91" 0.69 and 1.28" 0.52, respectively, for the rectus femoris
and the vastus medialis muscles with corresponding mean coeffi-
cients of determination !r2" of 0.70" 0.40 and 0.63" 0.38.

3.2 Dynamic Trials. A significant augmentation in the EMG
amplitudes was seen between the nonfatigued and the fatigued
dynamic conditions with an averaged increase of 29.74" 15.39%,

Fig. 2 Schematic representation of the methodology used in the study to
assess the contributions of the flexor and extensor muscle groups to the
net joint moment under fatigue condition
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18.02!12.50%, 23.63!25.17%, and 21.70!15.12% for the gas-
trocnemius medialis, biceps femoris, rectus femoris, and vastus
medialis muscles, respectively, !F1,34 "33.02 and p#0.05 for all
muscles". Despite these modifications, kinematic data of the squat

cycles were very similar between the nonfatigued and the fatigued
dynamic conditions. Indeed, no statistical influence of the fatigue
factor was found on the minimum, mean, and maximum values of
the ankle, knee, and hip joint angles and angular velocities. More-

Fig. 3 Schematic representation of the methodology used to estimate the frequency content of the EMG signal. Upper
graph shows the evolution through time of the knee angle. Middle graph represents the EMG signal of the rectus femoris
muscle. Bottom graphs show the outputs of the wavelet analysis. The 512 points analysis windows were centered at the
time instants were the knee joint angle trajectory was the most repeatable. For the bottom graphs, the time is along the
horizontal axis and the frequency along the vertical one. The amplitude of the signal at any given time and frequency is
represented using color scale. Brighter colors inform that the corresponding frequency bandwidth is often found in the
signal frequency content.
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over due to the position of the bar, no motion of the upper body
was allowed during the squat movement, strengthening the results
that the squats were very similar in nonfatigue and fatigue
conditions.

The EMG mean frequencies estimated through wavelet trans-
forms during the dynamic squats revealed a significant decrease
between the nonfatigued and the fatigued conditions with relative
diminutions of 18.28!7.45% and 7.72!3.14% for the rectus
femoris and the vastus medialis muscles, respectively. Once the
normalized mean frequency decreases were input to the linear

regressions, the moment production capacities !K coefficient in
Eq. !4"" were estimated to be 82.99!10.79% and 87.15!9.81%
of the nonfatigued condition for the rectus femoris and vastus
medialis muscles, respectively. The moment production capacity
of these muscles was significantly affected by the presence of
fatigue !F1,34=33.44 and p"0.05".

Despite the presence of fatigue, the EMG-driven optimization
model revealed little difference in muscle group contributions to
joint moments between the nonfatigued and the fatigued dynamic

Fig. 4 Representative example for one subject of the isometric linear rela-
tionship that links the force production capacity of the rectus femoris
muscle „normalized force/EMG ratio… to the normalized mean frequency de-
crease. Raw data as well as the corresponding linear regression are shown.

Fig. 5 Evolution through time of the mean values „n=9… of the moments developed by the extensor muscle group
„upper curves…, the net joint moments „middle curves… and the flexor muscle group moments „lower curves…. For
each variable, thick lines correspond to the nonfatigued condition and thin lines to the fatigued situation.
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conditions !Fig. 5". Indeed, the minimum, maximum, and mean
values of the knee net joint moments showed no difference due to
the fatigue factor. No statistical influence of the fatigue factor was
seen on the contributions of the flexor and extensor muscle groups
to the net joint moment estimated with either the original version
of the model !nonfatigued condition" or the version that included
the equality constraint !K coefficient" on the moment production
capacity !fatigued condition".

The comparison of the parameters issued from the optimization
processes !Eq. !1"–!4"" revealed no influence of the fatigue factor
!Table 1", except on the !K term !i.e., the one that accounts for the
changes in the EMG amplitudes due to the force-length relation-
ship at the knee joint". The influence of the fatigue factor was also
nonsignificant for the wi!t" terms. Indeed, the evolutions through
time of the wi!t" coefficients were similar between the nonfa-
tigued and the fatigued dynamic conditions !Fig. 6".

4 Discussion
The aim of the present study was to develop an EMG-driven

biomechanical model to obtain the contributions of flexor and
extensor muscle groups to the net joint moment during a noniso-
kinetic functional movement !squat exercise" performed in nonfa-
tigued and in fatigued conditions. An EMG-based methodology
that aims at balancing the decreased muscle moment production
capacity following fatigue was developed. The outputs of the new

methodology indicated that the decreases in mean frequency dur-
ing the fatigued dynamic squats corresponded to moment produc-
tion capacities of 83% and 87% of the nonfatigued values for the
rectus femoris and the vastus medialis muscles, respectively.
These values are consistent with the fact that the maximal force
depletion was 33% at the end of the isometric fatigue session. It
was demonstrated that the model was able to characterize fatigue
with a single coefficient for each muscle Ki, which accounted for
fatigue-induced frequency shifts obtained using wavelet analysis.

Our working hypothesis stated that with identical kinematics
and dynamics data and different EMG inputs, the proposed meth-
odology could estimate the decreased muscle moment production
capacity due to fatigue and take this decrease into account in the
EMG-to-moment procedure. While the outputs of the optimization
procedure were similar, the optimization parameters !Eqs. !2"–!4""
could have been modified during the resolution by the SQP algo-
rithm. The consistency of the present methodology was reinforced
by the lack of significant differences between the optimized pa-
rameters of the model !compare Table 1", except for the term
accounting for the force-length relationship at the knee joint !i.e.,
!K". However, the difference on the !K coefficient is not surpris-
ing since a dependence of the force-length relationship to muscle
fatigue as been reported by #20$. The stability of the optimized
parameters revealed that the optimization procedure did not take
advantage of the other variables to compensate for the additional
equality constraint. This point is supported by the similar patterns
of the wi!t" coefficients !compare Fig. 6".

Our results showed no influence of the fatigue factor on the
flexor and extensor contributions to the net joint moment, though
a general increase in the EMG activities was seen between the
nonfatigued and the fatigued dynamic conditions. The procedure
developed in this study and included in an EMG-driven model
aimed at taking into account the changes in the EMG amplitudes
due to muscle fatigue !i.e., the changes in the activation level" to
estimate the contributions of the knee flexor and extensor muscle
group to the net joint moment. Expectedly with no influence of the
fatigue factor on the kinematic data, the net knee joint moments
were very similar between the nonfatigued and the fatigued ses-
sions. As the net joint torques required to produce the task in both
conditions were similar, the central nervous system increased the
activation of the fatigued muscle group to reach the necessary
extension moment. An increased activation of the agonist group
could lead to increased antagonist activation because of a com-
mon drive to the agonist-antagonist pairs #21$. In the present
study, higher EMG amplitudes were also seen for the antagonist
muscle group reinforcing the “common drive” hypothesis. How-
ever, as previously stated in Ref. #22$ during squats with low
loads, the activation levels of antagonist muscles were low !mean
values below 10% MVF" and a relative 25% increase in the EMG
amplitudes would have little effects on the muscle group moment.
The outputs of the EMG-to-moment optimization process showed
no difference in the antagonist contribution to the net joint mo-
ment between the nonfatigued and the fatigued conditions. Hence,
while the EMG of the extensor muscle group is logically in-
creased, the contribution of the extensor muscle group is kept
constant through the different conditions. These results satisfied
our hypothesis in that the developed procedure was able to take
into account the changes in the activation level of the fatigued
muscles for their use in an EMG-driven model in the fatigued
condition.

The procedure described in this study mainly relied on the es-
timation of the EMG mean frequencies both during isometric and
dynamic contractions. Several factors may influence the estima-
tion of the frequency content of the EMG signals !i.e., nonstation-
ary feature of the EMG signal, muscle activation levels, muscle
fiber length, muscle fiber velocity". Although the use of short time
fast fourier transform !FFT" may have provided the same results
#23$, it is likely that the use of wavelet transforms to estimate the
EMG frequency content in fatigued isometric and dynamic condi-

Table 1 Mean values „±s.d.… of the optimized parameters. !i,
"j, and #j represent, respectively, the isometric EMG-moment
coefficient and the terms accounting for the force-length and
force-velocity relationships. ! indicates a significant influence
of the fatigue factor „p<0.05….

NF F

"ga −80.67# 50.51 −80.67# 50.51
"bf −54.81# 25.89 −54.81# 25.89
"rf 154.29# 55.15 123.28# 45.94 !

"vm 150.76# 54.32 130.95# 51.08 !

!A 0.80# 0.35 0.95# 0.51
!K 0.19# 0.09 0.09# 0.07 !

!H 0.35# 0.13 0.38# 0.12
$A 0.14# 0.06 0.16# 0.09
$K 0.04# 0.01 0.03# 0.02
$H 0.06# 0.03 0.07# 0.05

Fig. 6 Evolution through time of the individual muscle gains
of the rectus femoris „thick lines… and vastus medialis „thin
lines… muscles in the nonfatigued „continuous lines… and fa-
tigued „dashed lines… situations. Note the similar patterns of
the wi„t… coefficients, which imply that the optimization proce-
dure did not take advantage of this variable to compensate for
the additional equality constraint.
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tions will enhance the accuracy of the spectral estimates !5,6". The
other possible artifacts were also carefully taken into account
throughout this study. First, the isometric session was performed
at 60% MVC and the EMG analysis windows during the dynamic
sessions were located at time instants of high activation #compare
Fig. 3$, thus removing the activation level as a possible artifact in
the estimation of the mean frequencies !24". Second, the fre-
quency estimates had also shown a strong dependence on muscle
fiber length !25". In our experiment, the variations in knee joint
angle #and consequently in muscle length$ during the isometric
fatigue session were less than 5 deg for all the subjects. During
the dynamic sessions, the spectral estimates were carried out
within analysis windows located at time instants, where the knee
joint angle trajectories were the most repeatable. No influence of
the fatigue factor was seen on the kinematics data and the knee
angles within the analysis windows were similar between the non-
fatigued and the fatigued sessions. Thus, EMG frequency content
was estimated at the same muscle length for the nonfatigued and
the fatigued dynamic conditions. Third, the time instants, where
the knee joint angles were the most repeatable also corresponded
to a knee joint velocity close to zero. The EMG mean frequencies
in dynamic conditions were thus estimated during a “quasi-
isometric” contraction, avoiding the artifacts due to differences in
the muscle fiber shortening velocity.

The isometric fatigue session was used to create a linear regres-
sion between the moment production capacity of the muscles #i.e.,
the normalized force/EMG ratio$ and the decrease in mean fre-
quency. Indeed, the force production capacity has been shown to
decrease linearly with fatigue during submaximal exercises !26"
and previous work had represented the mean frequency decrease
through time using a linear model and reported a good fit with the
experimental data !27". However, some subjects showed low co-
efficients of determination for the linear regression #with a r2

value of 0.12 for the worst case$. In future studies several possi-
bilities are offered to improve these values. First, using different
regressions than the linear one #i.e., polynomial, exponential, and
logarithmic$ may improve the values of the coefficient of deter-
mination. Indeed under fatigue condition, previous studies re-
ported that some of physiologic parameters evolved with a non-
linear trend !28". Second, as the regression was created from raw
force/EMG ratios and mean frequency data, this issue may be
resolved by modeling previously, and separately, the evolutions
through time of the normalized force/EMG ratio and of the mean
frequency decrease. Afterward, the previous modeled data could
be put all together to create the final regression between the mo-
ment production capacity and the decrease in mean frequency.
While the present experiment was conducted using an isometric
fatigue session, the linear regression between the muscular force
production capacity and the mean frequency could be obtained
from dynamic fatiguing exercises. Indeed, during a long lasting
dynamic exercise, consistent and quasi-linear mean frequency de-
creases were reported when studying the same joint angle range
over the entire range of motion during the fatiguing exercise !25".
This point enhances the applicability of the methodology to dif-
ferent types of muscle fatigue as isometric exercises or repetitive
exertion bouts both lead to a decrease in EMG mean frequency
and an increase in EMG amplitude for a constant force output.

While some limitations may appear as the choice of the repre-
sentative muscles or the fact that the level of fatigue of the knee
flexors could not be tested, we believe that the methodology de-
veloped in this study has several advantages. First, to our knowl-
edge, this work is among the first in attempting to estimate the
force production capacity of fatigued muscles during functional
dynamic nonisokinetic movements. This feature extends the use of
the EMG-driven models to functional activities performed under
muscle fatigue. As previous work reported changes in muscle ac-
tivation patterns during cutting movements following muscle fa-
tigue !29", such a procedure can help in studying the stress expe-
rienced by the ligaments in situations usually encountered during

sport exercises. Second, while the described procedure can be
applied generally to a wide range of activities and EMG-driven
models, the subject-specific trend of the development of muscle
fatigue is fully taken into account. Indeed, the linear regression
built during an isometric or dynamic fatigue session is tuned spe-
cifically to the properties of each muscle.

In conclusion, this study presented an original procedure based
on the decrease in the frequency content of the EMG data to
assess the force production capacity of a muscle group following
a fatiguing exercise. Based on this procedure, an equality con-
straint was added to an EMG-driven biomechanical model to es-
timate the contributions of the flexor and extensor muscle group to
the net joint moment during dynamic exercise under fatigue con-
dition. The results presented here are promising, as they constitute
the first attempt to estimate the force production capacity of a
fatigued muscle group during a dynamic, nonisokinetic exercise.
The procedure previously described may find applications for the
study of several functional activities performed under muscle fa-
tigue such as rehabilitation exercises, walking, jogging, etc. Fur-
ther studies are necessary to extend the use of the proposed
method to other biomechanical models. In particular, more de-
tailed models that aimed at estimating muscle forces !9" could
benefit in the use of the procedure described in this study.
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Abstract

Background. Many studies have shown that trans-tibial amputation involves modifications of resultant muscle patterns during gait.
However, these experiments did not estimate the contribution of simultaneous agonist and antagonist muscle action (co-contraction)
during gait tasks. Diminution of co-contraction could create joint instability and, thus, change joint integrity, which is particularly
important in the etiology of degenerative diseases, such as osteoarthritis, present at the knees of amputated limbs, and particularly in
non-amputated limbs. The purpose of this study was to determine if there is any difference in the production of co-contraction about
the knee between able-bodied children and children with a trans-tibial amputation during gait.

Methods. Six children with a trans-tibial amputation vs. six able-bodied children paired for gender, age, weight and height partici-
pated in this study. Four one-way ANOVAs (P < 0.05) were used to observe differences in resultant, agonist and antagonist moments,
power, and co-contraction index during different phases of gait between able-bodied children limbs, the amputated and the non-ampu-
tated limbs of children with trans-tibial amputation.

Findings. Children with a trans-tibial amputation modified muscle patterns at their amputated limb and produced smaller co-contrac-
tion (P < 0.05) during single limb support, for both the non-amputated and amputated limbs when compared to able-bodied children.

Interpretation. These results suggest that children with a trans-tibial amputation altered their muscle patterns to perform locomotion.
These changes produced a diminution of co-contraction during single limb support for both the amputated and non-amputated limbs
and, thus, could create joint instability.
Crown Copyright ! 2006 Published by Elsevier Ltd. All rights reserved.

Keywords: Trans-tibial amputation; Children; Agonist muscles; Antagonist muscles; Co-contraction; Gait; Muscle patterns

1. Introduction

Human locomotion involves complex multi-joint and
multi-muscle coordination arising because of the redun-
dancy inherent in the musculoskeletal system. Especially
during walking, able-bodied (AB) subjects coordinate

motion in the lower limbs at the hip, knee and ankle joints
for safer ambulation in their environment (Winter, 1991).

For subjects with a trans-tibial amputation (TTA), loss
of the ankle and foot, which is responsible for 80% of the
propulsion in normal gait (Winter, 1991), requires changes
in hip and knee joint coordination to perform efficient gait
(Winter and Sienko, 1988; Sanderson and Martin, 1997;
Powers et al., 1998; Sadeghi et al., 2001). Particularly dur-
ing weight-bearing, Sanderson and Martin (1997) observed
significant changes in the resultant knee joint moment
between able-bodied adults and six adults with a TTA
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(32.8 (SD 6.7) years). The moment pattern showed a tran-
sition from extensor to flexor in the control limb (CL) of
AB adults and in the non-amputated limb (NAL) of adults
with a TTA whereas it remained flexor in the amputated
limb (AL) of adults with a TTA. Furthermore, Winter
and Sienko (1988) noted a very low or near zero resultant
moment in elderly subjects with a TTA for the first half of
stance and a normal knee flexor moment for the rest of the
stance phase. In contrast, Powers et al. (1998) recorded a
knee extensor moment throughout the stance phase in 10
males with a TTA (62.3 (SD 6.9) years). In summary, the
findings of the previously mentioned authors were not
consistent with one another regarding knee joint kinetics.

On the other hand, it has been demonstrated that the
knee joint is commonly affected in joint pathologies associ-
ated with TTA (Burke et al., 1978; Melzer et al., 2001).
Joint instability (or joint laxity) is a major factor in the
etiology of degenerative diseases (Felson et al., 2000; Issa
and Sharma, 2006) such as osteoarthritis seen at the knee
of the NAL and AL of subjects with a TTA (Burke
et al., 1978; Melzer et al., 2001). Articular instability could
be attributed to changes in co-contraction (i.e., co-activa-
tion of the agonist and antagonist muscles), creating addi-
tional stresses on the internal structures of the joints (Arms
et al., 1984; Solomonow et al., 1989; Miller et al., 2000).
More precisely for AB adults during walking, Falconer
and Winter (1985) found a higher percentage of co-
contraction during weight acceptance compared to the
other phases of the gait cycle. The higher production of
co-contraction during weight acceptance is not surprising,
given that this phase requires augmented knee joint stabil-
ity. Hence, the development of premature osteoarthritis at
the knees of subjects with a TTA could result from modifi-
cations in the activity of the agonist and antagonist muscle
groups associated with changes observed in net joint kinet-
ics. Indeed, the human system has more muscles acting
around each joint than theoretically needed for coordi-
nated motion, and there are multiple possibilities of muscle
coordination to perform a given movement (Prilutsky and
Zatsiorsky, 2002). The premature development of osteoar-
thritis observed in both AL and NAL of subjects with a
TTA could be associated with long-term effects of changes
induced in muscle patterns following amputation. Hence it
could be of special clinical interest to study the modifica-
tions in muscle patterns during locomotion as early as
childhood in subjects with a TTA.

The purpose of the present study was to investigate dif-
ferences in the production of co-contraction about the knee
between AB children and children with a TTA. To gain
insight into how children with a TTA adapted the produc-
tion of co-contraction during gait, we quantified the resul-
tant, flexor and extensor moments developed at the knee
joint in AB children and in the NAL and the AL of chil-
dren with a TTA. Based on kinematic, kinetic and EMG
data, co-contraction was estimated with an updated ver-
sion of the EMG-assisted optimization model proposed
by Amarantini and Martin (2004). The present experiment

tested the hypothesis that children with a TTA have lower
production of co-contraction at the knee than AB children
because of changes in both agonist and antagonist muscle
group moments. For subjects with a TTA, such changes
could affect joint stability and, thus, might predispose sub-
jects with an amputation to the development of osteoar-
thritis in both their AL and NAL.

2. Methods

2.1. Subjects

Six children with a TTA (4 males, 2 females) with age 11
(SD 5) years, height 153.5 (SD 16.1) cm and body mass
53.4 (SD 21.3) kg were selected from the Musculoskeletal
Clinic of the Centre de Réadaptation Marie Enfant of
Hôpital Sainte-Justine. Four children had congenital limb
deficiencies while the other two underwent amputations
as a result of meningococcemia disease. A certified pros-
thetist of the Centre de Réadaptation Marie Enfant con-
ducted individual evaluations to ensure that the lower
limb prosthesis performed normally, that each subject
was comfortable using it and performed normally with
his or her prosthesis. To provide some control over the
effect of prosthetic design on gait, children with a TTA
using Seattle-Light foot prostheses were recruited. Addi-
tionally, amputee recruitment focused on children who
were fully ambulatory.

Six age-, height-, mass- and sex-matched AB children (4
males, 2 females; age 12 (SD 4) years; height 1.56 (SD 0.17)
m; body mass 55.5 (SD 13.9) kg) with no known musculo-
skeletal problems that could affect their ability to perform
gait participated in this study.

All the children were physically active and in good
health. The procedures for this study were approved by
the Research Ethics Committee of Hôpital Sainte-Justine,
and all parents gave informed, written consent.

2.2. Experimental design

Each subject was instructed to walk along a 10-m walk-
way at a self-selected speed. Shoes were worn during test-
ing. Three to five practice trials were allowed to
familiarize the subjects with the testing environment. Three
acceptable trials were recorded for each limb where the
subjects were instructed to put each foot on a force plat-
form while walking with fluidity. The equipment employed
in this study comprised eight 3D digital cameras (Vicon
Peak, CA, USA), two AMTI force platforms (Advance
Mechanical Technology Inc., MA, USA) and eight dou-
ble-differential pre-amplifier EMG electrodes from a
multi-channel EMG system (Model MA-300-16, Motion
Lab Systems, Inc., LA, USA).

The 2D kinematic data were acquired at 60 Hz. Twenty-
four passive, reflective markers were placed bilaterally on
anatomical landmarks (front and back of head, acromion,
elbow, wrist, anterior superior iliac spines, thigh, knee,
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shank, ankle, heel and toe) and one on the sacrum. Raw
coordinates were filtered with a zero-lag, low-pass Butter-
worth filter (4th order, 6 Hz cut-off frequency) before
computing joint angular and linear displacements. At each
joint, angular velocity and acceleration were calculated by
differentiating cubic smoothing splines (De Boor, 2004).
Ground reaction forces and moments were recorded at
900 Hz and were filtered with a zero-lag 4th order
Butterworth filter with a 9 Hz low-pass cut-off frequency.
To collect muscle activity for AB children, EMG electrodes
were fixed bilaterally on the rectus femoris, vastus medialis,
medial hamstring (MH) and gastrocnemius (GA). For chil-
dren with a TTA, the EMG electrodes were applied on the
same muscles, without the GA electrode for the AL. Thus,
only the MH was taken as the representative knee flexor
muscle for the AL. The skin was cleaned with alcohol
and, when necessary, body hair was shaved. The electrodes
were oriented parallel to muscle fibre direction and were
positioned on muscle belly. The EMG signals were sampled
at 900 Hz, bandpass-filtered (zero-lag, 4th order, 30–
300 Hz cut-off frequencies), and then full wave-rectified.

2.3. Gait variables

The vector of resultant moments was calculated at the
knee with inverse dynamics, according to Lagrangian for-
malism (Zajac and Gordon, 1989; Amarantini and Martin,
2004). For sign convention, the moment was positive for
knee extension. Net joint power was computed at each
joint as the scalar product of angular velocity and net joint
moment. Concentric contraction (energy generation) was
represented by positive power, while eccentric contraction
(energy absorption) was represented by negative power.

Agonist and antagonist moments were estimated with
an updated version of the EMG-assisted optimization
model proposed by Amarantini and Martin (2004). For
the present study, the estimation of the coefficients a estab-
lishing the isometric moment-EMG relationships was
directly incorporated into the routine used for dynamic
conditions. Thus, the isometric calibration step was appro-
priately removed from the experimental design without
affecting the results. This improvement is an obvious
advantage for clinical application since it reduces the com-
plexity of the experimental setup. The low-pass cut-off
frequency and the exponent applied to the EMG signals
were respectively set to 2.5 Hz and 1 for all muscles accord-
ing to the recommendations of Amarantini and Martin
(2004). Consequently, the optimization problem was re-
written as:

find : a ¼ faRF; aVM; aMH; aGAg; b ¼ fbh; bk; bag;
d ¼ fdh; dk; dag and w ¼ fw RF; w VM; w MH; w GAg

that minimize: C ¼ 1

2
"
X

t

ðMK ðtÞ % bM K ðtÞÞ2 ð1Þ

a; b; d and w

with

bM kðtÞ ¼ w extðtÞ " bM extðtÞ þ w flexðtÞ " bM flexðtÞ ð2Þ

bM K iðtÞ ¼ ½ai " rEMGiðtÞ( " ½1 ) E " ðb " DhÞ ) E " ðd " _hÞ(;

i ¼ fRF;VM;MH;GAg ð3Þ

subject to:

aMH and aGA < 0; aRF and aVM > 0

b > 0 and d > 0

bM flex < 0 and bM ext > 0

0 < w < 1

8
>>>>>><

>>>>>>:

ð4Þ

where rEMG is the vector of EMG signals processed using
filter characteristics, and a is the matrix of coefficients estab-
lishing EMG-moment relationships. Variable w is the ma-
trix of muscle group gains, and E is the matrix of
biarticularity. Unlike the model of Amarantini and Martin
(2004), w was applied to the extensor (wext) and flexor (wflex)
muscular groups to gain processing times. This change is
possible, given that the model accounts for the total force
of each muscular group. b and d are matrices of stiffness
and viscosity coefficients depending respectively upon angu-
lar changes (hj % hjTiso) and angular velocity ð _hjÞ vectors. Dh
was defined as the difference between the vector of angular
displacement (h) and that of theoretical isometric calibra-
tion angles (hTiso = hhhTiso,hkTiso,haTiso it), calculated as
half of the excursion of movement at each joint (van Dieen
and Visser, 1999).

The above constrained nonlinear optimization problem
was solved by sequential quadratic programming (Boggs
and Tolle, 1996) with w, |a|, b and d initially set to 0.5,
50, 5 and 5, respectively. Flexor and extensor moments
were used to compute the co-contraction index (CI) at
the knee at each time t according to the expression given
by Falconer and Winter (1985):

CI ¼ 2 " jMantagoj
jMagoj þ jMantagoj

! "
* 100% ð5Þ

where Mago is the knee agonist moment, and Mantago is the
knee antagonist moment at each time t.

2.4. Statistics

The present study focuses principally on the knee
because joint kinetic differences between AB and subjects
with a TTA are most apparent at this joint (Sanderson
and Martin, 1997), and major musculoskeletal problems
occur at the knee joint for subjects with a TTA (Burke
et al., 1978; Melzer et al., 2001).

After the calculations, all biomechanical patterns were
normalized relative to time, and joint kinetics were normal-
ized by the subjects’ mass. For each subject, mean sagittal
kinematic and kinetic profiles were obtained by averaging
three gait cycles.

For comparisons, the dependent variables were the knee
CI (expressed in %), the averaged peaks of knee angular
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positions, of the net, agonist and antagonist knee joint
moments and of the knee joint power (K1–K4). Each var-
iable was compared during weight acceptance, single limb
support, push-off, mid-swing and end of swing period.
After having verified the absence of difference between
the right and left legs of AB children with one-way
repeated measures ANOVA, the data from the left and
right sides of each AB subject were averaged to form one
set of ‘‘control’’ data called ‘‘CL’’. One-way ANOVAs
were then performed on each of the dependent variables
to compare AL versus NAL (repeated measures ANOVA),
CL versus AL and CL versus NAL (independent ANO-
VAs). Significant difference was set at P < 0.05.

3. Results

3.1. Kinematics

Step length, swing time, stance time and single limb sup-
port time were not statistically different between CL, AL
and NAL (Table 1). Furthermore, no significant difference
was observed for the stride length (Table 1), and for the
averaged speed and cadence. Speed and cadence values
were respectively 1.12 m/s (SD 0.17) and 113.1 steps/min
(SD 12.5) for AB children compared to 1.04 m/s (SD
0.14) and 111.2 steps/min (SD 12.6) for children with a
TTA.

No significant differences were observed for peak
knee angular excursion values during the support and
swing periods (see Fig. 1). This invariance, obtained from
the kinematics data, showed high consistency in the behav-
iour of AB and children with a TTA at the knee during
gait.

3.2. Muscular strategies

The updated version of the EMG-assisted optimiza-
tion model proposed by this study gave an accurate esti-
mation of the resultant moment when compared to the
resultant moment obtained by the inverse dynamic
calculated with Lagrangian formalism. Indeed, we found

a coefficient of determination of 0.97 for AB children
and of 0.93 for children with a TTA. Thus, for the
rest of this paper, the resultant moment estimated from
the EMG signals has been taken to compare the three
limbs.

Moments were plotted during the gait cycle, with heel
contact representing 0%, toe-off 65%, and just before sub-
sequent heel contact 100% of the gait cycle. As shown in
Fig. 1, the CL produced a positive (extensor) moment for
the first 0–12% of the gait cycle, as the quadriceps acted
eccentrically (negative power K1) to control knee flexion
and thus using the quadriceps for agonist muscles. From
12% to 30% of the gait cycle, the knee carried out extension
with concentric contraction of the agonist quadriceps mus-
cles (positive power K2) to raise the centre of the mass.
Then, the resultant moment changed polarity (flexor) from
30% to 50% of the gait cycle as the agonist hamstring mus-
cles acted eccentrically (negative power) to slow forward
progression of the body. From 50% to 75%, the end of
the stance phase to the beginning of the swing phase, the
resultant moment was extensor, and the agonist quadriceps
muscles acted eccentrically (negative power K3) to control
knee flexion during push-off, and continued during
early swing to decelerate the backward swinging leg.
Finally, for the rest of the gait cycle (75–100%), the resul-
tant moment was negative (flexor), and the agonist ham-
string muscles acted eccentrically as the hamstring
controlled knee extension prior to subsequent heel contact
(negative power K4). The NAL showed the same pattern
(see Fig. 1).

As illustrated in Fig. 1, the AL did not perform the
same muscular pattern during the stance phase compared
to the CL and NAL. The AL had a positive resultant
moment (extensor) for all of the stance phase compared
to the transition (extensor to flexor) observed for the
CL and NAL. Indeed, significant differences were appar-
ent for the minimum resultant moment value during
stance where CL (!0.21 (SD 0.11) N m/kg) and NAL
(!0.32 (SD 0.31) N m/kg) were flexor while AL (0.30
(SD 0.27) N m/kg) was extensor (P < 0.05). That is to
say, children with a TTA used their extensors as agonist
muscles for all of the stance phase. Finally, no significant

Table 1
Spatio-temporal parameters (mean and standard deviation (SD)) for the control limb (CL) in AB children and for the non-amputated (NAL) and the
amputated (AL) limbs in children with a TTA

AB children Children with a TTA

Mean SD Mean SD

Stride length (m) 1.18 0.15 1.15 0.18

AB children Children with a TTA

CL NAL AL

Mean SD Mean SD Mean SD

Step length (m) 0.60 0.08 0.54 0.10 0.56 0.10
Stance time (%) 65.2 1.2 65.9 0.9 65.3 0.9
Swing time (%) 34.8 1.2 34.1 1.0 34.7 0.9
Single limb support (%) 11–50 2 12–50 3 15–51 3
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difference was evident for peak values of the resultant,
extensor and flexor moments during the stance and swing
phases. Similar results were obtained for the peak muscu-
lar power values of K1–K4, where no significant differ-
ence was found for the stance and swing phases (see
Fig. 1).

3.3. Co-contraction

For the CI, no significant difference was discerned for
weight acceptance and change of direction of knee angular
displacement. During the single limb support, a significant
difference was observed for the CI. Indeed, the CI for the

Fig. 1. (a) Knee angular displacement. (b) Resultant (Mr), extensor (Mext) and flexor (Mflex) knee moments in N m/kg for the entire gait cycle of the
amputated limb, non-amputated limb and control limb. (c) Knee power in W/kg for the entire gait cycle of the three different limbs. The data are from two
representative subjects.
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CL (49 (SD 7.3) %) was greater (P < 0.05) compared to the
NAL (31.1 (SD 20.8) %) and AL (18.2 (SD 5.6) %) (see
Fig. 2).

4. Discussion

4.1. Kinematics

As reported by Sanderson and Martin (1997), the pres-
ent study did not find differences for the spatio-temporal
variables (stride length, cadence, speed and percentage of
support, and swing phases) for the entire gait cycle.

Considering kinematics, the knee joint reflected consid-
erable similarity between the three limbs for the entire gait
cycle as detected previously for amputee gait (Sanderson
and Martin, 1997; Lewallen et al., 1986) and for amputee
gait obstacle avoidance (Hill et al., 1997). These results
reveal at which point the behaviour of children with a
TTA is comparable to that of AB children for knee
kinematics.

4.2. Muscle strategies

During the stance phase of the gait cycle, maintenance
of upright posture and forward propulsion of the body
are assured by the lower extremities. These functions can
be accomplished with various combinations of moments
of force about the three joints of the lower extremity during
the entire task (Prilutsky and Zatsiorsky, 2002).

The present study identified differences in knee muscle
patterns between AB and children with a TTA during gait.
Indeed, at their AL, children with a TTA used their exten-
sor muscle as agonist for all of the support phase compared
to their NAL and AB children who had a change of agonist
muscle during the stance phase (extensor to flexor). This
finding goes along with the observation of Powers et al.

(1998) who noted that children with a TTA had an extensor
resultant moment for all of the stance phase of the gait
cycle. For their AL, children with a TTA used their exten-
sor muscle to keep the knee in extension compared to the
CL where the agonist flexor muscle was deployed eccentri-
cally to slow forward progression of the body. For the
NAL, children with a TTA used the same muscle coordina-
tion as AB children during the stance phase. By employing
muscle redundancy to compensate for their loss of ankle
and foot and their knee muscular atrophy (Isakov et al.,
2000), children with a TTA can perform the same move-
ment by modifying the efforts of the other muscles. How-
ever, this new pattern creates changes on the level of
muscular co-contractions.

4.3. Co-contractions

Generally, the results obtained in the present study are
in agreement with the experiments of Falconer and Winter
(1985) where the greatest value of the CI was during weight
acceptance and the swing phase for all children. However,
in the current investigation, children with a TTA had less
co-contraction during the single limb support phase com-
pared to AB children, especially for the AL where a smaller
value with small variability was apparent (see Fig. 2b).
With this diminution of co-contraction, children with a
TTA could present instability at their knee joint for both
the NAL and AL. Knee joint stability is especially impor-
tant for the single limb support phase because this period
of the gait cycle requires high maintenance of balance.
Thus, the near zero value of the resultant moment during
the first half of the stance phase (0–30% of the gait cycle),
observed by Winter and Sienko (1988), could be attributed
to a decrease of muscular activity and co-contraction for
adults with a TTA.

In regard to articular stability, during knee extension
(action by the quadriceps), the hamstring assists the work
of the anterior cruciate ligament to maintain knee joint sta-
bility and to produce a force opposed to the former trans-
lation movement of the tibia (Miller et al., 2000). The
observed diminution of co-contraction could then create
degenerative diseases, such as osteoarthritis, at the knee
of the AL and particularly in the NAL (Burke et al.,
1978; Melzer et al., 2001). The fact the NAL was mostly
affected could be explained because, during support, chil-
dren with a TTA have greater vertical, lateral and posterior
ground reaction forces on the NAL compared to AL and
even the CL (Engsberg et al., 1991; Engsberg et al., 1993;
Lewallen et al., 1986), thus creating additional stresses on
the structure of the knee joint of the NAL. One of the limit
of this study is that we focus principally on joint laxity
mechanisms and even if it is a major factor in the develop-
ment of osteoarthritis (Felson et al., 2000; Issa and
Sharma, 2006) others factors like increase contact forces
between the tibia and the femur, nutritional factor, bone
mineral density, etc. could affect the development of osteo-
arthritis (Felson et al., 2000).

Fig. 2. (a) Co-contraction index for the gait cycle of the amputated limb
(AL), non-amputated limb (NAL) and control limb (CL). (b) Mean values
of the co-contraction index during the single limb support phase for the
three different limbs.
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Finally, this lack of co-contraction during single limb
support might reduce the muscular energy expenditure of
children with a TTA. Unnithan et al. (1996) suggested that
co-contraction is a major factor responsible for the high
energy cost of walking by children with cerebral palsy.
Children with a TTA would thus choose an energy-saving
strategy compared to a joint stability strategy which
co-contraction can bring. The absence of difference at the
level of co-contraction for the other phases of the gait cycle
is also striking. Indeed, children with a TTA have less mus-
cle to carry out these co-contractions; therefore, they
demand more activity from the remaining muscles that
might change joint constraints.

5. Conclusion

In the present study, children with a TTA used different
agonist and antagonist muscle knee patterns during walk-
ing but showed consistent kinematic behaviour (angular
excursion) compared to AB children. This reorganization,
observed at the AL and NAL, occurs to maintain function-
ality of the gait task for children with a TTA, with some
disadvantages. More precisely, changes in muscle patterns
matched with kinematic invariance result in a diminution
of knee co-contraction, reducing knee stability (or increas-
ing joint laxity), especially during the single limb support
period which is the most demanding period of the gait cycle
regarding the maintenance of balance. This reduction of
stability might be responsible for premature degenerative
disease of both the NAL and AL knee joints. Since early
modifications are apparent for subjects with a TTA, it is
important to quantify the impact of the muscular modifica-
tions (atrophy, weakness, etc.) on the components of the
musculoskeletal system to avoid the physical problems seen
in adults with a TTA.
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Abstract

The present study investigated the influence of additional loads on the knee net joint moment, flexor and extensor muscle group
moments, and cocontraction index during a closed chain exercise. Loads of 8, 28, or 48 kg (i.e., respectively, 11.1 ± 1.5%,
38.8 ± 5.3%, and 66.4 ± 9.0% of body mass) were added to subjects during dynamic half squats. The flexor and extensor muscular
moments and the amount of cocontraction were estimated at the knee joint using an EMG-and-optimization model that includes kine-
matics, ground reaction, and EMG measurements as inputs. In general, our results showed a significant influence of the Load factor on
the net knee joint moment, the extensor muscular moment, and the flexor muscle group moment (all Anova p < .05). Hence we confirmed
an increase in muscle moments with increasing load and moreover, we also showed an original ‘‘more than proportional ’’ evolution of the
flexor and extensor muscle group moments relative to the knee net joint moment. An influence of the Phase (i.e., descent vs. ascent) factor
was also seen, revealing different activation strategies from the central nervous system depending on the mode of contraction of the ago-
nist muscle group. The results of the present work could find applications in clinical fields, especially for rehabilitation protocols.
! 2007 Elsevier Ltd. All rights reserved.

Keywords: Muscular cocontraction; Numerical optimization; Muscle group moments; Load; Closed chain exercises

1. Introduction

Rehabilitation programs employed for restoring the func-
tional capacity of the joints after ligament injuries include
either open chain exercises when the distal segment is free
to move or closed chain exercises when the terminal segment
is fixed (Escamilla et al., 1998). Relative to open chain
efforts, closed chain exercises may be more adapted to reha-

bilitation programs, especially at the knee joint, because of
minimal translation of the tibial plateau and lower forces
experienced by the ligaments (Escamilla et al., 1998). For
both types of movement, agonist–antagonist muscle cocon-
tractions have been reported (Aagaard et al., 2000; Escamil-
la, 2001), suggesting contribution of muscular activity to
active joint stabilization. Indeed, Basmajian and DeLuca
(1985) and Stokes and Gardner-Morse (2003) indicated that
co-activation of antagonist muscles about the joints partici-
pates in joint stability. Moreover, the cocontraction index
(CI) has been reported to be a reliable variable to quantify
the co-activation of agonist–antagonist muscle groups dur-
ing multijoint dynamic exercises (see Kellis et al., 2003, for
a comparison of the CI estimation methods).
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Considering open chain exercises and mainly isokinetic
movements, the effects of fatigue, injuries, speed or load
on co-activation of knee agonist–antagonist muscles have
been extensively investigated (Aagaard et al., 2000; Aal-
bersberg et al., 2005; Kellis, 1998; Kellis and Baltzopoulos,
1998; Kellis and Kellis, 2001; Kingma et al., 2004). First,
these studies reported either no evidence of a relationship
between the amount of cocontraction and the knee anterior
shear force (Aalbersberg et al., 2005; Kingma et al., 2004)
or a possible positive correlation (Aagaard et al., 2000).
Second, increasing the required agonist moment during
open chain exercises (i.e., adding loads) leads to a higher
EMG activity of the agonist muscles. The antagonist
EMG activity also increases, but this raise is lower than
that of the required agonist moment (i.e., a ‘‘less than pro-
portional trend’’ for Kingma et al., 2004).

During closed chain exercises, previous works revealed
that relative to healthy subjects, non-coper anterior cruci-
ate ligament (ACL) deficient patients may use different
activation patterns of the lower limb muscles to counteract
the knee antero-posterior laxity (Alkjaer et al., 2002; King-
ma et al., 2006; Rudolph et al., 2001). The use of external
loads (e.g., additional weights) is frequent during rehabili-
tation programs, but few studies investigated the influence
of load on the activity of the muscles surrounding the knee
joint during a closed chain exercise. McCaw and Melrose
(1999) reported an increase activity of the three superficial
Quadriceps muscles with increasing load and no effect on
the Biceps Femoris activity. These results would suggest a
decrease in the amount of cocontraction at the knee joint
as load increases.

The methods employed in the above studies on agonist–
antagonist co-activation focused on EMG data to study
cocontraction and, as noticed by Kellis (1998), EMG data
alone could lead to misinterpretations because of normali-
zation issues, possible distortions of the signal (Rainoldi
et al., 2000) and the influence of joint kinematics in
dynamic conditions (Potvin, 1997). Alternatively, the use
of an EMG-and-optimization model may overcome the
previous limitations and provide a convenient procedure
to obtain the cocontraction index from reliable estimates
of the contribution of the agonist and antagonist muscle
groups to the net joint moment (Amarantini and Martin,
2004; Doorenbosch and Harlaar, 2003; Kellis and Baltzo-
poulos, 1997; Kellis et al., 2003).

The present work investigated the influence of load on the
knee flexor and extensor muscle group moments during
dynamic squats, i.e., a closed chain exercise of lower body.
Three levels of external load, corresponding to what is usu-
ally encountered in rehabilitation protocols, were applied to
the subjects. An updated version of the EMG-to-moment
optimization process developed by Amarantini and Martin
(2004) provided estimates of the knee agonist and antagonist
muscle group moments further used to compute CI. Our
working hypothesis is that during closed chain exercises,
the CI would increase with load to actively stabilize the knee
joint. We also hypothesized differences in the CI as well as in

flexor and extensor muscle group moments depending on
the squat cycle phases because each muscle group may have
a different role depending on the mode of contraction of the
agonist muscle group (i.e., eccentric or concentric).

2. Methods

2.1. Subjects

Eight male students at the Sport Sciences Faculty of Mar-
seilles, novice in weight lifting and free of knee-injury histories
participated in this study. Mean (±s.d.) age, height and mass were
20.1 ± 2.8 years, 177.0 ± 3.2 cm and 75.1 ± 11.8 kg, respectively.
The project was approved by the University Review Board and all
participants gave informed consent in accordance with the Hel-
sinky convention.

2.2. Instrumentation

A six cameras Vicon624 system (Vicon Motion System, Lake
Forest, CA) operating at 120 Hz recorded kinematics data from
eight markers attached to the fifth metatarsal head, the lateral
malleolus, the lateral femoral condyle, the major trochanter, the
head of the clavicle, the jaw, the vertex of the head, and the center of
the barbell. Cartesian coordinates were smoothed with a cubic
spline smoothing procedure (Matlab Spline Toolbox, version 3.2.2).

Ground reactions were sampled at 240 Hz from a forceplate
(AMTI, Model LG6-4-CE, Watertown, USA). Raw dynamic data
were low-pass filtered using a fourth-order, zero-lag Butterworth
filter with a 10 Hz cutoff frequency.

Electromyographic data were recorded at 1000 Hz (Mega ME
3000 P8, Mega Electronics Ltd.; gain = 412, CMRR = 110 dB)
using Ag/Ag-Cl bipolar surface electrodes (Skintact model FS
501, Innsbruck, Austria) placed over the bellies of gastrocnemius
medialis (ga), biceps femoris (bf), rectus femoris (rf), and vastus
medialis (vm) right leg muscles with a 2 cm center-to-center inter-
electrodes distance. These muscles were chosen according to
Amarantini and Martin (2004) and Olney and Winter (1985) and
included mono-articular (vm) as well as bi-articular muscles
spanning both the knee joint as well as the hip (bf and rf) and
ankle (ga) joints.

2.3. Instructions

Subjects stood with both feet on the forceplate and performed
dynamic half squats, beginning in an upright position, bending
the knees until thighs were parallel to the floor and returning to
the initial posture. After an active warm-up, the subjects per-
formed seven consecutive cycles at self-selected speed randomly
loaded by a barbell of 8 (barbell only), 28, or 48 kg with 4 min rest
between each condition. The barbell was positioned across the
back of the shoulders. These loads corresponded, respectively, to
11.1 ± 1.5%, 38.8 ± 5.3%, and 66.4 ± 9.0% of body mass.
Numerous studies on closed chain exercises have used either loads
corresponding to a percentage of one repetition maximum (Ebben
and Jensen, 2002; Escamilla et al., 1998; Escamilla, 2001) or no
load (Isear et al., 1997). As the results of the present study may
find direct applications for rehabilitation, constant loads were
used considering first that it may be hazardous to perform a
maximum effort just after surgery and second, that rehabilitation
equipments usually offer fixed increasing loads.
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2.4. Data processing and modeling

Angular displacements of foot, shank, thigh and trunk seg-
ments were computed from smoothed Cartesian coordinates and
interpolated to 1000 Hz using third-order splines. Joint angular
velocities and accelerations were obtained by analytical differen-
tiation. For each subject and load, each cycle was normalized in
time from 0% to 100% of the squat cycle duration. The net knee
flexion/extension moment was computed for each time instant t
by solving inverse dynamics for a planar four bar-linkage system
where ankle, knee, hip, and shoulder joints were considered as
frictionless hinges (see Cahouët et al., 2002, for the generalized
form of equations). Bilateral symmetry was assumed (Escamilla
et al., 1998) and net joint moments were computed using body
segment parameters data (Zatsiorsky and Seluyanov, 1983). To
estimate the contribution of a single leg, the net joint moment was
divided by half.

The first and the last cycles were removed from the analysis
and one representative cycle per subject and condition was
obtained by averaging the kinematics, net joint moment, and
EMG data of the five remaining consecutive cycles. The selected
number of cycles was sufficient to obtain reliable EMG data
(Arsenault et al., 1986).

The estimates of the knee net joint moment, flexor and
extensor moments were obtained from an updated version of the
Amarantini and Martin (2004) model. The major update con-
sisted of the incorporation of the isometric EMG-to-moment
calibration directly into the dynamic procedure by assuming a
linear trend between the muscle group moments and the rectified
and filtered EMGs (Amarantini and Martin, 2004). Hence, the
coefficients for the isometric EMG-to-moment relationship (ai in
Eq. (2)) were estimated during the dynamic session (Centomo
et al., 2007a,b). In the model, the force production capacity of
each muscle group is attributed to the selected muscles of the
corresponding muscle group.

Thus, the flexor and extensor muscle group moments were
estimated at the knee joint by solving the following optimization
problem:

Find:

ai ¼ faga;abf ;arf ;avmg; wiðtÞ ¼ fwgaðtÞ;wbfðtÞ;wrfðtÞ;wvmðtÞg;
bj ¼ fba;bk;bhg and dj ¼ fda;dk;dhg

that minimize : C ¼ 1

2
$
X

t

ðMKðtÞ % bM KðtÞÞ2 ð1Þ

with : bM KðtÞ ¼
X

i

ðai $wiðtÞ $ SiðtÞÞT $ ½1 þ E $ ðbj $DhjÞ % E $ ðdj $ _hjÞ(

ð2Þ
i¼ fga;bf ; rf;vmg and j¼ fa;k;hg

where a refers to the ankle joint, k to the knee, and h to the hip.

subject to :

aga;abf < 0; arf ;avm > 0

bj and dj > 0

0<wiðtÞ< 1

bM ga; bM bf < 0; bM rf ; bM vm > 0

8
>>><

>>>:
as inequality constraints

ð3Þ

In (1), MK(t) represents the knee net joint moment computed by in-
verse dynamics while bM KðtÞ is the net joint moment estimated
through the optimization procedure using the EMG data as input.
In Eq. (2), MFlex(t) corresponds to the sum at each time t of
bM ga and bM bf while MExt(t) results from the sum of bM rf and

bM vm. Si(t) contains the full-wave rectified and filtered (fourth-or-
der, zero-lag Butterworth, 2.5 Hz cutoff frequency) EMG data of
the four selected muscles. ai is the matrix establishing the isometric
EMG-moment relationship and wi(t) represents the matrix of indi-
vidual muscle gains. This matrix defines the contribution of each
muscle to the corresponding muscle group moment. The mathe-
matical expression of bM KðtÞ also includes matrices of biarticulari-
ty, stiffness, and viscosity (respectively, E, bj and dj) to take into
account the force–length and force–velocity relationships (please
refer to Amarantini and Martin, 2004 for more details). According
to van Dieen and Visser (1999), Dhj(t) was computed relative to the
mean value of the angular range covered by the ankle, knee, and
hip joints during squats.

For each subject, the optimization procedure was completed
after concatenating the averaged cycles of the three conditions of
load in a single row to obtain constant isometric EMG-moment
coefficients (ai). Indeed, as a result of the design of the experiment,
this subject specific physiologic coefficient (i.e., the EMG-to-
moment isometric coefficient) should not vary during the experi-
ment. This non-linear constrained optimization problem was
solved using a Sequential Quadratic Programming (Boggs and
Tolle, 1995) (Matlab Optimization Toolbox, version 3.0.3).

CI was computed at each time instant t using the expression
given in Falconer and Winter (1985):

CIðtÞ ¼ 2 $ jMAntagoðtÞj
jMAgoðtÞj þ jMAntagoðtÞj

ð4Þ

where MAntago(t) and MAgo(t) correspond to MFlex(t) or MExt(t)
relative to the sign of the net joint moment ð bM KðtÞÞ.

2.5. Statistics

Based upon the sign of the vertical velocity of the barbell, the
minimum, mean, and peak values of knee angular velocity, net
joint moment, flexor and extensor moments, and CI were com-
puted during the descent and the ascent phases of the squat cycle.
Two factors (Load and Phase) ANOVAs with repeated measures
on both factors were conducted on each dependent variable. Prior
to the test, each variable was normalized by the mean absolute
value of the barbell vertical velocity to counterbalance the influ-
ence of movement velocity because loaded squats were performed
at self-selected speed. Moreover, dependent variables were also
normalized by subject’s body weight.

Follow-up analyses were conducted using two sets of planned
comparisons between the levels of Load and Phase because we
were interested in comparisons between specific conditions rather
than an overall condition effect. A first planned comparison
examined whether each modality of Load was affected by a Phase
effect. A second set of planned comparisons examined the influ-
ence of Load within each phase. A significance level of .05 was
used for all comparisons.

3. Results

As expected from the design of the objective function in
the optimization process, the EMG-and-optimization
model provided estimates of the knee net joint moment
ð bM KðtÞÞ with a very high correspondence to MK(t) and a
coefficient of determination between both time series close
to 1.0.
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3.1. Load effect

The three levels of load supported by the subjects corre-
sponded to significant different percentages of their body
mass (F2,42 = 1207.48; p < .05). Statistical analyses showed
high consistency in subject behaviors with no influence of
Load neither on minimum, maximum, nor mean values
of the knee angular velocity (respectively: F2,14 = 0.37;
p > .05; F2,14 = 0.62; p > .05; F2,14 = 0.76; p > .05).

The presence of higher loads significantly increased the
knee net joint moment (Table 1, Fig. 1). The mean values
of bM KðtÞ computed over the entire squat cycle were linearly
related to Load, with r2 values close to 1.0 (Fig. 2). Indeed,
mean bM KðtÞ values increased by 7.8% between the 8 and
28 kg conditions and by 8.3% between the 28 and 48 kg
conditions. Peak values of the knee net joint moment were
also significantly affected by the Load factor (F2,42 = 3.28;
p < .05). Especially during the descent phase, the peaks of
bM KðtÞ for the condition 48 kg were higher than those
obtained for the condition 8 kg. This significant influence
of Load was also shown (F2,42 = 15.63; p < .05) on the min-
imum values of the knee net joint moment (Table 1).
Indeed, whatever the phase, minimum values of bM KðtÞ
for the condition 8 kg were higher than those of the condi-
tions 28 and 48 kg. Moreover, the results for the condition
28 kg were higher than those obtained when carrying
48 kg.

The extensor and flexor muscular moments estimated
through the EMG-to-moment optimization procedure were
also dependent on the Load factor (Table 1, Figs. 1 and 2).
The normalized maximum values of the extensor muscular
moments for the condition 48 kg were higher (F2,42 = 4.19;
p < .05) than those of the condition 8 kg (Table 1 and
Fig. 1). Regarding the normalized mean values of the flexor
moment, conditions 8 and 28 kg were similar (overall aver-
ages: # 21.5 ± 10.3 a.u. and # 22.6 ± 7.6 a.u., respectively,
for 8 and 28 kg) while the condition 48 kg produced lower
values (# 32.1 ± 9.3 a.u.; F2,42 = 3.96; p < .05). Similar

results were found with the minimum peaks of the flexor
moment as values of the 48 kg condition (# 56.1 ± 19.9
a.u.) were statistically lower than those of the 8 and 28 kg
conditions (# 36.3 ± 16.9 a.u. and # 34.9 ± 10.4 a.u. for 8
and 28 kg, respectively; F2,42 = 7.06; p < .05). Mean values
of the extensor moments increased by 6.0% between the 8
and 28kg conditions while these means raised by 16.6%
between the 28 and 48 kg conditions. A similar trend was
seen for the flexor moment mean values with a low (1.9%)
decrease between 8 and 28 kg conditions and a sharp drop
(33.2%) between the 28 and 48 kg conditions.

Opposite to these results, no main Load effect was seen
neither on the minimum, mean, nor peak values of CI. How-
ever, a clear trend was seen for the knee angles at the time
instants of maximal values of cocontraction index (Fig. 3).
Indeed, these angles shifted from 24.46 ± 9.42! for 8 kg, to
29.56 ± 10.58! for 28 kg up to 33.17 ± 14.13! for 48 kg.

3.2. Phase effect

The mode of contraction of the agonist muscle group
was considered as eccentric during the descent phase and
concentric during the ascent phase. Our results showed a
significant influence of the Phase factor with higher absolute
mean values of the flexor muscle group moments during the
ascent phase than during the descent (Table 1). Hence, the
amount of antagonist (flexor muscle group) moment
depends on the type of muscular action of the agonist mus-
cle group with higher levels of antagonist moment while the
agonist group act concentrically. Statistical analyses
revealed no influence of Phase neither on the minimum,
maximum, nor mean values of the knee net joint moment
and extensor muscle group moments. Regarding the CI,
the influence of Phase was also not significant whatever
the variable studied. On the contrary, a significant influence
(F1,42 = 5.68; p < .05) was seen for the absolute mean values
of the flexor moment with descent phase (22.97 ± 9.83 a.u.)
lower than the ascent (27.80 ± 8.20 a.u.).

Table 1
Averaged ± s.d. values (n = 8) of the parameters investigated in this study (minimal, mean and maximal values)

Load (kg) Phase

Descent Ascent

8 28 48 8 28 48

CImean 48.5 ± 14.3 44.7 ± 14.2 45.2 ± 9.6 52.5 ± 10.1 53.6 ± 10.8 54.2 ± 11.5
CImax 90.9 ± 14.3 93.7 ± 17.2 98.5 ± 3.8 91.9 ± 9.4 98.4 ± 3.4 99.9 ± 0.1
NetL

min 2.6 ± 11.9! # 9.1 ± 14.11 # 30.7 ± 25.4!1 1.2 ± 11.1 # 12.1 ± 12.61 # 27.0 ± 16.81

Netmean 52.3 ± 16.9 61.3 ± 20.8 69.6 ± 24.3 46.7 ± 14.5 46.7 ± 18.1 47.3 ± 21.9
NetL

max 112.2 ± 27.7! 132.9 ± 31.2 149.3 ± 39.7! 103.1 ± 28.7 120.6 ± 38.6 133.2 ± 49.8
Extmean 74.6 ± 21.1 81.2 ± 19.5 96.2 ± 23.6 67.5 ± 13.5 72.0 ± 18.8 83.7 ± 17.5
ExtL

max 130.7 ± 26.7! 153.7 ± 31.3 173.7 ± 37.5! 122.4 ± 25.6 141.6 ± 38.6 161.6 ± 45.9
FlexL;P

mean # 22.3 ± 13.5 # 19.9 ± 7.5 # 26.7 ± 8.5* # 20.7 ± 7.0! # 25.3 ± 7.61 # 37.4 ± 10.0!1*

FlexL
min # 37.3 ± 24.7 # 32.6 ± 8.71 # 53.4 ± 21.91 # 35.2 ± 9.0! # 37.1 ± 11.91 # 58.8 ± 17.8!1

CI corresponds to cocontraction index, Net stands for knee net joint moment, Ext represents the extensor muscular moment, and Flex is the moment of
the flexor muscle group. P and L superscripts indicate significant Phase and Load main effects, respectively. Significant results of planned comparisons are
indicated in each cell by *, !, and1: * reveals a Phase effect for the associated load. Within each phase, ! indicates differences between loads 8 and 48 kg,
and 1 indicates differences between loads 28 and 48 kg.
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4. Discussion

Relative to open chain efforts, closed chain exercises are
widely used in rehabilitation protocols following knee ACL
injuries because first, the functional restoration is more
complete and second, the shear stress on the joint is
reduced (Ben Kibler and Livingston, 2001). Numerous
studies revealed that cocontraction of the agonist and

antagonist muscle groups surrounding the knee may help
in stabilizing the joint. The higher stability resulted from
an increased axial compression force due to the antagonist
coactivity (Stokes and Gardner-Morse, 2003). However,
despite the use of different weights during closed chain
exercises for rehabilitation purposes, few studies investi-
gated the influence of load either on the activity of the ago-
nist and antagonist muscle groups, or on the cocontraction
level. Hence, the present study analyzed the influence of
Load on the flexor and extensor muscular moments and
on the CI at the knee joint during dynamic half-squat
movements. Considering the uncertainties associated to
the use of the EMG data solely, the flexor and extensor
muscle group moments were evaluated using a reliable
EMG-to-moment optimization process. Previous studies
reported an increased hamstrings activity during the ascent
phase (Escamilla et al., 1998; Isear et al., 1997; McCaw and
Melrose, 1999). These authors associated this higher activ-
ity of the hamstrings bi-articular muscles to an increase in
the hip extensor moment to be generated. While this expla-
nation is certainly convincing, the use of the hamstrings
muscles solely is not sufficient to estimate the overall flexor
activity at the knee joint. Because the gastrocnemius
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Fig. 1. From top to bottom: (a) Normalized values of the barbell vertical
velocity averaged over the three conditions of load, (b) normalized knee
extensor muscle group moments, (c) knee net joint moments, and (d) the
normalized flexor muscular moments. For each graph, black dots
correspond to the 8 kg load, thick black line to 28 kg, and open white
dots to 48 kg. All these variables are averaged across subjects (n = 8).
Please note the influence of Phase (descent vs. ascent) on the mean values
of the flexor muscle group moments.

Fig. 2. Means (n = 8) of the normalized net (black triangles), extensor
(black squares), and flexor (black dots) moments as a function of the
barbell weight. Values were averaged over the squat cycle time. * indicates
significant differences (p < .05).
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Fig. 3. Means (and s.d., n = 8) of the knee angles at the time instant of
maximal cocontraction as a function of the barbell weight. Please note the
general increase in knee angle as the carried load increases.
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muscle is bi-articular, crossing both the knee and the ankle
joints, and shows significant activity during squat move-
ments (Escamilla et al., 1998), its influence on the knee
joint flexor activity has to be taken into account. The
present EMG-to-moment model included EMG data from
the gastrocnemius muscle, thus enhancing the accuracy of
the estimation of the knee flexor muscle group moment.

As expected, a constant increase in Load (20 kg between
each condition) led to a linear evolution of the mean knee
net joint moments (+7.8% and +8.3% between the 8 and
28 kg, and the 28 and 48 kg, respectively). This linear trend
is confirmed by a coefficient of determination close to 1.0
between the mean knee net joint moment and the Load.
Our results also showed an increase in the net knee joint
moments as well as in the flexor and extensor muscle group
moments with Load as most of the dependent variables for
the 48 kg condition are higher than for the 8 kg situation
(Table 1). As McCaw and Melrose (1999), our data showed
a significant influence of Load on knee joint flexor and
extensor muscle groups moments. Indeed, the peaks of
the extensor and flexor muscle moments increased with
Load (see Fig. 1 and Table 1). Mean values of flexor muscle
group moments were also affected by Load, as absolute val-
ues of the conditions 8 kg and 28 kg were inferior to those
observed for 48 kg (see Fig. 2). These results reflected the
higher demand placed on both muscle groups to achieve
the required task, especially when supporting a 48 kg load.

During closed chain exercises, our results provide new
insights into the mechanisms underlying changes in muscle
group moments. Our findings introduce the new idea that
different loads may have different roles during rehabilita-
tion exercises. Opposite to Kingma et al. (2004) who
reported a ‘‘less than proportional’’ evolution of the ago-
nist and antagonist EMG activities relative to the net joint
moment during an open chain task, our results showed
changes in MExt(t) and MFlex(t) ‘‘more than proportional’’
as Load increased (Fig. 2). Statistical analysis of mean
antagonist muscle moments showed an initial plateau with
no difference between weaker loads (1.9% between 8 and
28 kg), followed by a sharp increase for the higher load
(33.2% between 28 and 48 kg). This specific trend could
reflect a threshold in the moments developed by the antag-
onist muscle group under different conditions of loading.
For the 48 kg load, the significant increase in the moment
developed by the antagonist muscle group may increase
joint stability (Granata and Marras, 2000) and actively
protect the knee ACL (Aagaard et al., 2000). Rehabilita-
tion protocols could take advantage of this feature by pro-
posing closed chain exercises with low loads to mobilize the
knee and exercises with higher loads to train the antagonist
muscle group to stabilize actively the joints. Considering
the differences in the slopes of the antagonist activities
between open and closed chain exercises (i.e., respectively,
less and more than proportional relative to the net joint
moment), our results would also suggest that fundamental
findings from studies focusing on open chain exercises may
not be fully applied to rehabilitation protocols.

In our study, no difference was seen in the amount of
cocontraction despite modifications of both the extensor
and flexor muscle group moments. This result may be
explained by the equation that governed the estimation
of the cocontraction index (Eq. (4)). Indeed, similar
increases in the agonist and antagonist muscle group
moments would lead to similar amount of cocontraction.
This result emphasizes the fact that investigating the ago-
nist and antagonist activities by themselves is complemen-
tary to the analysis of the cocontraction index around a
joint. However, a clear trend was seen for the values of
the knee angles corresponding to the instants of maximal
cocontraction depending on the Load (Fig. 3). These knee
angles where CI was maximal were 24! for 8 kg, 30! for
28 kg and 33! for 48 kg. Kingma et al. (2004) reported that
below a 15–22! knee flexion angle, the hamstrings muscles
are ineffective to counteract the anterior shear force pro-
duced by the quadriceps. Our results tend to show that
with higher loads, requiring a higher stability of the knee
joint, the peak of cocontraction is shifted to an angular
range where the efficiency of the hamstrings muscles to
actively stabilize the knee is maximal. These results confirm
the advantageous role of cocontraction because the contri-
bution of active stiffness to joint stability depends both on
the knee angle and on the external load. These findings also
suggest the ability of the neuromuscular system to appro-
priately activate the opposing muscle groups to assist the
passive elements of stability crossing the knee joint.

Our results provide insights on the specific role of antag-
onist muscle group during closed chain exercises as the
amount of antagonist moment depends on the type of mus-
cular action of the agonist group (i.e., concentric/eccen-
tric). It was previously shown that the control of
movements involving eccentric contraction requires a sin-
gle muscle group and conversely that a concentric activa-
tion alone may not result in coordinated motions (Enoka,
1996). Our data showed that the mean flexor muscle group
moment is lower during the descent phase (while the knee
extensor muscles act eccentrically) than during the ascent
phase (i.e., when the extensor muscles contract concentri-
cally). Besides an increased joint stability (Granata and
Marras, 2000), modifications in the amount of antagonist
cocontraction have been reported depending on the level
of expertise (Osu et al., 2002), the required precision of a
task (Gribble et al., 2003), or the presence of interaction
torques (Gribble and Ostry, 1999). From the design of
the present experiment that implied novices, low precision
task and little amount of interaction torques, it is likely
that most of the antagonist coactivity will be related to a
demand of a higher joint stability. Hence during the des-
cent phase, the knee extensor muscles would produce force
and control movement velocity while the knee flexors act as
joint stabilizers (i.e., by increasing the axial compression
force). During the ascent phase and considering the conclu-
sion of Enoka (1996), the extensor muscles would generate
motion while the flexor muscles would both stabilize knee
joint and regulate movement speed.
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To conclude, our results emphasize the influence of Load
and Phase on the knee flexor and extensor muscle group
moments during closed chain exercises. Despite no modifi-
cation in the amount of cocontraction with the increasing
Load, our results showed that changes in the agonist and
antagonist muscle group moments were ‘‘more than pro-
portional’’ relative to the net joint moment. Finally, the
simultaneous activation of agonist and antagonist muscles
also varied depending on the mode of contraction of the
agonist muscle group revealing different roles of antagonist
cocontraction. Our findings may extend the use of squat
exercises for rehabilitation programs (Kellis, 1998). Indeed,
working with weak loads following surgery would develop
the capacities of force production in the knee extensor mus-
cles with minimal risk of injuries. Latter, adding load
would enhance the efficiency of the neuromuscular system
in actively assist joint stability. The differences observed
in the agonist and antagonist muscle groups moments
between the concentric and the eccentric phases of motion
may also improve the efficiency of the closed chain rehabil-
itation protocols, as both modes of contraction are usually
encountered in daily functional activities.
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IV.   « En ma fin est mon commencement » 10 

 
En synthèse, le chapitre précédent est l’exposé du cheminement scientifique que 

j’ai suivi à la suite de ma thèse, après avoir été recruté comme ATER à la Faculté de Sciences 

du Sport de Marseille. J’ai été intégré au Laboratoire d’Aérodynamique et de Biomécanique 

du Mouvement dans un contexte dynamique de structuration d’une équipe de recherche en 

biomécanique du mouvement sous la responsabilité d’Eric Berton. Dans cette situation, j’ai 

eu une première expérience d’animation et de direction de recherche avec le co-encadrement 

de la thèse de Guillaume Rao (Rao, 2006), enrichie par ma participation active au travail de 

thèse d’Hugo Centomo (Centomo, 2006) dans le cadre d’une collaboration internationale 

avec le Département de kinésiologie de l’Université de Montréal. Ma démarche a été de 

poursuivre mes travaux sur la modélisation EMG-assistée du système musculo-squelettique 

dans les deux directions suivantes : 

• D’une part, reformuler le modèle d’estimation des efforts agoniste et antagoniste 

développé au cours de ma thèse (Amarantini & Martin, 2004) pour en simplifier la 

procédure expérimentale de calibration des données EMG, afin d’en généraliser 

l’application dans une perspective d’analyse de la coordination multi-musculaire 

lors de mouvements pluri-articulaires complexes (Centomo et al., 2007 ; Rao et al., 

2009) y compris en situation de fatigue (Rao et al., 2010). 

• D’autre part, contribuer à lever le verrou méthodologique relatif à l’estimation des 

forces musculaires individuelles, en proposant une solution qui prenne directement 

en compte le niveau de co-contraction agoniste / antagoniste (Amarantini et al., 

2010). 

Ces travaux ont apporté une meilleure compréhension du rôle fonctionnel de la co-

contraction agoniste / antagoniste en matière de stabilité articulaire et de coordination 

motrice chez le sujet sain et l’enfant amputé trans-tibial. Ils ont également contribué à 

identifier la co-contraction agoniste / antagoniste comme i) un facteur important de 

 
10 Devise que Marie Stuart, incontournable et fascinante figure de la Renaissance, alors reine déchue, avait 
brodée en ses années de captivité : « En ma fin est mon commencement ». Reprise, plus récemment, par 
Catwoman dans le film éponyme (Pitof, de son vrai nom Jean-Christophe Comar, 2004) contournable, lui. 
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l’apparition de certaines pathologies ostéo-articulaires chez des individus présentant une 

altération de la fonction motrice (Centomo et al., 2007), et ii) un marqueur d’une forme 

d’optimisation du contrôle moteur chez des individus experts présentant une plasticité neuro-

musculaire consécutivement à un entrainement en force (Amarantini & Bru, 2015). 

 

Mon parcours scientifique a été marqué par deux autres évènements qui ont 

déterminé l’orientation thématique et disciplinaire des projets de recherche que j’ai 

développés jusqu’à aujourd’hui et auxquels je souhaite donner priorité à l’avenir. 

Le premier de ces évènements a été mon recrutement comme maître de conférences 

à l’UFR STAPS de Toulouse au sein du Laboratoire Adaptation Perceptivo-Motrice et 

Apprentissage. En lien direct avec mes travaux sur la redondance musculaire, ma 

collaboration avec Marieke Longcamp, chercheure spécialiste en neurosciences cognitives, 

a fait émerger de nouveaux questionnements relatifs aux mécanismes centraux nerveux de 

contrôle de l’activité musculaire volontaire et involontaire lors de contractions produites ou 

imaginées. L’ouverture à ces nouvelles problématiques correspond en tous points à la 

nécessité réciproque d’étudier les mécanismes nerveux sous-jacents la modulation de 

l’activité musculaire pour comprendre le fonctionnement biomécanique du système 

musculo-squelettique (Latash, 2016). Le travail réflexif qui en a découlé a rapidement pointé 

les limites de l’approche biomécanique – pourtant géniale – pour étudier de manière 

approfondie l’implication de certains processus d’origine corticale, et tout particulièrement 

du couplage cortico-musculaire (Hari et Salenius, 1999 ; Mima et Hallett, 1999 ; Salenius et 

Hari, 2003), dans le contrôle de la co-contraction agoniste / antagoniste. En la fin de 

ma démarche biomécanique est le commencement de ma 

démarche neuro-biomécanique. Cette totale remise en question de ma 

démarche scientifique a été une réelle prise de risque, que j’ai pu assumer grâce à la 

complicité de Marieke Longcamp et le soutien d’Eric Berton. La conversion thématique qui 

a suivi, que j’ai qualifiée d’« extension thématique » en Introduction, m’a amené à 

développer une nouvelle approche méthodologique novatrice pour étudier le contrôle de la 

redondance musculaire en combinant l’enregistrement du signal électroencéphalographique 

(EEG) à celui du signal électromyographique (EMG) et de l’effort musculaire résultant lors 

de contractions musculaires à un fort pourcentage de la force maximale volontaire. Le projet 

« Neuro-Biomécanique de la cohérence cortico-musculaire » (NeuroBiomeCo), co-porté 

avec Marieke Longcamp auprès de l’Université Paul Sabatier Toulouse 3 dans le cadre du 

1er appel d’offre du Conseil Scientifique « opérations scientifiques 2006-2008 » a été 
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fondateur de cette nouvelle approche neuro-biomécanique de la redondance musculaire, qui 

n’amine aujourd’hui et qui est au cœur de mes perspectives de recherche. Ce projet a 

bénéficié d’une allocation doctorale présidentielle pour le travail de thèse de Fabien Dal 

Maso (Dal Maso, 2012), que j’ai co-dirigé avec Marieke Longcamp sur la modulation des 

oscillations corticales et des interactions cortico-musculaires chez des participants entrainés 

en force ou en endurance (Dal Maso et al., 2012, 2017), et d’un soutien financier significatif 

pour l’achat d’un système EEG 64 canaux, contribuant du point de vue matériel au 

développement de ces travaux précurseurs avec une grande autonomie. Il a initié la 

collaboration avec Jérémie Bigot, actuellement Professeur des Universités à l’Institut de 

Mathématiques de Bordeaux, qui a permis d’une part de lever les verrous associés au calcul 

et à la quantification de la cohérence dans le domaine temps-fréquence et, d’autre part, de 

mettre à disposition en accès libre pour la communauté scientifique un package de fonctions 

MATLAB (MathWorks Inc., Natick, MA, USA) particulièrement approprié pour ce type 

d’analyse (Bigot et al., 2011). Il a été, finalement, la première pierre des thèses de Sylvain 

Cremoux (Cremoux, 2013) et de Camille Charissou (Charissou, 2018) dont les contributions 

les plus significatives sont présentées dans le chapitre suivant. 

Le second évènement a été mon intégration en septembre 2013 à l’Unité Inserm 

825 « Imagerie cérébrale et handicaps neurologiques » (UMR 825 Inserm / UPS) devenue 

« Toulouse Neuro Imaging Center » (ToNIC, UMR 1214 Inserm / UPS) » au 1 janvier 2016. 

Sans doute porté par l’esprit de l’énigmatique Prof. Glloq, dont mon directeur de DEA avait 

souligné l’influence sur son parcours, ce changement de laboratoire a contribué à faire 

décoller mes travaux 11 relatifs à la redondance musculaire chez des patients présentant une 

altération de la fonction motrice. Plus sérieusement, à la suite de la thèse de David Gasq que 

j’ai co-dirigée sur l’application de l’analyse temps-fréquence à l’évaluation de l’instabilité 

posturale chez le patient neurologique (Gasq, 2015), ce nouveau rattachement a enrichi mes 

travaux de recherche fondamentale en me permettant d’étudier les plasticités centrales et 

périphériques associées à l’altération de la co-contraction agoniste / antagoniste chez des 

patients cérébro-lésés. Il a également permis de donner une perspective clinique et 

translationnelle à mes travaux, en étroite collaboration avec les services des Explorations 

Fonctionnelles Physiologiques (ch. de serv. : Ivan Tack) et de Médecine Physique et de 

Réadaptation à l’hôpital Rangueil (ch. de serv. : Philippe Marque) du CHU de Toulouse. 

 
11 « Un brin d’humour ne fait jamais de mal », comme le rappelle de manière convaincante Michel, alias Didier 
Bourdon, dans Youpi Matin, sketch parodique de l’émission Télématin présenté par William Leymergie (Les 
Inconnus, 1991). 
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V.   La neuro-biomécanique, c’est magique ! 

 
Comme je l’ai mentionné précédemment, mon parcours scientifique m’a conduit à 

opérer une transition thématique à la suite de ma nomination comme maître de conférences 

au sein de la Faculté des Sciences du Sport et du Mouvement Humain de l’Université Paul 

Sabatier. Ce changement ne relève en rien de subtilités géométrico-sportives relatives à un 

changement de forme du rond vers l’ovale, mais bien à ma volonté d’apporter des éléments 

de réponses aux hypothèses restées en suspens sur le lien existant entre la plasticité des 

mécanismes nerveux centraux de contrôle de la motricité et la régulation de la co-contraction 

agoniste / antagoniste. L’augmentation significative de co-contraction agoniste / antagoniste 

chez certaines populations de patients (Cremoux et al., 2012 ; Thomas et al., 1998) pourrait 

en effet résulter d’une diminution du contrôle cortical des mécanismes inhibiteurs spinaux 

(Knikou, 2012) ou d’une réorganisation des commandes corticales (Muller-Putz et al., 2007). 

De la même manière, la diminution de co-contraction suite à un entrainement en force 

(Amarantini & Bru, 2015 ; Carolan & Cafarelli, 1992) semble liée, au moins en partie, aux 

adaptations induites aux niveaux cortical (Falvo et al., 2010 ; Griffin & Cafarelli, 2005) et 

du faisceau cortico-spinal (Aagaard et al., 2002 ; Carroll et al., 2002 ; Vila-Chã et al., 2012). 

Avec ma alors néo-collègue Marieke Longcamp, spécialiste des neurosciences cognitives, 

nous avons rapidement pris conscience de la nécessité d’initier une nouvelle démarche au 

croisement de la biomécanique, des neurosciences et du traitement avancé du signal pour 

relever ce défi. Ce travail réflexif a abouti au projet NeuroBioméCo qui m’a permis, tout en 

poursuivant mes travaux en biomécanique, de co-encadrer la thèse de Fabien Dal Maso (Dal 

Maso, 2012) sur les corrélats cérébraux de la co-contraction agoniste / antagoniste, 

précurseur des thèses de Sylvain Cremoux (Cremoux, 2013) et Camille Charissou 

(Charissou, 2018). 

 

Ces travaux reposent sur un corpus très étendu de publications en neurosciences et 

en contrôle moteur qui ont tous établi de manière convergente que le contrôle et la régulation 

des activations musculaires agonistes et antagonistes sont principalement effectués par les 

structures spinales et corticales. Au niveau spinal, les motoneurones alpha (a) et les 
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interneurones inhibiteurs permettent de moduler rapidement les activations musculaires en 

stimulant la contraction des muscles agonistes et en inhibant la contraction des muscles 

antagonistes (Pierrot-Deseilligny & Burke, 2005). Au niveau cortical, le cortex moteur 

primaire contrôle et régule le niveau de stimulation et d’inhibition des motoneurones a et 

des interneurones inhibiteurs (Crone et al., 1994). Lors de la réalisation d’une action motrice, 

les premières études par EEG ont mis en évidence une modulation caractéristique de 

l’activité corticale enregistrée au-dessus du cortex moteur (Gastault, 1952 ; Gastault et al., 

1952), décrite plus tard comme une diminution de la puissance spectrale comparativement à 

un état de repos (Pfurtscheller, 1977, 1981 ; Pfurtscheller & Aranibar, 1977, 1979 ; 

Pfurtscheller et al., 1997 ; Pfurtscheller & Lopes da Silva, 1999). Cette réactivité 

somatotopique des rythmes électrocorticaux est connue sous le terme de désynchronisation 

corticale (abrégé ERD pour ‘Event-Related Desynchronization’). L’ERD ~20 Hz au-dessus 

du cortex moteur reflèterait une augmentation de l’excitabilité cortical spécifiquement liée 

aux processus de préparation et d’exécution du mouvement (Crone et al., 1998 ; Patino et 

al., 2006 ; Pfurtscheller, 1981 ; Pfurtscheller et al., 2003 ; Riehle et al., 2004 ; Salmelin & 

Hari, 1994). Si des travaux ont ainsi montré que l’activation de cortex moteur augmente avec 

le niveau de force (Mima et al., 1999 ; Stancák et al., 1997), il restait à clarifier l’hypothèse 

d’un codage supra-spinal de l’activation antagoniste en lien avec la modulation de la co-

contraction. 

Dans ce contexte, l’étude de Dal Maso et al. (2012) a été d’une importance majeure 

pour mon cheminement scientifique. Ce travail visait à comparer la désynchronisation EEG 

quantifiée ~20 Hz lors de contractions isométriques des extenseurs et des fléchisseurs du 

genou entre des participants entraînés en force (ST) et des participants entraînés en 

endurance (ED) (Figure 6). Du point de vue de ma démarche de recherche, ce travail a été à 

l’origine de l’ensemble des questions de recherche que j’ai développées depuis, et auxquelles 

je souhaite donner priorité à l’avenir dans le domaine de la neuro-biomécanique (cf. VI.) Il 

a révélé pour la première fois une augmentation de l’activation du cortex moteur primaire 

associée à une diminution du niveau d’activation des muscles antagonistes entre ST et ED. 

Ces résultats ont permis de suggérer un encodage spécifique de l’activation antagoniste à 

travers les oscillations corticales dans la bande de fréquence  b (21-31 Hz), qui pourrait être 

responsable de l’amélioration de l’efficience énergétique de la contraction musculaire chez 

les participants entrainés en force à travers une diminution de la co-contraction 

agoniste / antagoniste (Amarantini & Bru, 2015). En outre, en mettant en évidence pour la 

première fois que les adaptations induites par un entraînement régulier en force sont 
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associées à une modulation des oscillations corticales au cours de contractions isométriques 

sous-maximales, cette étude a également permis d’enrichir les connaissances fondamentales 

relatives à la plasticité centrale induite par l’entrainement (Falvo et al., 2010 ; Griffin & 

Cafarelli, 2005). 

 

 

 
Figure 6, adaptée de Dal Maso (2012) : Représentation topographique de la réactivité des 
rythmes électrocorticaux dans la bande de fréquences 21-31 Hz (β-haut) chez des 
participants entrainés en force (a.) et en endurance (b.) au cours des contractions 
isométriques en extension et en flexion réalisées à 20, 40, 60 et 80 % de la force maximale 
volontaire dite « relative » (rMVC) définie comme la force maximale produite sans 
contamination du signal EEG par des artefacts oculaires, musculaires ou mécaniques liés à 
la contraction. La désynchronisation EEG, c’est-à-dire la diminution de la puissance 
spectrale des signaux EEG (en bleu), reflète l’activité corticale liée à la contraction des 
muscles impliqués dans la production de force. 
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Ce travail a souligné tout le bien-fondé et la pertinence d’avoir entrepris la 

conversion thématique de mes activités de recherche de la biomécanique vers la neuro-

biomécanique en développant, à partir d’une feuille presque blanche, un paradigme 

combinant l’analyse EEG à celle de l’EMG et des efforts musculaires. Si cette tâche relevait 

d’un challenge risqué aussi bien du point de vue méthodologique que de ma démarche 

scientifique et de sa valorisation, elle est apparue nécessaire et judicieuse pour dépasser les 

limites d’une approche restreinte à l’analyse biomécanique afin d’étudier de manière 

approfondie les mécanismes nerveux centraux de contrôle de la redondance musculaire. Les 

résultats positifs obtenus au début de la thèse de Fabien Dal Maso (Dal Maso, 2012 ; Dal 

Maso et al., 2012) m’ont encouragé à approfondir l’étude du lien entre la réactivité des 

rythmes électrocorticaux et la co-contraction agoniste / antagoniste à travers l’étude des 

interactions cortico-musculaires et intermusculaires. Ces travaux novateurs ont constitué la 

seconde partie de la thèse de Fabien Dal Maso et se sont poursuivis de manière logique dans 

le cadre des thèses de Sylvain Cremoux (Cremoux, 2013) et Camille Charissou (Charissou, 

2018) que j’ai co-encadrées. 

 

En neurophysiologie et en neurosciences, la notion de cohérence repose sur le 

constat, aujourd'hui unanimement partagé, que les oscillations cérébrales EEG présentent la 

particularité d’être couplées avec l’activité EMG (Conway et al., 1995 ; Kilner et al., 1999, 

2000 ; Mima et al., 1999 ; Salenius et al., 1997). Même si les premières études étudiant les 

similarités entre les activités corticale et musculaire remontent aux années 1930 (Adrian & 

Moruzzi, 1939 ; Jasper & Andrews), ce couplage singulier a été mis en évidence dans le 

milieu des années 1990 et peut être mesurée par la cohérence cortico-musculaire. Cette 

dernière correspond à la corrélation entre le signal EEG enregistré au-dessus du cortex 

moteur et le signal EMG du muscle d’intérêt (Mima & Hallett, 1999), et reflète la 

communication entre les niveaux central et périphérique. L’étude princeps de Conway et al. 

(1995) a montré que l’activité corticale est significativement corrélée avec l’activité 

musculaire dans la bande de fréquence ~20 Hz lors d’une contraction musculaire volontaire 

isométrique. A la lumière de ces résultats, il a été suggéré que la cohérence cortico-

musculaire pourrait fournir une information pertinente sur le contrôle supra-spinal de la 

contraction musculaire (Baker & Baker, 2003 ; Chakarov et al., 2009). De nombreuses 

études ont enrichi cette première analyse par l’apport de nouvelles connaissances sur les 

différents facteurs qui interviennent dans la modulation de la cohérence cortico-musculaire. 

Ces travaux ont établi que, tout en reflétant essentiellement l’implication de commandes 
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d’origine corticale dans le contrôle direct des muscles impliqués dans la production d’un 

effort musculaire (Boonstra, 2013 ; Reyes et al., 2017), la cohérence cortico-musculaire peut 

aussi refléter le contrôle de la circuiterie spinale par les structures corticales et sous-

corticales (Hansen et al., 2005 ; Norton & Gorassini, 2006 ; Raethjen et al., 2002 ; Semmler 

et al., 2013). 

Au regard de ces hypothèses, l’analyse des interactions cortico-musculaires m’est 

apparue particulièrement adaptée pour étudier les stratégies neurales relatives au contrôle de 

la redondance musculaire et de la co-contraction agoniste / antagoniste. Pour approfondir 

cette approche, il m’a semblé intéressant de faire appel à l’analyse de cohérence inter-

musculaire en complément de celle réalisée par cohérence EEG-EMG (Boonstra et al., 

2009). La cohérence intermusculaire, ou cohérence EMG-EMG, mesure la synchronie entre 

deux signaux EMG issus d’une paire de muscles synergistes (Farmer, 1998 ; Farmer et al., 

1993 ; Grosse et al., 2002 ; Rosenberg et al., 1989). D’une part, elle peut être considérée 

comme un marqueur de la coordination intermusculaire (Jesunathadas et al., 2013 ; Kattla 

& Lowery, 2010 ; Poston et al., 2010 ; Winges et al., 2008). D’autre part, même si son 

interprétation peut donner lieu à débat (Dideriksen et al., 2018), sa modulation permet 

d’émettre des hypothèses quant à l’implication de différentes conductions nerveuses 

synchrones dans la régulation des activités musculaires (Aumann & Prut, 2015 ; Boonstra, 

2013 ; de Vries et al., 2016 ; Erimaki & Christakos, 2008 ; Farmer, 1998 ; Farmer et al., 

1993 ; Laine & Valero-Cuevas, 2017 ; Nazarpour et al., 2012 ; Poston et al., 2010). 

 

Dès lors, l’objectif des travaux que j’ai menés sur les cohérences cortico-musculaire 

et intermusculaires visaient à contribuer à la fois à une meilleure compréhension du contrôle 

nerveux central de la co-contraction agoniste / antagoniste, et à l’acquisition de 

connaissances nouvelles sur le rôle fonctionnel encore peu, voire pas connu, de chacune des 

cohérences EEG-EMG et EMG-EMG. La thèse de Fabien Dal Maso chez des participants 

entrainés en force vs en endurance, puis celle de Sylvain Cremoux chez des participants 

tétraplégiques, et enfin celle de Camille Charissou sur la préhension se sont inscrites dans 

cette démarche innovante dont j’ai pu poursuivre le développement grâce à l’étroite 

collaboration d’Eric Berton et Laurent Vigouroux de l’Institut des Sciences du Mouvement 

Etienne-Jules Marey à Marseille. 

Mais, parce qu’il y a un important « mais » d’ordre méthodologique qui aurait pu 

compromettre la faisabilité de ces projets, ces travaux n’auraient pas pu aboutir sans remettre 

en question de manière fondamentale la méthode la plus communément utilisée pour 
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l’analyse de cohérence. Cette démarche traduit ma volonté, parfois jusqu'au-boutiste, de 

faire reposer les produits de mes recherches sur des données auxquelles peuvent être accordé 

le niveau de confiance le plus élevé quelle que soit la complexité des traitements dont elles 

sont issues. Ce mode de fonctionnement a été au cœur de mon travail de thèse sur 

l’estimation des moments musculaires, et revêt un caractère absolument essentiel qui 

conditionne en partie mon cheminement scientifique et ma pratique d’encadrement. Force 

est de constater que, comme l’ont souligné McClelland et al. (2012), une grande partie des 

travaux sur l’analyse de cohérence en neurosciences perpétuent des méthodes d’analyse 

inappropriées qui peuvent biaiser les résultats. Non, à mon sens, le débat concernant par 

exemple la rectification du signal EMG n’a pas lieu d’être (Boonstra & Breakspear, 2012 ; 

Dakin et al., 2014 ; Farina et al., 2013 ; Farmer & Halliday, 2014 ; Keenan et al., 2012 ; 

McClelland et al., 2012, 2014a, 2014b ; Myers et al., 2003 ; Neto & Christou, 2010 ; Ward 

et al., 2013) : l’analyse de cohérence repose sur la modélisation des signaux EEG et/ou EEG 

comme des processus gaussiens centrés, pré-requis que ne satisfait évidemment pas un signal 

EMG redressé, même si ce prétraitement permettait d’améliorer la détection de la cohérence 

(Ward et al., 2013). De la même manière, le fait que la très grande majorité des études fassent 

appel à une analyse fréquentielle alors que les signaux électrophysiologiques sont fortement 

non-stationnaires (Allen & MacKinnon, 2010 ; Brittain et al., 2007 ; Cohen & Walden, 2010 ; 

Mehrkranoon et al., 2011) constitue une limite à la généralisation des résultats. 

Ces réflexions ont abouti au développement d’une méthode temps-fréquence 

novatrice permettant d’évaluer la dépendance entre des processus oscillatoires non 

stationnaires. Cette importante contribution méthodologique a donné lieu à la publication 

suivante, présentée de manière détaillée p. 91-105 et illustrée Figure 7 : 

• Bigot, J., Longcamp, M., Dal Maso, F., Amarantini, D. (2011). A new statistical 

test based on the wavelet cross-spectrum to detect time-frequency dependence 

between non-stationary signals: application to the analysis of cortico-muscular 

interactions. NeuroImage. 55(4), 1504-1518. 

 

Cette méthode repose sur la transformation des signaux dans le domaine temps-

fréquence par une approche en ondelettes adaptée du package ‘cross wavelet and wavelet 

coherence toolbox for MATLAB’ initialement mis à disposition de la communauté 

scientifique par Grinsted et al. (2004) pour des applications dans le domaine de 

l’océanographie. L’originalité de la méthode développée en collaboration avec Jérémie 

Bigot, spécialiste en mathématiques et statistiques, est de tester la significativité des 
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interactions entre les processus oscillatoires sur le spectre croisé des signaux étudiés. Cette 

approche permet de s’affranchir du problème récurrent de détection de faux positifs sur la 

cohérence, et présente l’avantage d’être performante même quand le nombre d’essais est 

faible (Pedrosa et al., 2014). La quantité d’interaction entre les deux signaux est alors 

quantifiée à partir des valeurs de cohérence retenues sur les régions où le spectre croisé est 

détecté comme statistiquement significatif. Initialement développée pour l’analyse de la 

cohérence cortico-musculaire (Bigot et al., 2011 ; Cremoux et al., 2017 ; Dal Maso et al., 

2017), cette méthode a été généralisée à la cohérence intermusculaire (Charissou et al., 2016, 

2017) puis à la cohérence cortico-corticale (Blais et al., 2018). Elle est ainsi devenue le cadre 

méthodologique de référence pour l’ensemble des travaux que j’ai menés sur la cohérence 

et sur la réactivité des rythmes électrocorticaux sur la base d’une analyse temps-fréquence. 

 

 

Figure 7, adaptée de Dal Maso et al. (2017) : Illustration des étapes recommandées pour 
le calcul et la quantification de la cohérence cortico-musculaire, ici à partir des données de 
l’électrode EEG Cz et de l’activité du muscle vastus medialis (VM) chez un participant 
entrainé en force au cours d’une contraction isométrique des extenseurs du genou réalisée à 
20 % de la force maximale volontaire « relative ». a : Signal moyen de l’électrode Cz EEG. 
b : Signal EMG moyen du muscle VM. c & d : Cartes temps-fréquence des auto-spectres 
du signal EEG de l’électrode Cz (c) et du signal EMG du muscle VM (d). e : Carte temps-
fréquence de la densité d’interaction, également appelée « spectre croisé » (c-à-d. : ‘cross-
spectrum’), entre le signal EEG de l’électrode Cz et le signal EMG du muscle VM. Les 
contours rouges identifient les régions de la carte temps-fréquence dans lesquelles la 
corrélation entre les deux signaux est significative. f : Carte temps-fréquence des zones 
significatives de cohérence cortico-musculaire entre le signal EEG de l’électrode Cz et le 
signal EMG du muscle VM. Dans chaque bande de fréquence d’intérêt (p. ex., bêta (β) : 13-
31 Hz), la quantité la cohérence cortico-musculaire est quantifiée comme le volume sous les 
valeurs de cohérence où une corrélation significative a été détectée sur le spectre croisé entre 
les séries temporelles EEG et EMG. 
 

3026 Exp Brain Res (2017) 235:3023–3031

1 3

CMC was computed in the time–frequency domain as elec-
trophysiological signals are non-stationary processes (Zhan 
et al. 2006; Allen and MacKinnon 2010). Time–frequency 
CMC between Cz EEG signal and each unrectified EMG 
signal was calculated with the WaveCrossSpec Matlab tool-
box for wavelet coherence analysis (Bigot et al. 2011: http://
www.math.u-bordeaux1.fr/~jbigot/Site/Software_files/
WavCrossSpec.zip). The parameters ‘nvoice’ (scale resolu-
tion of wavelets), ‘J1’ (number of scales), and ‘wavenum-
ber’ (Morlet mother wavelet parameter) were, respectively, 
set to 0.125, 864, and 7 to yield accurate identification of 
oscillatory activity in the [0.0021:0.9967:104.6565] Hz fre-
quency range. Magnitude-squared coherence was computed 
as follows:

where SEEG/EMG(!, u) is the wavelet cross-spectrum between 
EEG and EMG time series at frequency ! and time u 
(Fig. 1e); SEEG(!, u) and SEMG(!, u) are wavelet auto-spectra 
of EEG (Fig. 1c) and EMG (Fig. 1d) time series, respec-
tively, at frequency ! and time u. Refer to Bigot et al. (2011) 
for detailed equations.

There is an ongoing debate challenging the conven-
tional EMG rectification for CMC analysis (Neto and 
Christou 2010; McClelland et al. 2012; Negro et al. 2015). 

(1)
R
2
EEG/EMG

(!, u) = |
|SEEG/EMG(!, u)

|
|
2
∕
(
SEEG(!, u)SEMG(!, u)

′
)

Rectification of a zero-mean oscillatory signal, as EMG in 
our case, is a non-linear process that distorts its power spec-
trum properties (Neto and Christou 2010; McClelland et al. 
2012). Especially for steady-state force tasks, the previous 
studies highlighted that there is no significant difference 
in CMC magnitude computed with rectified or unrectified 
EMG signals (Yao et al. 2007; Bayraktaroglu et al. 2011; 
Yang et al. 2016). Consequently, to meet both theoretical 
support and practical justification for the computation of 
CMC (Bigot et al. 2011; McClelland et al. 2012), CMC 
was computed from zero-mean centered EEG signals and 
unrectified EMG signals. As cautioned by Yang et al. (2016), 
computing CMC with unrectified EMG is suitable provided 
that EMG signals are motion artefact-free, which was the 
case of our data (Supplementary Figure 2).

CMC magnitude was quantified as volume under the 
time–frequency plane where CMC was significant, as 
detected on cross-spectrum, using the statistical test intro-
duced by Bigot et al. (2011). This magnitude quantifica-
tion was previously introduced in CMC (Yoshida et al. 
2017; Cremoux et al. 2017) and intermuscular coherence 
(Charissou et al. 2016) studies. The significant threshold 
of corticomuscular coherence was Bonferroni-corrected 
to 0.05/4 as CMC was computed with four muscles (Win-
slow et al. 2016). Finally, for each participant and experi-
mental condition, CMC magnitude in knee extensor and 

Fig. 1  Steps taken to compute corticomuscular coherence with data 
from Cz EEG and VM EMG electrodes in an ST participant during 
knee extension performed at 20% of rMVC. Signals of a Cz EEG and 
b VM EMG electrodes. Wavelet auto-spectra of c Cz EEG and d VM 
EMG signals. e Wavelet cross-spectrum between Cz EEG and VM 
EMG signals: red contours identify areas in the time–frequency plane 
where correlation between the two signals is significant. f Represen-

tation of significant areas of wavelet magnitude-squared coherence 
between Cz EEG and VM EMG signals. For each participant, experi-
mental condition, and each muscle, the corticomuscular coherence 
magnitude was quantified as the volume under magnitude-squared 
coherence values in the low-β (13–21  Hz) and high-β (21–31  Hz) 
bands where a significant correlation between EEG and EMG time 
series was detected on the wavelet cross-spectrum
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En plus des travaux de Sylvain Cremoux sur l’EMG et sur la réactivité des rythmes 

électrocorticaux (Cremoux et al., 2013a, 2013b, 2016), l’exploration des cohérences cortico-

musculaire et intermusculaire a produit de nouvelles connaissances essentielles à une 

compréhension de la contribution des mécanismes supra-spinaux au contrôle de l’activité 

musculaire antagoniste et à la régulation de la co-contraction. Ces travaux ont donné lieu à 

plusieurs publications significatives (Charissou et al., 2017 ; Cremoux et al., 2017 ; Dal 

Maso et al., 2017), dont les deux suivantes sont présentées de manière détaillée p. 106-127 : 

• Cremoux, S., Tallet, J., Dal Maso, F., Berton, E., Amarantini, D. (2017). Impaired 

corticomuscular coherence during isometric elbow flexion contractions in human 

with cervical Spinal Cord Injury. European Journal of Neuroscience, 46(4), 1991-

2000. 

• Charissou, C., Amarantini, D., Baurès, R., Berton, E., Vigouroux, L. (2017). 

Effects of hand configuration on muscle force coordination, co-contraction and 

concomitant intermuscular coupling during maximal isometric flexion of the 

fingers. European Journal of Applied Physiology, 117(11), 2309-2320. 

 

Dans leur ensemble, les résultats de ces études montrent que la modulation de la 

co-contraction agoniste / antagoniste est associée à celle du couplage entre les niveaux 

central et périphérique, ainsi qu’entre les muscles eux-mêmes. L’interprétation des 

mécanismes spinaux et supra-spinaux sous-jacents à ces adaptations doit être conduite avec 

prudence, mais les connaissances nouvelles apportées par ces études soutiennent l’hypothèse 

d’un contrôle cortical direct de la co-contraction agoniste / antagoniste lors de tâches 

isométriques. La contribution des mécanismes impliqués dans cette régulation semble 

cependant différente selon le rôle fonctionnel qui peut être attribué au groupe musculaire 

antagoniste et selon l’intégrité du faisceau cortico-spinal. Ces travaux suggèrent également 

que les couplages cortico-musculaire et intermusculaire ont un rôle fonctionnel important – 

qui reste à clarifier – dans la régulation de l’activité antagoniste / antagoniste. Ils mettent 

également en évidence que la modulation de la cohérence constitue un outil particulièrement 

intéressant pour explorer les mécanismes de contrôle de la contraction musculaire intacte ou 

altérée, et pour étudier des conséquences d’une plasticité de la voie cortico-spinale sur le 

contrôle de la redondance musculaire. Les axes prioritaires dans lesquels je souhaite engager 

mes travaux de recherche permettront d’éclairer ces problématiques sous différentes 

perspectives dans la continuité de la démarche scientifique que j’ai entreprise en neuro-

biomécanique. 
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The study of the correlations that may exist between neurophysiological signals is at the heart of modern
techniques for data analysis in neuroscience. Wavelet coherence is a popular method to construct a time–
frequency map that can be used to analyze the time–frequency correlations between two time series.
Coherence is a normalized measure of dependence, for which it is possible to construct confidence intervals,
and that is commonly considered as being more interpretable than the wavelet cross-spectrum (WCS). In this
paper, we provide empirical and theoretical arguments to show that a significant level of wavelet coherence
does not necessarily correspond to a significant level of dependence between random signals, especially when
the number of trials is small. In such cases, we demonstrate that the WCS is a much better measure of
statistical dependence, and a new statistical test to detect significant values of the cross-spectrum is proposed.
This test clearly outperforms the limitations of coherence analysis while still allowing a consistent estimation
of the time–frequency correlations between two non-stationary stochastic processes. Simulated data are used
to investigate the advantages of this new approach over coherence analysis. The method is also applied to
experimental data sets to analyze the time–frequency correlations that may exist between electroenceph-
alogram (EEG) and surface electromyogram (EMG).

© 2011 Elsevier Inc. All rights reserved.

Introduction

In the last decades, the oscillatory behavior of neurophysiological
signals has drawn increased attention among neuroscientists Buzsaki
and Draguhn (2004), Salenius and Hari (2003), Schnitzler and Gross
(2005), Varela et al. (2001). In this framework, the correlations
occurring at different frequencies between two or more signals are
assumed to indicate oscillatory coupling of neuronal groups. Typically,
neurophysiological signals contain noise at different frequency bands
and are thus considered as random time series or stochastic processes.
Fourier analysis has been widely used for studying the spectral
contents of such signals, and the correlations that may exist at
different frequencies between electroencephalogram (EEG), electro-
myogram (EMG) and magnetoencephalogram (MEG) Grosse et al.
(2002), Halliday et al. (1995, 1998), Mima and Hallett (1999b), Mima
et al. (2000) have been investigated using Fourier coherence. If the
investigated signals are assumed to be stationary, then estimates of

the auto and cross-spectra can be calculated to compute an estimation
of the coherence at different frequencies. However, signals typically
encountered in biomedical applications are non-stationary times
series whose frequency behavior changes with time. A powerful
alternative to Fourier analysis is the wavelet transform which is a
widely developed tool for the study of non-stationary signals as it
allows a simultaneous analysis of the content of a signal over time and
frequency (see e.g. Mallat (1998) for an introduction to wavelet
analysis, and Allen and MacKinnon (2010) for a review and
comparison of time–frequency methods for the analysis of EEG
signals). In recent years, wavelet coherence has been proposed as an
alternative to Fourier coherence for the analysis of time–frequency
dependence between two time series. There exists a rich literature on
estimating time–frequency dependence between time series using
localized transforms, see e.g. Ombao et al. (2001), Sanderson et al.
(2010), Whitcher et al. (2005), Whitcher (2000). Applications of
time–frequency coherence can be found in neuroscience Lachaux
et al. (2002), Ombao and Van Bellegem (2008), Zhan et al. (2006), but
also in geophysics Grinsted et al. (2004), Maraun and Kurths (2004),
and wind engineering Gurley et al. (2003) to name but a few. The
wavelet coherence is a normalized measure (between 0 and 1) of
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time–frequency dependence between two time series that is
commonly considered as being more interpretable than the wavelet
cross-spectrum (WCS). Statistical tests have been proposed in Gish
and Cochran (1988), Halliday et al. (1995), Maris et al. (2007) to
derive confidence intervals for the Fourier coherence between two
time series. A similar statistical test, based on averaging over repeated
trials, has been suggested in Zhan et al. (2006) to determine if the
time–frequency coherence between neurophysiological signals is
significant or not.

The objective of this paper is to discuss the relevance of wavelet
coherence as a statistical measure of time–frequency dependence
between random time series, and to compare it to the statistical
information contained in the WCS. The main contributions are the
following: first theoretical and empirical arguments are detailed to
show some limitations of wavelet coherence analysis. In particular,
we exhibit some drawbacks of the test proposed in Zhan et al. (2006)
which may yield an erroneous estimation of time–frequency correla-
tions between two signals.

Second, as an alternative to the limitations of wavelet coherence, a
new statistical test to detect significant values of theWCS is proposed.
Contrary to the standard test in Gish and Cochran (1988), Halliday et
al. (1995), Zhan et al. (2006) to derive confidence intervals for the
coherence, our test correctly estimates the areas in the time–
frequency plane where the dependence between the time series is
truly significant, and does not detect any area where no correlation
between the signals exists (an example being the case of two
independent Gaussian time series with zero mean). The idea of the
test is rather simple. High values of the WCS should correspond to
areas in the time–frequency plane where there exists a correlation
between the time series. Thus, we first derive a threshold such that,
with high probability and under the null hypothesis that the observed
signals are independent Gaussian times series, all the values of the
WCS fall below this threshold. This means that the values of the WCS
that do not correspond to a significant level of time–frequency
dependence lie below a certain value with large probability. We show
that this probabilistic bound is a threshold that can be easily
computed from the data. A standard criticism on the use of the
cross-spectrum is that one cannot assess the strength of dependence
because this measure does not take into account the variances of the
time series contrary to the coherence. To overcome this issue, our
method automatically includes an estimation of the variance of the
two time series in the computation of the threshold. Therefore, the
procedure is fully data-driven, and it is in particular adapted to the
case where one pair of time series has a higher magnitude of
covariance than the second pair. This new test is also based on
averaging over repeated trials as in Zhan et al. (2006). However, the
proposed probabilistic bound is non-asymptotic, meaning that it
holds for any values of the number of trials and length of the signals.
Moreover, the test is valid for any Gaussian processes with zero-mean
without assuming stationarity or making parametric assumptions on
the covariance functions of the time series. It is therefore very robust
in the sense that excellent results can be obtained for a broad class of
random signals using very few trials.

Third, a detailed simulation study is proposed to investigate the
advantages of this new approach over coherence analysis, and
the method is applied to experimental data sets to analyze the
time–frequency correlations that may exist between EEG and EMG
signals.

Methods

The standard test for detecting significant values of wavelet coherence

First, let us fix the notations and recall the definitions of wavelet
transform, WCS and wavelet coherence between stochastic processes.
Let x = x tkð Þ½ $Tk = 1 and y = y tkð Þ½ $Tk = 1 denote two random time

series of length T observed at regularly spaced time points tk. The
wavelet transform (WT) of x (resp. y) at scale sN0 and time u is
defined as (see e.g. Mallat (1998))

Wx s;uð Þ = ∑
T

k=1
x tkð Þψs;u tkð Þ

where z denotes the conjugate of a complex number z,

ψs;u tkð Þ = 1ffiffi
s

p ψ
tk−u
s

" #
;

and ψ(⋅) is an oscillating function called wavelet which should satisfy
a number of regularity and admissibility conditions (see e.g. Mallat
(1998)). The WT can be seen as a time–frequency representation of a
signal by converting the scale parameter s to a frequency parameterω.
This correspondence depends on a specific frequency ω0, which
represents the central frequency location of the energy ψ in the
Fourier domain, and the relationship between frequency and scale is
given by ω≈ω0

s
. Thus the WT at frequency ω and time u can be

expressed as

Wx ω;uð Þ = ∑
T

k=1
x tkð Þ

ffiffiffiffiffiffiffi
ω
ω0

r
ψ

ω
ω0

tk−uð Þ
" #

:

A commonly used wavelet in practice is the Morlet wavelet, which
is a complex-valued function, defined as

ψ uð Þ = π−1=4eiω0ue−u2 =2
; ð2:1Þ

where ω0 is the central frequency of ψ. A Morlet wavelet is thus a
complex sine wave within a Gaussian envelope, and the parameterω0

determines the number of oscillations of the wavelet within this
envelope. In all the numerical experiments presented in this paper,
we took ω0=7 as it is a common choice in wavelet analysis of
neurophysiological signals, see e.g. Tallon-Baudry et al. (1996).

The wavelet coherence at frequency ω and time u between the
time series x and y is then defined by (see e.g. Grinsted et al. (2004),
Maraun and Kurths (2004), Zhan et al. (2006))

R2
xy ω;uð Þ =

jSxy ω;uð Þ j2

Sx ω;uð ÞSy ω;uð Þ
;

where Sxy ω;uð Þ is the WCS between x and y, and Sx ω;uð Þ (resp.
Sy ω;uð Þ) is the wavelet auto-spectrum (WAS) of x (resp. y) defined
respectively as

Sxy ω;uð Þ = E Wx ω;uð ÞWy ω;uð Þ
$ %

and Sx ω;uð Þ = E Wx ω;uð Þj j2;

where EZ denotes the expectation of a random variable Z.
Recall that if one observes n independent realizations Zm,m=1,…,

n of Z then EZ = limn→ + ∞
1
n
∑n

m = 1 Zm by the law of large numbers.

Hence, if one observes data consisting of n repeated trials xmð Þm=1;…;n =

xm tkð Þ½ $Tk=1

$ %

m=1;…;n
and ymð Þm=1;…;n = ym tkð Þ½ $Tk=1

$ %

m=1;…;n
(viewed

as n independent realizations of the stochastic processes x and y,
respectively) then the WCS between the two time series is naturally
estimated by the following empirical wavelet cross-spectrum

Ŝxy ω;uð Þ = 1
n

∑
n

m=1
Wxm ω;uð ÞWym ω;uð Þ
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and an estimator of the wavelet coherence is given by the following
empirical wavelet coherence

R̂2
xy ω;uð Þ =

∑n
m=1Wxm ω;uð ÞWym ω;uð Þ

!!!
!!!
2

∑n
m = 1 jWxm ω;uð Þ j2

" #
∑n

m = 1 jWym ω;uð Þ j2
" # :

Note that the “true” coherence R2
xy ω;uð Þ is the limit as the number

of trials tends to infinity (n→+∞) of the above empirical coherence
R̂
2
xy ω;uð Þ.
Thewavelet coherence is a normalizedmeasure (between 0 and 1)

of time–frequency dependence between two time series. Note that if x
and y are independent zero-mean processes then, at any frequency ω
and time u, one has that

Sxy ω;uð Þ = E Wx ω;uð Þð ÞE Wy ω;uð Þ
" #

= 0

and thus R2
xy ω;uð Þ = 0. To the contrary, if there exists a linear

relationship Wy ω;uð Þ = aWx ω;uð Þ between x and y at some
frequency ω and time u with a≠0, then Sxy ω;uð Þ = aSx ω;uð Þ and
Sy ω;uð Þ = ja j2Sx ω;uð Þ which implies that R2

xy ω;uð Þ = 1. Therefore,
values of wavelet coherence close to 1 are interpreted as evidence for
a significant time–frequency correlation between x and y. In practice,
as a preliminary step, the observed times series can be centered to
have zeromean over the n repetitions before computing the empirical
wavelet cross-spectrum and coherence.

To derive a threshold to detect automatically significant values of
the coherence, most authors in the literature use a procedure
proposed in Gish and Cochran (1988) to test the null hypothesis H0

that the two time series x and y are independent Gaussian white
noise. Based on repeated observations xm; ymð Þm=1;…;n with n≥2, it
has been shown in Gish and Cochran (1988) that, under H0,
R̂
2
xy ω;uð Þ≤rα with probability 1−αwhere the threshold rα is equal to

rα = 1−α1= n−1ð Þ for 0≤α≤1:

Therefore, at levelα=5%, a detection threshold is rα=1−0.051/(n−1)

and values of R̂
2
xy ω;uð Þ that are above this level are considered as a

significant level of coherence.

A new statistical test for detecting significant values of the wavelet cross-
spectrum

It is often argued that wavelet coherence is more interpretable
than the WCS which is a non-normalized measure of dependence.
Indeed, at first glance, it seems difficult to judge if an observed value of
the cross-spectrum is significant. Let us recall that the standard
method to detect significant values of the coherence is based on a
statistical procedure to test the null hypothesis H0 that the
components x(tk) and y(tk) of the two time series x and y
are independent and identically distributed (iid) centered Gaussian
variables (that is x(tk)∼ iidN(0,σx

2) and y(tk)∼ iidN(0,σy
2) for k=1,…, T).

We propose to derive a new statistical procedure to test the more
general null hypothesis H0(Σx, Σy) that the random time series
x = x tkð Þ½ $Tk = 1 and y = y tkð Þ½ $Tk = 1 of length T are independent
Gaussian vectors with zero mean and covariance matrix Σx and Σy

respectively, namely

H0 Σx;Σy

" #
: x and y are independent vectors of length T with

x∼N 0;Σxð Þand y∼N 0;Σy

" #
;

whereN(0,Σ) denotes a Gaussian random vector of length Twith zero
mean and covariance matrix Σ. Note that H0(Σx, Σy) includes the case
where the components of the two time series x and y are iid centered
Gaussian variables with variance σx

2 and σy
2 which corresponds to the

choice Σx=σx
2IT and Σy=σy

2IT where IT denotes the identity matrix of
size T×T.

Theoretical arguments developed in the Appendix show that
under H0(Σx, Σy), j Ŝxy ω;uð Þ j≤ λ̂α with probability larger than 1−α
where the threshold λ̂α is equal to

λ̂α =
ρ̂x ρ̂y

1 +
ffiffiffi
T
n

r !2 − log α= 2ð Þ
n

+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2log α = 2ð Þ

n

r !
;

with ρ̂2x (resp. ρ̂2y) being the largest eigenvalue of the empirical
covariancematrix of the time series x (resp. y). We refer the Appendix
for a precise definition, and for the computation of λ̂α in practice.
Using such a procedure, the values of the empirical cross-spectrum
that are lower than the threshold λ̂α (with e.g. α=5%) are considered
as not significant, whereas the values jŜxy ω;uð Þ j that are above the
threshold λ̂α can be considered as being a truly significant level of
time–frequency dependence at frequencyω and time u. Note that this
test does not make any parametric assumption on the covariance
matrices Σx and Σy.

As explained previously, coherence is a normalized measure of
dependence that is usually considered as being more interpretable
than the cross-spectrum which does not take into account the
variance of the time series to assess the strength of dependence.
Hence, if one pair of time series has a very large auto-spectrum this
may cause the cross-spectrum to be very large even in the absence of
dependence between two time series. In the computation of the
threshold λ̂α, the term ρ̂x ρ̂y

1 +
ffiffiffi
T
n

r !2 corresponds to a data-based upper

bound of the amplitude of the auto-spectra of the time series.
Indeed, consider first the null hypothesis H0(σx

2IT, σy
2IT). Under

such an assumption, the test is based on the properties that

− with probability larger than 1−α: Ŝxy ω;uð Þ
!!!

!!!
2
≤σ2

xσ2
y TC n;αð Þ

where C n;αð Þ = − log α=2ð Þ
n

+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2log α=2ð Þ

n

r !2

is a constant depend-

ing only on n and the level of the test α.
− with large probability: λ̂

2
α≈σ2

xσ2
y TC n;αð Þ:

Hence, the computation of the threshold λ̂α includes an estimation
of the variance σx

2 and σy
2 of each time series.

In themore general casewhereΣx≠σx
2IT orΣy≠σy

2IT, the test uses
the properties that

− with probability larger than 1−α: Ŝxy ω;uð Þ
!!!

!!!
2
≤Sx ω;uð ÞSy ω;uð Þ%

C n;αð Þ where Sx ω;uð Þ (resp. Sy ω;uð Þ) is the wavelet auto-spectrum
of x (resp. y).

− with large probability: λ̂
2
α≥Sx ω;uð ÞSy ω;uð Þ % C n;αð Þ; which cor-

responds to a data-based upper bound for the product of the
wavelet auto-spectra of the two time series.

Thus, the above arguments show that the test automatically adapts to
the case where one pair of time series has a large wavelet auto-
spectra (which results in a large wavelet cross-spectrum) while still
controlling the level of dependence between the two time series.
Such a test is also non-asymptotic in the sense that it holds for any
value of number of trials n and length of the signals T.

Results

Simulated data

Let us first consider some simulated examples to illustrate the
differences between the test based on wavelet coherence (using the
threshold rα), and the test based on the WCS (using the data-based
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threshold λ̂α) for the detection of time–frequency correlations
between random signals.

Analysis of time–frequency dependent Gaussian processes

Example 1. We simulate n independent realizations (trials) of the
following two Gaussian times series with zero mean of length
T=1000 ms generated with sampling rate 1 kHz:

xðtkÞ = Zðsin 2πω1tkð Þ1½0;u1 ½ tkð Þ + sin 2πω2tkð Þ1½u1 ;u2 ½

!
tk
""

+ σx!1;k

yðtkÞ = Zða1sin 2πω1tkð Þ1½0;u1 $ tkð Þ + a2sin 2πω2tkð Þ1½u1 ;u2 ½

!
tk
""

+ σy!2;k;

ð3:1Þ

where Z ~ N (0,1), with tk=1,…,T, ω1=10Hz, ω2=30Hz, u1=300ms,
u2=700ms, a1=1.2, a2=1.5, and where the !,k's are independent
Gaussian variables with zero mean and variance 1. The parameters
σx, σy are levels of noise that can be adjusted according to the desired
signal-to-noise ratio (SNR). For two reals a and b, 1[a, b[(tk) denotes
the function which is equal to 0 if tkba or tk≥b and to 1 otherwise.
Note that for the signal x, the SNR is defined as 20log10(1/σx), and for
the signal y, the SNR is 20log10(a2/σy). The two times series are thus
two sine waves with random amplitude of different frequency and
time localization with additive Gaussian white noise. It should
be noted that the amplitude of the two time series are correlated
on the time intervals [0, 300 ms] and [300 ms, 700 ms] at frequency
ω1=10Hz and ω2=30Hz respectively. Thus x and y are time–
frequency dependent Gaussian processes.

An example of realization for each time series with a SNR equal to
−5 dB is given in Fig. 1(a). The wavelet coherence R2

xy ω;uð Þ and the
“true” WCS Sxy ω;uð Þ are displayed in Fig. 1(d, e). The empirical
coherence R̂

2
xy ω;uð Þ computed with n=10 trials is displayed in Fig. 2

(c) together with a time–frequency map showing (in red) the values
of the empirical coherence that are above the threshold rα with
α=5%.

First, remark the wavelet coherence R2
xy ω;uð Þ and the “true” WCS

Sxy ω;uð Þ do not contain the same information. Large value of the
cross-spectrum are mainly observed in narrow frequency bands
centered at the frequencies ω=10Hz and ω=30Hz and on the time
intervals [0, 300] ms and [300, 700] ms which is consistent with
model (2). To the contrary, the large values of wavelet coherence are
much more spread in the time–frequency plane, and are found for
example around the point (ω, u)=20 Hz, 300 ms which is somewhat
unexpected in the sense that there does not exist such a time–
frequency correlation between the two time series in model (3.1).

Secondly, it can be seen from Fig. 2(d) that the statistical test using
the threshold rα finds significant values for the coherence in the time–
frequency plane around the points (ω, u)=10 Hz, 200 ms and (a, u)=
30 Hz, 500 ms which is consistent with model (3.1) used to simulate
the data. However, the test also detects areas in the time–frequency
plane which do not correspond to significant values of the true
coherence displayed in Fig. 1(d), or to an expected time–frequency
dependence for such data. Now, let us consider the new statistical test
suggested in Section 2.2 that is based on the thresholding of the
empirical WCS with the data-based threshold λ̂α. In Fig. 2(f)
we display the result of this thresholding procedure for data from
model (3.1), i.e., Example 1 with n=10 trials. One can see that the
results are much better than those obtained by thresholding the
empirical wavelet coherencewith rα. This new test correctly estimates
the areas in the time–frequency plane where the dependence
between the time series is truly significant, and does not detect any
area where no correlation between the signals exists.

Results obtained using only n=2 trials are displayed in Fig. 3. It
can be seen that the results using the threshold rα to detect signifi-
cant values of the wavelet coherence are worse. Indeed, most of

the truly significant values of the coherence found previously with
n=10 trials (around the points (ω,u)=(10Hz,200ms) and (ω,u)=
(30Hz,500ms)) fall below the threshold rα when using n=2 trials. To
the contrary, the results displayed in Fig. 3(f) show that our procedure
using the threshold λ̂α to detect significant values of the wavelet
cross-spectrum performs very well with only n=2 trials.

Coherence detection in the absence of time–frequency dependence
between signals

Let us now compare the behavior of the two tests when there is a
priori no time–frequency dependence between the signals. A simple
example being the case of two independent Gaussian time series with
zero mean. For this consider the following simulated experiments:

Example 2. We simulate n independent realizations (trials) of the
following two times series of length T=1000 ms generated with
sampling rate 1 kHz:

x tkð Þ = Zðsin 2πω1tkð Þ1½0;u1 ½ tkð Þ + sin 2πω2tkð Þ1½u1 ;u2 ½ tkÞð Þ + σx!1;k

y tkð Þ = σy!2;k;
ð3:2Þ

where Z ~N(0,1),with tk=1,…,T,ω1=10 Hz,ω2=30 Hz, u1=300 ms,
u2=700 ms, and where the !j, k's are independent Gaussian variables
with zero mean and variance 1. The second signal y is therefore a
purely Gaussian white noise (we took σy=σx in this numerical
example), and therefore the coherence between x and y is expected to
be zero. An example of coherence estimation using model (3.2) with
n=10 is given in Fig. 4 . It can be seen that the test finds many
significant values for the wavelet coherence which is clearly not
consistent with the data from model (3.2). Consider now the results of
our test on Examples 2. One can see from Fig. 4 that all the values of
the empirical WCS fall below the data-based threshold λ̂α. Therefore,
contrary to the test based on the empirical wavelet coherence, our test
does not find significant values for the WCS which is consistent with
model (3.2).

Example 3. Let us simulate again n independent realizations (trials)
xmð Þm=1;…;n and ymð Þm=1;…;n of the two times series x and y from
model (3.1) with a SNR equal to −5dB. Then, we apply data shuffling
to the trials from the second time series to artificially create
independence across samples. More precisely, we propose to compare
the detection of time–frequency dependence when computing the
wavelet coherence and theWCS either from the raw data xmð Þm=1;…;n
and ymð Þm=1;…;n or from the shuffled trials xmð Þm=1;…;n and
ð ym˜ Þm=1…;n where ym˜ = ym + 1 (see Fig. 5 for an example with
n=30). By data shuffling, the time series xm and ym are independent
samples, and it is thus expected there is no coherence between such
signals. It can be seen in Fig. 5(f) that the test on coherence detection
finds many significant values for the wavelet coherence using the
shuffled data which is clearly not satisfactory. To the contrary, Fig. 5
(h) shows that our procedure does not find significant values for the
WCS when using the shuffled data while still performing a consistent
estimation of the WCS when using the raw data, see Fig. 5(d). When
the number of trials is small (see Fig. 6 (h) with n=10), the results of
the data shuffling show remaining significant values of the WCS
which are due to large values of the auto-spectrum of x and y, but
with much smaller areas than without data shuffling, see Fig. 6 (d).

Robustness to Gaussianity
The derivation of the threshold λ̂α relies on the assumption that

the time series are Gaussian processes. Therefore, one may wonder if
the test is robust to such an hypothesis.
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Example 4. To study robustness to Gaussianity, we simulate n
independent realizations (trials) of the following times series of
length T=1000 ms with sampling rate 1 kHz.

x tkð Þ = Zðsin 2πω1tkð Þ1½0;u1 ½ tkð Þ + sin 2πω2tkð Þ1½u1 ;u2 ½ tkð Þ Þ + σx!1;k

y tkð Þ = Zða1sin 2πω1tkð Þ1½0;u1 ½ tkð Þ + a2sin 2πω2tkð Þ1½u1 ;u2½ tkð ÞÞ + σy!2;k;

ð3:3Þ

where Z~Laplace (0,1) and !1,k~iid Laplace (0,1) !2,k~iid Laplace (0,1)
with u1,u2,ω1,ω2,a1,a2, σx, σy chosen as in model (3.1), and where
Laplace (0,1) denotes a random variable following a Laplace
distribution with zero mean and variance one. The time series in
model (3.3) thus follows a Laplace distribution, and are such that
they have the same wavelet coherence and WCS than the Gaussian
time series from model (3.1) which are displayed in Fig. 1(d, e).

An example of realization from model (3.3) with a SNR equal to
-5 dB is displayed in Fig. 7(a). It can be seen that time series following
such a Laplace distribution are signals which contains isolated peaks.
Hence, when compared to the Gaussian signals from model (3.1) in
Fig. 1(a), they are more appropriate to model spiky processes. The
results of our testing procedure displayed in Fig. 7(g) are very
satisfactory. The test correctly estimates the areas in the time–
frequency plane where the dependence between the time series is
truly significant. Moreover, it does not detect any area where no
correlation between the signals exists. Again, the results using the
standard test to detect significant values of the wavelet coherence are
not so satisfactory, see Fig. 7(e).

Evaluation of type I and type II errors: effects of n and SNR
To test the performances of this new procedure to detect

significant values of time–frequency dependence between random
signals, we propose to generate time series from model (3.1) using
different values for the SNR and the number of trials, and to compare
the results with those given by the standard test in Gish and Cochran
(1988); Zhan et al. (2006) to detect significant values of wavelet
coherence. Recall that the quality of a statistical test is expressed in
terms of its type I and type II error rate. The type I error rate is the
probability of a false positive, rejecting the null hypothesis at
frequency-time point (w,u) when it is true. The type II error rate is
the probability of a false negative i.e. accepting the null hypothesis at
frequency-time point (w,u) when there is a truly significant level of
time–frequency dependence at (ω,u) between the two-time series.
The goal of this simulation study is to evaluate the type I and type II
errors of the two tests at various points (w,u)in the time–frequency
plane.

The different values for the factors in the simulations are SNR=
−10, −20 dB and n=10, 100 trials. For each combination of these
two factors, we compare the two tests on M=100 repetitions from
model (3.1). Form=1,…M, each repetitionm consists in simulating n
trials frommodel (3.1) for a given level of SNR. Then, based on these n
trials, one constructs two time–frequency testing maps Tm(ω,u) (one
for each test) containing the result of each statistical test with Tm(ω,
u)=0 if the test accepts the null hypothesis H0, and Tm(ω,u)=1 if the
test rejects H0. For some repetition m, it is possible that the two (or
only one) tests perform poorly or very good. It is therefore important
to quantify the behavior of such tests on average, and not to draw
conclusions from a single set of n trials.

Fig. 1. Example 1 (a) An example of time series x1 and y1 generated from model (3.1) with SNR =−5dB. (b) Wavelet auto-spectrum Sx ω; uð Þ. (c) Wavelet auto-spectum Sy ω;uð Þ.
(d) Wavelet coherence R2

xy ω;uð Þ. (e) Wavelet cross-spectrum jSxy ω;uð Þ j2. The two time series have a common sine wave of 10 Hz from 1 ms to 300 ms and another common sine
wave of 30Hz from 300 ms to 700 ms in each trial.
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For this purpose, the performances of each test, over the M=100
repetitions, can be visualized from the following averaged time–
frequency testing map:

T ω;uð Þ = 1
M

∑
M

m=1
Tm ω;uð Þ:

Note that T ω;uð Þ is a value between 0 and 1 that can be interpreted
as the probability that the test rejects the null hypothesis H0 at
frequency-time point (w,u). Values close to 1 indicate that (on
average) the test rejects H0 at frequency ω and time u, while values
close to 0 indicate that (on average) the test accepts H0. Therefore,

comparing the values T ω;uð Þ to the true WCS and the true wavelet
coherence is way to evaluate the type I and type II errors of each test.
Results are displayed in Figs. 8 and 9, and themain comments that can
be made are the following:

− as the SNR decreases the time–frequency maps given by the true
wavelet coherence R2

xy ω;uð Þ and the true WCS jSxy ω;uð Þ j2 are
more and more similar, compare Figs. 1(a), (b) with Figs. 8, 9(a),
(d).

− the number of false positives using our test is extremely low. This
means that a value of the empirical WCS that is above the
threshold λ̂α can be considered as being a truly significant level of

Fig. 2. Example 1—Automatic detection of time–frequency dependence using n=10 trials with SNR =−5dB. (a) Empirical wavelet auto-spectum Ŝx ω;uð Þ. (b) Empirical wavelet
auto-spectum Ŝy ω;uð Þ. (c) Empirical wavelet coherence R̂2

xy ω;uð Þ. (d) Significant values (in red) of the empirical wavelet coherence that are above the threshold rα. (e) Empirical
WCS j Ŝxy ω;uð Þ j2. (f) Significant values (in red) of the empirical WCS that are above the threshold λ̂α . The value of α is 5% for both thresholds.

Fig. 3. Example 1—Automatic detection of time–frequency dependence using n=2 trials with SNR =−5dB. (a) Empirical wavelet auto-spectum Ŝx ω;uð Þ. (b) Empirical wavelet
auto-spectum Ŝy ω;uð Þ. (c) Empirical wavelet coherence R̂2

xy ω; uð Þ. (d) Significant values (in red) of the empirical wavelet coherence that are above the threshold rα. (e) Empirical
WCS j Ŝxy ω;uð Þ j2. (f) Significant values (in red) of the empirical WCS that are above the threshold λ̂α - The value of α is 5% for both thresholds.
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time–frequency dependence with a high confidence. To the
contrary, the test on empirical wavelet coherence using the
threshold rα yields many false positive.

− when the signal-to-noise ratio is high (SNR=−10 db), our test
performs very well with few trials (n=10). For a higher SNR, the
performances of our test are still very satisfactory when using
more trials.

Application to the analysis of corticomuscular interactions

To assess the usefulness of the proposed approach with an
experimental example, we compare the results of the two tests
when applied to neurophysiological signals. Data were collected from
a single healthy adult male volunteer, as part of a study on the effects
of force level on corticomuscular interactions during submaximal
voluntary isometric contractions. The participant was secured in a
seated position with the right knee 60° flexed on a calibrated
dynamometer (System 4 Pro, Biodex Medical Systems, Shirley, NY,
USA) used to record the net joint torque around the knee at 1000 Hz.
He was asked to perform blocks of isometric contractions of the right
knee extensors at either 10% or 20% of previously determined
maximal voluntary contraction (MVC), in a randomized order. Each
contraction level was performed 10 times per block for 6 seconds, and

was followed by a 6-second rest interval. Each blockwas followed by 3
minutes of rest, and overall, 10 blocks were performed leading to a
total of 100 contractions per MVC level. The required MVC level was
controlled through a visual torque feedback displayed on a screen
placed 1 m in front of the participant. The participant had to exert the
required torque level as soon as torque feedback was provided, and to
maintain it as accurately as possible through the duration of the
contraction until disappearance of the torque feedback. During the
contractions, he was required to keep its upper body and left lower
limb muscles relaxed and its arms rested on each tight.

Electroencephalographic signal (EEG) was recorded reference-free
at 1024 Hz using a 64-channel ActiveTwo system (BioSemi, Amster-
dam, Netherlands; electrode impedances below 5 k), with electrodes
arranged according to the International 10-20 system. The continuous
EEG signal was high-pass filtered at 0.5 Hz (zero-lag, 4th order
Butterworth filter) and referenced to the FCz electrode. The Cz
electrode was selected for further analysis as the electrode optimally
located to record cerebral activity directly linked to right lower limb
muscles contraction Masakado and Nielsen (2008); Perez et al.
(2006). Following suitable skin preparation Hermens et al. (2000),
surface electromyographic signal (EMG) was recorded from Vastus
Medialis (VM) at 1000 Hz using a Bagnoli-8 system (DE-2.1, Delsys,
Inc., Boston, MA, USA) with the reference electrode on the left radial

Fig. 4. Example 2—Automatic detection of time–frequency dependence using n=10 trials with SNR =−10dB. (a) Empirical wavelet coherence R̂
2
xy ω;uð Þ. (b) Significant values (in

red) of the empirical wavelet coherence that are above the threshold rα. (c) Empirical WCS j Ŝxy ω;uð Þ j2. (d) No significant values are found for the empirical WCS using the threshold
λ̂α . The value of α is 5% for both thresholds.

Fig. 5. Example 3—Automatic detection of time–frequency dependence using n=30 trials using either the raw data (first line) or the shuffled data (second line) (a, e) Empirical
wavelet coherence R̂2

xy ω;uð Þ. (b, f) Significant values (in red) of the empirical wavelet coherence that are above the threshold rα. (c, g) Empirical WCS j Ŝxy ω;uð Þ j2. (d, h) Significant
values (in red) of the empirical WCS that are above the threshold λ̂α . The value of α is 5% for both thresholds.
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styloid. The continuous EMG was resampled to 1024 Hz by third-
order spline interpolation and high-pass filtered at 3 Hz (zero-lag, 4th
order Butterworth filter).

Continuous data were then epoched from−1000 ms to+7000 ms
after the onset of the torque feedback, i.e., T=8192 for each
contraction. After rejection of the trials contaminated by EEG and/or

Fig. 6. Example 3—Automatic detection of time–frequency dependence using n=10 trials using either the raw data (first line) or the shuffled data (second line) (a, e) Empirical
wavelet coherence R̂2

xy ω;uð Þ. (b, f) Significant values (in red) of the empirical wavelet coherence that are above the threshold rα. (c, g) Empirical WCS j Ŝxy ω;uð Þ j2. (d, h) Significant
values (in red) of the empirical WCS that are above the threshold λ̂α . The value of α is 5% for both thresholds.

Fig. 7. Example 4—Robustness to Gaussianity using n=10 trials with SNR =−5dB. (a) An example of time series x1 and y1 generated from model (4). (b) Empirical wavelet auto-
spectum Ŝx ω;uð Þ. (c) Empirical wavelet auto-spectum Ŝy ω;uð Þ. (d) Empirical wavelet coherence R̂2

xy ω;uð Þ. (e) Significant values (in red) of the empirical wavelet coherence that are
above the threshold rα. (f) Empirical WCS j Ŝxy ω;uð Þ j2. (g) Significant values (in red) of the empirical WCS that are above the threshold λ̂α . The value of α is 5% for both thresholds.
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EMG artefacts, the number of remaining contraction was n=70 for
each MVC level. Thus, the value of the ratio T/n is in agreement with
the conditions discussed in the Appendix in the sense that T is much
larger than n.

Experimental results

Fig. 10 (third to fifth row) present the values of the WCS and the
wavelet coherence between EEG and EMG, and their corresponding
significant values, for a large number of trials (n=70). First, the

results show that WCS and wavelet coherence contain different
information. Large values of wavelet coherence are widely spread in
the time–frequency plane whatever the MVC level, without clear
difference in the correlation between EEG and EMG during the rest
and contraction periods. To the contrary, large values of WCS are
observed for non-null MVC levels in frequency bands centered at
10 Hz and 20 Hz, specifically on the time interval of muscular
contraction (knee extension). Secondly, the statistical test using the
threshold rα finds isolated significant values of the wavelet coherence,
dispersed both in time and frequency, whatever the MVC level. The

Fig. 8. Simulations with SNR=−10dB. (a) True wavelet coherence R2
xy ω;uð Þ. (d) TrueWCS jSxy ω;uð Þ j2. First row: averaged testing map for the detection of significant values of the

wavelet coherence with (b) n=10 and (c) n=100. Second row: averaged testingmap for the detection of significant values of theWCSwith (e) n=10 and (f) n=100 (red indicates
values close to 1 and blue indicates values close to 0).

Fig. 9. Simulations with SNR=−20dB. (a) True wavelet coherence (WC) R2
xy ω;uð Þ. (b) TrueWCS jSxy ω;uð Þ j2. First row: averaged testing map for the detection of significant values

of the wavelet coherence with (b) n=10 and (c) n=100. Second row: averaged testing map for the detection of significant values of the WCS with (e) n=10 and (f) n=100 (red
indicates values close to 1 and blue indicates values close to 0).
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test detects significant areas in the time–frequency plane during rest
periods and does not display a clear correlation between EEG and
EMG during maintained knee extension. Opposite to these results, the
proposed test using the threshold λ̂α reveals absence of correlation

between EEG and EMG during rest periods and for 0% MVC, and finds
bands of significant correlation centered at 10 Hz and 20 Hz during
knee extension for 10% and 20% MVC. In addition to these highlighted
features, the statistical test based on the thresholding of the WCS

Fig. 10. Analysis of wavelet coherence and WCS on EEG and EMG during isometric contractions of the knee extensors using n=70 trials. First row : empirical wavelet auto-spectra
(WAS) of EEG and EMG for MVC =0%, (no efforts) and MVC=10%. Second row: WAS of EEG and EMG for MVC=20%. Third row : data MVC=0%, (no efforts), fourth row: data for
MVC=10%, fifth row data for MVC=20%. First column: empirical wavelet coherence R̂2

xy ω; uð Þ. Second column: significant values (in red) of the empirical wavelet coherence that
are above the threshold rα. Third column: empirical WCS j Ŝxy ω; uð Þ j2. Fourth column: significant values (in red) of the empirical WCS that are above the threshold λ̂α .
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indicates clearer differences in the correlation between EEG and EMG
with increased MVC level.

Another benefit of our approach is that it gives good results with
very few trials. To illustrate this fact, we display the results obtained
when using only n=10 trials (randomly chosen from the 70 trials) in
Fig. 11. Using a smaller number of trials (n=10, see Fig. 11), similar

differences are observed between the WCS and the wavelet
coherence, and a similar trend is found between the two tests.
Apart from this general result, the significant values of the wavelet
coherence (threshold rα) indicate increased dispersion of the
correlation between EEG and EMG in the time–frequency plane
with n=10 thanwith n=70.When thresholding theWCSwith λ̂α , it

Fig. 11. Analysis of wavelet coherence and WCS on EEG and EMG during isometric contractions of the knee extensors using only n=10 trials. First row : empirical wavelet auto-
spectra (WAS) of EEG and EMG for MVC=0%, (no efforts) and MVC=10%. Second row: WAS of EEG and EMG for MVC=20%. Third row : data MVC=0%, (no efforts), fourth row:
data for MVC=10%, fifth row data for MVC=20%. First column: empirical wavelet coherence (WC) R̂2

xy ω;uð Þ. Second column: significant values (in red) of the empirical wavelet
coherence that are above the threshold rα. Third column: empirical WCS j Ŝxy ω;uð Þ j2. Fourth column: significant values (in red) of the empirical WCS that are above the threshold
λ̂α .
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can be seen from Fig. 11(n) and (r) c results i) in broader bands
centered at 10 Hz and 20 Hz of significant correlation between EEG
and EMG, and ii) in the detection of significant areas centered at 7 Hz
during periods of rest, see Fig. 11(j).

Data shuffling

For MVC=10% and MVC=20%, Fig. 10(c, e) show large variations
of the EEG WAS power specifically in the frequency bands of interest
centered at 10 Hz and 20 Hz (i.e., alpha and beta bands, respectively),
when compared to the case MVC=0%, Fig. 10(a). This marked
variation in the autospectra causes variation in theWCS, and one may
wonder if our test automatically adapts to the change in magnitude of
the WCS while still allowing a consistent detection of the significant
values of the WCS. To illustrate this point, we used data shuffling as
follows. We have compared the results of our test when computing
either a WCS using the EEG trials at MVC=0% and the EMG trials at
MVC=0% or a WCS using the EEG trials at MVC=20% and the EMG
trials at MVC=0%. In both cases our test detects very few significant
values in the WCS (see Fig. 12(d) and compare with Fig. 10(j)).

Discussion

Theoretical comparison of the two statistical procedures

Our method has been analyzed from the point of view of statistical
hypothesis testing. With small probability, the procedure rejects the
null hypothesis that the repeated trials come from two independent
Gaussian time series. The method is thus valid for the analysis of any
Gaussian processes with zeromean, in particular for those that are not
stationary. Its use is therefore more general than the standard test for
significant wavelet coherence detection which is mainly valid for the
null hypothesis that the two time series are independent white noise.

Comparison using simulated data

First, if the level of noise in the measurements is high, then the
“true” wavelet coherence and the “true” WCS tend to carry the same
kind of information on time–frequency dependence between two
time series. However, the testing procedures using either the
empirical wavelet coherence or the empirical WCS clearly yield to
very different conclusions on the nature of the correlations between
two times series.

The numerical experiments show that the use of the standard test
using wavelet coherence yields erroneous coherence detection (type I
error in statistical hypothesis testing), and can miss truly significant
values (type II error in statistical hypothesis testing). In particular, this
test detects areas the time–frequency plane where no correlation
between the signals exists. Indeed, for all values of SNR and numbers

of trials, the test using the wavelet coherence yields many false
positive, which clearly questions the interpretability of this test and
its level of confidence. To the contrary, our procedure correctly
estimates the areas in the time–frequency plane where the depen-
dence between the time series is truly significant. Moreover, our test
does not detect any area where no correlation between the signals
exists, meaning that our test is more conservative.

These results using data shuffling support the argument that our
test is adapted to the case where the auto-spectrum of each time
series can be very large. Hence, a value of theWCS above the threshold
λ̂α can generally be considered as being due to time–frequency
dependence between the signals.

With very few trials, the results obtained using the test on wavelet
coherence detection are extremely unsatisfactory. To the contrary, our
procedure to detect significant values of the cross-spectrum performs
verywell with few repeated observations. Indeed, the results obtained
with only n=2 trials clearly show that our test correctly estimates the
areas in the time–frequency plane where the dependence between
the time series is truly significant, and does not detect any area where
no correlation between the signals exists.

The numerical examples also demonstrate some robustness of the
test to the assumption that the time series should be Gaussian.

To the best of our knowledge, this testing procedure to detect
significant values of the cross-spectrum is new, and we believe that it
represents a powerful alternative to some limitations of wavelet
coherence analysis.

Discussion on the analysis of corticomuscular interactions

Our results on the analysis of the correlation between EEG and
EMG, i.e. the corticomuscular interactions, emphasize those obtained
from simulated data and illustrate the potential of the proposed test to
effectively detect time–frequency dependence between non-station-
ary signals. Thresholding the WCS with the data-based threshold λ̂α

overcomes the effects of both time and frequency scaling observed
when thresholding the wavelet coherence with rα. In agreement with
previous findings on corticomuscular synchronization (for review, see
Mima and Hallett (1999a); Salenius and Hari (2003)), the proposed
statistical test improves the detection of the significant areas of
correlation at 10 Hz and 20 Hz between EEG and EMG in the time–
frequency plane. Significant corticomuscular interactions were found
around 20 Hz in agreement with the literature (see Conway et al.
(1995); Kilner et al. (2000); Salenius et al. (1997)) but also around
10 Hz, a finding that is less common but nonetheless reported in
several studies in healthy subjects (see Feige et al. (2000); Marsden et
al. (2001)) and in Parkinson's patients (see (Raethjen et al. (2009)).

Using our method, corticomuscular interaction was not significant
during the rest periods and during 0%MVC trials. This feature is clearly
an advantage of the proposed test for application to the analysis of

Fig. 12. Analysis of wavelet coherence and WCS on EEG and EMG during isometric contractions of the knee extensors using n=70 trials and data shuffling. First row: data shuffling
(EEG−MVC=20%/EMG−MVC=0%). First column: empirical wavelet coherence R̂2

xy ω;uð Þ. Second column: significant values (in red) of the empirical wavelet coherence that are
above the threshold rα. Third column: empirical WCS j Ŝxy ω;uð Þ j2. Fourth column: significant values (in red) of the empirical WCS that are above the threshold λ̂α .
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corticomuscular interactions, because it does not detect significant
area where no correlation exists between the non-stationary signals.
For non-null MVC levels, the statistical test on the WCS with λ̂α does
not find significant peaks of coherence dispersed in the time–
frequency plane. To the contrary, when the number of trials is high
(n=70), the proposed test detects accurate bands of correlation
centered at 10 Hz and 20 Hz during the time interval of muscular
contraction. With regards to the results from simulated data, one can
suggest that the proposed test estimates more correctly the areas in
the time–frequency plane where the dependence between EEG and
EMG is truly significant, and that it offers the major advantage to
reduce the detection of false positive when compared with the test on
the wavelet coherence with rα.

Another benefit of our approach for application to the analysis of
corticomuscular interactions is that the improvement of the detection
of corticomuscular interactions is maintained with a small number of
trials. Despite an observed increased dispersion in frequency with few
trials (n=10), the results obtained using the proposed test conserve
similar general features to those observed with a large number of
trials, which illustrates the practical advantage of our approach when
the clinical conditions limit the possible number of experimental
trials.

Finally, using data shuffling, we have shown that our method
automatically includes an estimation of the variance of the two time
series in the computation of the threshold used to detect significant
value of theWCS. Indeed, although in the case EEG−MVC=0%/EMG−
MVC=0% themagnitude of theWCS increases, our test does not detect
more significant time–frequency dependence which is consistent with
the fact that connectivity does not change when compared to the case
EEG−MVC=20%/EMG−MVC=0%.

Advantages of WCS in contrast with wavelet coherence

Although the cross-spectrum is a non-normalized measure of
dependence, our testing procedure can be used to detect significant
values of the empirical WCS since it automatically estimates the
amplitude of the auto-spectra of the time series. Coherence is often
considered as being more interpretable since it is a normalized
measure. However, results in this paper clearly show that a significant
value of wavelet coherence (above the detecting threshold rα) does
not necessarily correspond to a significance level of time–frequency
dependence. Hence, the use of the standard test on wavelet coherence
may lead to erroneous conclusions. To the contrary, in many
situations, the use of the WCS combined with our testing procedure
is a much more reliable way to detect areas in the time–frequency
plane where the dependence between two time series is truly
significant. Although we have demonstrated some robustness to
Gaussianity, a limitation of our approach is that the derivation of the
threshold bmbdaα relies on the assumption that the time series are
Gaussian.

Conclusion

We have proposed a new statistical test to detect significant values
of the wavelet cross-spectrum between two time series using
repeated trials. These values correspond to a truly significant level
of time–frequency dependence between the two time series. The test
is a fully data-driven procedure based a simple thresholding of the
wavelet cross-spectrum. Throughout the paper, this method has been
compared with the standard test described in the literature to detect
significant values of wavelet coherence between two time series.
Comparisons have been made using both theoretical arguments and
numerical experiments.

In usual experiments in neuroscience, one often wants to know if a
WCS is statistically different from another WCS. This corresponds to
the null hypothesis that the difference between two WCS computed

from two data sets consisting of pair of time series is zero. A natural
procedure to test such an hypothesis would be to compute the
difference between two empirical WCS, and then to use an
appropriate threshold to detect significant values of the resulting
time–frequency map. We believe that the theoretical arguments
developed in this paper could be used to derive such a threshold,
which represents an interesting topic for future work.
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Appendix

Derivation of the threshold λ̂ α

The following proposition shows that it is possible to derive under
H0(Σx, Σy) a probabilistic upper bound for the empirical WCS (the
proof is given in Section 5.2). The key quantities to control such an
upper bound are the maximal eigenvalues ρx2 and ρy2 of the covariance

matrices Σx and Σy defined as ρ2x = maxv∈ℝT
v′Σxv
v′v

and ρ2y =

maxv∈ℝT
v′Σyv
v′v

: Note that in the case where Σx=σx
2IT and Σy=σy

2IT

then ρx2=σx
2 and ρy2=σy

2.

Proposition 5.1. Suppose that the hypothesis H0(Σx, Σy) is true. Let
0bαb1. Assume that ψ is the Morlet wavelet defined in (2.1). For any
frequency ω and time u, define the threshold

λα =
ρxρy
n

∥ψω;u∥
2 −log α= 2ð Þ +

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2nlog α= 2ð Þ

q" #
;

where ∥ψω;u∥2 = ∑T
k = 1 ψω;u tkð Þ

$$ $$2 and ψω;u tkð Þ =
ffiffiffiffiffiffiffi
ω
ω0

r
ψ

ω
ω0

tk−uð Þ
" #

.
Then, for any n≥1

ℙ j Ŝxy ω;uð Þ j N λα

% &
≤α;

where for a random variable Z and a real tN0, the notation ℙ(|Z|N t)
denotes the probability of the event that the modulus of Z is greater
than t.

In all the numerical experiments of the paper, the energy (or L2

norm) of the wavelet ψ is normalized to be one at all scales (meaning that
∥ψω, u ∥2=1). Under such an assumption, the threshold λα does not
depend on the frequency ω and time u, and one can take the
simplified threshold

λα =
ρxρy
n

−log α= 2ð Þ +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2nlog α= 2ð Þ

q" #
:

Note also that Proposition 5.1 can be applied with any mother
wavelet ψ that is a real-valued function. However, this procedure is
obviously not directly applicable to real data, as the covariance
matrices Σx and Σy and thus the eigenvalues ρx2 and ρy2 are typically
unknown in practice. Nevertheless, data-based values for these
parameters can be given. Indeed, if one observes n repeated trials
xmð Þm=1;…;n and ymð Þm=1;…;n (viewed as n independent realizations of
the stochastic processes x and y respectively) then one can define
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unbiased estimators of Σx and Σy by taking the following empirical
covariance matrices

Σ̂x =
1
n

∑
n

m=1
xmx′m and Σ̂y =

1
n

∑
n

m=1
ymy′m:

It is then tempting to estimate ρx2 and ρy2 by the maximal
eigenvalues ρ̂2x and ρ̂2y of the empirical covariance matrices Σ̂x and Σ̂y

defined as

ρ̂2x = max
v∈ℝT

v′Σ̂xv
v′v

and ρ̂2y = max
v∈ℝT

v′Σ̂yv
v′v

:

Note that the quantities ρ̂2x and ρ̂2y are not difficult to compute
numerically using standard software such as the MATLAB program-
ming environment. However, results from randommatrix theory (see
El Karoui (2007) and references therein) show that ρ̂2x and ρ̂2y are not
consistent estimators of ρx2 and ρy2. Indeed, in the case where Σx=σx

2IT
and Σy=σy

2IT then

lim
n→ + ∞;T→ + ∞

ρ̂x = σx 1 +
ffiffiffiffi
γ

p
ð Þ and lim

n→ + ∞;T→ + ∞
ρ̂y = σy 1 +

ffiffiffiffi
γ

p
ð Þ

where γ = limn→ + ∞;T→ + ∞
T
n
. Therefore if γN0 then ρ̂x does not

converge to σx. The coefficient γ reflects the ratio between the length
T of the time series and the number of trials n. Typically, T is much

larger than n and in practice, the ratio
T
n
can be larger than 10 or 100,

meaning that the ratio ρ̂x
σx
≈ 1 +

ffiffiffiffi
γ

p" #
is not close to one. This

phenomena is a well known problem for the statistical estimation of
large covariance matrices (see e.g. Bickel and Levina (2008) and
references therein) in the high-dimensional data setting when the
size of the data (here the number of time points T) is much larger than
the number of repeated observations n.

In the more general case where Σx≠σx
2IT or Σy≠σy

2IT, using
Theorem II.13 in Davidson and Szarek (2001) it can be shown that for
any value of 0bβ≤1 and any fixed n≥1 and T≥1 then

ℙ ρ̂x≥ρx 1 +
ffiffiffi
T
n

r
+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2log βð Þ

n

r ! !
≤β:

These results therefore suggest to estimate ρx and ρy by

ρ̂x

$
1 +

ffiffiffi
T
n

r !

and ρ̂y

$
1 +

ffiffiffi
T
n

r !

which leads to the use of the

following data-based threshold λ̂α (in the case where the energy of
the wavelet ψ is normalized to be one)

λ̂α =
ρ̂x ρ̂y

1 +
ffiffiffi
T
n

r !2 − log α= 2ð Þ
n

+

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2log α = 2ð Þ

n

r !
:

Proof of Proposition 5.1

Let Z = Ŝxy ω;uð Þ and remark that under H0 the random variable Z
can be written as

Z =
1
n

∑
n

m=1
X′m;1Σ

1 = 2
x aa′Σ1 = 2

y Xm;2;

where Xm, 1 and Xm, 2 are independent centered Gaussian vector in ℝT

with covariance matrix the identity, and a is the deterministic vector
in ℂT with entries

a = ψω;u tkð Þ
h iT

k = 1
where ψω;u tkð Þ =

ffiffiffiffiffiffiffi
ω
ω0

r
ψ

ω
ω0

tk−uð Þ
% &

:

Then, define the following vector X∈ℝn2T by concatenation of the
vectors Xm,1 and Xm,2 in the following way:

X =
Xm;1
Xm;2

% &

m=1;…;n
∈Rn2T

:

Note that X is a centered Gaussian vector with covariance matrix
the identity. Then, define the 2T×2T matrix with complex entries

Axy =
1
2n

Σ1 = 2
x 0

0 Σ1 = 2
x

 !
0 aa′
aa′ 0

% & Σ1 = 2
y 0

0 Σ1 = 2
y

0

@

1

A

and introduce the following n2T×n2T block-diagonal matrix

A =

Axy 0 … 0
0 Axy 0 0
⋮ 0 … 0
0 0 0 Axy

0

BB@

1

CCA :

Given the definition (2.1) of the Morlet wavelet ψ, one can check
that the matrix aa′ is Hermitian which implies that the matrices Axy

and A are Hermitian. Then, one can remark that the random variable
mphZ can be written in the form of a χ2 variable as

Z = X′AX:

Now, the result of Proposition 5.1 follows from the lemma below
(its proof follows from standard arguments on the concentration ofχ2

variables, see e.g. Proposition 3 in Comte (2001) and Lemma 1 in
Laurent and Massart (2000)):

Lemma 5.2. Let X∈ℝp be a centered Gaussian vector with covariance
matrix the identity. Let Γ be a p×p Hermitian matrix (with complex
entries). Let γ1, …, γp be the eigenvalues of Γ. Define

γ = max
1≤i≤p

fjγi jg and s2 = ∑
p

i=1
jγi j

2
:

Then, for any ηN0 one has that

ℙ jX′ΓX−tr Γð Þ j≥2γη + 2
ffiffiffiffiffiffiffiffi
s2η

q% &
≤2exp −ηð Þ;

where tr(Γ) is the trace of the matrix Γ.
Then, remark that the eigenvalues of the 2T×2T Hermitian matrix

Axy are smallest than
ρxρy
2n

∥a∥2, where ∥z∥ denotes the standard
Euclidean norm of a vector z in CT. Therefore, if one denotes by γ1, …,
γp the eigenvalues of A with p=2nT, it follows that

max
1≤i≤p

fjγi jg≤
ρxρy
2n

∥a∥2:

Remark also that Axy
2 is of rank 2 with eigenvalues bounded by

ρxρy
2n

∥a∥2
' (2

and therefore

∑
p

i=1
jγi j

2 = tr A2
' (

= ntr A2
xy

' (
≤2n

ρxρy
2n

∥a∥2
% &2

=
ρ2xρ

2
y

2n
∥a∥4:

Finally, note that

∥a∥2 = ∥ψω;u∥
2 where ∥ψω;u∥

2 = ∑
T

k=1
ψω;u tkð Þ
)) ))2:
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Therefore, using that tr(A)=0 and by applying Lemma 5.2 with

p=2nT, Γ=A, γ =
1
2n

ρxρy∥ψω;u∥2 and s2 =
1
2n

ρ2xρ
2
y∥ψω;u∥4, it follows

that for any ηN0

ℙ jZ j≥ ρxρy
n

∥ψω;u∥
2 η +

ffiffiffiffiffiffiffiffiffi
2nη

p" #$ %
≤ 2exp −ηð Þ:

Thus, the result of Proposition 5.1 follows by taking η=− log(α/2)
which completes the proof. □
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Abstract

After spinal cord injury (SCI), the reorganization of the neuromuscular system leads to increased antagonist muscles’
co-activation—that is, increased antagonist vs. agonist muscles activation ratio—during voluntary contractions. Increased muscle
co-activation is supposed to result from reduced cortical influences on spinal mechanisms inhibiting antagonist muscles. The
assessment of the residual interactions between cortical and muscles activity with corticomuscular coherence (CMC) in partici-
pants with SCI producing different force levels may shed new lights on the regulation of muscle co-activation. To achieve this
aim, we compared the net joint torque, the muscle co-activation and the CMC ~ 10 and ~ 20 Hz with both agonist and antagonist
muscles in participants with SCI and healthy participants performing actual isometric elbow flexion contractions at three force
levels. For all participants, overall CMC and muscle co-activation decreased with the increase in the net joint torque, but only
CMC ~ 10 Hz was correlated with muscle co-activation. Participants with SCI had greater muscle co-activation and lower CMC
~ 10 Hz, at the highest force levels. These results emphasize the importance of CMC as a mechanism that could take part in the
modulation of muscle co-activation to maintain a specific force level. Lower CMC ~ 10 Hz in SCI participants may reflect the
decreased cortical influence on spinal mechanisms, leading to increased muscle co-activation, although plasticity of the cortico-
muscular coupling seems to be preserved after SCI to modulate the force level. Clinically, the CMC may efficiently evaluate the
residual integrity of the neuromuscular system after SCI and the effects of rehabilitation.

Introduction

After spinal cord injury (SCI), the intensive reorganization of the
neuromuscular system leads to increased antagonist muscles co-acti-
vation (Thomas et al., 1998; Cremoux et al., 2016). Muscle co-acti-
vation refers to the simultaneous activation of agonist and antagonist
muscles, respectively, acting in and against the direction of the net
joint torque (Kellis et al., 2003). It takes an active part in joint sta-
bilization according to the exerted force level (Baratta et al., 1988;
Solomonow et al., 1988; Gribble et al., 2003; Rao et al., 2009;
Amarantini & Bru, 2015). After SCI, increased muscle co-activation
may be caused by reduced influence of the cortical structures on the
spinal mechanisms inhibiting antagonist muscles (Boorman et al.,
1996; Xia & Rymer, 2005), and especially altered reciprocal inhibi-
tion (Cremoux et al., 2016). Therefore, the residual interactions

between cortical and muscles’ activities may play a major role in
the regulation of muscle co-activation.
Interestingly, the corticomuscular coherence (CMC) can be taken

to investigate motor cortex-to-muscle interactions. CMC is the spec-
tral relationship between the electroencephalographic activity (EEG)
recorded over the primary motor cortex (M1) and the electromyo-
graphic (EMG) activity of the muscles involved in the motor perfor-
mance (Salenius & Hari, 2003). Significant CMC is found in
the frequency band ~ 10 and ~ 20 Hz (Mima & Hallett, 1999). The
CMC ~ 20 Hz is supposed to reflect the direct implication of
the M1 neurons in muscle activations (Conway et al., 1995). The
modulation of the magnitude of the CMC ~ 20 Hz is thought to be
specifically related to the task performance (Kristeva-Feige et al.,
2002) and has functional relevance for the modulation of the net
joint torque (Chakarov et al., 2009; Ushiyama et al., 2010, 2012).
The neurophysiological processes underlying CMC ~ 10 Hz are still
object of debates in the literature. On the one side, some authorsCorrespondence: Sylvain Cremoux, as above.
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proposed that CMC ~ 10 Hz could reflect some integrative cortical
processing of sensory afferent inputs (Vecchio et al., 2008; Budini
et al., 2014). For example, Budini et al. (2014) revealed CMC
between EEG channels over the sensorimotor cortex and the EMG
from biceps brachii (BB) muscle in healthy individuals performing
sustained elbow contractions against a spring load and in isometric
conditions. CMC ~ 10 Hz was found in some participants during
isometric contractions and in all but one participants during contrac-
tions against the spring load. These results were interpreted as
enhanced afferent activity from muscle spindles during contractions
against the spring load. On the other side, based on the systematic
phase difference between cortex and muscles activation, Raethjen
et al. (2002) interpreted CMC ~ 10 Hz as a transmission of infor-
mation from the supraspinal structures to the muscles. Both of these
interpretations are supported by Williams & Baker (2009a,b) who
modeled that a reduction in CMC ~ 10 Hz can be understood by
spinal inhibitory mechanisms, enhanced by sensory afferent inputs.
It is well known that reciprocal inhibition mechanism, inhibiting
antagonist muscles activation, is under the influence of both sensory
and cortical information (Schomburg, 1990; Jankowska, 1992). A
modulation of the CMC ~ 10 Hz with antagonist muscles could thus
reflect an alteration of the cortical control on spinal reciprocal
inhibition after SCI.
This study aimed to test whether the CMC ~ 10 and ~ 20 Hz

are linked to the level of co-activation in healthy people and fol-
lowing SCI. All participants performed elbow flexion contractions
at different force levels. We hypothesized differences in the magni-
tude of CMC with both agonist and antagonist muscles with the
modulation of force level between participants. An alteration of
CMC ~ 10 Hz especially with antagonist muscles, correlated with
the level of muscle co-activation, was expected in participants with
cervical SCI. Such an alteration could reflect the reduced cortical
influences on spinal inhibitory mechanisms controlling muscle co-
activation.

Materials and methods

Participants

Eighteen volunteers participated in this study. Prior to any procedure,
all participants signed informed consent to participate after receiving
explicit information about the experimental design. The study protocol
followed the local ethic guidelines from the Faculty of Sport Sciences
and Human Movement, Paul Sabatier University (Toulouse 3) in Tou-
louse, France. All participants were right-handed as assessed by the
Edinburgh handedness inventory (mean laterality quotient:
69.3 ! 23.8%; Oldfield, 1971). Two groups of participants, matched
for age, mass and height (t-tests; all P > 0.05), were distinguished.
The SCI group included eight participants (age: 32.5 ! 6.2 years;
mass: 61.5 ! 13.3 kg; height: 174.7 + 9.7 cm). Seven participants
(one female) had a complete SCI located from C5-C6 to C8-T1 verte-
brae, and one participant had an incomplete SCI located at the C5-C6
vertebrae (graded D on the American Spinal Injury Association
Impairment Scale). The able-bodied (AB) group included 10 healthy
participants with no neuromusculoskeletal or sensory disorders
(27.0 ! 4.0 years; 69.6 ! 8.0 kg; 175.3 ! 4.5 cm).

Materials

The net moment was recorded around the right elbow joint at 1 kHz
using a calibrated dynamometer (System 4 Pro, Biodex Medical
Systems, Shirley, NY, USA).

Electromyographic was recorded from four muscles of the right
upper limb at 1000 Hz with Ag-AgCl EL503 surface electrodes con-
nected to MP 150 amplifiers (Biopac Systems Inc., Goleta, USA).
Electrodes were placed with a 2-cm inter-electrode distance on the
belly of each muscle following suitable skin preparation (Hermens
et al., 2000). The BB and brachioradialis (BR) were chosen as rep-
resentative of elbow flexors, and the long and lateral heads of the
triceps brachii (TBlh and TBlt, respectively) were chosen as repre-
sentative of elbow extensors (Bouisset et al., 1976; Buchanan et al.,
1989). The reference electrode was placed on the left ulna styloid
process.
Electroencephalography was recorded at 1024 Hz from 64 elec-

trodes mounted on a 10–20 system cap (Active II, Biosemi Inc.,
Amsterdam, the Netherlands). Electro-oculogram was recorded from
the left eye to detect any eye movements or blinks.
Time synchronization of data acquisitions was achieved offline

using a TTL pulse.

Experimental setup

Participants were seated on the chair of the dynamometer with their
trunk firmly strapped to the back of the chair. The right arm was
positioned along the trunk, and the right forearm was supinated and
90° flexed relative to the arm before being strapped to the limb sup-
port of the dynamometer. Participants were asked to place the left
arm at rest on the left thigh.

Protocol

Prior the experimental session, participants performed 3 so-called
relative Maximum Voluntary Contractions (rMVC) around the right
elbow joint in flexion. The rMVC was determined as the highest net
moment reached while keeping at rest all the muscles not involved
in the task, especially face and neck muscles, to avoid muscles arti-
fact in EEG recordings (Dal Maso et al., 2012; Cremoux et al.,
2013a,b). The experimental protocol consisted of 21 elbow isometric
flexion contractions at 25, 50 and 75% rMVC randomized in seven
sets of contractions. Each contraction lasted 6 s and was followed
by a 6 s rest. Each set of contractions was followed by a 3-min rest
period. The required force level was presented with a visual feed-
back (Presentation program, NeuroBehavioral Systems Inc. Albany,
USA) appearing on a screen located 1 m in front of the participants.
A full description of the experimental protocol is given in Cremoux
et al. (2013a).

Data analysis

The continuous data were reduced into [-0.5 + 8] s trials from the
appearance of the visual feedback. Each trial was visually inspected
through the EEGLAB Matlab toolbox (Delorme & Makeig, 2004)
to remove trials where EEG signals were contaminated by muscle
artifacts. Whatever the force level, the number of trials used for fur-
ther analysis was similar for all participants (18.01 ! 2.29;
P > 0.05).
All filters mentioned below were fourth-order, zero-lag

Butterworth-type filters.

Net torque production

The net torque signal was low-pass filtered at 10 Hz (Nordez et al.,
2008). For each trial, the net torque production was averaged over a
[+3 + 6] s period, considered as a relevant period of interest.

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
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Muscle co-activation

Raw EMG data were [10–400] Hz band-pass filtered, full-wave rec-
tified and 9 Hz low-pass filtered to obtain the linear envelope
(Shiavi et al., 1998). As recommended by Kellis et al. (2003), the
muscle co-activation between elbow agonist/antagonist muscle pairs,
expressed as a percentage, was calculated over the [+3 + 6] s period
of interest from MVC-normalized linear envelopes of antagonist
(TBlt and Tblh) and agonist (BB and BR) muscles (Falconer &
Winter, 1985; Winter, 2005; Amarantini & Bru, 2015).

Muscle Co-activation ¼ 2 " EMGANTAGO

EMGAGO þ EMGANTAGO
" 100% ð1Þ

Corticomuscular coherence

Corticomuscular coherence was calculated in the time-frequency
domain using the WaveCrossSpec software for wavelet coherence
analysis (Bigot et al., 2011; http://www.math.u-bordeaux1.fr/~jbigot/
Site/Software_files/WavCrossSpec.zip) between the signal from the
C3 EEG electrode and each of the four EMG signals. Previous
methodological studies revealed that time-frequency transformation
was most suitable to conventional frequency domain analysis for ana-
lyzing coherence in non-stationary electrophysiological signals (Zhan
et al., 2006; Allen & MacKinnon, 2010; Bigot et al., 2011), even
though the quantification of corticomuscular interactions is subse-
quently quantified over a specified time period of interest. C3 EEG
electrode was taken as the optimal location for studying cortical activ-
ity dedicated to right elbow muscle contractions, in accordance with
previous investigations (Siemionow et al., 2000; Caviness et al.,
2006; Tuncel et al., 2010; Cremoux et al., 2013a,b).
For CMC calculation, the following steps were used. The EEG and

EMG data were first band-pass filtered at [3–100] Hz and notched at
[45–55] Hz (Sabri & Campbell, 2002; Baker & Baker, 2012; Dal Maso
et al., 2012; Cremoux et al., 2013b). Channels visually identified as
‘bad’ channels were removed, and EEG signals were average referenced
(Delorme et al., 2007; note that the C3 EEG channel has never been
identified as ‘bad’ channel during this step; see Fig. 1A and B after
these processing steps). The wavelet power spectrum of centered C3
EEG signal (Fig. 1C) and each unrectified EMG signals (Fig. 1D) was
then obtained with parameters ‘nvoice’ (scale resolution of the wavelet),
‘J1’ (number of scales) and ‘wavenumber’ (Morlet mother wavelet
parameter) set, respectively, to 0.125, 871 and 7 to yield accurate identi-
fication of oscillatory activity from 0.13 Hz to 114.39 Hz in 1.07 Hz
step. EMG signals were not rectified to properly model EMG time series
as centered Gaussian processes (Bigot et al., 2011; Charissou et al.,
2016) and not to lose important information contained in the EMG sig-
nal spectrum (Neto & Christou, 2010; McClelland et al., 2012; Yang
et al., 2016). The wavelet cross-spectrum (Fig. 1E), that is, the common
power spectrum between the centered C3 EEG signal and each unrecti-
fied EMG signal, was calculated using the following equation.

SEMG;EEGðx; uÞ ¼ E ðWEMGðx; uÞWEEGðx; uÞÞ ð2Þ

where SEMG (x, u) and SEEG (x, u) are the wavelet auto-spectrum
of each EMG and EEG signal, respectively, which are defined as

SEMGðx; uÞ ¼ EjWEMGðx; uÞj2 ð3Þ

SEEGðx; uÞ ¼ EjWEEGðx; uÞj2 ð4Þ

The values of the wavelet cross-spectrum between EEG and
EMG signals that were above the significant threshold k̂a (with

a = 0.05) were considered as significant interactions (Bigot et al.,
2011). The significance threshold was calculated using the following
equation.

k̂a ¼ q̂EMGq̂EEG

1 þ
ffiffiffi
T
n

q" #2 & logða=2Þ
n

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
& 2logða=2Þ

n

r !
ð5Þ

With q̂EMG and q̂EEG being the largest eigenvalue of the empirical
covariance matrix of the EMG and the EEG signal, respectively.
The computation of the threshold is thus data-based as it includes
an estimation of the variance of the two time series. This procedure
is particularly adapted for signals having different magnitude of
covariance.
Finally, the wavelet magnitude-squared coherence (Fig. 1F), that

is, the cross-spectrum normalized by the power spectrum of each
signal, was calculated using the following equations.

R2
EMGEEGðx; uÞ ¼

jSEMG;EEGðx;uÞj2

SEMGðx; uÞSEEGðx; uÞ
; ð6Þ

where SEEG, EEG(x, u) is the wavelet cross-spectrum between
EMG and EEG signals (Eqn 2), and SEMG(x, u) and SEEG(x, u)
are the wavelet auto-spectrum of each EMG and EEG signal
(Eqns 3 and 4).
The magnitude of the CMC was calculated from 0 to 1 bounded

corticomuscular values as the volume under the time-frequency map
of magnitude-squared coherence only where the wavelet cross-
spectrum between the EEG and EMG signals was detected as signif-
icant (Charissou et al., 2016; Yoshida et al., 2017). Over the
[+3 + 6] s period of interest, the magnitude of the CMC was com-
puted in two frequency bands of interest: [8–13] Hz (CMC8-13)
(Christou et al., 2007) and [13–31] Hz (CMC13-31) (Mima et al.,
1999). For each frequency band, the magnitude of the CMC was
finally averaged for two elbow flexor muscles, BB and BR, and for
two elbow extensor muscles, TBlh and TBlt.
Figure 2 illustrates more precisely the modulation of the magni-

tude of the CMC depicted in Fig 1E over frequency in the period of
interest (left panel) and time in the frequency bands of interest (bot-
tom panel).

Statistical analysis

A two-factor group (between-subjects factor: AB vs. SCI) 9 force
level (within-subjects factor: 25% vs. 50% vs. 75%) mixed analysis
of variance (ANOVA) was conducted on the mean net torque, muscle
co-activation and magnitude of CMC. For the latter, independent
ANOVA was performed for CMC8-13 and CMC13-31 magnitude with
elbow flexors and extensors with g2p reported to represent effect size.
Huynh & Feldt (1976) correction for degrees of freedom was used
where applicable. For each force level, Spearman’s correlation coef-
ficients were calculated to test the strength of correlation between
muscle co-activation and CMC8-13 and CMC13-31 magnitude with
elbow flexors and extensors. For all statistical tests, the level of sig-
nificance was set at P < 0.05.

Results

Net torque

The ANOVA performed on the mean net torque revealed only a
main force level effect (F2,32 = 208.77; P < 0.01; g2p = 0.93). For
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all participants, the mean net torque increased from 10.63 ! 3.25
Nm at 25% rMVC to 30.89 ! 8.59 Nm at 75% rMVC
(Fig. 3A).

Muscle co-activation

The ANOVA performed on the muscle co-activation revealed a force level
effect (F2,32 = 14.94; P < 0.01; g2p = 0.48) and a group effect

Fig. 1. Illustration of the processing steps used for time-frequency analysis of corticomuscular coherence from one representative able-bodied participant. First
row: typical recordings of C3 electroencephalography (EEG) signals (A) and brachioradialis (BR) electromyographic (EMG) signals (B) obtained during contrac-
tions at 25% relative Maximum Voluntary Contraction after filtering and C3 EEG signals normalization. Second row: auto-spectra of the C3 EEG (C) and BR EMG
(D) time series. Third row (E): wavelet cross-spectrum between the C3 EEG and the BR EMG time series; the red contours identify the time-frequency areas where
the correlation between the C3 EEG and BR EMG time series is significant. Fourth row (F): significant wavelet magnitude-squared coherence between the C3 EEG
and BR EMG signals in the time-frequency domain. All non-significant values are whitened. [Colour figure can be viewed at wileyonlinelibrary.com].

Fig. 2. Significant wavelet magnitude-squared coherence between the C3 electroencephalography and brachioradialis electromyographic signals in the time-
frequency domain (also depicted in Fig. 1F). All non-significant values are whitened. Left panel: average corticomuscular coherence in the period of interest. Bot-
tom panel: average corticomuscular coherence in the 8–13 Hz (red line) and 13–31 Hz (blue line) frequency bands of interest over time. [Colour figure can be
viewed at wileyonlinelibrary.com].
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(F1,16 = 7.12; P = 0.02; g2p = 0.31). For all participants, the muscle co-
activation decreased from 64.11 ! 52.93% at 25% rMVC to
54.44 ! 55.72% at 75% rMVC. All force levels combined, and the
muscle co-activation was higher for the SCI group (91.23 ! 63.53%)
in comparison with that of the AB group (32.40 ! 20.94%) (Fig. 3B).

Magnitude of CMC8-13

The ANOVA performed on the magnitude of the CMC8-13 with elbow
flexors only revealed a force level effect (F2,32 = 21.98; P < 0.01;
g2p = 0.58). For all participants, the magnitude of the CMC8-13 with
elbow flexors decreased by 72.25 ! 29.43% from 25% rMVC to
75% rMVC (Fig. 4A).
Concerning the magnitude of the CMC8-13 with elbow extensors,

the ANOVA revealed a force level (F2,32 = 21.29; P < 0.01;
g2p = 0.57) and a group effect (F1,16 = 124.38; P = 0.04;
g2p = 0.24). For all participants, the magnitude of the CMC8-13 with

elbow extensors decreased by 46.94 ! 27.06% from 25% rMVC to
75% rMVC (Fig. 4A). All force levels combined, and the magnitude
of the CMC8-13 with elbow extensors was smaller for the SCI group
in comparison with that of the AB group (Fig. 4B).

Magnitude of CMC13-31

The ANOVA performed on the magnitude of the CMC13-31 with elbow
flexors only revealed a force level effect (F2,32 = 8.69; P < 0.01;
g2p = 0.35). For all participants, the magnitude of the CMC13-31 with
elbow flexors decreased by 22.20 ! 27.19% from 25% rMVC to
75% rMVC (Fig. 5A).
Concerning the magnitude of the CMC13-31 with elbow extensors,

the ANOVA only revealed a force level (F2,32 = 5.54;
P < 0.01;g2p = 0.26). For all participants, the magnitude of the
CMC13-31 with elbow extensors decreased by 5.34 ! 53.97% from
25% rMVC to 75% rMVC (Fig. 5B).

Fig. 3. Net joint torque (A) and muscle co-activation (B) for the participants with spinal cord injury (orange triangle) and healthy participants (blue square).
* next to a curly bracket represents a significant group effect; * above an arrow represents significant force level effect. [Colour figure can be viewed at
wileyonlinelibrary.com].
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Correlation between muscle co-activation and CMC

The modulation of muscle co-activation was significantly negatively
correlated with the levels of CMC8-13 with both elbow flexors and
extensors at 50% rMVC (rs = -0.42, P = 0.04 and rs = -0.57,
P = 0.01, respectively) and 75% rMVC (rs = -0.46, P = 0.03 and
rs = -0.58, P = 0.01, respectively).

Discussion

This study aimed to evaluate the modulation of muscle co-activation
in people with cervical SCI compared to healthy participants by
evaluating the corticomuscular coupling with agonist and antagonist
muscles. All participants were able to perform voluntary isometric
elbow flexion contractions at different submaximal force levels. For
all participants, CMC ~ 10 Hz was significantly correlated with

muscle co-activation level, and participants with cervical SCI pre-
sented increased muscle co-activation and decreased CMC ~ 10 Hz
with elbow extensors in comparison with healthy participants. The
increase in the force level was associated with a decrease in the
magnitude of the CMC ~ 10 and ~ 20 Hz with both elbow flexors
and extensors.

Decreased CMC ~ 10 Hz is correlated with increased muscle
co-activation

Even though all participants exerted comparable net joint torque,
our results revealed increased muscle co-activation in the SCI group.
This increase in muscle co-activation mainly arises from increased
antagonist muscles activation, as previously shown in participants
with SCI during both electrically evoked and voluntary contractions

Fig. 4. Corticomuscular coherence ~ 10 Hz with elbow flexors (A) and elbow extensors (B) for the participants with spinal cord injury (orange triangle) and
healthy participants (blue square). * next to a curly bracket represents a significant group effect; * above an arrow represents significant force level effect. [Col-
our figure can be viewed at wileyonlinelibrary.com].
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(Thomas et al., 1998; Cremoux et al., 2016). Although necessary
for data comparison, the normalization of EMG data revealed a
supramaximal activation of elbow extensors when used as antagonist
muscles (Cremoux et al., 2012). Increased antagonist muscles acti-
vation is supposed to be due to the disruption of the descending
pathways regulating spinal reciprocal inhibition mechanisms (Boor-
man et al., 1996; Xia & Rymer, 2005; Knikou & Mummidisetty,
2011).
In the SCI group, CMC ~ 10 Hz with elbow extensors was lower

in comparison with healthy participants. Higher CMC ~ 10 Hz was
unexpected in healthy people given that CMC ~ 10 Hz is supposed

to be either reduced or absent because of efficient spinal inhibitory
mechanisms (Williams & Baker, 2009a,b). The detection of signifi-
cant CMC ~ 10 Hz has been improved using a novel statistical pro-
cedure based on the EEG-EMG cross-spectrum (Bigot et al., 2011).
This statistical procedure is particularly relevant to detect truly sig-
nificant corticomuscular interactions when the number of contrac-
tions is small (Lu et al., 2013; Pedrosa et al., 2014). In healthy
people, CMC ~ 10 Hz is supposed to reflect complex two-way com-
munication between cortical and muscles structures (Raethjen et al.,
2002, 2007; Budini et al., 2014). The specific decrease in CMC
~ 10 Hz with antagonist muscles revealed in people with SCI may

Fig. 5. Corticomuscular coherence ~ 20 Hz with elbow flexors (A) and elbow extensors (B) for the participants with spinal cord injury (orange triangle) and
healthy participants (blue square). * above an arrow represents significant force level effect. [Colour figure can be viewed at wileyonlinelibrary.com].

© 2017 Federation of European Neuroscience Societies and John Wiley & Sons Ltd
European Journal of Neuroscience, 46, 1991–2000

Impaired EEG-EMG coherence after SCI 1997



Amarantini, D. Habilitation à Diriger des Recherches  |  La neuro-biomécanique, c’est magique ! 

 113 

highlight both concomitant decreased cortical integration of
somatosensory afferent inputs and the decreased influence of cortical
structures on spinal reciprocal inhibition mechanisms modulating
antagonist muscles activation. Previous results also revealed altered
EEG-EMG and EMG-EMG coherence ~ 10 Hz after SCI (Babiloni
et al., 2004; Hansen et al., 2005). All of these results can be under-
stood by the neurophysiological mechanisms underlying motor
recovery following SCI. CMC ~ 10 Hz may efficiently evaluate the
residual integrity of the neuromuscular system after SCI and the
effects of rehabilitation.
An interesting finding is that for all participants, the increase in

muscle co-activation was significantly correlated with the decrease in
the magnitude of the CMC ~ 10 Hz with both elbow flexors and
extensors. Even if further work is needed to reach a definitive conclu-
sion, CMC ~ 10 Hz could then reflect a more general central mecha-
nism controlling muscle co-activation through spinal inhibitory
mechanisms. This would be in line with previous studies that inferred
that the modulation of neurophysiological oscillations ~ 10 Hz could
reflect complex corticospinal mechanisms modulating both agonist
and antagonist muscles co-activation (Vallbo & Wessberg, 1993;
Wessberg & Vallbo, 1996; Wessberg & Kakuda, 1999).

Both CMC ~ 10 and ~ 20 Hz decrease with the increase in
the force level

For all participants, the increase in the force level was associated
with a decrease in the muscle co-activation and in the magnitude of
both CMC ~ 10 and ~ 20 Hz with elbow flexors and extensors. Pre-
vious studies indicated that the magnitude of the CMC ~ 20 Hz is
modulated with the task performance (Kristeva-Feige et al., 2002)
and the force level (Mima et al., 1999; Chakarov et al., 2009; Ush-
iyama et al., 2012). The scope of the aforementioned studies was,
however, limited to the modulation of the CMC ~ 20 Hz with ago-
nist muscles. Dal Maso et al. (2012) suggested that the cortical
oscillations ~ 20 Hz recorded over the M1 might have a critical role
in the modulation of antagonist muscle activations. The decrease in
the magnitude of the CMC ~ 10 and ~ 20 Hz with the force level
could thus reflect a functional neurophysiological mechanism that
would take part in the control of the exerted force by modulating
agonist and antagonist muscle activations. The overall decrease in
the magnitude of the CMC with the increase in the force level and
the specific decrease in the magnitude of the CMC ~ 10 Hz with the
increase in muscles co-activation may thus shed new light on the
‘common drive’ principle (De Luca & Mambrito, 1987; Miles,
1987; De Luca & Erim, 1994, 2002; Mullany et al., 2002). This
principle supposes that the modulation of one master-driving cortical
signal influences multiple antagonistic muscle activations. In such a
context, the CMC ~ 10 Hz could represent the common drive influ-
encing spinal inhibitory mechanisms that are degraded after cervical
SCI, while CMC ~ 20 Hz could represent neurophysiological path-
ways exciting directly the motoneurons involved in the activation of
both agonist and antagonist muscles during voluntary contractions.
Both 10 Hz and 20 Hz frequency bands would be modulated in
amplitude to adapt the level of agonist and antagonist muscles to
the requested task. This interpretation would be in line with the
influence of the cortical descending pathways on the spinal network
as described in Duchateau & Baudry (2014). Despite the care taken
to ensure the comparison across the conditions, results revealed in
this study cannot rule out the implication of the other physiological
systems that may influence motor output differently depending on
the produced force level (Heroux & Gandevia, 2013; Farina et al.,
2014). To further investigate this interpretation about the

neurophysiological mechanisms underlying CMC, it would be inter-
esting to assess the relationship between the CMC and agonist and
antagonist muscles activation using transcranial magnetic stimula-
tion, which has direct access to the neuronal circuitry of the motor
cortex (Hansen & Nielsen, 2004) in healthy and SCI participants.

Conclusion

Our results revealed that both force level and SCI modulate the
muscle co-activation and the magnitude of the CMC during isomet-
ric elbow flexion contractions. On the one hand, the magnitude of
the CMC ~ 10 and ~ 20 Hz, and muscle co-activation decreased
with the increase in the force level for the two groups but only
CMC ~ 10 Hz was correlated with muscle co-activation. These
results emphasize the importance of corticomuscular coupling as a
mechanism that could take part in the modulation of the muscle co-
activation to maintain a specific force level. They also suggest a pre-
served plasticity of the corticospinal drive allowing to modulate
force in participants with SCI. On the other hand, participants with
cervical SCI had an increased muscle co-activation associated with a
decreased magnitude of the CMC ~ 10 Hz with antagonist muscles.
This result suggests that CMC ~ 10 Hz may reflect the alteration of
the cortical mechanisms controlling muscle co-activation after a cervi-
cal SCI, especially through spinal reciprocal inhibition. Although fur-
ther investigations are needed to complement these results,
corticomuscular coupling appears to be a promising tool to explore the
cortical mechanisms involved in the modulation of muscle co-activa-
tion. In a clinical environment, these results may have potential rele-
vance to assess the integrity of the neurophysiological pathways of
voluntary motor functions after SCI and its plasticity with rehabilitation.
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the control of muscle force coordination and agonist–antago-
nist co-contraction.
Methods Thirteen participants performed maximal iso-
metric flexions of the fingers in two configurations: power 
grip (Power) and finger-pressing on a surface (Press). Hand 
kinematics and force/moment measurements were used as 
inputs in a musculoskeletal model of the hand to determine 
muscular tensions and co-contraction. EMG–EMG coher-
ence analysis was performed between wrist and finger flex-
ors and extensor muscle pairs in alpha, beta and gamma 
frequency bands.
Results Concomitantly with tailored muscle force coor-
dination and increased co-contraction between Press and 
Power (mean difference: 48.08%; p < 0.05), our results 
showed muscle-pair-specific modulation of intermuscu-
lar coupling, characterized by pair-specific modulation of 
EMG–EMG coherence between Power and Press (p < 0.05), 
and a negative linear association between co-contraction and 
intermuscular coupling for the ECR/FCR agonist–antagonist 
muscle pair (r = − 0.65; p < 0.05).
Conclusions This study brings new evidence that pair-
specific modulation of EMG–EMG coherence is related to 
modulation of muscle force coordination during hand con-
tractions. Our results highlight the functional importance of 
intermuscular coupling as a mechanism contributing to the 
control of muscle force synergies and agonist–antagonist 
co-contraction.

Keywords Redundancy control · Wavelet-based 
intermuscular coherence · Hand modelling · Muscle 
tensions · Neural control

Abbreviations
ANCOVA  Analysis of covariance
ANOVA  Analysis of variance

Abstract 
Purpose The mechanisms governing the control of mus-
culoskeletal redundancy remain to be fully understood. The 
hand is highly redundant, and shows different functional role 
of extensors according to its configuration for a same func-
tional task of finger flexion. Through intermuscular coher-
ence analysis combined with hand musculoskeletal model-
ling during maximal isometric hand contractions, our aim 
was to better understand the neural mechanisms underlying 
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CNS  Central nervous system
DoF  Degree of freedom
ECR  Extensor carpi radialis
EDC  Extensor digitorium commonis
EMG  Electromyography
FCR  Flexor carpi radialis
FDS  Flexor digitorum superficialis
FE  Extrinsic finger extensor muscle group
FF  Extrinsic finger flexor muscle group
INT  Intrinsic muscles
N  Number of participants or sample size
SE  Standard error
WE  Extrinsic wrist extensor muscle group
WF  Extrinsic wrist flexor muscle group

Introduction

A fundamental feature of the musculoskeletal system is the 
high degree of redundancy, i.e., a greater number of muscles 
than articular degrees of freedom (DoF). As a consequence, 
muscle force combinations are infinite to achieve most iso-
metric and dynamic motor actions, providing a large flex-
ibility but making the control extremely complex (D’Avella 
et al. 2003). Understanding which mechanisms govern mus-
cle force coordination and co-contraction of synergistic ago-
nist and antagonist muscles is a central theme of research. 
As emphasized in recent studies (e.g., Hirashima and Oya 
2016), a crucial question yet to be answered is how the cen-
tral nervous system (CNS) solve such redundancy.

Regarding the control of muscle activation in voluntary 
contractions, it has been suggested that motoneurons of syn-
ergistic muscles share common corticospinal drives (Farmer 
et al. 2007) resulting in intermuscular coupling (Kattla and 
Lowery 2010). This coupling is traduced by the oscilla-
tory synchronicity of electromyographic (EMG) activity in 
synergistic muscle pairs, often called ‘EMG–EMG coher-
ence’ (e.g., Danna-Dos-Santos et al. 2010). Previous studies 
reached a broad consensus that EMG–EMG coherence pro-
vides a comprehensive index of intermuscular coordination 
(Charissou et al. 2016; De Marchis et al. 2015). Through this 
approach, it was demonstrated that intermuscular coupling 
takes part to the regulation of muscle activities (Farmer et al. 
2007; Siemionow et al. 2010) and the importance of such 
coupling was emphasized as a mechanism responsible for 
the maintenance of the neuromuscular performance (Charis-
sou et al. 2016; Danna-Dos Santos et al. 2010). In addition, 
even though it is a highly debated issue (Farina et al. 2014), 
coherence between pairs of EMG signals would reflect com-
mon central drive to muscle pairs (Boonstra 2013; Farmer 
et al. 1998, 2007) and can thus be taken as a sensitive tool to 
explore common neural inputs implicated in the control of 
synergistic muscle activation during voluntary contractions 

(Lee et al. 2014; Power et al. 2006; Winges et al. 2006). 
Associated with different neural processes, coordinated 
intermuscular coupling can arise from divergent descend-
ing oscillatory pathways (Heroux and Gandevia 2013; Naz-
arpour et al. 2012). Typically, the modulation of EMG–EMG 
coherence in the ‘alpha’ (α) frequency band impacts pos-
tural muscles and involuntary contractions (Boonstra et al. 
2008; Kattla and Lowery 2010). There is every possibility 
that some of the α band coherence is of subcortical origin 
(Hansen et al. 2005; Poston et al. 2010) but it is also thought 
to be mediated by spinal sources (Budini et al. 2014; Norton 
and Gorassini 2006). Coherence in the ‘beta’ (β) frequency 
band has been linked with voluntary isometric contractions 
and is likely to reflect oscillatory drives from the corticospi-
nal pathway (Chang et al. 2012; Gwin and Ferris 2012). 
Changes in the ‘gamma’ (γ) frequency band have been asso-
ciated with efferent drives to muscles during very strong 
tonic contractions and cognitive processes, such as focused 
attention, resulting from cortical-originating signals (Mima 
et al. 2000). In light of previous studies on intermuscular 
synchronization (Poston et al. 2010; Winges et al. 2008), 
it may be proposed that, for a given task, modification of 
intermuscular coherence could represent a mechanism that 
contributes to the coordination of muscular forces accord-
ing to the functional roles attributed to the muscles. Thus, 
the modulation of EMG–EMG coherence in the α, β and γ 
frequency bands could reflect mechanisms that solve syner-
gistic muscle coordination—specifically reflecting a way of 
controlling agonist–antagonist co-contraction.

The hand and fingers are one of the most complex mus-
culoskeletal systems and its fine control allows extremely 
diverse and complex movements. With 23 DoF and over 
40 muscles, mostly polyarticular each mobilizing sev-
eral DoF, the regulation of hand muscle coordination 
is extremely specific. The hand, thus, represents a reli-
able model that could bring further knowledge to current 
understanding of the mechanisms participating in the 
control of muscle force coordination between synergistic 
muscles, especially at the co-contraction level. Previous 
studies on hand musculoskeletal modelling demonstrated 
that muscle coordination patterns and force distribution 
are task specific (Valero-Cuevas et al. 2009). Especially, 
muscle force coordination and the functional role of the 
hand extensors can differ depending on whether hand con-
tractions involve gripping objects or finger pressing on 
a plane surface, though in both configurations the same 
functional task is required which is to perform voluntary 
flexion of the fingers (Goislard de Monsabert et al. 2012; 
Snijders et al. 1987). During finger-pressing (see Fig. 1a), 
hand extensors are weakly mobilized, at a lower level than 
flexors, and are engaged in the hand joint postural sta-
bilisation. Conversely, during power grip (see Fig. 1b), 
extensors are highly employed, approximately at the same 
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level than flexors, and play a major functional role for sys-
tem equilibrium. These observations suggest that muscle 
coordination strategies, co-contraction and consequently 
concomitant intermuscular coupling, differ between these 
two configurations of hand force application for a same 
functional task of finger flexion.

The aim of the present study was to better understand 
the neural mechanisms underlying the control of muscu-
loskeletal redundancy. We harness the unique opportu-
nity offered by hand contractions to clarify the functional 
significance of EMG–EMG coherence, reflecting tailored 
neural drive to hand muscles, in the control of muscle 
force coordination and in the regulation of co-contraction 
between synergistic agonist and antagonist muscles. The 
proposed approach thus combines hand/wrist musculo-
skeletal modelling (Goislard de Monsabert 2012)—used 
to quantify mechanical outcomes in terms of hand muscle 

tensions and agonist–antagonist co-contraction—and 
time–frequency wavelet-based EMG–EMG coherence 
(Bigot et al. 2011; Charissou et al. 2016)—used to quan-
tify intermuscular coupling in the alpha-, beta- and gamma 
range. Power grip and finger pressing were studied with 
the aim of changing the functional role of wrist and finger 
muscles for a same functional maximal isometric finger 
flexion. Based on previous research (Johnston et al. 2005; 
Poston et al. 2010), we hypothesized pair-specific differ-
ences in EMG–EMG coherence values between power 
grip and finger pressing, related to modulation of muscle 
force coordination. A correlation between intramuscular 
coherence, especially in the beta-range, and the level of 
agonist–antagonist co-contraction was expected. Such a 
linear association could reflect the functional importance 
of intermuscular coupling as a mechanism that contributes 
to the control of co-contraction.

Fig. 1  Schematic representation of the two different configurations 
of finger force application in which participants performed maximal 
voluntary finger isometric flexion contractions: a “Finger pressing” 
(Press) and b “Power grip” (Power). FPower and FPress represent the 
force produced in the direction normal to the contact surface in Power 
and Press, respectively. MFlexors/wrist, MExtensors/wrist and MFPress repre-
sent the moments of force about the wrist joint. In each hand con-
figuration, FECR+EDC and FFCR+FDS represent the tension of extensor 
and flexor muscles, respectively. The right panels show high-pass-
filtered (3 Hz, 4th-order zero-lag Butterworth) EMG activity of ECR, 

EDC, FCR and FDS muscles in Press (upper panels) and in Power 
(lower panels). Note that with Press, the grip force generates a wrist 
moment (curved black arrow) leading to a low requirement of exten-
sor mechanical action. With Power, no wrist moment is generated by 
the grip forces (black arrows) since the latter are balanced inside the 
hand-object mechanical system, this mechanical aspect, thus, explain-
ing the higher wrist extensor muscle tensions required to balance the 
mechanical action of finger flexors at the wrist level. Such mechani-
cal phenomenon leads to different muscle coordination which can be 
identified on the corresponding EMG patterns
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Methods

Participants

Thirteen right-handed males (age: 24.8 ± 3.7 years; height: 
176.8 ± 6.8  cm; weight: 74.2 ± 10.7  kg, hand length: 
19.1 ± 1.2 cm; hand width: 8.7 ± 0.5 cm; mean ± SD), free 
of known neuromuscular disorders or musculoskeletal hand 
injuries on their dominant side, were recruited in the study. 
All participants were physically active university students 
not involved in any specific training program. Written 
informed consent was obtained from all of them according to 
the Declaration of Helsinki. The study followed institutional 
ethics board guidelines for research on humans.

Protocol

Participants were seated in a comfortable position with their 
right arm placed on a rigid support so that the shoulder was 
flexed at 0° and abducted at 45°. The elbow was flexed at 
90° and the forearm and wrist held in a neutral position. Par-
ticipants were asked to perform maximal voluntary flexion 
contractions of the fingers in two different configurations of 
force application presented in random order (Fig. 1). During 
“power grip” contractions (Power), participants held a 3.5-
cm custom-made hand dynamometer between the bottom 
of the palm of the hand and middle phalange of the fingers, 
excluding the thumb to avoid its influence on finger force 
coordination (Vigouroux et al. 2011). During “finger-press-
ing” contractions (Press), participants kept their hand hori-
zontal and pressed vertically on the support with the index, 
major, ring and little fingers (Li et al. 1998). In each hand 
configuration, they performed five 6-s maximal contrac-
tions with strong verbal encouragements. They were allowed 
2-min rest between contractions and 5-min rest between 
configurations to prevent muscle fatigue. Three participants 
were excluded from analysis because they failed to comply 
with the instruction to not overstretch the fingers in Press.

Recordings

The experimental setup was largely inspired by the work of 
Goislard de Monsabert et al. 2012. In brief:

• Forces and moments produced by the fingers were 
recorded by a 6-axis force/torque sensor (Nano25-E, ATI 
Industrial Automation, Apex, NC, USA) at 1 kHz. In 
Press, the force sensor was fixed on the support; in Power 
it was enclosed by two steel plates to apply the required 
mechanical effort.

• 3-D positions of the fingers, hand and forearm segments 
and of the dynamometer (in Power) or the surface (in 
Press) were recorded at 125 Hz by an 8-camera system 

(MX T40, Vicon, Oxford, UK) with 33 spherical reflec-
tive markers of 6-mm diameter (Suppl. Figure 1a).

• After suitable skin preparation (Hermens et al. 2000), 
muscle activities were collected at 2 kHz using a sur-
face EMG system (MP150; Biopac Systems Inc., Goleta, 
CA, USA) with Ag-AgCl 11-mm bipolar electrodes 
(2 cm spacing). Flexor digitorum superficialis (FDS), 
flexor carpi radialis (FCR), extensor digitorum com-
monis (EDC), and extensor carpi radialis (ECR) were 
taken to represent finger flexors (FF), wrist flexors (WF), 
finger extensors (FE) and wrist extensors (WE), respec-
tively. Using the recommendations in Vigouroux et al. 
(2015), pairs of surface electrodes were placed along the 
direction of muscle fascicles of right FDS, FCR, EDC 
and ECR muscles (Suppl. Figure 1b) from anatomical 
description, palpation and a series of functional tests 
including finger and wrist flexion and extension contrac-
tions. Moreover, the quality of the electrical signal was 
inspected through a visual feedback using the software 
AcqKnowledge (BIOPAC, Systems Inc., Goleta, CA, 
USA), before the beginning of voluntary isometric con-
tractions to assess correct EMG sensor location in the 
desired target muscle.

Data processing

All computations were performed using MATLAB (Math-
works, Natick, MA, USA).

Maximal net force After calibration matrix application 
of the force/torque sensor and low-pass filtering (10 Hz, 
fourth-order, zero-lag Butterworth), maximal net force was 
calculated as mean normal force computed on the 0.5-s time 
interval of interest of highest force production.

Muscular tensions A musculoskeletal model of the entire 
hand including wrist and fingers (Goislard de Monsabert 
et al. 2012) was used to estimate muscular forces over the 
time period of interest in the two configurations of force 
application. This model considered bones as rigid bodies 
articulated around 16 articulations with 23 DoF and mobi-
lized by 42 muscles. The muscle moment arms of muscle 
tendons across each joint were estimated from the finger 
joint angles computed using 3D hand kinematics and the 
data of Chao et al. (1989) and Lemay and Crago (1999). The 
underdetermined set of static moment equilibrium equations 
stating that the external force moments are counterbalanced 
by the muscle force moments at each DoF was solved using 
nonlinear constrained optimization to determine the mus-
cle tensions which minimize the following muscle stress 
criterion: 

min
∑

m

(
tm

PCSAm

)4
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where tm and PCSAm are respectively the muscle tensions 
and the physiological cross-sectional area of muscle m.

For the nine participants for whom the optimization pro-
cess converged to a global minimum of the cost function in 
less than 1000 iterations, tension of finger and wrist flexor 
muscle group was then obtained by summing FF and WF ten-
sions, while that of the finger and wrist extensor muscle group 
was quantified by summing FE and WE tensions, (Vigouroux 
et al. 2015). Noteworthy is that INT was not considered in the 
analysis as EMG was not collected from these muscles and 
they do not cross the wrist joint. Finally, muscle group ten-
sions were used to compute co-contraction between finger and 
wrist flexors and extensors according to the expression given 
by Falconer and Winter (1985).

EMG–EMG coherence Given strong a priori evidence from 
the literature that Press and Power functionally differ by the 
specific role of the wrist extensors (Snijders et al. 1987), this 
work focused on ECR/FCR, ECR/FDS and ECR/EDC muscle 
pairs. For each muscle pair, intermuscular coherence analysis 
was performed using the approach described by Charissou 
et al. (2016; see ‘Intermuscular interactions’ in “Methods” 
and Online Appendix A), which:

• takes advantage of time–frequency analysis to account for 
how the oscillatory patterns of EMG change with time;

• presents the crucial advantage to assess coherence with 
values corresponding to a truly significant level of depend-
ence between the EMG time series, particularly when the 
number of trials is small (Bigot et al. 2011).

First, EMG–EMG coherence was calculated in the time–fre-
quency domain using the WavCrossSpec software (Bigot et al. 
2011; available for download at: http://www.math.u-bor-
deaux1.fr/~jbigot/Site/Software_files/WavCrossSpec.zip). In 
WavCrossSpec, the parameter ‘nvoice’ (i.e., the scale reso-
lution of the wavelet), ‘J1’ (i.e., the number of scales used 
in the wavelet analysis) and ‘wavenumber’ (i.e., the Morlet 
mother wavelet parameter) optimally set respectively to 7, 
50 and 10 based on the processing of simulated data, to pro-
vide a satisfactory compromise between time and frequency 
resolution for the identification of oscillatory activity on the 
[0.32 × 10−2:0.23:79.97] Hz frequency range. To meet the 
theoretical and practical recommendations of previous studies 
(e.g., Bigot et al. 2011; McClelland et al. 2014), magnitude-
squared coherence (Fig. 2, fourth row) was computed from 
unrectified high-pass filtered (3 Hz, 4th-order zero-lag But-
terworth) EMG time series (Fig. 2, first row) as follows:

  

R
2
EMG1∕EMG2

(!, u) =
|
|
|
SEMG1∕EMG2(!, u)

|
|
|

2

∕
(
SEMG1(!, u) SEMG2(!, u)

′
)

where SEMG1 ∕EMG2 (!, u) is the wavelet cross-spectrum 
between the two EMG time series at frequency ! and time u 
(Fig. 2, third row); SEMG1 (!, u) and SEMG2 (!, u) are wavelet 
auto-spectra of EMG time series at frequency ! and time u. 
(Fig. 2, second row). Refer to Bigot et al. (2011) for detailed 
equations.

Then, EMG–EMG coherence was quantified in ‘alpha’ 
(α), ‘beta’ (β) and ‘gamma’ (γ) frequency bands. In agree-
ment with previous intermuscular coherence studies (Danna 
Dos Santos et al. 2010; Kattla and Lowery 2010), boundaries 
were respectively set as follows: α, 8–12 Hz; β, 15–35 Hz; γ, 
35–60 Hz. In each frequency band, EMG–EMG coherence 
value was calculated as the volume under magnitude-squared 
coherence values in the time window of interest where the 
correlation between the EMG time series was detected sig-
nificant on the wavelet cross-spectrum (Fig. 2, fifth row).

Statistics

All kinetic variables met normality (Shapiro–Wilk test, 
α = 0.05) and homogeneity of variance (Levene’s test, all 
p > 0.05) assumptions. Student’s t-tests were used to assess 
between-Configuration effects (Press vs. Power) on maxi-
mal net force (N = 10), predicted muscular tensions and co-
contraction (N = 9). A 2 Configuration (Press vs. Power) × 2 
Muscle Function (Flexors vs. Extensors) repeated measures 
ANOVA was performed on muscle group tensions (N = 9).

For each muscle pair and frequency band, an ANCOVA 
was first performed on EMG–EMG coherence (N = 10) with 
Configuration as a within-participant factor and maximal net 
force as a co-variable, to check if EMG–EMG coherence 
was influenced by the Configuration while controlling for 
the exerted net force. Indeed, it is yet unclear how exerted 
net force may (1) affect EMG–EMG coherence (Farina et al. 
2014; Heroux and Gandevia 2013; Semmler et al. 2003; Witte 
et al. 2007), and (2) have a different influence on EMG–EMG 
coherence depending on the Configuration. Importantly, this 
analysis failed to show any significant interaction between 
Configuration and the maximal net force (all p > 0.05), 
showing a lack of correlation between EMG–EMG coher-
ence and maximal net force for each Configuration. However, 
EMG–EMG coherence values failed to meet both normality 
and homogeneity of variance assumptions. As used in other 
studies in the presence of skewed distribution (e.g., Vrána 
et al. 2005), permutation tests with bootstrapping technique 
(Efron and Tibshirani 1993) with 10,000 replications were, 
thus, conducted for each muscle pair and frequency band 
to test between-Configuration differences on EMG–EMG 
coherence irrespective of the maximal net force. A signifi-
cant effect of Configuration was declared significant if the 
observed difference between Power and Press was outside 
the 95% confidence interval of the newly built 10,000 mean 
difference distributions under the null hypothesis.
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Finally, Pearson’s correlations were tested between co-
contraction and EMG–EMG coherence for each muscle pair 
and frequency band (N = 9).

Data are reported as mean with 95% CI within the text 
and Figs. 3 and 4. The level of significance was set at 
p < 0.05 for all tests.

Results

Maximal net force and muscular tensions

Statistical analysis revealed greater maximal net force in 
Power than in Press [232.14 N, 95% CI (188.59:275.68) 
vs. 76.13 N, 95% CI (66.55:85.70); t8 = 7.59, p < 0.05], 
in association with significant differences in all estimated 

muscular tensions (all t8 > 2.13, p < 0.05): between Press 
and Power the tensions developed by WE, FE and FF 
increased in mean respectively by × 1.40, × 0.92 and 
× 3.04 the corresponding difference of maximal net 
force, whereas WF tension decreased in mean by × 1.44. 
These differences resulted in significantly increased ten-
sions developed by the finger and wrist flexors and exten-
sors between Press and Power (F1,32 = 29.34, p < 0. 05; 
Fig. 3a), with a significant main Muscle Function effect 
(F1,32 = 41.61, p < 0.05) but no significant interaction 
between Configuration and Muscle Function (F1,32 = 0.98, 
p > 0.05).

As a consequence, co-contraction between finger and 
wrist flexors and extensors was significantly higher in 
Power than in Press [mean difference = 48.08%, 95% CI 
(24.57:71.60); t8 = 4.62, p < 0.05; Fig. 3b].

Fig. 2  Illustration of the different steps involved in the calculation 
of time–frequency wavelet-based EMG–EMG coherence (muscle 
pair: ECR/FCR; configuration: Press). First row: mean EMG signals 
from FCR (left) and ECR (right) muscles. Second row: wavelet auto-
spectra of EMG time series from FCR (left) and ECR muscles (right). 
Third row: wavelet cross-spectrum between the two EMG time series; 
the red contours identify the areas in the time–frequency plane where 
the correlation between the EMG signals is significant. Fourth row: 

wavelet magnitude-squared coherence between the two EMG time 
series. Fifth row: wavelet magnitude-squared coherence between the 
two EMG time series where the correlation between the EMG signals 
is significant. In each frequency band (α: 8–12 Hz; β: 15–35 Hz; γ: 
35–60 Hz), EMG–EMG coherence value was defined as the volume 
under magnitude-squared coherence values in the 0.5-s time window 
of interest where the correlation between the EMG time series was 
detected significant on the wavelet cross-spectrum
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EMG–EMG coherence

Figure  4a show typical profiles of the normal force 
exerted by the fingers and typical time–frequency maps of 
EMG–EMG coherence between ECR and FCR muscles in 
Press (left) and Power (right).

A first important qualitative result was that the detec-
tion of significant areas of intermuscular interactions in 
the time–frequency plane differed depending on the mus-
cle pair (i.e., ECR/FCR, ECR/FDS or ECR/EDC) and the 
Configuration level (i.e., Power or Press). For example, 
significant areas of correlation between EMG time series 
were detected for all participants in all muscles pairs in 
Press and in Power in the γ (35–60 Hz) frequency band. A 
similar finding was observed in terms of detection for, e.g., 
ECR/EDC muscle pair in Press in the β (15–35 Hz) fre-
quency band, whereas, on the contrary, no significant area 
of correlation between EMG time-series were found for, 
e.g., ECR/FCR muscle pair in Power in the α (8–12 Hz) 
frequency band.

Noteworthy is that the proposed ANCOVA pre-anal-
ysis performed on EMG–EMG coherence (see “Statis-
tics” section) showed that the lack of correlation between 
EMG–EMG coherence and maximal net force was true for 
all Configuration levels, whatever the frequency band. These 
findings allow one to compare EMG–EMG coherence results 
between Power and Press irrespective of the exerted maxi-
mal net force.

Statistical analysis revealed that β EMG–EMG coher-
ence was significantly lower in Power than in Press for both 
ECR/FCR [mean difference = 0.191, 95% CI (0.05:0.241); 
p < 0.05] and ECR/EDC [mean difference = 0.494, 95% CI 
(− 0.047:0.941); p < 0.05] muscle pairs, with no significant 
difference for ECR/FDS (Fig. 4b, middle). In the gamma-
range (γ), statistical analysis showed lower EMG–EMG 
coherence in Power than in Press for ECR/EDC muscle 
pair [mean difference = 1.003, 95% CI (0.439:1.567); 
p < 0.05], with no significant difference for both ECR/FCR 
and ECR/FDS (Fig. 4b, right). Permutation tests disclosed 
significant difference of α EMG–EMG coherence between 
Press and Power for all muscle pairs (all p > 0.05) (Fig. 4b, 
left).

Correlations between co-contraction and EMG–EMG 
coherence

Pearson’s correlation analysis between co-contraction and 
EMG–EMG coherence showed significant negative corre-
lation between levels of co-contraction and β EMG–EMG 
coherence for ECR/FCR muscle pair [r = − 0.65, 95% CI 
(− 0.86:− 0.26); t16 = 3.42, p = 0.003] and ECR/EDC mus-
cle pair [r = − 0.47, 95% CI (− 0.77:− 0.01); t16 = 2.15, 
p = 0.04]. For both muscle pairs (see Fig. 5 for ECR/FCR), 
the lower was β EMG–EMG coherence, the higher was ago-
nist–antagonist co-contraction between finger and wrist flex-
ors and extensors. For all other frequency bands and muscles 

Fig. 3  (N = 9) a Tensions of 
finger and wrist flexors and 
extensors during maximal 
isometric contractions in Press 
and Power. b Corresponding 
co-contraction levels in Press 
and Power. Asterisk: indicates a 
significant Configuration effect
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pairs (including EDC/FCR, EDC/FDS and FCR/FDS, not 
presented here) the analysis did not reveal any significant 
correlation between co-contraction and EMG–EMG coher-
ence (all t16 < 0.89, p > 0.05).

Discussion

Based on an original approach, which combines for the 
first time musculoskeletal biomechanical modelling and 
intermuscular coherence analysis, this study compares 
muscular tensions, co-contraction and intermuscular cou-
pling between finger and wrist flexors and extensors dur-
ing two different configurations of maximal finger force 
application. Our key results demonstrated first, that the 
modulation of muscle force coordination and intermuscu-
lar coherence are strongly related to the task constraints, 
and second, that a linear association exists between ago-
nist–antagonist co-contraction and beta-range intermus-
cular coupling for the primary agonist–antagonist muscle 
pair.

Fig. 5  Correlation between co-contraction of finger and wrist flex-
ors and extensors and β (15–35 Hz) EMG–EMG coherence for ECR/
FCR muscle pair (N = 9). The light grey and dark grey dots represent 
observations in Power and in Press, respectively; the black line shows 
the best fit linear regression. The Pearson product-moment correla-
tion coefficient is − 0.65 [95% CI = (− 0.86:− 0.26)], with significant 
negative linear association between co-contraction and EMG–EMG 
coherence (p = 0.003)

Fig. 4  a Typical net force (first row), EMG signal from ECR and 
FCR (second and third rows, respectively), and maps of EMG–EMG 
coherence between ECR and FCR muscles where intermuscular 
interactions were significant on the wavelet cross-spectrum (forth 
row) in Press (left panels) and Power (right panels) for a representa-
tive participant. b EMG–EMG coherence values in the alpha-range 

(8–12 Hz, α; left column), the beta-range (15–35 Hz, β; middle col-
umn) and the gamma-range (35–60  Hz, γ; right column) for ECR/
FCR, ECR/FDS and ECR/EDC muscle pairs during maximal volun-
tary isometric flexion contraction of the fingers in Press and Power 
(N = 10). Asterisk: indicates a significant Configuration effect
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Maximal net force and muscular tensions

As expected, Power and Press differed greatly in muscle 
force coordination. Greater maximum net force was obtained 
in Power than in Press in association with (1) higher ten-
sions developed by WE, FE and FF, and (2) lower tension 
developed by WF. These results showed that Configuration-
related changes in maximal net force were not accompa-
nied by a trivial or a proportional modulation of muscle 
tensions. Each muscle tension demonstrated a specific pat-
tern of change between Press and Power, suggesting that 
muscle-synergy patterns used to perform maximal volun-
tary flexion contractions of the fingers are highly depend-
ent on the configuration of finger force application. During 
Press, the extensors were weakly solicited and coupled with 
a classical role of joint stabilisation, resulting in low-level 
of co-contraction. Conversely, during Power, the extensors 
were highly mobilized to serve the functional role of sys-
tem equilibrium, culminating in high level of co-contraction. 
These results were comparable to those reported for both 
configurations in the literature (Goislard de Monsabert et al. 
2012) and demonstrated task-related changes in muscle force 
coordination (Nazarpour et al. 2012; Valero-Cuevas et al. 
2009). Consequently, co-contraction level was different 
between the two configurations. The higher co-contraction 
observed in Power has been explained previously (Snijders 
et al. 1987) by specific mechanical configuration in which 
the contribution of extensors was needed to equilibrate unin-
tended flexion moments caused by finger flexors at the wrist 
joint level. Our data thus demonstrated that muscle coordi-
nation patterns differed according to the configuration of 
finger force application, although the functional demand to 
exert maximal voluntary flexion was similar between Power 
and Press.

Together with the possibility to discuss between-Config-
uration differences on EMG–EMG coherence irrespective 
of the maximal net force, these findings confirm that the 
proposed comparison between Power and Press is relevant to 
investigate the modulation of EMG–EMG coherence accord-
ing to different muscle coordination and functional role of 
muscles for a similar given task.

EMG–EMG coherence

Concomitantly with the above changes in muscle forces, 
our results revealed significant differences in the magnitude 
of EMG–EMG coherence, with different modulation pat-
terns in both the frequency band (α, β or γ) and the muscle 
pair (ECR/FCR, ECR/FDS or ECR/EDC) according to the 
configuration (Press vs. Power). One cannot exclude the 
possibility that a part of EMG–EMG coherence may result 
from cross-talk artifacts inherent to surface EMG record-
ings, especially among the forearm muscles (Kong et al. 

2010). Nevertheless, our experimental design devoted par-
ticular attention to EMG sensor placement (see “Record-
ings” section) and the same electrode placement was main-
tained during all the experiment. We thus are confident 
in the fact that cross-talk artifacts or electrode placement 
(Keenan et al. 2011) cannot explain the differences observed 
on EMG–EMG coherence between the two Configurations.

The statistical pre-test revealed that the difference 
observed between Press and Power in the absolute maximal 
net force did not influence the magnitude of EMG–EMG 
coherence. This result contributes to the open debate on the 
influence of net-exerted muscle force/torque on the strength 
of intermuscular coupling (Farina et al. 2014; Heroux and 
Gandevia 2013). In agreement with Poston et al. (2010), 
this finding provides direct support for a net force-inde-
pendent modulation of intermuscular coherence during 
voluntary maximal flexion contraction of the wrist and 
fingers muscles. It suggests an involvement of force-inde-
pendent mechanisms constraining the concurrent activation 
of multiple hand muscles according to the configuration 
of finger force application. Importantly for the purpose of 
the present study, the observed lack of significant correla-
tion between EMG–EMG coherence and maximal net force 
for each Configuration allows discussing for differences 
in EMG–EMG coherence values depending only on the 
Configuration.

Beta-range (β) intermuscular coupling

The main findings of our study concern beta-range (β) inter-
muscular coupling. In the β (15–35 Hz) frequency band, sig-
nificant EMG–EMG coherence was detected for all muscle 
pairs in both configurations. This first result is consistent 
with the identification of β intermuscular synchronization 
between synergistic muscles (Boonstra et al. 2008; Pos-
ton et al. 2010). In addition, the magnitude of EMG–EMG 
coherence was different between Power and Press only for 
ECR/EDC and ECR/FCR. For these two muscle pairs, the 
strength of beta-range intermuscular coupling was lower 
in Power than in Press, while no significant difference was 
found for ECR/FDS. This finding is in line with Winges 
et al. (2008) indicating that the modulation of β EMG–EMG 
coherence is muscle pair specific. In view of the results 
obtained from hand modelling, it is particularly relevant 
to note that the lower strength of intermuscular coupling 
observed in Power than in Press was concomitant with the 
increased tension developed by wrist extensors identified 
with the musculoskeletal model outputs. Our results are thus 
consistent with the hypothesis that beta-range intermuscular 
coupling is a mechanism that may take part in the regula-
tion of muscle force coordination (Charissou et al. 2016; De 
Marchis et al. 2015). Moreover, we extend the evidence pro-
vided by Winges et al. (2006) that β EMG–EMG coherence 
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differs according to muscle functional role determined by 
task constraints.

Furthermore, our study is the first to the best of our 
knowledge, to show a direct link between agonist–antag-
onist co-contraction and β EMG–EMG coherence. Our 
results from hand modelling indeed showed that Con-
figuration-related changes in muscle tensions led to 
greater agonist–antagonist co-contraction in Power than 
in Press. Interestingly, correlation analysis revealed sig-
nificant negative correlations between the level of co-
contraction and beta-range intermuscular coupling for 
ECR/FCR and ECR/EDC, that is for the two muscle pairs 
specifically associated with a significant effect of Con-
figuration on β EMG–EMG coherence. Especially, with 
a r value of − 0.65 (p = 0.003) the correlation between 
the level co-contraction and EMG–EMG coherence 
for ECR/FCR muscle pair indicates linear association 
between co-contraction and intramuscular coupling for 
the primary agonist–antagonist muscle pair. For ECR/
EDC muscle pair, although the correlation is significant 
(p = 0.04), it becomes more difficult with a weak r value 
of − 0.45 to find support for a linear relationship between 
co-contraction and intermuscular coupling. In line with 
Pizzamiglio et al. (2017), who recently suggested that 
~ 40–100 Hz intermuscular coupling could take part in 
regulating the co-contraction of arm muscles, these novel 
findings suggest that the modulation of β EMG–EMG 
coherence may reflect a mechanism contributing to mus-
cle pair-specific regulation of co-contraction between 
synergistic agonist and antagonist muscles. Our results 
thus highlight that muscle pair-specific modulation of 
intermuscular coupling could take part in the “tuning 
of muscle activations” (von Tscharner et al. 2011) and 
in the mechanisms underlying the regulation of ago-
nist–antagonist co-contraction. Even if the conclusions 
should be considered in regards to the reliability and the 
limitations of coherence analysis between electrophysi-
ological signals (e.g., Farina et al. 2014), β-band coher-
ence is generally considered to be of cortical origin and it 
is likely “that the primary motor cortex is involved in the 
generation of EMG–EMG coherence between hand mus-
cles in the β-band during grip tasks” (Lee et al. 2014). 
In this view, our findings strengthen the idea formulated 
by Poston et al. (2010) that the relative contribution of 
spinal and supraspinal mechanisms is modulated accord-
ing to task constraints and beyond muscle contribution 
and functional role. Furthermore, our results on tai-
lored modulation of beta-range intermuscular coupling 
between Press and Power provides additional arguments 
sustaining a muscle pair-specific distribution of common 
neural inputs to the hand muscles (Johnston et al. 2005) 
during maximal voluntary isometric flexion contraction 
of the fingers. These results support the view that central 

mechanisms are directly involved in the regulation of 
agonist–antagonist muscle co-contraction (Dal Maso 
et al. 2012; Mullany et al. 2002). Our study thus pro-
vides new evidence that muscle pair-specific beta-range 
intermuscular coupling would take part in the regulation 
of muscle redundancy around hand joints, especially at 
the level of agonist–antagonist co-contraction.

Alpha-range (α) intermuscular coupling

In the α (8–12 Hz) frequency band, statistical analysis 
showed no significant effect of Configuration on inter-
muscular coupling, whatever the studied muscle pair. This 
finding is not consistent with previous studies that showed 
that hand postural function was associated with modula-
tion of α EMG–EMG (Poston et al. 2010). However, from 
a more qualitative point of view, our results showed that 
the presence of EMG–EMG coherence in the α (8–12 Hz) 
frequency band was different according to both the muscle 
pair and the hand configuration. Especially, an absence of α 
EMG–EMG coherence was identified for all subjects only 
in Power and only for the ECR/FCR muscle pair. This find-
ing was concomitant with the modulation of the level of 
co-contraction between Press and Power, associated with 
the postural functional role of ECR during Press. One could 
thus suggest that α EMG–EMG coherence was specifically 
required between synergistic agonist and antagonist muscles 
acting around the wrist when the extensors were specifically 
involved as joint stabilisers. Our results may thus support the 
importance of alpha-range intermuscular coupling between 
agonist and antagonist muscles as a key mechanism in the 
control of joint stabilisation. Even if previous studies have 
reported that α-band coherence may be mediated by spinal 
sources (Budini et al. 2014; Norton and Gorassini 2006), 
further work is needed to investigate the involvement of spi-
nal mechanisms in the regulation of agonist–antagonist co-
contraction when the task needs particular heeding requisites 
for joint stability.

Gamma-range (γ) intermuscular coupling

In the γ (35–60 Hz) frequency band, significant intermus-
cular coherence was found for all studied muscle pairs in 
both Press and Power configurations. This finding is con-
sistent with the relation previously established between 
γ EMG–EMG coherence and strong contractions (Gwin 
and Ferris 2012). However, significant modulation of γ 
EMG–EMG coherence was found for ECR/EDC muscle 
pair only, with higher strength of intermuscular coherence 
in Press than in Power. Although it is difficult to arrive 
at a definitive conclusion with regards to the literature, 
we can suggest that the observed pair-specific modula-
tion of gamma-range (γ) intermuscular coherence between 
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synergistic antagonist muscles may reflect the implication 
of efferent drives involved in very strong tonic contractions 
and of cognitive processes, such as focused attention (Mima 
et al. 2000). Brown et al. (1998) suggested that gamma-range 
oscillations may reflect binding of functionally associated 
cortical elements. Thus, non-intuitively in view that power 
grip was seen only in humans and highly-developed mon-
keys (Marzke et al. 2015), our findings may suggest that 
attentional resources and complex integration of sensory 
information are used during hand contractions in both con-
figurations, with greater involvement during finger pressing.

Conclusion

The present work harness the opportunity offered by hand con-
tractions and combined musculoskeletal and time–frequency 
coherence analysis to better understand the neural mechanisms 
underlying the control of muscle force coordination and co-
contraction between agonist and antagonist synergistic mus-
cles. Although further studies are needed to test whether our 
conclusions can be extended to other muscles than those acting 
around finger and wrist joints selected is the present study, 
our findings emphasized the functional importance of inter-
muscular coupling as a mechanism that could take part in the 
control of muscle force synergies and agonist–antagonist co-
contraction. These findings contribute to a better fundamen-
tal understanding of neural hand motor control mechanisms, 
which could help in the development of diagnostic procedures 
and clinical rehabilitation (Boonstra 2013).
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VI.   Perspectives scientifiques 

 
Les axes de recherche qui structurent mon projet scientifique et auxquels je souhaite 

donner priorité à l’avenir sont dans la continuité directe de la conversion thématique que j’ai 

opérée du domaine de la biomécanique vers celui de la neuro-biomécanique avec le projet 

NeuroBioméCo, fondateur des travaux sur les cohérences « (EEG-[EEG)-{EMG]-EMG} » 

qui m’animent aujourd’hui. En poursuivant la démarche originale réellement 

interdisciplinaire dans laquelle je m’inscris au croisement de la biomécanique, du contrôle 

moteur et des neurosciences, soutenue par le traitement avancé du signal, ces travaux 

approfondiront l’analyse de la redondance musculaire et de la co-contraction à travers une 

définition élargie de cette dernière. Ces projets sont un marqueur de ma volonté assumée de 

diversifier mes problématiques de recherche avec l’apport de collaborations variées dans de 

nouveaux champs scientifiques, en cohérence avec les compétences que j’ai acquises et les 

connaissances que j’ai produites depuis ma thèse. Ils témoignent également de l’ouverture 

de mes travaux de recherche fondamentale à des problématiques cliniques et 

translationnelles depuis mon intégration en septembre 2013 à l’équipe iDREAM « Plasticité 

Neuromotrice, Médecine Régénérative et Médicaments innovants post-AVC » de 

l’UMR 1214 ToNIC, avec de fortes perspectives en matière d’innovations thérapeutiques 

promouvant la récupération de la fonction motrice chez le patient cérébro-lésé. 

Si ces perspectives scientifiques sont à un niveau d’avancement différent et traitent 

de problématiques variées, elles reposent toutes sur la démarche originale que j’ai eu cœur 

à initier et développer dans le domaine de la neuro-biomécanique pour établir un cadre 

d’analyse de référence à mes travaux de recherche. Ces différents projets font également 

tous appel, pour tout ou partie, à l’analyse de cohérence entre les signaux 

électrophysiologiques. Je suis pleinement convaincu du potentiel de cette approche pour 

étudier de manière originale et pertinente les mécanismes nerveux centraux de contrôle de 

l’activité musculaire agoniste et antagoniste lors de contractions volontaires et involontaires 

chez l’homme (Boonstra, 2013), à l’image des conclusions apportées par les travaux récents 

les plus significatifs auxquels j’ai contribué sur ce sujet (Blais et al., 2018 ; Charissou et al., 

2016, 2017 ; Cremoux et al., 2017 ; Dal Maso et al., 2017). 
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VI.1. Contractions miroirs chez le sujet sain et les patients post-AVC 

Cette première perspective correspond au projet de thèse de Joseph Tisseyre, que 

je co-encadre au sein de l’UMR 1214 ToNIC avec Jessica Tallet. Même s’il est déjà bien 

avancé, il trouve toute sa place au titre de perspective dans ce mémoire de synthèse, car il 

initie une nouvelle problématique qui ouvre mes travaux sur la co-contraction 

agoniste / antagoniste à de nouvelles techniques comme la stimulation magnétique 

transcrânienne (TMS) ainsi qu’à une définition élargie de la co-contraction entre les muscles 

homologues controlatéraux lors de contractions unimanuelles chez l’homme. Ce travail 

porte sur l’étude des mouvements miroirs, de leur asymétrie comportementale et cérébrale 

chez le sujet sain et de leurs liens avec les fonctions attentionnelles et exécutives chez le 

sujet sain et les patients post-AVC. Il a déjà fait l’objet des deux publications les plus 

significatives suivantes, dont la première est présentée de manière détaillée en annexes (cf. 

Annexes, p. 153-163) : 

• Tisseyre, J., Amarantini, D., Chalard, A., Marque, P., Gasq, D., Tallet, J. (2018). 

Mirror movements are linked to executive control in healthy and brain-injured 

adults. Neuroscience, 379, 246-256. 

• Tisseyre, J., Marquet-Doléac, J., Barral, J., Amarantini, D.*, Tallet, J.* (* co-

derniers auteurs) (2019). Lateralized inhibition of symmetric contractions is 

associated with motor, attentional and executive processes. Behavioural Brain 

Research, 361, 65-73. 

 

Ce projet repose sur le fait bien établi que l’exécution de tâches motrices 

unimanuelles nécessite un réseau neuronal capable de limiter l’activité neuronale du cortex 

moteur primaire controlatéral au mouvement volontaire en contrecarrant la propension par 

défaut à produire des mouvements bimanuels symétriques en miroir (Carson, 2005 ; Cincotta 

& Ziemann, 2008). Une altération ou un dysfonctionnement transitoire des circuits 

neuronaux sous-jacents à la latéralisation du mouvement peut conduire à l’apparition de 

mouvements miroirs (MM) involontaires (Hoy et al., 2004). Ces derniers peuvent être 

définis comme des mouvements ou des contractions involontaires se produisant 

simultanément dans les muscles homologues controlatéraux à ceux du mouvement 

volontaire (Armatas et al., 1994 ; Cernacek, 1961). Selon la théorie d’activation bilatérale 

(Cernacek, 1961), le mécanisme qui sous-tend les MM chez les adultes sains est la 

facilitation transcalleuse. Ainsi, l’activation des zones motrices contrôlant l’hémicorps actif 
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facilite l’activation des mêmes zones motrices dans l’hémisphère controlatéral par 

l’intermédiaire de fibres transcalleuses, engendrant alors la production de MM dans 

l’hémicorps opposé censé être inactif. Les MM peuvent alors être considérées comme un 

défaut des processus inhibiteurs interhémisphériques (Hübers et al., 2008). 

Dans la population générale, les MM sont généralement observés pendant l’enfance 

(avant 10 ans) puis disparaissent progressivement au cours de la maturation du système 

nerveux central (Addamo et al., 2007 ; Mayston et al., 1999). Cependant, une activité 

électromyographique (EMG) miroir peut encore être enregistrée chez des adultes sains au 

cours de tâches rythmiques complexes (Ridderikhoff et al., 2005 ; Vardy et al., 2007) ou 

nécessitant des niveaux de force faibles ou élevés (Arányi & Rösler, 2002 ; Armatas et al., 

1996b). Enfin, les MM semblent réapparaitre progressivement chez les personnes âgées au 

cours du vieillissement (Baliz et al., 2005 ; Bodwell et al., 2003 ; Koerte et al., 2010 ; 

Shinohara et al., 2003). 

Chez l’adulte sains droitiers, la plupart des études indiquent une occurrence plus 

importante des MM sur la main dominante lors de mouvements volontaires de la main non 

dominante (Armatas et al., 1994, 1996a, 1996b ; Leocani et al., 2000 ; Liederman & Foley, 

1987 ; Todor & Lazarus, 1986 ; Uttner et al., 2007 ; Wolff et al., 1983). Comme le proposent 

Todor et Lazarus (Todor & Lazarus, 1986), une telle asymétrie des MM entre la main droite 

et gauche chez les sujets droitiers pourrait être liée à des différences dans le contrôle 

hémisphérique de chaque main. Cette hypothèse est en accord avec des études en imagerie 

par résonance magnétique fonctionnelle (IRMf) réalisées lors de mouvements unimanuels 

chez des sujets droitiers et qui retrouvent une asymétrie cérébrale avec une activation 

bilatérale des zones sensorimotrices lors des mouvements de la main gauche et une 

activation quasi exclusivement controlatérale lors des mouvements de la main droite 

(Haaland et al., 2004 ; Kim et al., 1993 ; Newton et al., 2005 ; Singh et al., 1998 ; Theorin 

& Johansson, 2007 ; Verstynen, 2004). Ces travaux corroborent l’idée de la supériorité de 

l’hémisphère gauche dans le contrôle de la motricité chez les sujets droitiers avec notamment 

une inhibition interhémisphérique plus importante de l’hémisphère gauche dominant sur 

l’hémisphère droit non dominant que le contraire (Bäumer et al., 2007 ; Netz et al., 1995). 

Par ailleurs, certains travaux suggèrent que les MM pourraient être modulés par des 

processus cognitifs tels que les fonctions attentionnelles et inhibitrices (Addamo et al., 

2007). Ainsi, une exacerbation des MM a été retrouvée chez des participants jeunes et des 

personnes âgées en bonne santé lorsqu’un détournement de l’attention était effectué (Baliz 

et al., 2005 ; Bodwell et al., 2003). Une inhibition volontaire des MM est également possible 
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chez des enfants ainsi que des adultes jeunes et âgés en bonne santé (Addamo et al., 2010 ; 

Lazarus & Todor, 1991). De plus, des déficits d’attention, d’inhibition ou de communication 

interhémisphérique sont fréquemment retrouvés dans des pathologies connues pour leur 

fréquence anormalement élevée de MM telles que le trouble déficitaire de l’attention avec 

ou sans hyperactivité, le trouble d’acquisition de la coordination, la schizophrénie, la 

maladie de Parkinson ou encore l’accident vasculaire cérébral (Addamo et al., 2007 ; 

Cincotta & Ziemann, 2008 ; Hoy et al., 2004 ; Licari et al., 2015 ; MacNeil et al., 2011). 

Un paradigme pertinent pour explorer les MM est une tâche d’arrêt sélectif, 

exigeant l’arrêt d’un mouvement rythmique bimanuel symétrique pour ne continuer qu’un 

mouvement rythmique unimanuel (Deiber et al., 2001 ; Sallard et al., 2014 ; Tallet et al., 

2009, 2013). Cette tâche permet d’évaluer les MM du fait de l’implication de processus 

excitateurs lors de mouvements bimanuels symétriques (Serrien et al., 2003) par opposition 

aux processus inhibiteurs engagés lors de mouvements unimanuels en vue de supprimer les 

MM sur le membre controlatéral (Cincotta & Ziemann, 2008). 

La proposition centrale du travail de thèse mené par Joseph Tisseyre est donc 

d’utiliser ce paradigme pour quantifier les MM ainsi qu’explorer leurs corrélats cérébraux 

des MM chez des adultes sains droitiers et des patients cérébro-lésés. A travers trois études 

combinant mesures de force, EMG, EEG et TMS, les objectifs de cette thèse sont d’une part 

de rechercher l’asymétrie comportementale des MM chez des adultes sains droitiers ainsi 

que les corrélats cérébraux associés et, d’autre part, d’investiguer le lien entre les MM et les 

fonctions attentionnelles et exécutives ainsi que l’inhibition interhémisphérique chez des 

adultes sains et des patients cérébro-lésés. 

 

Les premiers résultats clés de ce travail mettent en évidence une quantité exacerbée 

de mouvements miroirs sur le membre dominant droit des participants lors d’un mouvement 

unimanuel gauche par rapport au cas contraire. Comme illustré Figure 8, la condition d’arrêt 

de la main droite se caractérise par des activations cérébrales motrices plus bilatérales 

(électrodes C3 et C4) que la condition d’arrêt de la main gauche où les activations motrices 

concernant la main qui continue (main droite en lien avec l’activité de l’électrode gauche 

C3) sont supérieures à celles concernant la main arrêtée (main gauche en lien avec l’activité 

de l’électrode droite C4). De plus, ces MM à droite sont corrélés à l’activité cérébrale 

controlatérale au niveau du cortex moteur gauche. Il semblerait donc qu’il existe une 

asymétrie dans l’inhibition des régions motrices. Par ailleurs, l’activation globale et non 

spécifique au côté d’arrêt retrouvée dans la bande de fréquence alpha (a) au niveau des zones 
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pariétales pourrait refléter le coût attentionnel global nécessaire pour la réalisation de la 

tâche. Enfin, l’augmentation rapide et transitoire de l’activité cérébrale dans la bande de 

fréquence thêta au niveau de la région fronto-centrale à la suite de la transition refléterait les 

processus inhibiteurs impliqués dans l’arrêt de la réponse motrice. Finalement, l’asymétrie 

des MM pourrait rendre compte de l’asymétrie hémisphérique en lien avec la dominance 

motrice chez les sujets sains. 

 

 

Figure 8, adaptée de Tisseyre et al. (2019). a. Cartes temps-fréquence du TRPow (task-
related power) dans la bande β (13-30 Hz) avant et après la transition au niveau de l’électrode 
gauche C3 (cartes de gauche) et de l’électrode droite C4 (cartes de droite) pendant la 
condition d’arrêt de la main gauche (cartes du haut) et celle de la main droite (cartes du bas). 
Les lignes pointillées à t = 0 représentent la transition. b. Scalps du TRPow (μVolt) moyen 
(pré et post-transition) dans la bande β lors de la condition d’arrêt de la main gauche et celle 
de la main droite (panneaux du haut et du bas, respectivement). Les cercles représentent les 
électrodes ; les cercles pleins et gras représentent les électrodes d’intérêt : C3 (à gauche) et 
C4 (à droite). Les diminutions du TRPow (zone d’activation) sont représentées en bleu et 
les augmentations du TRPow sont codées en rouge. c. Histogramme du TRPow (μVolt) 
moyenne dans la bande β au niveau de l’électrode gauche C3 et droite C4 (histogrammes 
noirs et gris respectivement) lors de la condition d’arrêt de la main gauche et celle de la main 
droite. * indique une différence significative (p < .05) ; ‘n.s.’ indique l’absence de différence 
significative. Les barres verticales représentent l’erreur-type. 

a. 

b. c. 
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VI.2. Effets de la toxine botulique et de la plasticité neuro-musculaire induite sur 

la facilitation des mouvements du membre supérieur en post-AVC 

Cette seconde perspective scientifique correspond à la thèse CIFRE d’Alexandre 

Chalard, dirigée par David Gasq et Philippe Marque au sein de l’UMR 1214 ToNIC. Comme 

en témoigne les productions déjà associées à ce travail (Chalard et al., 2018a, 2018b, 2018c, 

2019), je contribue activement à ce travail tentaculaire dans la continuité du stage de 

Master 2 d’Alexandre Chalard que j’ai co-encadré avec David Gasq. Ma participation active 

à ce projet de recherche translationnelle extrêmement ambitieux 12 marque l’ouverture de 

mes travaux à des perspectives cliniques en matière d’innovations thérapeutiques chez le 

patient post-AVC. Ce projet porte sur les effets l’injection intramusculaire de toxine 

botulique A (TBA) sur la réduction de la co-contraction spastique en post-AVC, à partir de 

la caractérisation de la plasticité périphérique et centrale induite par les injections de TBA. 

Il a déjà fait l’objet de plusieurs productions, dont la publication la plus significative suivante 

est présentée de manière détaillée en annexes (cf. Annexes, p. 164-168) : 

• Chalard, A., Amarantini, D., Tisseyre, J., Marque, P., Tallet, J., Gasq, D. (epub 

ahead of print). Spastic co-contraction, rather than spasticity, is associated with 

impaired active function in adults with acquired brain injury: A pilot study. Journal 

of Rehabilitation Medicine. 

 

Ce projet part du constat que, consécutivement à un accident vasculaire cérébral 

(AVC), 80 % des patients ont une atteinte des voies pyramidales se traduisant par un déficit 

moteur hémicorporel significatif. Ce dernier est caractérisé d’une part par une altération de 

la motricité volontaire (parésie) due à une incapacité à activer et synchroniser le recrutement 

des motoneurones alpha (a) de manière optimale et, d’autre part, par une hypertonie 

spastique, correspondant à la persistance d’une contraction musculaire alors que le muscle 

devrait être relâché. L’expression clinique de l’hypertonie spastique comprend plusieurs 

entités (Gracies, 2005), dont la présence d’une co-contraction exacerbée du muscle 

 
12 Je profite de l’occasion que me donne la rédaction de ce mémoire de synthèse pour souligner, et remercier 
de manière particulièrement appuyée le travail titanesque que réalise David Gasq depuis des mois pour 
coordonner, avec une persévérance digne d’éloges, les démarches très excessivement lourdes nécessaires à 
l’obtention des autorisations éthiques requises pour mener à bien ce projet relevant de la recherche 
interventionnelle dite de catégorie 1. D’autres se seraient découragés en arpentant, vent juridico-administratif 
en rafales de face, l’interminable parcours dans les méandres des services de « soutien » aux démarches 
règlementaires en application de la Loi Jardé du 5 mars 2012. En espérant, sans rire (ou jaune), que la 
certification de la conformité éthique de ce projet sera obtenue avant que le financement CIFRE d’Alexandre 
Chalard arrive à échéance… 
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antagoniste lors de mouvements actifs réalisés par le patient. Même si les mécanismes 

physiopathologiques des différentes expressions de l’hypertonie spastique ne sont pas 

encore totalement élucidés chez l’homme, la co-contraction spastique pourrait être favorisée 

par une diminution de l’inhibition de l’antagoniste lors de la contraction volontaire de 

l’agoniste. Cette inhibition médiée par des interneurones médullaires serait diminuée en 

raison de la diminution de l’influx des afférences sensitives Ia provenant de l’agoniste 

parétique (Morita et al., 2001). Ce défaut d’inhibition du muscle antagoniste au début de la 

contraction de l’agoniste pourrait aggraver les conséquences d’une commande motrice 

volontaire altérée et moins sélective chez le patient parétique (Dewald et al., 1995 ; Weidner 

et al., 2001). 

Alors qu’un des enjeux de la rééducation dans les suites d’un AVC est la 

récupération du membre supérieur parétique, la co-contraction spastique engendre une 

résistance active lors de la production de mouvement et est actuellement décrite comme une 

composante majeure de la parésie spastique impliquée dans la limitation du mouvement actif 

(Gracies et al., 2015 ; Vinti et al., 2013). De manière intéressante, de nombreux travaux ont 

montré l’efficacité de l’injection intramusculaire de TBA sur la diminution de la spasticité 

(Ashford et al., 2008 ; Gracies et al., 2015 ; Jahangir et al., 2007 ; McIntyre et al., 2012 ; 

Yelnik et al., 2009), améliorant la fonction passive notamment au niveau du membre 

supérieur est également améliorée (Ashford et al., 2008). En revanche, même si Gracies et 

al. (2015) ont montré qu’une injection de TBA dans le muscle biceps brachial permettait 

une amélioration de l’extension active de coude, il n’y a qu’un faible niveau de preuve 

concernant les effets de la TBA sur l’amélioration de la fonction active (Foley et al., 2013). 

Dès lors, ce projet a pour objectif principal d’évaluer l’effet de l’injection 

intramusculaire de TBA dans les fléchisseurs du coude sur la réduction de la co-contraction 

spastique au cours d’un mouvement d’extension active du membre supérieur chez des 

patients hémiplégiques vasculaires chroniques. Il fait appel à une approche multimodale 

combinant mesures cinématique tridimensionnelle, EEG et EMG à une évaluation clinique 

exhaustive du membre supérieur, auxquelles s’ajoutent l’évaluation de l’excitabilité cortico-

spinale par TMS et l’évaluation de l’intégrité des voies motrices encéphaliques par IRM sans 

produit de contraste. Les bénéfices attendus sont de montrer que les injections de TBA 

permettent de diminuer la co-contraction spastique lors du mouvement, avec pour 

conséquence d’augmenter l’angle d’extension du coude, considéré comme un élément 

majeur pour améliorer les capacités fonctionnelles de préhension. Sur un plan plus 

fondamental, les résultats permettront d’améliorer la compréhension des mécanismes 
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d’action de la TBA sur la réduction de la co-contraction spastique, à partir de la 

caractérisation de la plasticité périphérique mais également centrale induite par les injections 

de TBA (Bergfeldt et al., 2015 ; Huynh et al., 2013 ; Molteni et al., 2015 ; Simpson et al., 

2009). Dans une perspective à long terme, ce projet vise également à favoriser le 

développement des neuroprothèses du membre supérieur chez les patients cérébro-lésés, 

actuellement limité par le phénomène de co-contraction spastique et par les problématiques 

d’interface cerveau-machine (Chae et al., 2002). 

 

Les premiers résultats obtenus à partir des données recueillies lors de mouvements 

d’extension du coude réalisés à vitesse spontanée par dix sujets contrôles et dix patients 

hémiparétiques avant injection de TBA ont été récemment publiés (Chalard et al., 2019). Ils 

révèlent un indice de co-contraction plus élevé chez les sujets hémiparétiques 

comparativement aux contrôles (w19 = 3,4 ; p < 0,01), avec une différence moyenne de 

7,6 % entre les deux groupes. Ils ont également permis de mettre en évidence de manière 

précurseur une forte association entre l’indice de co-contraction et i) la limitation 

d’extension active du coude (p < 0,01), ii) la cotation de la sélectivité motrice par le score 

de Fugl-Meyer pour le membre supérieur (p < 0,01), et iii) le score ARAT (Action Research 

Arm Test) utilisé pour évaluer la fonction du membre supérieur et notamment sa 

récupération après une lésion cérébrale (p < 0,05). A l’inverse, aucune corrélation 

significative n’a été trouvée avec la spasticité. Ces résultats sont donc les premiers à montrer 

que la co-contraction spastique contribue de manière principale au déficit d’extension active 

du coude chez l’adulte présentant une lésion cérébrale, même en l’absence de spasticité. Ils 

soulignent également l’importance de l’altération de la sélectivité motrice comme un 

mécanisme contribuant à une plus grande co-contraction. Pris ensemble, ces résultats 

montrent l’impact néfaste de la co-contraction spastique sur la fonction motrice du membre 

supérieur, avec pour conséquence une restriction anormale du mouvement du bras, en 

particulier chez les sujets présentant un niveau de déficience motrice élevé. Les 

enregistrements réalisés après injection intramusculaire de TBA permettront de vérifier 

l’hypothèse d’une diminution de la co-contraction spastique des fléchisseurs du coude du 

bras parétique associé à une amélioration de l’angle d’extension active du coude. 

Les premiers résultats issus des enregistrements EEG réalisés avant injection de 

BTA montrent que la désynchronisation corticale observée au cours du mouvement 

d’extension actif du coude est différente entre les sujets contrôles (CONTROL) et les 

patients hémiparétiques (STROKE), avec un déficit de désynchronisation chez les sujets 
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hémiparétiques comparativement aux contrôles (Figure 9). Les analyses de corrélation 

réalisées à titre préliminaire en regroupant l’ensemble des participants CONTROL et 

STROKE dans un même échantillon montrent une association significative entre la 

désynchronisation corticale dans la bande de fréquence b et les paramètres du mouvement : 

plus la désynchronisation est importante en b, meilleure est la performance motrice aussi 

bien en matière d’amplitude, de vitesse, de fluidité que de co-contraction (Figure 10). Ces 

résultats sont particulièrement prometteurs dans la perspective de réduire la co-contraction 

spastique au cours du mouvement et d’améliorer la fonction motrice active chez les patients 

hémiparétiques par injection intramusculaire de TBA dans les fléchisseurs du coude. Ils 

suggèrent en effet que la plasticité induite au niveau central par les injections de TBA 

pourrait, en complément des effets attendus au niveau périphérique, contribuer à une 

évolution du recouvrement de la fonction motrice vers le retour à une performance 

considérée comme « normale » chez les patients hémiparétiques. 

 

 

Figure 9. A. Profil angulaire moyen d’extension du coude chez les patients hémiparétiques 
avant injection de TBA (STROKE) et les sujets contrôles (CONTROL). Le trait noir 
pointillé représente l’instant de transition entre la phase d’accélération et la phase de 
décélération du mouvement actif d’extension. B. Carte temps-fréquence de la 
désynchronisation corticale calculée par analyse de masse univariée au niveau 
topographique à partir des signaux EEG de surface recueillis au cours des phases 
d’accélération et de décélération du mouvement actif d’extension du coude chez les patients 
hémiparétiques avant injection de TBA (STROKE) et les sujets contrôles (CONTROL). C. 
Illustration topographique des sites d’électrodes EEG présentant une différence significative 
de désynchronisation corticale entre les sujets contrôles (CONTROL) les patients 
hémiparétiques avant injection de TBA (STROKE) au cours des phases d’accélération et de 
décélération du mouvement actif d’extension du coude. 
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Figure 10. Corrélations entre la désynchronisation corticale observée au cours du 
mouvement d’extension active du coude et les paramètres cinématiques du mouvement chez 
l’ensemble des sujets contrôles et des patients hémiparétiques avant injection de TBA. Sur 
le panneau en bas à gauche, un jerk faible est un indicateur de fluidité du mouvement. 
 

 

VI.3. Dynamique des cohérences EEG-EEG, EEG-EMG et EMG-EMG 

Ce projet correspond à la thèse de Maxime Fauvet, débutée à la rentrée universitaire 

2018-2019 au sein de l’UMR 1214 ToNIC sous la direction de Philipe Marque, que j’aurai 

plaisir à rejoindre pour co-encadrer ce travail quand j’aurai, je l’espère, l’honneur de me voir 

décerné le diplôme d’Habilitation à Diriger des Recherches. Porté par les travaux en cours 

ou déjà aboutis sur les cohérences EEG-EEG, EEG-EMG et EMG-EMG, cette perspective 

de recherche vise à étudier, de manière novatrice, la modulation des communications 

interhémisphérique, cortico-musculaire et intermusculaire envisagées comme des processus 

dynamiques au cours de contractions isométriques ou de mouvements volontaires chez des 

participants présentant une altération ou au contraire une forme d’optimisation de la fonction 

motrice. Ce projet amitieux a l’avantage de bénéficier des bases de données déjà constituées 

dans le cadre des travaux de Fabien Dal Maso (Dal Maso, 2012), Sylvain Cremoux 

(Cremoux, 2013), Joseph Tisseyre et Alexandre Chalard lors de contractions isométriques 

ou dynamiques uni- ou bilatérales réalisées par des sujets experts dans des spécialités 

sportives de force ou d’endurance, des patient cérébro-lésés en phase chronique ou des 

participants atteints d’une lésion de la moelle épinière. Ce travail nécessite de lever des 
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verrous importants du point de vue méthodologique, concernant l’analyse de phase de la 

cohérence, dont la quantification précise permettra d’étudier le sens des interactions entre le 

système nerveux central et les muscles, et la généralisation du calcul de cohérence à des 

situations expérimentales marquées par une forte variabilité inter-essais de la durée de la 

tâche. Sur ce dernier point, le travail mené par Maxime Fauvet dans le cadre de son stage de 

Master 2 a déjà fait l’objet d’une publication présentée de manière détaillée en annexes (cf. 

Annexes, p. 169-172) : 

• Fauvet, M., Cremoux, S., Chalard, A., Tisseyre, J., Gasq, D.*, Amarantini, D.* 

(* co-derniers auteurs) (accepted for publication). A novel method to generalize 

time-frequency coherence analysis between EEG or EMG signals during repetitive 

trials of different durations. In 2019 9th International IEEE/EMBS Conference on 

Neural Engineering (NER). 

 

Ce projet repose sur l’idée que les mécanismes de contrôle nerveux centraux 

d’activité musculaire agoniste et antagoniste relèvent de processus dynamiques dont la 

contribution pourra être étudiée à travers la modulation instantanée de la force du couplage 

fonctionnel entre les structures centrales et périphériques impliquées dans la contraction 

musculaire. Ce travail a donc pour objectif, dans une double perspective fondamentale et 

clinique, de contribuer à une meilleure compréhension des mécanismes de contrôle de la 

motricité saine et altérée. En faisant appel à l’analyse de cohérence (Boonstra, 2013) entre 

les signaux électroencéphalographiques (EEG) émanant du cerveau et les signaux 

électromyographiques (EMG) émanant du muscle, ce travail étudiera la contribution des 

différents mécanismes nerveux centraux à la régulation de l’activité musculaire lors de 

contractions isométriques et de mouvements volontaires réalisés par des participants sains 

et experts dans certains activités sportives et des patients cérébro-lésés présentant une 

altération des capacités motrices (notamment : accidentés vasculaires cérébraux, 

tétraplégiques). L’analyse du niveau de cohérence entre les signaux EEG et EMG permettra 

d’étudier le couplage fonctionnel aux niveaux cortico-musculaire entre les muscles et le 

cortex moteur, intermusculaire entre les muscles synergistes agonistes et antagonistes et 

cortico-cortical entre les différentes structures cérébrales impliquées dans le contrôle 

musculaire, et renseignera sur l’implication respective des mécanismes corticaux et spinaux 

dans le contrôle moteur (Boonstra & Breakspear, 2012 ; Buzsaki & Draghun, 2004 ; Fries, 

2005). S’il est aujourd’hui admis que la ou les cohérences ont un rôle fonctionnel et 

pourraient encoder une information nécessaire à la production du mouvement et au maintien 
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des capacités de force lors d’une contraction volontaire, la modulation de ces couplages au 

cours du temps reste inexplorée alors que cela pourrait être un élément déterminant de la 

capacité des individus à produire et maintenir une motricité non-altérée quelles que soient 

les conditions environnementales. 

Ainsi, le but de ce travail est d’étudier en détail les mécanismes nerveux centraux 

de régulation de l’activité musculaire chez différentes populations de sujets en analysant au 

cours du temps le couplage entre le cortex et les muscles, entre les muscles et au sein du 

cortex via la mesure des cohérences cortico-musculaire, intermusculaire et cortico-corticales 

lors de contractions isométriques et de mouvements volontaires. Ces résultats permettront 

de mieux comprendre les liens fonctionnels entre les différentes structures centrales 

impliquées dans le contrôle du mouvement et leur dynamique au cours de l’action motrice. 

L’intégration de sujets sains « normaux », de sujets devenus experts suite à un entraînement 

et de patients présentant des altérations de la commande centrale permettra, dans une 

perspective fondamentale, d’analyser la dynamique de l’implication des mécanismes de 

contrôle moteur et de contribuer au développement d’un modèle de « pilotage » de l’activité 

musculaire en termes de couplage par le système nerveux central au cours du temps. Dans 

une perspective clinique, cette démarche permettra de favoriser la prise en charge des 

patients présentant une altération de la motricité. Une meilleure compréhension de la 

dynamique de la communication à l’origine du contrôle du mouvement pourra en effet 

permettre une optimisation des traitements pour les patients souffrant d’une altération de ce 

contrôle via par exemple une injection de toxine botulique ciblée ou une interface 

cerveau / machine de stimulation. 

 

Comme indiqué précédemment, une étape préalable à la bonne réalisation de ce 

projet est la « généralisation du calcul de cohérence à des situations expérimentales 

marquées par une forte variabilité inter-essais de la durée de la tâche ». En effet, une des 

limitations majeures à l’utilisation des méthodes d’analyse de cohérence, y compris celle 

que nous avons développée dans le domaine temps-fréquence (Bigot et al., 2011), est 

l’absence de régularité inter ou intra-individuelle de la durée des actions motrices, ce qui 

restreint l’analyse du contrôle moteur à des protocoles impliquant des contractions 

musculaires isométriques ou des tâches dynamiques très standardisées. Dans ce travail, une 

technique de normalisation temporelle des signaux EEG ou EMG a été proposée pour 

permettre un calcul de la cohérence entre des signaux de durée différente tout en respectant 

les prérequis mathématiques à une analyse de cohérence rigoureuse. Cette technique a été 
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testée à la fois sur des signaux simulés de durées différentes et contrôlées, et sur des 

enregistrements EEG et EMG obtenus chez des sujets sains et des patients post-AVC lors de 

la réalisation d’une extension active du coude. Les résultats montrent que la technique 

proposée améliore à la fois la précision et la confiance du calcul de la cohérence, que ce soit 

pour les signaux simulés ou les données réelles des sujets (Figure 11). La technique proposée 

permet donc de passer outre une des limites majeures à l’analyse de cohérence et sera 

appliquée dans la suite de travaux menés notamment dans le cadre de cette perspective de 

recherche ambitieuse, afin de construire un modèle du contrôle moteur basé sur l’analyse 

dynamique de la cohérence, qu’elle soit cortico-musculaire ou intermusculaire. 

 

 

Figure 11, adaptée de Fauvet et al. (2019). Illustration des étapes de calcul de cohérence 
EEG-EMG réalisé à partir des données d’un patient post-AVC sur un total de dix-sept 
mouvements d’extension du coude réalisés à vitesse spontanée. Les panneaux de la colonne 
de gauche représentent l’ensemble de données brutes alignées sur le signal sonore indiquant 
au patient d’initier son mouvement, ceux du milieu représentent l’ensemble de données 
alignées sur le début du mouvement d’extension et ceux de droite représentent l’ensemble 
de données de signaux normalisés sans altération de leurs propriétés oscillatoires. La rangée 
supérieure correspond à la cinématique de mouvement (profil moyen en noir ; essais 
individuels en gris), la deuxième rangée correspond au signal EMG moyen, la troisième 
rangée au signal EEG moyen et la rangée inférieure aux cartes temps-fréquence de cohérence 
là où les interactions entre le cortex moteur et le muscle étudié sont significatives. Sur la 
colonne de gauche (signaux bruts), la première et la seconde zones ombrées en rouge 
correspondent respectivement à l’étendue temporelle sur laquelle le patient débute ou 
termine son mouvement ; sur la colonne du milieu (signaux alignés), le trait rouge pointillé 
et la zone ombrée en rouge correspondent respectivement au début de mouvement et à 
l’étendue temporelle sur laquelle le patient termine son mouvement ; sur la colonne de droite 
(signaux normalisés), le premier et le second traits rouges pointillés correspondent 
respectivement au début et à la fin du mouvement réalisé par le patient. 

  

Figure 2. Time-frequency maps of magnitude-squared coherence of simulated signals. Non-significant values are whitened. Coherence computed from raw 
signals (A), aligned signals (B) and time-normalized signals (C). Red shaded area represent the range of movement onset and offset variability. Movement 
onset and offset are delimited by doted red lines in middle and right columns. 
 

III. RESULTS AND DISCUSSION 

A. Simulated data  

Fig. 2 depicts coherence detection between two known 
simulated signals according to the preprocessing steps 
applied. Although significant coherence is detected for all 
three preprocessing steps, this detection is less accurate for 
‘raw’ and ‘aligned’ signals than for ‘time-normalized’ 
signals. Mean±SD values of coherence magnitude are higher 
with ‘time-normalized’ signals (0.86±0.06 and 0.72±0.11 for 
α and β, respectively) than with ‘aligned’ (0.81±0.18 and 
0.66±021 for α and β, respectively) or ‘raw’ signals 
(0.68±0.22 and 0.52±0.29 for α and β, respectively). 
Concurrently, the variance of magnitude of coherence is 
decreased with ‘time-normalized’ signals. For ‘raw’ signals, 
the magnitude of significant coherence areas is not consistent  

 

 

over time and the variability is high, especially at 30 Hz. For 
‘aligned’ signals, the coherence detection is improved at the 
beginning of the segment of interest; as time goes on and 
number of controlled-frequency signals decreases, the 
accuracy of coherence detection decreases. For ‘time-
normalized’ signals, coherence detection is improved over the 
whole signal length. The magnitude of coherence in the 
regions of interest are close to the maximum (Fig. 2A and 2B), 
meaning that the proposed method for time-normalizing 
signals does not alter the frequency contents while variability 
decreases, allowing a nearly optimal coherence computation. 
Even if false-positive points are detected with low magnitude 
values because of the strength of correlation between the two 
signals, the proposed time-normalization approach provides 
accurate coherence computation even in presence of high 
intra-subject variability in trials duration. 

 

 

 

 

 

 

Figure 3. Processing steps from the post-stroke subject data corresponding to 17 trials. Left column is the raw signals dataset, middle is the aligned signals 
dataset and right column is the normalized signals dataset. Top row is the movement kinematics (mean in black and individual trials in grey), second row is 
the mean EMG signal, third row the mean EEG signal and bottom row is the magnitude-squared coherence maps. The varying movement onset and offset 
positions in raw and aligned signals are within the red shaded area. Movement onset and offset are delimited by doted red lines in middle and right columns. 

0.9 0.9 
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VI.4. Déclinaison de la cohérence dans tous ses états 

Trois autres projets, dont les travaux viennent d’être amorcés, complètent les 

directions de recherche prioritaires que je souhaite développer à l’avenir en collaboration 

avec des spécialistes de champs disciplinaires complémentaires aux compétences que j’ai pu 

acquérir depuis ma thèse : Philippe Pudlo (LAMIH, UMR 8201 CNRS / UPHF, 

Valenciennes) dans le domaine de la robotique, Julien Duclay (ToNIC, UMR 1214 

Inserm / UPS, Toulouse) dans les domaines de la neurophysiologie et de la plasticité 

neuromusculaire, et Lilian Fautrelle (ToNIC, UMR 1214 Inserm / UPS, Toulouse) dans les 

domaines du contrôle moteur et de la psychologie cognitive. 

 

Cohérence intermusculaire & modélisation musculo-squelettique 

Le premier projet correspond à la thèse que réalisera Emilie Mathieu au sein du 

Laboratoire d’Automatique, de Mécanique et d’Informatique industrielles et Humaines 

(LAMIH, UMR CNRS 8201) de l’Université polytechnique des Hauts-de-France sous la 

direction de Philippe Pudlo. Ce projet marque un retour à la problématique que j’avais 

développée au cours de ma thèse concernant la modélisation musculo-squelettique et 

l’estimation des efforts musculaires, envisagés ici en matière de tensions musculaires 

individuelles développées par les muscles autour de l’articulation du coude lors de 

mouvements de flexion-extension réalisés à vitesse spontanée et à vitesse maximale par des 

sujets sains et des patients neurologiques. La base de données sera constituée à partir de 

l’enregistrement de la cinématique tridimensionnelle de marqueurs passifs positionnés sur 

le membre supérieur, et des signaux électromyographiques des principaux muscles 

extenseurs et fléchisseurs du coude. Ces mesures seront réalisées dans le cadre du projet 

« Effets de la toxine botulique et de la plasticité neuro-musculaire induite sur la facilitation 

des mouvements du membre supérieur en post-AVC » (ULAFBoT-Stroke ; investigateur 

coordonnateur : David Gasq) à Toulouse et à Valenciennes. 

Comme l’ont soutenu les travaux que j’ai réalisés en biomécanique (Amarantini & 

Martin, 2004 ; Amarantini et al., 2010 ; Vigouroux et al., 2007), un consensus semblait 

émerger sur la nécessité d’utiliser l’EMG comme une donnée d’entrée pour tenir compte de 

la « commande neurale » dans les modèles musculo-squelettiques permettant d’estimer les 

forces musculo-tendineuses (Besier et al., 2009 ; Bogey & Barnes, 2017 ; Buchanan et al., 

2004, 2005 ; Cholewicki et al., 1995 ; Gagnon et al., 2011 ; Granata & Marras, 1993 ; Lloyd 

et al., 2005 ; Olney & Winter, 1985 ; Sartori et al., 2010, 2012 ; Shao et al., 2009). Cette 
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approche (p. ex., Sartori et al., 2010 ; Figure 12), comme celle de la dynamique directe dite 

« assistée » (McLean et al., 2003 ; Neptune et al., 2000) est apparue pertinente pour 

améliorer l’estimation des efforts musculaires (Gagnon et al., 2001), en prenant en compte 

de manière appropriée la co-contraction agoniste / antagoniste dans l’estimation des forces 

musculo-tendineuses (Amarantini et al., 2010 ; Nikooyan et al., 2012) ainsi que des forces 

de contact articulaire (Hoang et al., 2018, 2019). La priorité semble cependant être donnée 

à l’utilisation de modèles analytiques personnalisés en approche inverse ou pseudo-inverse 

(p. ex., Moissenet et al., 2016), dont le temps de calcul et la plus grande simplicité de la 

procédure expérimentale présentent un avantage certain pour leur mise en application en 

évaluation clinique de la fonction motrice.  

 

 

Figure 12, adaptée de Sartori et al. (2010). Représentation schématique d’un modèle piloté 
par EMG permettant l’estimation des forces musculaires et du moment musculaire résultant 
lors de tâches dynamiques comme la marche ou la course (Sartori et al., 2010, 2012). Pour 
une application au calcul des forces musculaires et des moments résultants autour de cinq 
degrés de liberté des articulations de la cheville (flexion-extension), du genou (flexion-
extension) et de la hanche (flexion-extension, adduction-abduction et rotation interne-
externe), l’activité EMG de seize muscles est utilisée comme donnée d’entrée principale 
dans le modèle pour calculer les activations de trente-quatre muscles. Le bloc intitulé 
« Motion Simulation » permet d’estimer les angles et moments articulaires par approche 
inverse à l’aide d’OpenSim (Delp et al., 2007 ; Seth et al., 2018). 
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La démarche consistant à exploiter la redondance d’informations périphériques 

ayant déjà fait ses preuves pour estimer le moment résultant de manière fiable (Cahouët et 

al., 2002), je suis toutefois persuadé que l’introduction de données renseignant sur les 

synergies musculaires (d’Avella et al., 2003) ou les « stratégies neurales » est indispensable 

pour estimer les tensions développées par les muscles synergistes de manière plus réaliste. 

Le couplage intermusculaire, quantifié par la cohérence EMG-EMG dans la bande de 

fréquence bêta (β) « beta » (Kattla & Lowery, 2010) peut être considéré comme un indice 

de coordination entre les muscles synergistes (Charissou et al., 2016 ; De Marchis et al., 

2015). Récemment, de Vries et al. (2016) et Reyes et al. (2017) ont suggéré qu’il serait 

également le reflet d’une stratégie de contrôle qui pourrait coder la distribution des 

activations musculaires. Par conséquent, l’objectif ambitieux de ce projet est d’aboutir à la 

proposition d’un modèle neuro-musculo-squelettique synthétique, en testant l’hypothèse que 

l’introduction de la cohérence intermusculaire comme donnée d’entrée ou comme contrainte 

permettra d’améliorer l’estimation des efforts musculaires en reflétant de manière adaptée 

la co-contraction agoniste / antagoniste même dans des conditions où la fonction motrice est 

altérée. La première étape, en cours, est de réaliser une revue de littérature exhaustive des 

modèles « neuro-assistés » déjà disponibles pour la communauté scientifique en 

biomécanique du mouvement. 

 

Cohérence cortico-musculaire & contrôle nerveux de la contraction volontaire 

excentrique 

Le second projet a été initié à la rentrée universitaire 2018-2019 par deux Master 2 

Recherche réalisés au sein de l’UMR 1214 ToNIC par Dorian Glories et Mathias Soulhol. 

Je co-encadre ces deux stages avec Julien Duclay, spécialiste s’il en est du contrôle nerveux 

de la contraction volontaire excentrique élevé au rang de Grand Maître ès circuiterie 

(Barrué-Belou et al., 2016, 2018 ; Duclay & Martin, 2005 ; Duclay et al., 2008, 2009, 2011, 

2014). Ces travaux portent sur les effets du mode de contraction (c.-à-d. isométrique vs 

concentrique vs excentrique) et du niveau de force sur i) la réactivité des rythmes 

électrocorticaux et ii) la cohérence cortico-musculaire lors de contractions sous-maximales 

des fléchisseurs plantaires. Ces deux grandeurs seront quantifiées à partir d’une analyse 

temps-fréquence par, respectivement, la désynchronisation EEG liée à la contraction 

(Graimann et al., 2002 ; Makeig, 1993 ; Pfurtscheller, 1992, 2001 ; Pfurtscheller & Aranibar, 

1977 ; Pfurtscheller & Lopes da Silva, 1999) et la cohérence EEG-EMG calculée en faisant 



Amarantini, D. Habilitation à Diriger des Recherches  |  Perspectives scientifiques 

 145 

appel à la méthode robuste établie au cours de la thèse de Fabien Dal Maso (Bigot et al., 

2011 ; Cremoux et al., 2017 ; Dal Maso, 2012 ; Dal Maso et al., 2017). Du point de vue 

expérimental, ce projet combine la mesure du moment résultant produit autour de la cheville 

sur un ergomètre isocinétique à des enregistrements EEG, EEG et du réflexe de Hoffman 

(réflexe H). Ce dernier provient de l’activation directe des motoneurones  a via les 

afférences Ia issues des fuseaux neuromusculaires lors de la contraction volontaire ou au 

repos ; il est utilisé pour évaluer l’excitabilité spinale (Schieppati, 1987). 

De manière intéressante, il a été montré que la contraction excentrique, au cours de 

laquelle le moment résultant est opposée à celle du mouvement, présente une stratégie propre 

d’activation musculaire utilisée par le système nerveux (Duchateau & Enoka, 2008, 2016 ; 

Enoka, 1996). Comparativement aux modes isométrique et concentrique, l’activité corticale 

est majorée en excentrique (Duclay et al., 2011 ; Fang et al., 2001 ; Gruber et al., 2009). A 

l’inverse, l’étude de l’activation nerveuse volontaire à travers l’activité EMG, le niveau 

d’activation volontaire ou encore les potentiels évoqués transcrâniens a mis en évidence une 

diminution de l’excitabilité cortico-spinale propre à la contraction excentrique (Aagaard et 

al., 2000 ; Amiridis et al., 1996 ; Duclay et al., 2011 ; Gruber et al., 2009 ; Westing et al., 

1991) (Figure 13). Ces modulations semblent s’expliquer par des mécanismes nerveux 

inhibiteurs qui agissent au niveau spinal et qui se traduisent par une réduction de 

l’excitabilité spinale lors de contractions excentriques (Abbruzzese et al., 1994 ; Duclay & 

Martin, 2005 ; Duclay et al., 2009, 2011 ; Nordlund et al., 2002 ; Romano & Schieppati, 

1987) elle-même liée, au moins en partie, à la contribution de la voie d'inhibition récurrente 

(Barrué-Belou et al., 2018). 

Dans ce contexte, l’objectif central de ce projet est double : 

• D’une part, contribuer à une meilleure compréhension du rôle fonctionnel du 

couplage cortico-musculaire lors de contractions sous-maximales anisométriques, 

en testant la spécificité de la modulation de la cohérence EEG-EMG dans le mode 

excentrique comparativement aux modes isométrique et concentrique. Ces travaux 

pourront permettre de mieux comprendre les plasticités centrales induites après une 

sollicitation de type excentrique aiguë ou chronique, dans une double perspective 

d’optimisation de la performance dans le domaine de l’entrainement et/ou de 

réadaptation dans le domaine clinique. 

• D’autre part, clarifier la contribution des mécanismes nerveux centraux associés à 

la modulation de la cohérence EEG-EMG. Si certains auteurs ont montré que la 

cohérence cortico-musculaire pourrait refléter l’implication direct du cortex moteur 
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primaire dans la génération de la contraction musculaire (Conway et al., 1995 ; 

Chakarov et al., 2009 ; Ushiyama et al., 2010, 2012), d’autres auteurs ont proposé 

qu’elle pourrait refléter le contrôle de certains mécanismes spinaux par les 

structures corticales et sous-corticales (Hansen et al., 2005 ; Norton et al., 2006 ; 

Raethjen et al., 2002 ; Semmler et al., 2013). Compte tenu du pilotage spécifique 

de la contraction excentrique, les différences attendues sur la cohérence EEG-EMG 

entre les modes isométrique, concentrique et excentrique permettront de conclure 

sur la contribution des mécanismes spinaux et supra-spinaux à la modulation de la 

communication cortico-musculaire. 

 

 

Figure 13, adaptée de Duclay et al. (2011). a. Période de silence du muscle soléaire étudiée 
par TMS. b. Réflexe H mesuré au repos et lors de contractions maximales volontaires. Les 
contractions excentriques sont représentées par la barre rayée horizontalement, les 
contractions isométriques par la barre blanche, et les contractions concentriques par la barre 
noire. *** indique une différence significative avec p < 0.001. 

 

 

Cohérence intermusculaire & contexte émotionnel 

Finalement, un autre Master 2 Recherche initié à la rentrée universitaire 2018-2019 

ouvre une nouvelle perspective à mes activités de recherche. Il s’agit du projet mené au sein 

de sein de l’UMR 1214 ToNIC par Emeline Pierrieau, que je co-dirige avec Lilian Fautrelle 

(Institut National Universitaire Champollion, Rodez), spécialiste au croisement des 

neurosciences, du contrôle moteur et de la psychologie cognitive. 

Ce travail, qui fait le lien avec ceux de Mathieu Lajante auxquels j’ai participé dans 

le domaine du neuromarketing (Lajante et al., 2012 ; Lajante et al., 2017), se place dans une 
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problématique de compréhension des mécanismes sous-jacents à l’influence d’une 

expérience émotionnelle sur le comportement moteur. Il repose sur l’hypothèse de la 

direction motivationnelle (Lang, 1995, 2000), selon laquelle les dimensions de valence et 

d’activation des stimuli émotionnels seraient intimement liées à l’engagement des circuits 

neuronaux appétitif et défensif, et donc des motivations à l’approche ou à l’évitement. De 

nombreuses études démontrent que les émotions appétitives facilitent les mouvements 

d’approche tandis que les émotions négatives optimisent les comportements de fuite et 

d’évitement (Elliot, 2006). Naugle et al. (2010) ont ainsi observé une longueur de pas 

rétrécie et une vitesse ralentie lors de l’avancée vers une image déplaisante par rapport à une 

image plaisante. D’autres études ont montré également une facilitation de l’initiation de la 

marche vers un stimulus plaisant par une diminution du temps de réaction par rapport aux 

stimuli déplaisants (Gélat et al., 2011 ; Vernazza-Martin et al., 2017). Le simple fait de 

visionner des images plaisantes ou déplaisantes modifie également significativement les 

performances d’endurance et de génération de force musculaire lors d’un effort sur ergocycle 

(Jaafar et al., 2015). Cependant, les structures et processus neurophysiologiques impliqués 

dans cette flexibilité restent trop peu connus. 

L’enjeu est donc de déterminer les processus du contrôle moteur modulés par le 

contexte émotionnel. Quelques études par TMS récentes suggèrent une hausse de 

l’excitabilité corticale en présence d’un stimulus plaisant (Blakemore et al., 2018 ; Hajcak 

et al., 2007 ; Mirabella, 2018), mais les résultats sont souvent contradictoires. L’analyse de 

cohérence intermusculaire, qui mesure la synchronie entre deux signaux EMG (Farmer, 

1998 ; Farmer et al., 1993 ; Grosse et al., 2002 ; Rosenberg et al., 1989), semble 

particulièrement pertinente pour répondre à ce nouveau questionnement de recherche. Dans 

la continuité des travaux de thèse de Camille Charissou (Charissou, 2018 ; Charissou et al., 

2016, 2017), l’objectif sera d’étudier l’influence de la valence émotionnelle sur l’implication 

de différentes commandes centrales communes d’origines spinales et supraspinales reflétées 

par la cohérence intermusculaire (Dai et al., 2017 ; de Vries et al., 2016 ; Laine & Valero-

Cuevas, 2017 ; Nazarpour et al., 2012). Comme illustrée Figure 14, la manipulation du 

contexte émotionnel sera effectuée au moyen de l’outil IAPS (International Affective Picture 

System), contrôlé pour chaque participant au moyen du SAM (Self Assessment Manikin). 

La procédure expérimentale impliquera la réalisation d’une tâche de pointage vers une cible 

visuelle réalisée dans deux conditions de distance différentes, paradigme particulièrement 

adapté pour étudier les mécanismes liés à la coordination motrice dans un contexte contrôlé 

(Fautrelle et al., 2010a, 2010b, 2011). 
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A long terme, ce projet pourra trouver diverses applications dans lesquelles 

l’adaptation et la manipulation du contexte émotionnel au service de la performance motrice 

et/ou cognitive revêt un grand intérêt. L’étude se veut ainsi ouverte sur des questionnements 

dans les domaines sportif (Coudrat et al., 2014) et clinique, en particulier pour la prise en 

compte du contexte émotionnel dans le cadre du développement de stratégies adaptées de 

rééducation motrice des patients post-AVC. 

 

 

Figure 14. Illustration du protocole utilisé dans le projet « cohérence intermusculaire & 
contexte émotionnel » pour étudier les mécanismes sous-jacents la flexibilité motrice en 
fonction du stimulus émotionnel. a. Le paradigme expérimental repose sur une tâche de 
pointage vers une cible visuelle dans deux conditions de distance (c.-à-d. proche vs loin), au 
cours de laquelle sont enregistrées i) la cinématique tridimensionnelle du membre supérieur 
et ii) l’activité électromyographique de seize muscles des membres supérieurs et inférieurs 
gauche et droit. b. Le contexte émotionnel est manipulé en faisant apparaître, sur un écran 
placé face au sujet au-dessous de la trajectoire du pointage, des images présentant différentes 
valences émotionnelles (positive vs neutre vs négative). Les images présentées sont issues 
de la base de données IAPS (International Affectives Picture System), outil validé qui 
catégorise une batterie d’images émotionnelles standardisées selon leur valence et leur 
activation. c. De façon à éviter le biais provoqué par la variabilité interindividuelle de 
l’expérience émotionnelle induite par l’image, chaque image sélectionnée a été évaluée au 
préalable pour chaque sujet par l’échelle du Self-Assessment Manikin. Seules les images 
présentant les niveaux de valence les plus extrêmes et d’activation les plus élevés sont 
présentées lors de l’étude. 
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VII.   Conclusion 

 
Au-delà des aspects bibliométriques et des considérations relatives à la gestion de 

carrière, l’exercice – un peu douloureux – de travail réflexif sur « ma vie, mon œuvre » que 

m’a imposé la rédaction de ce mémoire de synthèse pour la candidature au diplôme 

d’Habilitation à Diriger des Recherches aura eu le mérite de me faire mesurer ma chance. 

La chance d’avoir bénéficié, à la suite immédiate de mon travail de thèse encadré par un 

savant atypique et passionnant, du soutien inconditionnel d’Eric Berton pour développer, en 

toute autonomie, les axes de recherches qui ont structuré l’ensemble de mon parcours 

scientifique résumé dans ce manuscrit. Je ne pouvais avoir meilleur parrain au moment de 

regarder dans le rétroviseur et de me projeter dans l’avenir. La chance, après avoir été recruté 

comme maître de conférences à Toulouse, d’avoir rencontré Marieke Longcamp, complice 

de m’avoir fait bifurquer du domaine – génial – de la biomécanique à celui – magique – de 

la neuro-biomécanique. A mes questionnements sur les mystères du muscle se sont ainsi 

ajoutés ceux du cerveau et du couplage qui, à en croire une partie de mes travaux, les associe. 

La chance d’avoir pu bénéficier, tout au long de mon parcours, de la confiance des 

étudiant·e·s que j’ai (co-)encadré·e·s. Si j’espère que ce mémoire convaincra du niveau 

scientifique des produits de mes activités de recherche, du caractère original de la démarche 

que j’ai suivie pour mener à bien mes projets, et de ma capacité à encadrer de jeunes 

chercheurs 13, ma plus grande fierté est leurs parcours. La chance, encore, d’avoir pu établir 

avec de nombreux·ses collègues des relations de collaboration désintéressées, constructives 

et productives qui participent directement au développement de mes travaux et à leur 

ouverture à des perspectives fondamentales, cliniques et translationnelles. La chance, enfin, 

de continuer à explorer l’inexploré 14  dans l’univers fabuleux des mécanismes nerveux 

centraux de contrôle de l’activité synergique musculaire chez l’homme ! 

 
13 Au moment de conclure par une anaphore emplie d’émotion sincère, il n’est pas inutile de rappeler que 
l’arrêté du 23 novembre 1988, modifié par les arrêtés des 13 février 1992 et 13 juillet 1995, interprété par les 
circulaires des 5 janvier 1989 et 16 novembre 1992, spécifie que le diplôme d’HDR « sanctionne la 
reconnaissance d’un haut niveau scientifique, le caractère original d’une démarche, la maîtrise d’une stratégie 
de recherche dans un domaine large et la capacité à encadrer de jeunes chercheurs ». Dont acte. 
14 Adapté de la devise « Explorons l’inexploré ! » de Russel, membre de la tribu des Wapitis, section 54 
(Peterson & Docter, 2009). 
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Mirror Movements are Linked to Executive Control in Healthy
and Brain-injured Adults

Joseph Tisseyre, a David Amarantini, a Alexandre Chalard, a,b Philippe Marque, a,c David Gasq a,d and Jessica Tallet a*
aToNIC, Toulouse NeuroImaging Center, Université de Toulouse, Inserm, UPS, France
b Ipsen Innovation, Les Ulis, France
cMédecine physique et réadaptation fonctionnelle, CHU Toulouse Rangueil, Toulouse, France
dExplorations Fonctionnelles Physiologiques, CHU Toulouse Rangueil, Toulouse, France

Abstract—It has been shown that brain-injured patients (BIP) have exacerbated mirror movements (MM). MM are
involuntary contractions occurring in homologous muscles contralateral to voluntary movements, particularly in
distal upper limb muscles. Attentional and inhibitory processes have been proposed as key factors to explain the
level of MM. However, the link between MM and attentional/inhibitory processes has never been formally tested.
The present study aims to test this link in 24 right-handed healthy adults and eight chronic BIP. We investigated
the link between the amount/intensity of MM and attentional/inhibitory functions. For each participant, MM pro-
duced on each limb were assessed with two tasks, and the attentional and inhibitory functions were assessed
with six neuropsychological tests. Our results showed (1) a greater amount and intensity of MM and (2) a selective
deficit in sustained attention in BIP compared to healthy adults. Moreover, (3) in all participants – independent of
the type of task used to evaluate MM – the amount and intensity of MM was predicted by the level of executive
control, assessed by the Trail Making Test. High level of MM was associated with weak executive control abilities.
This study is the first to highlight the link between MM and executive functioning, which may have implications for
rehabilitation in BIP. ! 2018 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: divided attention, stroke, neuropsychological assessment, switching, MVC, sEMG.

INTRODUCTION

Mirror movements (MM) refer to the involuntary
contractions occurring in homologous muscles
contralateral to voluntary movements, particularly in
distal upper limb muscles (Hoy et al., 2004). Such con-
tractions can interfere with the ability to perform hand
tasks, especially those requiring inter-manual coordina-
tion (Swinnen, 2002). MM are normally present during
childhood and disappear gradually as the central nervous
system matures (Mayston et al., 1999; Addamo et al.,
2007). They become inconspicuous in healthy adults,
even though mirrored surface electromyographic (sEMG)
activity can still be observed in certain conditions such as
complex rhythmic tasks (Ridderikhoff et al., 2005; Vardy

et al., 2007) or tasks requiring either low or high force
levels (Armatas et al., 1996; Arányi and Rösler, 2002).
MM reappear more obviously in elderly people compared
to younger adults (Bodwell et al., 2003; Shinohara et al.,
2003; Baliz et al., 2005; Addamo et al., 2009a, 2010;
Koerte et al., 2010).

The age-related evolution of MM can be explained by
the maturation and degeneration of the corpus callosum –
a white matter structure that connects both hemispheres.
According to the bilateral activation theory proposed by
Cernacek (1961), the mechanism underlying MM is tran-
scallosal facilitation, whereby activation in one hemi-
sphere during voluntary movement facilitates activation
of the same neural area in the opposite hemisphere, via
the connections in the corpus callosum. According to this
theory, exacerbated MM can be considered the result of
altered interhemispheric inhibitory processes (Hübers
et al., 2008). Persistent MM are observed in adults with
pathological conditions – particularly in hemiplegic
patients following a stroke or brain injury – who have
unbalanced interhemispheric inhibitory processes
(Cernacek, 1961; Chaco and Blank, 1974; Hopf et al.,
1974; Lazarus, 1992; Weiller et al., 1993; Netz et al.,
1997; Nelles et al., 1998; Hwang et al., 2005; Nowak

https://doi.org/10.1016/j.neuroscience.2018.03.027
0306-4522/! 2018 IBRO. Published by Elsevier Ltd. All rights reserved.
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Baylac, 31024 Toulouse – Cedex 3, France. Tel.: +33 (0)5 62 74 61
85.
E-mail address: jessica.tallet@inserm.fr (J. Tallet).
Abbreviations: ARAT, Action Research Arm Test; BIP, brain-injured
patients; CPT, Continuous Performance Test; EmNSA, Erasmus
modified Nottingham Sensory Assessment; FMA-UE, Fugl-Meyer
Assessment of the Upper Extremity; MM, mirror movements; MVC,
Maximal Voluntary Contraction; RMS, root-mean-square; sEMG,
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et al., 2009; Chang et al., 2013; Seo, 2013; Kim et al.,
2015). However, some authors suggest the pathological
presence of MM in brain-injured patients (BIP) is not sys-
tematic and consider this symptom to be very heteroge-
neous (Uttner et al., 2005). Although present in both
limbs, most studies show that MM are more important in
the non-paretic limb when patients execute unilateral
movement with their paretic limb (Lazarus, 1992; Nelles
et al., 1998; Chang et al., 2013; Seo, 2013). As proposed
by Nelles et al. (1998), the amount of MM in the non-
paretic and paretic limb are associated with different
degrees of motor deficit after stroke as measured by the
Fugl Meyer Assessment of the Upper Extremity (FMA-
UE) (Fugl-Meyer et al., 1974). More precisely, high level
of MM in the non-paretic limb was related to greater motor
deficit in post-stroke patients, whereas the absence of
MM in the non-paretic limb was related to better motor
abilities (Nelles et al., 1998). In contrast, patients with
high level of MM in the paretic limb had better motor func-
tion than patients without MM in the paretic limb (Nelles
et al., 1998). However, studies failed to find any correla-
tion between the amount of MM and the characteristics
of the lesions, and the patient’s sex or age (Uttner et al.,
2005).

The present study aims to test the link between
attentional and inhibitory functions and MM in BIP
compared to healthy controls. This study is based on
results of previous studies in healthy young and older
adults showing that attentional and inhibitory processes
are involved in the production of MM (Baliz et al., 2005;
Addamo et al., 2009b, 2010). With regard to attentional
processes, Baliz et al. (2005) showed that – during a fin-
ger force task – the number of MM was significantly
greater when attention was diverted. Bodwell et al.
(2003) also showed a significant increase in MM intensity
in healthy young and elderly adults when a cognitive dis-
traction was applied during a unilateral finger-tapping
task. With regard to inhibitory functions, Addamo et al.
(2010) showed that both young and older adults were
equally able to voluntarily inhibit MM during a finger-
pressing task when requested to do so. The authors
concluded that MM can be modulated by higher order
cognitive control, such as directed attention and inhibition.
In this context, BIP may exhibit a large amount of MM due
to attentional and/or inhibitory deficits that impair inhibition
of MM. Many studies have found attentional and inhibition
deficits in BIP (Mathias and Wheaton, 2007; Leśniak
et al., 2008; Cumming et al., 2013). These cognitive dis-
turbances are known to limit the patients’ functional
recovery (Hyndman and Ashburn, 2003) and especially
their motor recovery (Mullick et al., 2015). Attentional pro-
cesses have been proposed as key factors to explain the
level of MM in BIP (Uttner et al., 2005). However, the
authors did not test this hypothesis experimentally.

In order to determine whether there is a formal link
between the level of MM and the level of attentional/
inhibitory functions in healthy adults and BIP, we
assessed the amount and the intensity of MM in each
participant during two tasks: (1) unimanual Maximal
Voluntary Contractions (MVC) task and (2) a switching
motor task that requires switching from bimanual to

unimanual rhythmic contractions (Tallet et al., 2009,
2013). For each limb (right and left), MM was quantified
by the residual sEMG activation peaks in the stopping
hand. For each participant, we also assessed a wide
range of cognitive processes including different types of
attention and inhibitory functions. To this purpose, we
evaluated different specific functions of attention such
as ‘‘alertness”, ‘‘sustained attention”, ‘‘focused attention”
and ‘‘divided attention” (in accordance with the Van
Zomeren and Brouwer model (Zomeren and Brouwer,
1994)), and also evaluated inhibitory functions with verbal
and motor tasks (Stroop task and Go/No Go task respec-
tively). We hypothesized that the level of MM (amount and
intensity) is positively correlated to the attentional and
inhibitory deficits of participants (healthy and brain-
injured adults). Participants with the greatest attentional
and inhibitory deficits should have more MM.

EXPERIMENTAL PROCEDURES

Participants

Twenty-four right-handed control volunteers (CTL; 15
men and nine women; mean age: 31 ± 17 years) and
eight brain-injured patients (BIP; seven men and one
woman; mean age: 54 ± 13 years; mean time since
brain injury: 64 ± 49 months, mean FMA-UE score
(max. 66): 52 ± 6, mean Action Research Arm Test
(ARAT, max. 57): 41 ± 13, mean Erasmus modified
Nottingham Sensory Assessment (EmNSA, max. 64): 5
6 ± 15) participated in the study. The patient
characteristics are shown in Table 1. Patients were
included if they had suffered a unilateral brain injury of
vascular (n= 7) or traumatic origin (n= 1), and had
the ability to perform hand-grip contractions. Exclusion
criteria were subjects with spatial neglect,
musculoskeletal or neurological disorders in addition to
brain injury, or subjects with severe language
impairment or psychiatric disorders that could interfere
with the ability to follow simple verbal instructions. No
participant was excluded from the study. All participants
gave informed consent according to the Declaration of
Helsinki recommendations for investigations with human
participants, and all procedures were approved by local
ethics committee and conformed to the standards set by
the Declaration of Helsinki.

Neuropsychological assessment

Participants sat comfortably in a chair in front of a table
and performed six neuropsychological tests in a
randomized order to assess attentional and inhibitory
functions in accordance with the Van Zomeren and
Brouwer model (Zomeren and Brouwer, 1994). For tests
requiring the use of only one hand, the controls and BIP
were asked to perform the task with their current domi-
nant hand. This corresponded to the non-paretic hand in
seven patients and the paretic hand in one. The aim
was to make the patients’ performance comparable to
each other and to the controls, using their preferred hand
for activities of daily living. Testing lasted approximately
one hour and included the following tests:
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Focused attention was evaluated with the d2 test of
attention (D2; Brickenkamp, 1962). This test involves
simultaneous presentation of visually similar stimuli. The
task involves crossing out all target characters (a ‘‘d” with
a total of two dashes placed above and/or below), which
are interspersed with non-target characters (a ‘‘d” with
more or less than two dashes, and ‘‘p” characters with
any number of dashes), in 14 successive timed trials
(20 s for each trial).

Divided attention and flexibility (labeled ‘‘executive
control” in this paper) were evaluated with the Trail
Making Test (TMT, versions A and B; Reitan, 1958).

Preparatory attention was evaluated with a task
adapted from the phasic alert test (Zimmermann and
Fimm, 2002) under two conditions in which the partici-
pants had to respond by pressing the space bar of the
keyboard as quickly as possible when a central cross
appeared on a computer screen. In the ‘‘intrinsic” condi-
tion, the stimulus appeared on the screen without warn-
ing, while in the ‘‘phasic” condition, a warning tone
preceded the appearance of the stimulus. The time span
between the stimuli was random.

Sustained attention was evaluated with the
Continuous Performance Test (CPT; Conners, 1994).
Participants were required to press the space bar as
quickly as possible whenever any letter except the letter
‘X’ appeared on the computer screen. The interstimulus
intervals were 1, 2 and 4 s with a display time of 250 ms.

Motor inhibition was evaluated with an auditory go/no-
go task. The participants fixed a center cross on the
screen while 100 beeps sounded (25% high-pitched (No
Go condition), 75% low-pitched (Go condition)).
Beginning with the index finger of the dominant hand
pressing the left mouse button, the participants had to
press the right button as quickly as possible only when
the low-pitched sound was generated. The order of
stimuli was randomized and the duration between two
stimuli was variable.

Verbal inhibition was evaluated with the Stroop task
(Stroop, 1935).

Experimental protocol

Two isometric dynamometers (model TSD121C; Biopac
System, Inc., Goleta, CA, USA) were used to record the
power grip force in the right and left hands.

Following appropriate skin preparation (Hermens
et al., 2000), surface EMG was recorded on both sides
with Biopac MP150 system (EMG-100C amplifiers,
EL503 Ag–AgCl 11-mm bipolar electrodes with a maxi-
mum 2-cm spacing; Biopac System, Inc., Goleta, CA,
USA) from two representative superficial anterior and
posterior forearm muscles: flexor carpi radialis and exten-
sor digitorum communis. The reference electrode was
placed on the bone area of the right elbow.

Force and sEMG data were automatically
synchronized in the MP150 unit, recorded at 1000 Hz
with AcqKnowledge software (Biopac System, Inc.,
Goleta, CA, USA) and analyzed offline.

The protocol consisted of two consecutive tasks.
MVC task: the participants were instructed to perform

three maximal power grip isometric voluntary contractions
in both left and right unimanual conditions and in a
bimanual condition presented in a random order. In
each condition, each contraction lasted 4 s, with 10-s
rest between each contraction; each condition was
separated by at least 1-min rest. After low-pass filtering
at 20 Hz (fourth-order, zero-lag Butterworth filter), MVC
force value in each condition was the average force
during a 2 s window in which the force of the three
maximum voluntary contractions was highest.

Switching motor task: The participants sat comfortably
in front of a computer screen with their hands
continuously on the dynamometers to perform power
grip contractions at 25% MVC in synchronization with an
auditory metronome with a period of 700 ms. Inspired by
the selective stop task in Tallet et al. (2009, 2013), two
sides of stopping conditions were required. In the left
hand stopping condition, the participants had to switch
from bimanual to unimanual power grip contractions by
stopping the left hand when the metronome changed from
low-pitched tones (500 Hz) to high-pitched tones (4000
Hz), while continuing contractions with the right hand in
synchrony with the metronome. In the right hand stopping
condition, they had to perform exactly the opposite task
when the metronome changed from low-pitched tones
(500 Hz) to high-pitched tones (4000 Hz). The partici-
pants were provided with visual feedback on the computer
screen of current force and force target on each hand
dynamometer. This feedback allowed participants to con-
trol their contractions to 25% of their MVC. Each trial
included 20 tones and lasted 14 s. The metronome’s

Table 1. Detailed characteristics of the study participants. For control volunteers, values are mean ± standard deviation (SD)

Number Sex Age (years) Laterality

quotient

Lesion side Disease course

(month)

FMA-UE (/66) ARAT (/57) EmNSA (/64)

CTL n= 24 15 M/9F 31 ± 17 83 ± 34 – – – – –

BIP 1 F 47 !10 Left 48 55 39 62

2 M 66 !20 Left 14 51 36 57

3 M 59 +100 Left 27 59 55 62

4 M 52 !100 Left 43 48 – 60

5 M 64 !100 Left 39 60 57 60

6 M 71 +100 Right 60 44 23 19

7 M 33 +50 Right 146 54 51 64

8 M 41 !80 Left 132 46 29 64
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tonality changed randomly after either 6 or 10 low-pitched
tones. Five blocks, each consisting in two trials for each
side of stopping, were undertaken by the participants with
10-s rest between trials and 2-min rest between blocks. A
one-trial familiarization phase was provided for each stop-
ping condition.

Data processing

For neuropsychological data, the following six variables
were calculated to identify the participants’
neuropsychological profile:

Qualitative performance index (F% score) for D2 was
used to evaluate focused attention with: F% score =
100 ! (total number of errors/total number of signs
treated);
The difference between the completion time for part A
and part B of the TMT was used to assess divided
attention and flexibility;
The difference between the ‘‘intrinsic” and the ‘‘phasic”
reaction time for the phasic alert task was used to
assess preparatory attention;
Reaction time variability on the CPT was reported to
evaluate sustained attention;
The total number of errors in the auditory go/no-go task
was used to assess motor inhibition;
Interference score during the Stroop task was used to
evaluate verbal inhibition.

For force and sEMG data processing, all
computations were done using Matlab (MathWorks,
Natick, MA, USA). All filters were fourth-order zero-lag
Butterworth type.

Data preprocessing: Raw isometric force data
recorded with hand dynamometers were low-pass
filtered at 20 Hz. Raw sEMG signals were band-pass
filtered in 10–400-Hz band for denoising, and full-wave
rectified by computing the absolute value. Then, the
rectified sEMG signal was smoothed into a linear
envelope using low-pass filtering at 3 Hz, which is within
the range of appropriate cutoff frequencies to match the
sEMG envelope with the net mechanical effort pattern
(Potvin et al., 1996; Amarantini and Martin, 2004). Finally,
for the switching motor task, the sEMG activity of each
muscle was normalized to the maximal sEMG activity pro-
duction during bimanual MVC for each respective muscle.

Detection of MM: For the unimanual MVC task, the
‘‘intensity” of MM in the resting hand was assessed for
each participant with the amplitude of sEMG activity
expressed as the percentage of the sEMG root mean
square (RMS) activity calculated in the respective hand
when it was active during unimanual MVC. For the
switching motor task, the ‘‘amount” and the ‘‘intensity” of
MM of the stopping hand were assessed for each
participant as the average number and the average
amplitude of post-switching sEMG peaks in the stopping
hand, respectively. Peak detection was done using the
‘‘peakdet” Matlab function (http://www.billauer.co.
il/peakdet.html) in which ‘‘a point is considered a
maximum peak if it has the maximal value, and was
preceded by a value lower by DELTA.” For sEMG

peaks, DELTA was set at 1% of the corresponding
maximal sEMG activity recorded during MVC. An
example of the method used to detect peaks on force
and sEMG data during the switching motor task is given
in Fig. 1.

Kinetic manifestation of mirror movements: For the
unimanual MVC task, the involuntary force in the resting
hand was quantified as the percentage of the maximum
force produced in the respective hand during unimanual
MVC. For the switching motor task, the involuntary force
in the stopping hand was quantified with the average
amplitude of post-switching force peaks. For force, peak
detection was performed with DELTA set at 2% MVC.

During the switching motor task, the above-described
MM assessment was performed over a 2.1 s period from
the second to the fourth contraction following motor
switching. The first contraction following switching was
excluded from the analysis to account for the time
required for the participant to apply the ‘‘stop” command.

Statistical analyses

All values were normally distributed (Kolmogorov–
Smirnov test; p > 0.05). Variables expressed as a
proportion were arcsine square root transformed before
analysis (McDonald, 2009). This applied to the amplitude
of sEMG activity and force production in the resting hand
during the unimanual MVC task and the average ampli-
tude of the post-switching sEMG and force peaks in the
stopping hand during the switching motor task. For the
statistical analysis, the paretic and non-paretic limbs of
BIP corresponded to the ‘‘weak” and ‘‘strong” limbs,
respectively. For CTL, the ‘‘strong” limb was the one that
produced the highest force during bimanual MVC.

A multivariate analysis of covariance (MANCOVA)
with age as a covariate was performed on the six
neuropsychological scores to test the differences
between CTL and BIP while controlling for age.

To test whether force production and amplitude of
sEMG activity in the resting hand were influenced by
Limb and Group while controlling for age during
unimanual MVC, analyses of covariance (ANCOVAs)
with Limb (strong vs. weak) as a within-participant
factor, Group (CTL vs. BIP) as a between-participant
factor and Age as covariate were conducted on (1) the
force production in the resting hand and (2) the sEMG
activity amplitude in the resting hand.

To test whether the post-switching sEMG and force
peaks in the stopping hand were influenced by Limb
and Group while controlling for age during the switching
motor task, ANCOVAs with Limb (strong vs. weak) as a
within-participant factor, Group (CTL vs. BIP) as a
between-participant factor and age as covariate were
conducted on (1) the average amplitude of the post-
switching force peaks, (2) the average number of the
post-switching sEMG peaks and (3) the average
amplitude of the post-switching sEMG peaks. Moreover,
one-sample tests were performed to compare the
amplitude of force peaks in the stopping hand to the 2%
MVC threshold, corresponding to the reference value for
peak force detection in this study.
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Finally, the relationship between the neuropsy-
chological profile of participants and (i) average
amplitude of sEMG activity in the resting hand during
the unimanual MVC task, (ii) average number and (iii)
average amplitude of post-switching total sEMG peaks
in the stopping hand during the switching motor task
was studied with three stepwise regression models with
backward elimination. To interpret the results
irrespective of age, regressions were performed on
residuals only of the significant single regression
between each variable and age.

For all tests, the level of significance was set at
p< 0.05.

RESULTS

Neuropsychological variables

The MANCOVA with age as covariate revealed a
significant multivariate Group effect on reaction time
variability in the CPT (F1,29 = 8.942; p = 0.005; partial
g2 = 0.235; f effect size: 0.555). Regardless of age, BIP
had a more variable reaction time than CTL (Table 2).
The age covariate was significantly related to reaction
time variability in the CPT (F1,29 = 8.194; p = 0.007;
partial g2 = 0.220; f effect size: 0.531) and to F% score
on D2 (F1,29 = 10.393; p= 0.003; partial g2 = 0.263;
f effect size: 0.598).

MM during MVC task

Force production in the resting
hand. The ANCOVA Limb ! Group
with age as a covariate revealed a
significant Group effect on the force
production in the resting hand
during the unimanual MVC task
(F1,29 = 21.376; p < 0.001; partial
g2 = 0.424, f effect size: 0.858).
Moreover, the Limb ! Group
interaction was significant for force
production (F1,29 = 5.966; p=
0.02; partial g2 = 0.170, f effect
size: 0.453). Involuntary force
production in the resting hand was
higher in BIP than in CTL only in
the weak limb (BIP = 14.78 ± 15.9
5%; CTL = 1.20 ± 1.18%).

Amplitude of sEMG activity in the
resting hand. The ANCOVA Limb
! Group with age as a covariate
revealed a significant Group effect
in the amplitude of sEMG activity in
the resting hand during the
unimanual MVC task (F1,29 =
8.984; p= 0.005; partial g2 =
0.236, f effect size: 0.556).
Moreover, the Limb ! Group
interaction was significant for the
amplitude of sEMG activity (F1,29

= 7.571; p = 0.01; partial g2 =
0.207, f effect size: 0.511). The

amplitude of sEMG activity was higher in BIP than in
CTL only in the weak limb (BIP = 41.51 ± 39.68%; CT
L = 6.27 ± 5.34%; Fig. 2).

MM during the switching motor task

Average amplitude of post-switching force peaks in the
stopping hand. The ANCOVA Limb ! Group with age as
a covariate revealed a significant Group effect in the
average amplitude of post-switching force peaks in the
stopping hand (F1,29 = 22.016; p < 0.001; partial g2 =
0.431, f effect size: 0.871). Regardless of Limb (weak vs.
strong), the average amplitude of post-switching force
peaks was higher in BIP than in CTL (16.97 ± 10.13%
MVC vs. 2.28 ± 4.71% MVC). The age covariate was
not significantly related to the average amplitude of
post-switching force peaks (F1,29 = 2.725; p= 0.109).

One-sample t-test performed on BIP revealed a
significant difference between the amplitude of the force
peaks in the stopping hand and the 2% reference value
(t7 = 4.177; p= 0.004). In contrast, the same one-
sample t-test was not significant in CTL (t23 = 0.299;
p> 0.05).

Average number of post-switching sEMG peaks in the
stopping hand. The ANCOVA Limb ! Group with age as

Fig. 1. Illustration of force (upper panels) and sEMG (middle and lower panels) peak detection on
left and right side (left and right panels, respectively) during a representative trial of the left hand
stopping condition in a brain-injured patient. On the sEMG graphs, the gray plot corresponds to de-
noised, full-wave rectified sEMG. The vertical red lines indicate the transition i.e. the instant when
the metronome changed from low- to high-pitched tones; the red points represent detected force
and sEMG peaks; the vertical green lines delimit the period of interest for MM quantification. (For
interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)
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a covariate revealed a significant Group effect in the
average number of post-switching sEMG peaks in the
stopping hand (F1,29 = 32.028; p< 0.001; partial g2 =
0.524, f effect size: 1.050). Regardless of Limb (weak
vs. strong), the average number of post-switching sEMG
peaks was higher in BIP than CTL (2.554 ± 1.010 vs.
0.879 ± 0.589; Fig. 3, left panel). The age covariate
was significantly related to the average number of
post-switching sEMG peaks (F1,29 = 8.521; p< 0.006;
partial g2 = 0.227, f effect size: 0.879).

Average amplitude of post-switching sEMG peaks in
the stopping hand. The ANCOVA Limb ! Group with age
as a covariate revealed a significant Group effect in the
average amplitude of post-switching sEMG peaks in the
stopping hand (F1,29 = 13.332; p= 0.001; partial g2 =
0.314, f effect size: 0.678). Regardless of Limb (weak
vs. strong), the average amplitude of post-switching
sEMG peaks was higher in BIP than in CTL (17.578 ±
11.589% vs. 5.252 ± 5.932%; Fig. 3, right panel). The
age covariate was significantly related to the average
amplitude of post-switching sEMG peaks (F1,29 =
10.252; p= 0.003; partial g2 = 0.261, f effect size:
0.594).

Relationship between MM and neuropsychological
scores

The first stepwise regression model with backward
elimination between mean amplitude of sEMG activity in
the resting hand during the unimanual MVC task and
the six neuropsychological variables identified only the
TMT score as a significant predictor, regardless of age
(t30 = 8.200; p< 0.05; see Table 3).

Similarly, the two stepwise regression models with
backward elimination between average number or
average amplitude of post-switching sEMG peaks on
the stopping hand during the switching motor task and
the six neuropsychological variables identified only the
TMT score as a significant predictor, regardless of age
(t30 = 3.182 and t30 = 3.430, respectively; p< 0.05;
see Table 3).

DISCUSSION

The current study investigated the formal link between the
amount and intensity of MM and cognitive functions. To
this aim, MM were assessed and correlated with the
attentional and inhibitory functions of healthy and BIP
adults. Although the BIP cohort was rather small, our
findings suggest that BIPs have more MM compared to
healthy controls no matter which task used to assess
MM (MVC or switching task), and have a selective
deficit in sustained attention. Independent of which task
was used to assess MM (MVC or switching task), we
found a significant relationship between MM and
executive control, assessed by the TMT. Our findings
are discussed in terms of factors that can modulate the
occurrence of MM with possible implications for
rehabilitation of BIP.

Selective deficit in sustained attention in BIP

Among all the attentional and inhibitory tests, we found
only a deficit in sustained attention in chronic BIP
compared to healthy adults, even after controlling for
the effect of age. Sustained attention refers to the ability
to maintain stable, efficient attention during a long-term
task and is part of the ‘‘intensity” dimension in the Van
Zomeren and Brouwer (1994) model. Our results are
partly consistent with previous published studies on the
neuropsychological profile of chronic BIP. This selective
deficit in sustained attention is surprising given that previ-
ous studies found more general deficits in both attention
and executive functions (including inhibitory functions)

Table 2. MANCOVA summary table of population differences in neuropsychological tests in healthy adults (CTL) and brain-injured patients (BIP).
*Indicates significant difference between CTL and BIP (p < 0.05); df corresponds to the degrees of freedom (effect, error).

Dependent variables Mean (±SD) Univariate

CTL BIP df F p

D2 3.61 (±2.61) 4.76 (±3.48) 1,29 0.57 0.453

TMT 36.88 (±15.50) 156.75 (±196.74) 1,29 3.50 0.071

PHASIC ALERT "3.37 (±21.02) "18.23 (±49.47) 1,29 <0.01 0.994

CPT 73.10 (±21.31) 132.34 (±47.42) 1,29 8.94 0.005*

GO/NO GO 5.36 (±3.35) 6 (±2.44) 1,29 0.46 0.499

STROOP 27.12 (±7.47) 26.87 (±11.93) 1,29 <0.01 0.992

Fig. 2. Boxplots and stripcharts showing the amplitude of sEMG
activity in the resting hand during the unimanual MVC task in the
strong and weak limbs in healthy adults (CTL) and brain-injured
patients (BIP). ***Indicates significant difference between CTL and
BIP (p< 0.001); **indicates significant difference between the strong
and weak limbs in BIP (p < 0.01).
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that persist in chronic BIP (Mathias and Wheaton, 2007;
Leśniak et al., 2008; Barker-Collo et al., 2010; Cumming
et al., 2013). However, our results are consistent with a
long-term (5-year) follow-up study of stroke patients
(Barker-Collo et al., 2010) reporting significant deficits in
the Integrated Visual and Auditory Continuous Perfor-
mance Test known to involve sustained attention
(Sandford and Turner, 2000). The sustained attention def-
icit seems to persist for a long time post-lesion.

Although executive function deficits are commonly
reported in the literature on inhibition or executive control
in BIP (Ballard et al., 2003; Rasquin et al., 2004;
Sachdev et al., 2004; Roussel et al., 2016), we failed to find
such deficits in our study. The absence of differences could
be attributed to the number and characteristics of the BIP
tested in our study. With regard to patient characteristics,
most previous studies found deficits of attentional and
executive functions during the subacute stage following

stroke (Ballard et al., 2003; Sachdev
et al., 2004; Roussel et al., 2016) or
the post-acute stage (Leśniak et al.,
2008). At the 1-year follow-up,
Leśniak et al. (2008) found that atten-
tion deficits are still the most frequent
symptom, while executive dysfunc-
tions are significantly less frequent
than in the post-acute stage. Another
longitudinal study also found a reduc-
tion in the proportion of patients with
an executive deficit one-month post-
stroke compared to one year after
(Rasquin et al., 2004). All in all, the lit-
erature suggests a persistence of
attentional deficits and the normaliza-
tion of executive functions (only the
inhibitory functions in our case) over
the time course of recovery. Given that
patients in the chronic stage were
included in our study, it is not surpris-
ing that only a selective sustained
attention (not executive) deficit was
found.

Increased amount and intensity of
MM in BIP

In our study, the amount and intensity of MM was
quantified using two variables: (1) the number of post-
switching sEMG peaks during the switching motor task
and (2) the amplitude of sEMG activity during the MVC
task and the amplitude of post-switching sEMG peaks
during the switching motor task. Overall, the amount
and intensity of MM were exacerbated in BIP compared
to healthy controls, for both tasks (MVC and switching
motor task). Our findings are consistent with results of
previous studies, showing that MM intensity was higher
in BIP during unimanual contractions (Cernacek, 1961;
Lazarus, 1992; Nelles et al., 1998; Hwang et al., 2005;
Seo, 2013; Kim et al., 2015). However, two of our findings
surprised us.

First, there was an asymmetry in the MM produced by
BIP during the MVC task, with greater MM (larger

Fig. 3. Boxplots and stripcharts showing the average number and amplitude (left and right panels,
respectively) of post-switching sEMG peaks in the stopping hand in the strong and weak limbs in
healthy adults (CTL) and brain-injured patients (BIP). ***Indicates significant difference between
CTL and BIP (p< 0.001).

Table 3. Summary of linear stepwise regression analysis for neuropsychological scores predicting the average amplitude of sEMG activity (i.e. intensity
of MM) during the unimanual MVC task (upper table) and the average number and amplitude of sEMG peaks (i.e. MM amount and intensity,
respectively) during the switching motor task (lower table)

Model Factor Coefficients Standard error t (30) p value

Maximal voluntary contraction task

Average amplitude of sEMG

activity

TMT 0.831 0.101 8.200 <0.0001

r = 0.831 r2 = 0.691

Switching motor task

Average number of sEMG peaks TMT 0.502 0.157 3.182 0.003

r = 0.502 r2 = 0.252

Average amplitude of sEMG

peaks

TMT 0.530 0.154 3.430 0.001

r = 0.530 r2 = 0.281
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amplitude of the involuntary force and sEMG activity) in
the weak (paretic) limb. The literature reports conflicting
results on which side produces more MM in BIP. Some
studies in chronic BIP reported a greater MM intensity in
the paretic limb when the non-paretic limb was active
(Chang et al., 2013; Kim et al., 2015). Other studies
reported a greater MM intensity in the non-paretic limb
when the paretic limb was active compared to the opposite
case (Lazarus, 1992; Nelles et al., 1998; Seo, 2013). One
hypothesis to explain this apparent contradiction is that the
non-paretic limb could have a post-lesion deficit that gen-
erates a high level of MM in the paretic limb. This hypoth-
esis is based on previous studies suggesting that a motor
deficit of the non-paretic limb after unilateral stroke
emerges acutely (Sunderland et al., 1999) and persists
chronically (Yarosh et al., 2004; Wetter et al., 2005;
Schaefer et al., 2007; Avila et al., 2013). However, in our
study, MM in the strong limb during a unimanual isometric
MVC task were comparable between BIP and healthy par-
ticipants. Another hypothesis could be that our BIP had a
good level of recovery. Given that previous findings
showed that a good motor level in BIP was associated with
high MM levels in the paretic limb (Nelles et al., 1998), the
MM of the paretic limb may be similar (switching motor
task) or even greater (MVC task) than MM of the non-
paretic limb. Underlying this assumption, BIP tested in
our study were in the post-injury chronic phase (63.62
months on average ± 48.62) and had a very good motor
recovery (FMA-UE and ARAT score). Interestingly, a
recent longitudinal case study reported a progressive
MM decrease in the non-paretic limb during the process
of motor recovery in a woman with a right-sided stroke
(Ohtsuka et al., 2015). Similarly, a recent longitudinal
study quantified MM and paretic hand function in 53 stroke
patients in the year following unilateral stroke (Ejaz et al.,
2017). These authors found that MM in the non-paretic
hand were exaggerated early after damage (2 weeks)
but progressively normalized over the following year, with
a time-course that mimicked the recovery of the paretic
hand function (Ejaz et al., 2017).

Another interesting finding is that asymmetry was not
found in the switching task. For BIP as well as healthy
adults, we found no asymmetry between the strong and
weak limb during the switching motor task, neither in the
force amplitude nor the MM amount and intensity.
Hence, the degree of MM in the paretic and non-paretic
limbs of BIP seems to depend not only on the motor
recovery and the post-lesion delay, but also on the
target force level (i.e. MVC or submaximal voluntary
contractions) and perhaps the motor task type (Armatas
and Summers, 2001). This suggestion is consistent with
previous results showing that the level of MM is influenced
by the required force level (Armatas et al., 1994, 1996;
Arányi and Rösler, 2002).

Occurrence and intensity of MM were associated with
executive control (TMT)

The three stepwise regression models with backward
elimination between (1) the average amplitude of sEMG
activity in the resting hand during the unimanual
MVC task, (2) the average number and (3) amplitude of

post-switching sEMG peaks in the stopping hand during
the switching motor task and the six neuropsychological
variables assessing attentional and inhibitory functions
revealed that in all participants, the level of MM can be
explained by the B-A difference in the TMT. The B-A
difference in the TMT reflects executive control
mechanisms including several sub-functions such as
inhibition, switching from one task to another or flexibility
(Sánchez-Cubillo et al., 2009) and divided attention
(Zomeren and Brouwer, 1994; Spikman et al., 2001;
Zakzanis et al., 2005). It is doubtful that the level of MM
would be linked to the inhibition or flexibility components
of the TMT because of (1) the lack of correlation between
MM and inhibitory functions (Stroop task and no-go test)
and (2) the significant correlation between TMT and MM
produced during the unimanual MVC task which does
not imply switching or inhibition. Alternatively, the correla-
tion between MM and the TMT score suggests that partic-
ipants must divide their attention between each limb to
contract one hand without contracting the other. In that
sense, the amount and intensity of MM could be linked
to divided attention rather than inhibition or flexibility. Par-
ticipants with the lowest level of divided attention would
have more MM than participants with the highest level
of divided attention. Further investigations with a purer
test of divided attention and a larger sample are required
to confirm this hypothesis.

Clinical implications

As confirmed in this study, the assessment of MM in BIP
is important because of their high prevalence in this
population (Cernacek, 1961; Chaco and Blank, 1974;
Lazarus, 1992; Nelles et al., 1998; Hwang et al., 2005;
Kim et al., 2015) and also because MM has been identi-
fied as both a target for, and an aid in, evaluation and
rehabilitation (Nelles et al., 1998; Bhakta et al., 2001).

With regard to evaluation, our results reveal that the
amplitude of the involuntary force produced by the
stopping hand was negligible in healthy participants
(2.28% of the MVC). This result supports the idea that
MM are inconspicuous in healthy adults: they do not
produce directly observable behavioral manifestations
and they can only be assessed by sEMG. In contrast, in
BIP, the stopping limb produced a non-negligible
involuntary force (16.97% of their MVC), which suggests
that MM are an important clinical marker that should be
evaluated and a potential rehabilitation target.

With regard to rehabilitation, several studies have
reported that frequent involuntary movements – not
restricted to homologous muscles (i.e. associated
reactions) – could interfere with upper limb function in
BIP (Bhakta et al., 2001, 2008; Kahn et al., 2016). In addi-
tion, many activities of daily living require two limbs to per-
form two different tasks simultaneously. Therefore, mirror
activity can alter bimanual asymmetric coordination in
BIP. The presence of associated movements during
stroke recovery is said to hinder development of normal
movement and therefore, the use of rehabilitation tech-
niques targeting these abnormal movements have been
proposed (Bhakta et al., 2001). Thus, therapists can train
patients to perform strict unimanual movements (as in
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constraint-induced therapy, e.g. Doussoulin et al., 2017)
but also asymmetrical bimanual movements to prevent
interference in functional activities (as in asymmetric
training therapy, e.g. Lee et al., 2014).

In contrast, other studies suggest that post-stroke MM
may act as a compensatory mechanism not only aiding
voluntary movement, but also signifying recovery of
motor function (Nelles et al., 1998). As noted earlier,
patients with MM in the paretic limb tend to have better
motor function than patients without MM in the paretic
limb (Nelles et al., 1998). The goal would be to encourage
the patient to perform the desired movement with his non-
paretic hand to activate his paretic hand through mirror
activity. In support of this hypothesis, a facilitation effect
was demonstrated in the injured hemisphere during a
movement with the non-paretic hand (Renner et al.,
2005).

Finally, if the involvement of executive control abilities
in the production of MM is confirmed, we could imagine
that a cognitive rehabilitation or training program
focused on this cognitive function in BIP could reduce
MM and vice versa. There is good evidence that higher
order cognitive processes such as executive control
may modulate MM. Cognitive rehabilitation could
improve the motor function of BIP. For example,
inhibitory training programs that direct attention to
involuntary force or sEMG production from the passive
hand through feedback have been identified as relevant
to reducing MM (Lazarus and Todor, 1991; Lazarus,
1992). Furthermore, a deficit in higher order cognitive pro-
cess such as executive control hinder the sensorimotor
learning (e.g. Dancause et al., 2002) required for suc-
cessful physical rehabilitation and stroke recovery
(Hyndman and Ashburn, 2003; Barker-Collo and Feigin,
2006; Barker-Collo et al., 2010; Mullick et al., 2015). Con-
versely, motor intervention could improve cognitive func-
tioning. For example, a pilot study provided evidence
that aerobic exercise improves cognition (the speed of
information processing) in chronic stroke survivors
(Quaney et al., 2009). A recent review confirmed that aer-
obic exercise may help to improve global cognitive ability
(Zheng et al., 2016). Similar effects of aerobic exercise on
executive functions have been found in healthy adults
(e.g. Colcombe et al., 2004). These results are an exam-
ple of the mutual interaction of cognitive and motor func-
tions. On this basis, cognitive and motor rehabilitation
should not be viewed as separate aspects; rehabilitation
benefits from the interactions between cognitive and
motor functions.

To our knowledge, this study is the first to highlight a
relationship between MM and executive control in
healthy adults and BIP. As in previous studies, we found
a greater amount and intensity of MM in BIP compared to
healthy adults during both MVC and switching motor
tasks. More interestingly, the amount and intensity of
MM were predicted by executive control (TMT) for all
participants. Our results suggest that higher amount and
greater intensity of MM is associated with lower divided
attention. In this context, we can imagine that cognitive
rehabilitation focused on attentional deficits could
reduce MM in BIP, and vice versa.
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Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, Steglind S (1974) The
post-stroke hemiplegic patient. 1. A method for evaluation of
physical performance. Scand J Rehabil Med 7:13–31.

Hermens HJ, Freriks B, Disselhorst-Klug C, Rau G (2000)
Development of recommendations for SEMG sensors and
sensor placement procedures. J Electromyogr Kinesiol
10:361–374.

Hopf HC, Schlegel HJ, Lowitzsch K (1974) Irradiation of voluntary
activity to the contralateral side in movements of normal subjects
and patients with central motor disturbances. Eur Neurol
12:142–147.

Hoy KE, Fitzgerald PB, Bradshaw JL, Armatas CA, Georgiou-
Karistianis N (2004) Investigating the cortical origins of motor
overflow. Brain Res Rev 46:315–327.
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SPASTIC CO-CONTRACTION, RATHER THAN SPASTICITY, IS ASSOCIATED WITH 
IMPAIRED ACTIVE FUNCTION IN ADULTS WITH ACQUIRED BRAIN INJURY: A 
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LAY ABSTRACT
Spasticity and spastic co-contraction are expressions of 

muscle overactivity that occur in spastic paresis syn-

drome after a brain injury. The objective of the pre-

sent pilot study was to improve our understanding of 

the respective adverse consequences of spasticity and 

spastic co-contraction on motor disability. In contrary 

to spasticity, spastic co-contraction is strongly associa-

ted with motor impairment in subjects with brain injury.  

Therapies should be directed toward reducing spastic 

co-contraction in order to improve motor function.

Objective: To elucidate the adverse consequences of 
spasticity and spastic co-contraction of elbow flex-
ors on motor impairment and upper limb functional 
limitation.
Design: A pilot case-controlled prospective observa-
tional study.
Subjects: Ten brain-injured adults, and 10 healthy 
controls.
Methods: The co-contraction index was computed 
from electromyographic recordings of elbow flexors 
during sub-maximal (25% Maximal Voluntary Cont-
raction) isometric elbow extension. Spasticity was 
assessed with the Tardieu scale, upper limb limita-
tion using a goniometer during active elbow exten-
sion, motor selectivity with the Fugl-Meyer Assess-
ment for the upper limb, and motor function with 
the Action Research Arm Test.
Results: Greater co-contraction occurred in patients 
with brain injury compared with controls. In cont-
rast to spasticity, strong associations were found 
between the co-contraction index, the limitation of 
active elbow extension, the Fugl-Meyer Assessment, 
and the Action Research Arm Test.
Conclusion: This pilot study suggests that spastic 
co-contraction rather than spasticity is an important 
factor in altered upper limb motricity in subjects 
with brain injury, leading to abnormal restricting 
arm movement patterns in subjects with more seve-
re motor impairment. Practical applications directly 
concern the pre- and post-therapeutic evaluation of 
treatments aimed at improving motor skills in sub-
jects with brain injury.

Key words: brain injury; hemiplegia; muscle hypertonia; up-

per extremity.
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Muscle overactivity, including spasticity and spas-
tic co-contraction in particular, describes invo-

luntary motor unit recruitment, which occurs in spastic 

paresis syndrome after a brain injury, such as stroke or 
traumatic brain injury (1). Spasticity is defined as an 
increase in velocity-dependent stretch reflexes, and is 
clinically manifested by excessive responses to mus-
cle stretch (2). Spasticity is used as a convenient way 
to assess muscle overactivity during passive and fast 
muscular stretch. Spastic co-contraction, as assessed 
by electromyography using the muscle co-contraction 
index (3), refers to increased antagonist muscle recru-
itment triggered by the volitional command of agonist 
muscles in the absence of a phasic stretch (1). It has 
been well established that spasticity and spastic co-
contraction have different underlying physiological 
mechanisms (1), but their consequences on motor 
function remain to be confirmed and elucidated. It has 
been suggested that spastic co-contraction may contri-
bute to limitations in active movement (4). However, 
to date, the impact of this disabling form of muscle 
overactivity on motor function in brain-injured adults 
has been only sparsely and indirectly studied (5). In 
addition, most treatments aimed at improving upper 
limb function, such as rehabilitation or botulinum 
toxin, focus on spasticity as the primary outcome in 
clinical practice (6).

The aim of the present pilot study was therefore to 
elucidate the adverse consequences of spasticity and 
spastic co-contraction of elbow flexors on upper limb 
motor impairment and disability. The results of this 
study may have direct application in improving the 
evaluation and implementation of treatments aimed at 
improving motor function in subjects with brain injury.
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2 A. Chalard et al.

METHODS

Participants

This pilot case-controlled prospective observational study 

included 10 adults with brain injury (HEMI) and 10 control 

participants (CONTROL) (see Table I for participants’ demo-

graphics). The inclusion criteria were: brain injury for at least 6 

months caused by an acquired cerebral lesion (single stroke or 

traumatic brain injury); strength of paretic triceps brachii (rated 

at least at 3/5 on the Held-Deseilligny Scale, corresponding 
to extension of the forearm against slight resistance); and no 
anti-spastic treatment during the 3 previous months. Exclusion 
criteria were: severe cognitive disorders with limited compre-

hension of basic instructions; neurodegenerative conditions 

other than the acquired brain injury; elbow contracture (loss 

of passive elbow extension or flexion); and upper limb pain 
during movement. Ethics approval was obtained from the local 

institutional review board at Paul Sabatier University Hospital 

(No. 07-0716, Toulouse, France) and written informed consent 

was obtained from all participants. The study was conducted 

in accordance with the amended Declaration of Helsinki and 
conforms to all STROBE guidelines, reporting the required 

information accordingly.

Materials

Net torque around the elbow joint was recorded at 1 kHz using 

a Con-Trex MJ calibrated dynamometer (CMV AG, Dubendorf, 
Switzerland).

The surface electromyographic signal (EMG) was recorded 
at 1 kHz using Ag–AgCl bipolar electrodes in bipolar confi-

guration with an inter-electrode distance of 20 mm,, using an 

MP150 system (Biopac Systems Inc., Goleta, CA, USA). The 
reference electrode was placed on the left ulnar head. Biceps 

brachii and brachioradialis were selected as the elbow flexors 
acting as antagonist muscles during elbow extension.

Recordings were made on the non-dominant side in the CON-

TROL group and on the paretic side in HEMI group.

Torque and EMG data were synchronized automatically using 
a rectangular triggering pulse signal and analysed offline.

Procedure

The experimental procedure comprised 2 steps.

First step. To perform the following clinical assessment (7): 

spasticity of elbow flexors, limitation to active elbow extension, 

motor selectivity and motor function were assessed respec-

tively, using the Tardieu scale, a goniometer during repetitive 

and dynamic voluntary elbow extensions at a preferred rate, 
the upper limb motor section of the Fugl-Meyer Assessment 
scale, and the Action Research Arm Test (Table I). Maximal net 
elbow extension torque value was taken as a functional marker 
of triceps brachii paresis, the Fugl-Meyer score as a motor 

selectivity assessment, and the Action Research Arm Test as a 
motor function assessment.

Second step. Participants were seated on the dynamometer chair 

with their upper body strapped firmly, the upper arm positioned 
along the trunk, and the elbow flexed at 90° (Fig. 1). The parti-
cipants exerted 3 isometric maximal voluntary contractions of 
the elbow in flexion and in extension for a duration of 5 s, with 
1 min rest between each contraction and 3 min rest between 
flexion and extension contractions. After collection of maximal 
voluntary contraction data, participants performed 2 sets of 5-s 

elbow isometric extension sub-maximal contractions while 
receiving visual feedback on their actual torque in relation to 

a target torque. Each set included 6 contractions at 25% Maxi-
mal Voluntary Contraction (MVC), corresponding to a level of 
force required for daily activities (8). The time between each 

contraction was 30 s; each set was separated by a 3-min rest 
period to minimize fatigue.

Table I. Participants’ demographics

Participants Sex Age, year Pathology
Side and location of 
cerebral injury

Disease 
course, month

Fugl-Meyer 
Assessment score 
(upper limb/66)

Action Research 
Arm Test (/57)

Control Group
(n = 10)

6 Males 
4 Females

30 (15)* – – – – –

Brain Injured Group
1 Female 47 Ischaemic stroke Left, cortical & subcortical 48 55 39
2 Male 66 Haemorrhagic stroke Left, thalamic 14 51 36
3 Male 59 Ischaemic stroke Left, latero-bulbar 27 59 55
4 Male 52 Ischaemic stroke Left, subcortical 43 48 18
5 Male 64 Ischaemic stroke Left, cortical & subcortical 39 60 57
6 Male 71 Ischaemic stroke Right, cortical & subcortical 60 44 23
7 Male 33 Ischaemic stroke Right, cortical & subcortical 146 54 51
8 Male 41 Traumatic brain injury Left, cortical & subcortical 132 46 29
9 Male 57 Traumatic brain injury Right, cortical & subcortical 360 18 0
10 Male 63 Haemorrhagic stroke Left, subcortical 60 32 0

*Mean (standard deviation (SD)), indicates a significant difference in age between HEMI and CONTROL groups (p < 0.05).

Fig. 1. Illustration of the arm and forearm positions used to perform 
torque and electromyographic recordings during isometric elbow 
extension on the calibrated dynamometer.

www.medicaljournals.se/jrm
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3Spastic co-contraction and active motor impairment

p < 0.01), with a mean difference (SD) of 7.6±12.9%. 
Lower net elbow extension torque during maximal vol-
untary contraction was found in the HEMI compared 
with the CONTROL group (w19 = –2.34, p<0.05), with 
a mean difference (SD) of 17.6 ± 17 Nm. Results of the 
Spearman’s correlations are shown in Table III. 

DISCUSSION

This pilot study aimed to elucidate the consequences of 
spasticity and spastic co-contraction of elbow flexors 
on limitation of active elbow extension in adults with 
brain injury. A strong association was found between 
the co-contraction index and (i) the limitation of ac-
tive elbow extension, (ii) the Fugl-Meyer Assessment 
score, and (iii) the score on Action Research Arm Test. 
Conversely, no significant correlation was found bet-
ween spasticity and any of the variables cited above.

These results are thus the first to show that spastic 
co-contraction primarily contributes to a deficit in 
active elbow extension in adults with brain injury, 
which occurs even in the absence of spasticity (see, for 
example, Table II, HEMI participants 5 and 10). These 
findings confirm the absence of an association between 
spasticity and spastic co-contraction, supporting the 
idea that they refer to different forms of overactivity 
with different underlying physiological mechanisms 

Data processing

Net torque was low-pass filtered at 100 Hz with a 6th-order 
zero-lag Butterworth filter. EMG data were 10–400-Hz band-
pass filtered (4th-order zero-lag Butterworth filter), full-wave 
rectified, and smoothed at 9 Hz to obtain the linear envelopes. 
The co-contraction index was determined as the ratio (expres-
sed in percentage) between the root mean square value of the 
elbow flexors EMG envelopes during the sub-maximal elbow 
extensions and the root mean square of the same muscle during 
the highest maximal voluntary elbow flexion contraction (9).

Statistical analysis

Non-parametric analysis using Wilcoxon rank-sum test was per-
formed to compare the co-contraction index and the maximal net 
elbow extension torque between HEMI and CONTROL groups.

Non-parametric Spearman’s correlations (rs) were performed 
to investigate the relationship between co-contraction index, 
elbow-flexor spasticity, maximal net elbow extension torque 
with: (i) limitation to active elbow extension, (ii) elbow-flexor 
spasticity, (iii) Fugl-Meyer Assessment score for the upper 
limb, and (iiii) Action Research Arm Test. It is notable that that 
there was a significant difference in age between the HEMI and 
CONTROL groups (Table I). However, preliminary analysis of 
the data showed a lack of any correlation with age (p > 0.05), 
enabling the results to be interpreted independently of age.

RESULTS

A higher co-contraction index occurred in the HEMI 
group compared with the CONTROL group (w19 = 3.4, 

Table II. Co-contraction index, net elbow extension torque during maximal voluntary contraction and clinical characteristics

Participants

Co-contraction index 
during sub-maximal elbow 
extension (%)

Net elbow extension torque (Nm) 
during maximal voluntary contraction

Limitation of active elbow 
extension (degree)

Elbow flexors spasticity 
(Tardieu scale, 0–4)

Control group (n = 10)
Median (IQR) 1.7 (0.9) 27.4 (18.9) – –

Brain-injured group
1 4.5 16.8 0 1
2 2.3 18.2 0 2
3 2.7 20.3 0 2
4 6.9 17.2 20 1
5 3.9 51.9 0 0
6 4.7 21.6 0 2
7 2.9 23.6 0 2
8 1.8 6.8 0 3
9 48.3 4.2 45 2
10 13.1 32.7 30 0
Median (IQR) 4.2 (2.7)* 19.3 (6.8)* 0 (20) 2 (1)

*Indicates a significant difference between HEMI and CONTROL groups (p < 0.05). 
IQR: interquartile range.

Table III. Spearman correlations (95% confidence interval) for HEMI participants between co-contraction index, net elbow extension 
torque during maximal voluntary contraction and clinical variables

Limitation of active elbow 
extension

Elbow flexors 
spasticity

Fugl-Meyer Assessment 
score (upper limb)

Action Research Arm 
Test

Co-contraction index during the sub-maximal 
elbow extension 0.88** [0.59, 0.97] 0.01 [–0.59, 0.60] –0.86** [–0.96, –0.53] –0.66* [–0.90, –0.09]
Elbow flexors spasticity –0.23 [–0.72, 0.42] – 0.10 [–0.53, 0.66] 0.06 [–0.63, 0.56]
Net elbow extension torque during maximal 
voluntary contraction –0.26 [–0.74, 0.40] –0.49 [–0.92, –0.08] 0.44 [–0.21, 0.82] 0.41 [–0.19, 0.80]

*Indicates a significant correlation at p < 0.05. **Indicates a significant correlation at p < 0.01.

J Rehabil Med 51, 2019
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4 A. Chalard et al.

(1). Most importantly, in agreement with a suggestion 
made in a previous report (10), these results unequivo-
cally establish that spasticity and spastic co-contraction 
have different functional repercussions with regards to 
impaired motor function in adults with brain injury. 

It is well known that selective muscle activation 
is necessary for skilled and coordinated upper limb 
movements, which implies concomitant activation of 
agonists and relaxation of antagonists. Lesions that 
damage the corticospinal pathways, such as stroke or 
traumatic brain injury, cause long-lasting impairment 
of the ability to produce selective patterns of EMG 
activity (11). However, it has been shown that, during 
rehabilitation, the decrease in co-contraction index is 
correlated with the improvement in Fugl-Meyer score 
among post-stroke subjects (12). In agreement with a 
previous study (4), our finding of a strong association 
between the co-contraction index and Fugl-Meyer 
Assessment score thus highlights the importance of 
impaired motor selectivity as a mechanism that con-
tributes to greater spastic co-contraction. 

The adverse consequence of the presence of spastic 
co-contraction on upper limb motor impairment is 
further supported by the significant association bet-
ween the co-contraction index and the score on Action 
Research Arm Test, taken to reflect upper limb functio-
nal limitation. Furthermore, by analysing EMG-based 
assessment of spastic co-contraction in patients with a 
wide range of motor impairment, our results highlight 
that the more severe the motor impairment, the greater 
the co-contraction index.

These results also failed to show an association bet-
ween the net elbow extension torque during maximal 
voluntary contraction, taken as a functional marker 
of triceps brachii paresis, and either the limitation of 
active elbow extension, the score of Fugl-Meyer As-
sessment or of the Action Research Arm Test. These 
findings indicate that motor weakness is not a primary 
factor limiting active elbow extension, and lead to the 
conclusion that non-selective motricity and function 
impairment are not directly linked to motor weakness.

Taken together, the above results demonstrate the 
detrimental impact of spastic co-contraction on upper 
limb motor function, leading to abnormal restricting 
arm movement patterns, especially in subjects with 
more severe motor impairment. 

Despite strong evidence of improvement in spasti-
city induced by botulinum toxin treatment, few studies 
have shown effectiveness in improving active function 
and active movement (13, 14). A limitation that may 
explain this lack of efficacy in active function is the 
use of spasticity, as assessed during passive stretching, 
as a marker of muscle overactivity during movement 
(15). In contrast, the change in spastic co-contraction 

after injection of botulinum toxin has been poorly 
studied. From a clinical perspective, these results are 
in line with the Subcommittee of the American Aca-
demy of Neurology (13), which recommend the use 
and development of a method and outcome regarding 
motor function and active movement. We support the 
requirement to report active range of motion as an out-
come of muscle overactivity treatments (7), and the use 
of EMG-based quantification of spastic co-contraction 
as a relevant tool for providing effective interventions 
related to altered recruitment of antagonist muscles and 
limitation of active movement.

Study limitations
Although a limitation of this pilot study is the small 
sample size, significant findings were made relative 
to the link between spastic co-contraction and clinical 
scores. Any generalization of these results, however, 
should be viewed with caution, especially because 
hemiparetic subjects had different aetiologies of brain 
injury (i.e. stroke and traumatic brain injury) and that 
little is known about the influence of the type of brain 
injury on spastic co-contraction.

This pilot study assessed the co-contraction index 
during submaximal isometric contraction, while spastic 
co-contraction is sensitive to stretch (1). Thus, future 
research should investigate co-contraction during ac-
tive elbow extension. 

Conclusion and clinical implications
The results of this pilot study suggest that spastic co-
contraction alters upper limb function in subjects with 
hemiparetic brain injury. These findings may partially 
explain the lack of data concerning the efficacy of 
treatments, such as botulinum toxin to improve up-
per limb function (6, 13, 14). Although measurement 
of spasticity is usually performed to assess muscle 
overactivity, these results highlight the importance 
of considering spastic co-contraction to assess active 
motor function, and support further studies on changes 
in spastic co-contraction after injection of botulinum 
toxin, in connection with the improvement in active 
function. Practical applications arising from this work 
are to improve the assessment of factors that restrict 
movement and implementation of treatments aimed at 
improving motor function in subjects with brain injury.
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 Abstract – Time-frequency coherence analysis between EEG 
and EMG signals represents a valuable tool to gain insight into 
neural mechanisms underlying motor control. However, for self-
paced movements, the variability of inter-trial duration limits its 
proper use. To overcome this obstacle, we propose a time-
normalizing approach and test it on both simulated and 
experimental data recorded during elbow extension movements 
performed by a post-stroke subject. Results show that the 
proposed time-normalization improves both the consistency and 
the accuracy of time-frequency coherence calculation, detection 
and quantification. The proposed time-normalization overcomes 
a major limitation to generalization of coherence analysis and 
can be suggested as an essential step to perform for coherence in 
presence of high intra-subject variability in duration. 

I. INTRODUCTION 

For more than twenty years, coherence analysis [1,2] is 
used to study synchrony between brain and muscle activities 
(corticomuscular coherence [3–6]), between muscle activities 
(intermuscular coherence [7–9]) or within the brain 
(corticocortical coherence [10,11]). Coherence in the alpha 
([8-12] Hz) and beta ([13-32] Hz) frequency ranges is thought 
to reflect underlying mechanisms of long range 
communication through neural synchronization [12,13]. 
According to recent neuroscience studies (e.g., [14]), 
coherence can be considered as a powerful tool to investigate 
neural mechanisms responsible for motor control.  

Appropriate calculation, detection and quantification of 
coherence require concatenation of EEG or EMG data 
recorded during either repetitive trials or single-trial segments 
with the same number of observation recorded at regularly 
spaced time points [15]. This methodological requirement can 
be easily met with consistent data during calibrated isometric 
contractions with a fixed duration [16,17]. However, it is a 
major obstacle to generalization of the use of coherence 
during experimental tasks with high inter-trial variability in 
duration, such as during dynamic contractions performed by 
participants with altered motor function.  
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The present study aims to overcome this limitation and 
introduces a novel data preprocessing method to properly 
calculate coherence between EEG and EMG signals measured 
during repetitive trials of different durations. Firstly, a 
simulation analysis was performed to investigate the 
advantages and abilities of the proposed method to achieve 
this objective. Secondly, the method was applied to 
experimental EEG and EMG data to illustrate its performance 
during elbow extension movements in one post-stroke 
subject. 

II. METHODS 

A. Simulation data  
Two paired datasets of thirty independent time series with 

zero mean and a -5dB signal-to-noise ratio with sampling rate 
1 kHz were simulated. In each signal, a central segment of 
interest contained 10 and 30 Hz frequency components to 
respectively represent physiological α and β rhythms. The 
duration of the segment of interest was ranging between 1.35 
and 4.78 s, randomly drawn from a normal distribution with 
mean and variance coming from sample data in elbow 
flexion-extension movements in post-stroke subjects [18]. 
The segment of interest was surrounded by two segments 
containing pure Gaussian white noise. The duration of the 
first segment was randomly chosen between 1 and 2.1 s. The 
duration of the last segment was randomly chosen such as the 
whole signal duration does not exceed the maximum duration 
of the segment of interest plus 2.1s. An illustration of 
simulated signal is shown on Fig. 1 (left column). 

‘Aligned’ signals were obtained by settling the ‘raw’ 
signals 1 s prior to the segment of interest. The duration of the 
signal with the longest segment of interest plus one second 
(1000 or 1024 points in experimental data depending on the 
sampling frequency) was used as a reference. Gaussian white 
noise was added at the end of aligned signal of each trial to 
match the reference duration (see Fig. 1, middle column). 

The ‘time-normalized’ signals were then obtained by 
upsampling ‘aligned’ signals in order to deal with the 
different durations of the segment of interest across trials. 
Upsampling was performed using the Matlab (The 
MathWorks Inc., Natick, MA, USA) function resample, 
according to the longest segment of interest in the dataset (i.e., 
representing the longest movement in experimental data). The 
resampling rate was established for each trial such as the 
normalized duration of the segment of interest was of equal 
length among all trials (Fig. 1, right column) and the duration 
was    expressed    in   percentage    terms.    Each   trial   was 
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Figure 1. Steps taken to process simulated data and make them fit the coherence computation requirements. Left column: raw simulated signals at 1 KHz, 
minimal and maximal length of the segment of interest are respectively 1353 points and 4789 points. Middle column: raw signals aligned 1s prior to second 
segment onset. Right column: time-normalized signals with a fixed 7099 points length and individual sampling rate ranging from 1 kHz to 3817 Hz

first truncated to correct length according to the resampling 
rate; the segment of interest was preceded and followed by a 
duration of xi from flanking segments computed with: 

                               𝑥𝑖 =  
𝑙1,𝑖
𝑙2,𝑖

 (𝑓𝑠 + 𝑙2,𝑖) – 𝑙1,𝑖

2
                             (1) 

where l1,i is the length of the segment of interest, l2,i is the 
maximal length of segment of interest in the dataset and fs is 
the original sample frequency. These two signal parts 
surrounding the segment of interest were then up-sampled at 
the same rate as the latter. 

B. Experimental data 
A post-stroke subject participated in the experiment and 

was seated in front of a table, the elbows 90° flexed. He was 
asked to perform two blocks of ten elbow extensions for each 
arm, in turn. A 1 min rest period was allowed after every 
block. The inter-trial movement duration (range: 1956 - 4393 
ms) was variable enough to assess the robustness of the 
preprocessing steps for the coherence computation.  

Activity of the brachial triceps was recorded at 1 kHz by 
a surface EMG system (Biopac, MP150 model, 
Acqknowledge, Biopac Systems Inc., Santa Barbara, USA). 
EEG signals were recorded at 1024 Hz by a 64-channel 
ActiveTwo System (Biosemi, Amsterdam, The Netherlands). 
Upper limbs movement kinematics was recorded at 250 Hz 
by eight infrared cameras (Optitrack, Natural Point, Corvallis, 
Oregon, USA). 

Kinematic data were low-pass filtered at 6 Hz and elbow 
angular movement detection threshold was set to 0.01 °/s to 
assess movement onset and offset. EMG and EEG data were 

band-pass filtered (3-100 Hz). Continuous data were then 
epoched to trials from -1 s to +1 s relative to the movement 
onset and offset. Filtered EEG and EMG signals were then 
time-normalized according to the method described above for 
the simulated data (see: II.A). 

C. Coherence analysis 
For both simulated and experimental data, coherence was 

calculated, detected and quantified in the time-frequency 
domain from the respective above signals with the 
WaveCrossSpec software for wavelet coherence analysis 
[15]. For experimental data, corticomuscular coherence was 
computed between the right or left triceps brachii and 
contralateral C3 or C4 electrode, depending on the movement 
side. In WaveCrossSpec, the parameters ‘nvoice’, ‘J1’ and 
‘wavenumber’ were respectively set to 7, 30 and 10 to yield 
accurate identification of oscillatory activity in the 
[0.0015:0.2232:47.9840] Hz frequency range. Magnitude-
squared coherence was computed with:  

                              𝑅𝐸𝐸𝐺,𝐸𝑀𝐺
2 =  |𝑆𝐸𝐸𝐺,𝐸𝑀𝐺|

2

𝑆𝐸𝐸𝐺𝑆𝐸𝑀𝐺
                    (2) 

where SEEG,EMG is the wavelet cross-spectrum between EEG 
and EMG signals and SEEG and SEMG are wavelet auto-
spectrum of EEG and EMG. The magnitude-squared 
coherence was measured as the mean and its standard 
deviation in α ([8-12] Hz) and high β ([28-32] Hz) frequency 
bands over the segment of interest, excluding null values (i.e. 
non-significant coherence values). Coherence was quantified 
from the first movement onset to the last movement offset for 
‘raw’ signals, from the movement onset to the last movement 
offset for ‘aligned’ signals and from 0 to 100% for ‘time-
normalized’ signals. 
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Figure 2. Time-frequency maps of magnitude-squared coherence of simulated signals. Non-significant values are whitened. Coherence computed from raw 
signals (A), aligned signals (B) and time-normalized signals (C). Red shaded area represent the range of movement onset and offset variability. Movement 
onset and offset are delimited by doted red lines in middle and right columns. 
 

III. RESULTS AND DISCUSSION 

A. Simulated data  

Fig. 2 depicts coherence detection between two known 
simulated signals according to the preprocessing steps 
applied. Although significant coherence is detected for all 
three preprocessing steps, this detection is less accurate for 
‘raw’ and ‘aligned’ signals than for ‘time-normalized’ 
signals. Mean±SD values of coherence magnitude are higher 
with ‘time-normalized’ signals (0.86±0.06 and 0.72±0.11 for 
α and β, respectively) than with ‘aligned’ (0.81±0.18 and 
0.66±021 for α and β, respectively) or ‘raw’ signals 
(0.68±0.22 and 0.52±0.29 for α and β, respectively). 
Concurrently, the variance of magnitude of coherence is 
decreased with ‘time-normalized’ signals. For ‘raw’ signals, 
the magnitude of significant coherence areas is not consistent  

 

 

over time and the variability is high, especially at 30 Hz. For 
‘aligned’ signals, the coherence detection is improved at the 
beginning of the segment of interest; as time goes on and 
number of controlled-frequency signals decreases, the 
accuracy of coherence detection decreases. For ‘time-
normalized’ signals, coherence detection is improved over the 
whole signal length. The magnitude of coherence in the 
regions of interest are close to the maximum (Fig. 2A and 2B), 
meaning that the proposed method for time-normalizing 
signals does not alter the frequency contents while variability 
decreases, allowing a nearly optimal coherence computation. 
Even if false-positive points are detected with low magnitude 
values because of the strength of correlation between the two 
signals, the proposed time-normalization approach provides 
accurate coherence computation even in presence of high 
intra-subject variability in trials duration. 

 

 

 

 

 

 

Figure 3. Processing steps from the post-stroke subject data corresponding to 17 trials. Left column is the raw signals dataset, middle is the aligned signals 
dataset and right column is the normalized signals dataset. Top row is the movement kinematics (mean in black and individual trials in grey), second row is 
the mean EMG signal, third row the mean EEG signal and bottom row is the magnitude-squared coherence maps. The varying movement onset and offset 
positions in raw and aligned signals are within the red shaded area. Movement onset and offset are delimited by doted red lines in middle and right columns. 

0.9 0.9 

 
  



Amarantini, D. Habilitation à Diriger des Recherches  |  Annexes 

 172 

  

Consequently, coherence detection and quantification is 
more accurate with ‘time-normalized’ signals obtained using 
the proposed method. 

B. Experimental data  
Fig. 3 presents corticomuscular coherence results 

obtained according to the proposed procedure using EEG and 
EMG data from the post-stroke subject performing elbow 
extension movements at spontaneous rate. The 
magnitude±SD of coherence in α band is 0.09±0.06 for ‘raw’ 
signals, 0.07±0.05 for ‘aligned’ signals and 0.05±0.03 for 
‘time-normalized’ signals. Coherence in β band is null for 
‘raw’ signals whereas it is 0.18±0.05 for ‘aligned’ signals and 
0.16±0.04 for ‘time-normalized’ signals. As for simulated 
data, coherence detection is less important for ‘raw’ signals 
and is poorly consistent over time for both ‘raw’ and ‘aligned’ 
signals. It is remarkable to see that coherence variability 
decreases after each processing step applied to the data. 
Previous corticomuscular coherence studies involving post-
stroke subjects [19]–[21] showed a modulation of coherence 
magnitude and a broader distribution of coherence in the β 
band. The lack of coherence detection within this band for 
‘raw’ signals supports the need of the proposed time-
normalization processing steps for a reliable and accurate 
coherence calculation in presence of variable inter-trial 
duration. 

IV. CONCLUSION 
Results from both simulated and experimental data show 

that the proposed time-normalization processing steps is a 
necessary and effective method for time-frequency coherence 
detection and quantification in presence of high inter-trial 
variability in duration. The proposed method overcomes a 
major limitation to generalization of time-frequency 
coherence analysis in various protocols involving repetitive 
trials of different durations, and also provides the advantage 
that it can be used either for corticocortical, corticomuscular 
or intermuscular coherence analysis. 
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Résumé : Ce document est la synthèse du cheminement scientifique que j’ai suivi depuis 2003 pour 
développer mes activités de recherche sur la question de la redondance musculaire. Tout au long de mon 
parcours, j’ai approfondi ce sujet en m’intéressant aux rôles fonctionnels de la co-contraction 
agoniste / antagoniste et aux mécanismes nerveux centraux de contrôle de l’activité musculaire 
antagoniste lors de contractions volontaires et involontaires chez l’homme, avec des visées dans les 
domaines entrecroisés de l’optimisation de la performance motrice chez le sujet sain et l’amélioration de 
la fonction motrice chez le patient cérébro- ou médullo-lésé. Pour traiter cette question, ma démarche 
scientifique m’a fait passer d’une approche strictement biomécanique à une approche multimodale 
réellement pluridisciplinaire au croisement de la biomécanique, des neurosciences et du traitement du 
signal. Les principales thématiques de recherche que j’ai développées concernent la modélisation 
musculo-squelettique de la redondance musculaire, l’étude des facteurs de modulation de la co-
contraction agoniste / antagoniste saine et pathologique, l’étude des corrélats cérébraux de l’activité des 
muscles antagonistes, et enfin la contribution des interactions cortico-musculaires et intermusculaires au 
contrôle de la co-contraction agoniste / antagoniste. En poursuivant la démarche originale dans laquelle 
je m’inscris dans le domaine de la neuro-biomécanique, ces travaux approfondiront l’analyse de la co-
contraction à travers une définition élargie et une vision ouverte à de nouveaux champs scientifiques. Ils 
contribueront également à mieux comprendre le rôle fonctionnel et les mécanismes impliqués dans le 
contrôle de la redondance musculaire dans une double perspective fondamentale et clinique. 
 
Mots clés : biomécanique, neuroscience, traitement du signal, cohérence, mouvement humain, EEG, 
EMG. 
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Neuro-biomechanics of muscular redundancy – Musculoskeletal modeling 
and motor control of agonist/antagonist co-contraction 

 
Abstract: This document summarizes the scientific route that I have followed since 2003 to develop my 
research activities on the issue of muscular redundancy. Throughout my career, I have deepened this 
subject by focusing on the functional roles of agonist/antagonist co-contraction and on the central nervous 
mechanisms controlling antagonist muscles activity during voluntary and involuntary contractions in 
man, with the aims to optimize motor performance in the healthy subject and to improve motor function 
in the brain or spinal cord injured subjects. To address this issue, my scientific works shifted from a 
strictly biomechanical approach to a multidisciplinary multimodal approach at the intersection of 
biomechanics, neuroscience and signal processing. The main research topics that I have developed relate 
to musculoskeletal modeling of muscular redundancy, to the study of the factors of modulation of healthy 
and pathological agonist/antagonist co-contraction, to the study of the cerebral correlates of antagonist 
muscles activity, and finally to the contribution of cortico-muscular and intermuscular interactions to the 
control of agonist/antagonist co-contraction. By pursuing the original approach in which I am engaged in 
the field of neuro-biomechanics, this work will deepen the analysis of co-contraction through a broader 
definition and an open vision to new scientific fields. It will also contribute to a better understanding of 
the functional role and the mechanisms involved in the control of muscular redundancy from both a 
fundamental and clinical perspective. 
 
Keywords: biomechanics, neuroscience, signal processing, coherence, human movement, EEG, EMG. 


