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Présentation du document

Ce mémoire d’Habilitation a Diriger des Recherches est articulé en quatre grandes parties. La premiere
partie présente mon parcours de formation, mon activité scientifique ainsi que mes expériences d’encadrement
de la recherche. Aprés une formation doctorale en « Sciences du mouvement humain », encadrée par le Pr Yves
JAMMES et le Dr Patrick DECHERCHI (Université de Aix-Marseille Il — thése soutenue en décembre 2003), jai
réalisé un stage post-doctoral d'un an sous la supervision du Pr Thomas SIMILOWSKI (Laboratoire EA 2397 —
Université de Paris VI). J'ai ensuite occupé un poste d’enseignant-chercheur a I'lnstitut National du Sport et de
I'Education Physique (INSEP, Paris) avant d’étre recruté comme maitre de conférences a I'Université de Nantes
(septembre 2006). L'activité de recherche menée au sein de ces différentes structures m’a amené & publier 32
articles dans des revues indexées ISI. En plus de I'encadrement des étudiants de Licence et Master 1¢ année,
jai (co-)encadré un étudiant en master 2, une étudiante en thése de spécialité médicale et je co-encadre
actuellement un étudiant en thése. La deuxieéme partie de ce mémoire présente succinctement la technique
d'électromyographie. Elle a pour vocation de permettre au lecteur d’'appréhender le cadre méthodologique dans
lequel s'insérent nos travaux. La troisiéme partie résume mes activitts de recherche. Dans un soucis
d’homogénéité, seuls 13 des 22 articles publiés depuis la fin de la thése sont présentés. Ces travaux sont
regroupés en 4 axes de recherches: « électromyographie et analyse des coordinations musculaires »,
« détection  électromyographique d’une charge imposée au systéme respiratoire », « évaluation
électromyographique de la fatigue neuromusculaire » et « caractérisation du délai électromécanique ». Dans une
quatriéme partie jexpose les projets de recherches qui me paraissent les plus pertinents & mener a court ou
moyen terme. Certains s'inscrivent dans la continuité de travaux déja réalisés, i.e., «électromyographie et
analyse des coordinations musculaires » et « évaluation électromyographique de la fatigue neuromusculaire ».
Nous verrons que ces projets soulevent des questions auxquelles je me propose d'essayer de répondre en
développant nouvel axe de recherche intitulé « estimation de la force musculaire et étude de sa transmission ».
Des annexes sont associées a ce document. Elles regroupent les publications scientifiques présentées dans la
deuxiéme partie et permettront au lecteur de trouver le détail de certaines informations présentées que trés

succinctement dans ce mémoire.
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1.1. Curriculum Vitae
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5 rue Diane

44300 Nantes

Tel: 06 1243 85 59
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2001-2003 Doctorat, Spécialité Sciences du Mouvement Humain, Université d’Aix-Marseille |1
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Sous la direction du Pr Yves JAMMES (PU-PH) et du Dr Patrick DECHERCHI (MCU)

2000-2001 DEA, Spécialité Sciences du Mouvement Humain, Université d’Aix-Marseille 1|
Option Physiologie
Mention Bien
Titre du mémoire: « Etude chez des cyclistes entrainés et des sujets sédentaires des
corrélations entre les variables électromyographiques et respiratoires lors d'épreuves d'effort
de type triangulaire et rectangulaire »
Sous la direction du Pr Yves JAMMES (PU-PH) et du Dr Patrick DECHERCHI (MCU)

1999-2000 Maitrise STAPS, Université d’Aix-Marseille Il
Option Recherche
Mention Bien
Titre du mémoire : « Effet de ['électromyostimulation chronique sur la régénération des
afférences métabosensibles chez le rat »
Sous la direction du Dr Patrick DECHERCHI (MCU)

Obtention de 'AQA « entrainement des activités du cyclisme » (équivalence BEESAC)

Habilitation a Diriger des Recherches (2009) - Frangois HUG — page n° 6



Chapitre 1 - Titres et travaux

1998-1999 Licence STAPS, Université de Paris XI
Option Entrainement sportif
Mention Assez-Bien

1996-1998 DEUG STAPS, Université de Paris XI

Expérience professionnelle

2005-2006 Enseignant-Chercheur, Institut National du Sport (INSEP, Paris)
Laboratoire de biomécanique et physiologie

2004-2005 Stage de recherche post-doctoral, Université Pierre et Marie Curie (Paris VI)
Sujet de recherche: « Substrats neurophysiologiques de la dyspnée: Modalités de
recrutement des muscles ventilatoires en réponse aux charges métaboliques et mécaniques
chez 'Homme et corrélation avec les sensations respiratoires »
Sous la supervision du Pr Thomas SIMILOWSKI (PU-PH)
Financement : fédération ANTADIR

2003-2004 Allocataire de recherche, Assistance Publique des Hopitaux de Marseille

2002-2003 Enseignant vacataire, UFR STAPS, Université d'Aix-Marseille Il

2001-2002 Enseignant vacataire, UFR STAPS, Université d'Aix-Marseille Il

2000-2004 Agent de développement/entraineur (emploi jeune), Vélo Club Aubagnais (13)

Responsabilités administratives

2008-présent  Responsable pédagogique de la Licence 3 « entrainement sportif », UFR STAPS,
Université de Nantes

2008-présent  Membre élu du conseil scientifique, UFR STAPS, Université de Nantes
2006-présent  Participation aux jurys de Licence STAPS 2¢me et 3¢me années, Université de Nantes
2006-présent  Responsable disciplinaire «physiologie», UFR STAPS, Université de Nantes

2009 Membre du comité de sélection du poste MCF n°1569

2006-2007 Membre élu du conseil pédagogique, UFR STAPS, Université de Nantes

Activité d’enseignement

2008-2009 Maitre de conférences , UFR STAPS, Université de Nantes
69h CM, 82h TD, 18h TP (soit 197 h eq TD)

2007-2008 Maitre de conférences , UFR STAPS, Université de Nantes
77h CM, 58h TD, 40h TP (soit 200 h eq TD)
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2006-2007 Maitre de conférences , UFR STAPS, Université de Nantes
85h CM, 52h TD, 48h TP (soit 211 h eq TD)

2005-2006 Enseignant-chercheur, Institut National du Sport (INSEP, Paris)
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Collaborations scientifiques

Collaborations en cours :

- Laboratoire de géophysique interne et tectonophysique (LGIT - UMR CNRS), Université de Grenoble.
(collaboration avec le Dr Stefan CATHELINE)
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Alejandro LUCIA)
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Expertise scientifique

Editorial board :
- Membre de I'editorial board de Journal of Electromyography and Kinesiology (depuis février 2009)

Expertise d’articles :
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- Applied Physiology, Nutrition and Metabolism (1)
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- Brain (1)
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Année 2009

(A32*) Hug, F., Nordez, A., Guével, A.

Can the electromyographic fatigue threshold be determined from superficial elbow flexor muscles during
an isometric single-joint task? European Journal of Applied Physiology. 2009. 107 :193-201. (IF = 1,9 ; A+)

(A31*) Nordez, A., Gallot, T., Catheline, S., Guevel, A., Cornu, C., Hug, F.
Electromechanical delay revisited using very high frame rate ultrasound. Journal of Applied Physiology.
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(A29%) Nordez, A., Catheline, S., Hug, F.

A novel method for measuring electromechanical delay on the vastus medialis obliquus and vastus
lateralis. Ultrasound in Medicine and Biology. 2009. 35(5) : 172 - lettre a I'éditeur. (IF=2,4; NC)

(A28*) Dorel, S., Couturier, A., Hug, F.

Influence of different racing positions on mechanical and electromyographic patterns during pedaling.
Scandinavian Journal of Medicine & Science in Sports. 2009. 19 : 44-54. (IF =2,3 ; A)

(A27) Guilhem, G., Dorel, S., Hug, F.

Effects of a prior short exercise on the subsequent ventilatory thresholds occurence. Journal of Science
and Medicine in Sports. 2009. 12(2) : 273-279. (IF = 1,9 ; A)

(A26*) Hug, F., Dorel, S.

Electromyographic analysis of pedaling: a review. Journal Electromyography and Kinesiology. 2009. 19(2)
:182-198. (IF=1,9; A)

Année 2008

(A25%) Chiti, L., Biondi, G., Morélot-Panzini, C., Raux, M., Similowski, T., Hug, F.
Scalene muscle activity during progressive inspiratory loading under pressure support ventilation on
normal humans. Respiratory Physiology and Neurobiology. 2008. 164(3) : 440-447. (IF = 2,0 ; A+)

(A24*) Hug, F., Drouet, JM., Champoux, Y., Couturier, A., Dorel, S.
Inter-individual variability of EMG patterns and pedal force profiles in trained cyclists. European Journal of
Applied Physiology 2008. 104(4) : 667-678. (IF = 1,9 ; A+)

(A23) Coulange, M., Barthelemy, A., Hug, F., Thierry, AL., De Haro.
Reliability of new pulse CO-oximeter in victims of carbon monoxyde poisoning. Undersea and Hyperbaric
Medicine. 2008. 35(2) : 107-111. (IF =0,9 ; NC)

(A22) Slawinski J, Dorel S, Hug F, Couturier A, Fournel V, Morin JB, Hanon, C.
Incline versus level maximal sprint running in elite athletes. Medecine & Science in Sports & Exercise.
2008. 40(6) : 1155-1162. (IF=3,4; A+)

(A21%) Dorel, S., Couturier, A., Hug, F.

Intra-session repeatability of lower limb muscles activation pattern during pedaling. Journal of
Electromyography and Kinesiology. 2008. 18(5) : 857-865. (IF=1,9 ; A)
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Journal of Electromyography and Kinesiology. 2006. 16(2):158-166. (IF=1,9 ; A)

(A15) Hug, F., Marqueste, T., Le Fur, Y., Cozzone, P., Grélot, L., Bendahan, D.
Selective training-induced muscles hypertrophy in professional road cyclists. European Journal of Applied
Physiology. 97(5):591-597. (IF = 1,9 ; A+)
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Comparison of visual and mathematical detection of the EMG threshold during incremental pedalling
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(A13*)Hug, F., Laplaud, D., Lucia, A., Grélot, L.

EMG threshold determination in 8 lower limb muscles during cycling exercise: a pilot study. International
Journal of Sports Medicine. 2006. 27(6):456-462. (1,6 ; A+)

(A12*) Hug, F., Raux, M., Prella, M., Morelot-Panzini, C., Straus, C., Similowski T.

Optimized analysis of surface electromyograms of the scalenes during quiet breathing in humans.
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Année 2005
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Influence of chronic hypoxemia on peripheral muscle function and oxidative stress in humans. Clinical
Physiology and Functional Imaging. 2004. 24(2): 75-84. (IF = 1,2 ; NC)

(A9) Laplaud, D., Hug, F., Menier, R.
Training-induced changes in aerobic aptitudes of professional basketball players. International Journal of
sports medicine. 2004. 25, 103-108. (1,6 ; A+)
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Année 2003
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253-263. (0,1 ; NC)
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Changes in neuromuscular function after training by functional electrical stimulation. Muscle and Nerve.
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Is interindividual variability of EMG patterns in trained cyclists related to different muscle synergies?
Journal of Neurophysiology. En révision majeure — aodt 2009. (IF = 3,6 ; A+)

(AS2) Nordez, A., Hug, F.

Muscle shear elastic modulus measured using supersonic shear imaging is highly related to muscle
activity level: preliminary results. Journal of Biomechanics. Soumis — aodt 2009. (IF = 2,8, A+)

(AS3) Guével, A., Boyas, S., Guihard, V., Cornu, C., Hug, F., Nordez, A.

Thigh muscle activities during codified training sequences of on-water rowing. European Journal of Applied
Physiology. Soumis — juillet 2009. (IF = 1,9 ; A+)

(AS4) Dorel, S., Couturier, A., Lacour, JR., Vandewalle, H., Hautier, D., Hug, F.

Force-velocity relationship in cycling revisited: benefit of 2D pedal forces analysis. Medicine and Science in
Sports and Exercise. En révision mineure — septembre 2009. (IF=3,4; A+)
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Articles publiés dans des revues non indexées

(1) Decherchi, P., Marqueste, T., Dousset, E., Berthelin, F., Hug, F., Gounard, F., Grélot, L., Jammes, Y.
Electrothérapie et régénération nerveuse sensitive. Les Annales de Kinésithérapie. 2003. 11-12, 28-40.

Chapitres d’ouvrages, ouvrages

Chapitres d’ouvrages

(3)  Marqueste, T., Hug, F.
Neurophysiologie du mouvement. In F. Hug (Ed), Le mouvement. Paris : Editions revue EPS. A paraitre
(octobre 2009).

(2)  Hanon, C., Dorel, S., Hug, F.
Analyse du mouvement et performance de haut niveau. In F. Hug (Ed), Le mouvement. Paris : Editions
revue EPS. A paraitre (octobre 2009).

(1) Hug, F., Coulange, M., Jammes, Y.
Travail musculaire en hyperbarie. in JL. Méliet, F. Brousolle, M. Coulange (Eds), Physiologie et Médecine
de la Plongée (2eme édition). Editions Ellipses. 2006.

Ouvrage

(1) F.Hug (Ed), Le mouvement. Paris : Editions revue EPS. A paraitre (octobre 2009).

Communications orales ou affichées avec publication de résumé

(C12) Morelot-Panzini, C., Mayaux, J., Hug, F., Willer, JC., Similowski, T.
Analgesia-inducing properties of dyspnea: a comparison of 'air hunger' with 'excessive respiratory effort'.
Fundamental & Clinical Pharmacology. 2008. 22 Supplement 1:7.

(C11) Dorel, S., Drouet, JM., Hug, F., Lepretre, P.M. Champoux. Y.
New instrumented pedals to quantify 2D forces at the shoe-pedal interface in ecological conditions:
preliminary study in elite track cyclists. Computer Methods in Biomechanics and Biomedical Engineering.
2008. 11, 89-90.

(C10) Coulange, M., De Haro, L., Barthélémy, A., Thierry, AL., Hug, F., Arditti, J., Sainty, JM.
Mesure non invasive de carboxyhémoglobine par CO-oxymetre de pouls chez l'intoxiqué au monoxyde de
carbone. Journal Européen des Urgences. 2007. 20, 103.

(C9) Tremoureux, L., Raux, M., Couturier, A., Hug, F., Similowski, T.
Effet de la restriction de la bande passante et de I'utilisation d’une référence auriculaire unique sur la
détection des potentiels prémoteurs inspiratoires. Revue des maladies respiratoires. 2006. 23, 587.

(C8) Raux, M., Straus. C., Redolfi, S., Morelot-Panzini, C., Couturier, A., Hug, F., Zelter, M., Derenne, JP.,
Similowski, T.
Activation du cortex prémoteur en réponse a l'application d'une charge inspiratoire chez 'homme. Revue
des maladies respiratoires. 2006. 23, 580.

(C7) Hug, F., Raux, M., Morélot-Panzini, C., Similowski, T. Quantification non invasive de I'activité d’'un muscle
dilatateur des voies aériennes (Alae nasi) en ventilation spontanée avec aide inspiratoire. Réanimation.
2007. 15 (Suppl. 1), S347.

(C6) Chiti, L., Hug, F., Biondi, G., Morelot-Panzini, C., Raux, M., Similowski, T.
Apport de 'EMG de surface du scalene dans la détection d’'une dysharmonie patient-ventilateur.
Réanimation. 2006. 15 (Suppl. 1), S149.
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(C5) Raux, M., Hug, F., Prella, M., Ray, P., Derenne, JP., Zelter, M., Straus, S., Similowski, T.

Optimisation de la détection électromyographique de surface de I'activité inspiratoire du scaléne. Revue
des Maladies Respiratoires. 2005. 22, 1S62.

(C4) Raux, M., Hug, F., Prella, M., Duguet, A.,Ray, P., Derenne, JP., Zelter, M., Straus, S., Similowski, T.

Quantification de l'activitt des muscles inspiratoires du cou en ventilation spontanée avec aide
inspiratoire. Réanimation. 2005. 14 (Suppl. 1), S174.

(C3) Bendahan, D., Hug, F., Le Fur, Y., Grélot, L., Cozzone, P.J.

Heterogeneity of muscle recruitment pattern during pedaling in professional road cyclists: a combined MRI-
EMG study. MAGMA. 2004. 17, suppl 1, S60.

(C2) Hug, F., Bendahan, D., Savin, B., Cozzone, PJ., Grélot, L.

Détermination par IRM et EMG des muscles impliqués dans le pédalage chez des cyclistes
professionnels. Les cahiers de I'INSEP : expertise et sport de haut niveau. 2003. 34 :397.

(C1) Hug, F., Decherchi, P., Grélot, L., Jammes, Y.
Correlation between EMG and metabolic data during cycling exercises. MAGMA. 2002. 14, 61-212.

Symposium invités

(2)  Hug, F., Dorel, S.
L'analyse du cycle de pédalage a travers I'étude des paramétres mécaniques et électromyographiques.
Les entretiens de I'INSEP. Avril 2006. INSEP, Paris, France.

(1) Hug, F., Bendahan, D., Le Fur, Y., Cozzone, PJ., Grélot, L.
Détermination par I'IlRM et 'EMG des muscles impliqués dans le pédalage chez des cyclistes
professionnels. Xémes congrés international de I'association des chercheurs en activités physiques et
sportives. Symposium « cyclisme et performance ». 30-1 novembre 2003, Toulouse, France.

Participation a des contrats de recherche

2009-présent  Association Francgaise contre les Myopathies (AFM — contrat n® 14084)
Titre du projet: « Characterization of the electromechanical delay by using ultrafast
echographic imaging of in vivo muscle-tendon unit »
Financement de 12 340 euros
Porteur du projet : Francois HUG
Article publié n°A31

2008-présent  Région pays de la Loire (Projet OPERF2A)
Titre du projet: « Optimisation de la performance et interactions homme-machine en sport
automobile et en aviron »
Financement de 300 000 euros (dont 2 allocations de thése et 2 post-doctorants)
Porteur du projet : Amaud GUEVEL
(Responsable de deux axes d’étude)

2007-présent  Ministére de la jeunesse, des sports et de la vie associative (contrat n°07-006)
Titre du projet : « effets de la cryothérapie sur la récupération musculaire subséquente a un
exercice excentrique fatigant »
Financement de 55 000 euros
Porteurs du projet : Sylvain DOREL et Antoine COUTURIER
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Entreprise CP Technology (Saint-Herblain, France)

Titre du projet : «Impact de [l'utilisation des outils de vissage sur les contraintes musculaires
imposées a 'opérateur »

Financement de 7600 euros

Responsable du projet : Arnaud GUEVEL

Ministere de la jeunesse, des sports et de la vie associative (contrat n°06-029)

Titre du projet : « Analyse comparée des contraintes énergétiques et musculaires d'un effort
maximal réalisé sur le plat et en cotes »

Financement de 10 000 euros

Porteurs du projet : Christine HANON et Jean SLAWINSKI

Article publié n°A22.

Ministere de la jeunesse, des sports et de la vie associative (contrat n° 06-046)

Titre du projet : « Evolution des parametres électromyographiques et mécaniques au cours
d’'une épreuve rectangulaire de pédalage menée jusqu’a épuisement »

Financement de 11 800 euros

Porteurs du projet : Sylvain DOREL et Francois HUG

Articles publiés n°A21, A24, A26, A28 et A30

Fédération ANTADIR

Titre du projet : «Substrats neurophysiologiques de la dyspnée »
Financement de 15 000 euros (bourse de recherche post-doctorale)
Porteurs du projet : Francois HUG et Thomas SIMILOWSKI
Articles publiés n°A12 et A25 ; communications n°C4, C5, C6 et C7

Assistance Publique des hopitaux de Marseille (AP-HM)
Titre du projet : « BPCO et stress oxydatif »

Financement de 5000 euros (allocation de recherche)
Porteur du projet : Yves JAMMES

Amaury Sport Organisation (Société du Tour de France)

Titre du projet: «Physiologie et physiopathologie d'une population de cyclistes
professionnels »

Financement de 75 000 euros

Porteur du projet : Laurent GRELOT

Articles publiés n°A1, A3, A8, A11, A13, A15 et A18 ; communications n°C2 et C3
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Evaluation de I'impact des articles publiés ou « sous presse »

n° Revue Année de Facteur Nombre de
publication d’impact de citations
la revue (au 05/09/2009)
(|S| 2008) source scopus
A32 European Journal of Applied Physiology 2009 19 -
A3l Journal of Applied Physiology 2009 3,6 -
A30 Medecine & Science in Sports & Exercise 2009 34 -
A29 Ultrasound in Medicine and Biology 2009 24 1
A28  Scandinavian Journal of Medicine & Science in Sports 2009 2,3 1
A27 Journal of Science and Medicine in Sports 2009 19 -
A26 Journal of Electromyography and Kinesiology 2009 19 2
A25 Respiratory Physiology and Neurobiology 2008 2,0 2
A24 European Journal of Applied Physiology 2008 19 2
A23 Undersea and Hyperbaric Medicine 2008 0,8 1
A22 Medecine & Science in Sports & Exercise 2008 34 1
A21 Journal of electromyography and Kinesiology 2008 19 2
A20 Journal of Physiology (London) 2007 4.6 12
Al9 Science & Sport 2006 0,1 -
Al8 Medecine & Science in Sports & Exercise 2006 34 7
Al7 Pfliigers Archiv 2006 3,5 3
Al6 Journal of Electromyography and Kinesiology 2006 19 12
Al5 European Journal of Applied Physiology 2006 19 3
Al4 Journal of Strength and Conditionning Research 2006 0,8 -
Al3 International Journal of Sports Medicine 2006 1,6 5
Al2 Respiratory Physiology and Neurobiology 2006 2,0 5
All Medecine & Science in Sports & Exercise 2005 34 13
Al0 Clinical Physiology and Functional Imaging 2004 12 9
A9 International Journal of Sports Medicine 2004 1,6 7
A8 European Journal of Applied Physiology 2004 19 17
A7 Clinical Physiology and Functional Imaging 2004 12 8
A6 Journal of Electromyography and Kinesiology 2004 19 13
A5 Science & Sport 2003 0,1 -
A4 Muscle and Nerve 2003 2,6 13
A3 Science & Sport 2003 0,1 -
A2 Clinical Physiology and Functional Imaging 2003 12 13
Al European Journal of Applied Physiology 2003 1,9 9
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1.3. Encadrements et co-encadrements de travaux de recherche

2008-présent

These de doctorat

Co-encadrement de la thése de Mr Nicolas TURPIN

Titre de la thése : « Etude des coordinations musculaires et de la fatigue neuromusculaire chez
des rameurs de haut niveau »

Financement : Région Pays de la Loire (projet OPERF2A)

Directeur de thése : Pr Amaud GUEVEL

2004-2005

Theése de spécialité médicale

Co-encadrement de la thése de spécialité médicale de Mile Linda CHITI (Florence, Italie)
Titre de la thése : « Apport de 'EMG des muscles du cou dans l'étude de la dysharmonie
patient-ventilateur »

Directeur de thése : Pr Thomas SIMILOWSKI

Article publié n°A25

2009-2010

2005-2006

Master 2éme année

Co-direction de Mr Killian BOUILLARD (Master 2 STAPS EPI, Université de Nantes)

Titre du mémoire : « Etude du seuil EMG de la fatigue et de la prédiction de 'endurance limite
lors d'une tache d’adduction de l'index »

Co-directeur : Pr Amaud GUEVEL

Co-direction de Mr Gaél GUILHEM (Master 2 STAPS, Paris V — major de promotion)

Titre du mémoire : « Effets d’'un exercice préalable sur I'apparition des seuils ventilatoires »
Co-directeur : Dr Sylvain DOREL

Article publié n°A27

Master 1¢¢ année

2008-2009

2007-2008

2006-2007

2005-2006

Encadrement de Mr Killian BOUILLARD (Master STAPS EPI, Université de Nantes)
Titre du mémoire : « Pistes de réflexion pour la conception d’'un protocole expérimental
permettant une prédiction de I'endurance-limite »

Encadrement de Mlle Christelle BERLANGER (Master STAPS AMES, Université de Nantes)
Titre du mémoire : « Mesure des contraintes cardiorespiratoires au cours d’un cross chez le
cavalier complet de haut niveau »

Encadrement de Mr Johann GENTY (Master STAPS AMES, Université de Nantes)
Titre du mémoire : « Etude des sollicitations musculaires de l'activité de pilotage en karting et
conception d'un ergométre spécifique »

Encadrement de Mr Olivier NICOLLE (Master STAPS, Université de Paris XII)

Titre du mémoire : « Influence d'une position de contre la montre sur les patrons d'activité
musculai
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Chapitre 2 - Présentation de la technique d'électromyographie

Le point commun de la plupart des travaux présentés dans ce mémoire d’habilitation a diriger des
recherches est I'exploration de la fonction neuromusculaire par la technique d'électromyographie (EMG). Il nous
parait donc important de présenter cette technique a travers le recueil du signal, la signification physiologique des
résultats obtenus, les limites méthodologiques et les méthodes de traitement utilisées dans les études
présentées dans ce mémoire. A dessein, cette partie n'a pas vocation & présenter la technique
d'électromyographie de maniére exhaustive, mais doit seulement permettre au lecteur d’appréhender le cadre

méthodologique dans lequel s'insérent nos travaux.

Il est difficile de parler d’électromyographie sans évoquer les travaux princeps de Luigi Galvani®. Ses
recherches consacrées aux effets de I'électricité sur des préparations nerf-muscle de grenouille ont été les
premiéres & mettre en évidence « une électricité animale » responsable de la contraction musculaire (Figure 1).
Méme si l'origine de cette « électricité animale » n’était pas encore connue, ces résultats ont participé a la
création d’'une nouvelle discipline : la neurophysiologie. Au XXéme siécle, de nombreuses études ont contribué a la
compréhension de la contraction musculaire a travers I'étude des phénomeénes électriques concomitants. Ainsi,
H. Piper a été le premier, en 1912, a mesurer l'activité électromyographique au cours d’une contraction

musculaire.

I P
’.
¥ E i

Figure 1. lllustration des b ) ’ _ n =
travaux de  Galvani M 3 = % - B
portant sur les effets de D L b
lélectricité sur le muscle [ ‘ . ! -
de grenouille. :

L'électromyographie peut étre définie comme I'étude fonctionnelle du muscle a travers le recueil et I'analyse du
signal électrique généré au niveau des muscles en contraction (Basmajian et De Luca, 1985). Cette activité
électrique peut étre mesurée de maniére invasive par une électrode-aiguille (ou filaire) insérée dans le muscle ou
de maniére non invasive en utilisant des électrodes posées a la surface de la peau. L'utilisation des électrodes-
aiguilles (i.e., EMG intramusculaire ou élémentaire) présente 'avantage de fournir une mesure de lactivité
électrique d’un nombre restreint d’'unités motrices, offrant la possibilité de calculer directement leur fréquence de

décharge. Néanmoins, cette sélectivité peut aussi constituer un inconvénient majeur puisque l'activité mesurée

! Physicien et médecin italien (1737-1798). Ses travaux sur « I'électricité animale » ont largement influencé Allessandro
Volta (1745-1827), inventeur de la pile électrique.
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par ces électrodes n'est représentative que d’'une petite partie du muscle considéré. De plus, le caractere invasif
de cette technique la rend difficilement applicable aux études portant sur l'analyse du mouvement. A l'inverse,
l'utilisation d'électrodes de surface (i.e., EMG de surface ou global) permet de mesurer une activitt EMG
représentative d’'un volume musculaire plus conséquent et est donc davantage reliée aux caractéristiques
mécaniques du mouvement [force développée, vitesse de déplacement, type de contraction etc., Bouisset et
Maton (1995)]. De ce fait, ce type de mesure est généralement préféré bien que présentant certaines limites que
nous détaillerons ci-apres.

Depuis les premiers enregistrements réalisés par H. Piper, les appareils de mesure ont beaucoup évolué.
Récemment, la technique Wi-Fi? a été utilisée pour remplacer les cables habituellement utilisés pour les relier les
électrodes EMG a la chaine d’acquisition. Cette technique devrait permettre de simplifier la mise en place des
électrodes, et rendre possible I'enregistrement d’'un nombre plus important de muscles. L'apparition récente
d'amplificateurs EMG multicanaux (jusqu’a 128 voies) permet d’outrepasser certaines limites inhérentes a
I'utilisation de 'EMG de surface classique (i.e., deux électrodes en mode de détection bipolaire ou monopolaire)

et d'envisager de nouvelles applications (cf. partie 4 de ce mémoire « projets de recherche ») (Figure 2).

Figure 2. Deux chaines d’acquisition du signal électromyographique séparées par 45 ans de développement technologique.
A, électromyographe datant des années 1955-1960 (201 A-1, Meditron) utilisé pour I'évaluation clinique et ne permettant
d’enregistrer qu’une seule voie EMG. B, chaine d’acquisition multicanaux (EMG-128, LISin — OT Biolettronica) permettant
d’enregistrer jusqu’a 128 voies simultanément via des matrices ou vecteurs d'électrodes.

Le signal EMG est généré par 'activité électrique des fibres musculaires activées pendant la contraction.

Il résulte de la sommation algébrique des potentiels d'action des fibres musculaires activées (Figure 3).

2 Wireless Fidelity
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Considérant une fibre musculaire donnée, le potentiel d’action prend naissance au niveau de la jonction
neuromusculaire et se propage de part et d'autre de celle-ci vers les deux extrémités tendineuses dans
lesquelles il s'éteint. Ainsi, le signal EMG de surface est principalement lié au nombre d'unités motrices (UMs)
recrutées (recrutement spatial) et a leur fréquence de décharge (recrutement temporel). Néanmoins, de
nombreux autres facteurs, physiologiques et non-physiologiques, sont susceptibles de modifier le signal (pour
revue, voir (Farina et al., 2004). Parmi les facteurs « physiologiques », on distingue les variables anatomiques
(e.g., diamétre des fibres musculaires, répartition spatiale des unités motrices dans le muscle, épaisseur des
couches de tissu sous-cutané) et fonctionnelles (e.g., vitesse de conduction des potentiels d’action musculaires,

forme des potentiels d’action musculaires, synchronisation des unités motrices).

EMG élémentaire

PA nerveux PA musculaire S |
(motoneurones «) cl|l=p» - L.J,... hgme J .L._,JL

g B
K”]
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0 g
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Figure 3. Modélisation du signal EMG a partir de potentiels d’unités motrices (UMs). La séquence de décharge des
motoneurones o détermine celle du train de potentiels des UMs. La sommation de I'ensemble des UMs (situées dans le
champ de détection des électrodes de surface) donne naissance a un signal EMG global. La sommation de quelques UMs
(au regard de I'électrode aiguille) donne naissance a un signal EMG élémentaire. Adapté de De Luca (1979).

Les facteurs « non-physiologiques » sont principalement liés au systéme de recueil du signal (e.g., taille et forme
des électrodes, placement des électrodes). Parmis ces facteurs « non-physiologiques » deux phénomeénes sont
connus pour influencer de maniére non négligeable le signal EMG : le « crosstalk » et le « signal cancellation ».
Le « crosstalk » désigne une partie du signal ne provenant pas du muscle visé par le systéme de détection, mais
de muscles adjacents comme nous 'avons mis en évidence lors d’enregistrements EMG de surface du scaléne
(Chiti et al., 2008). A ce jour, il n’existe pas de méthode fiable pour quantifier simplement ce phénoméne de
«crosstalk » sur des enregistrements EMG de surface (Farina et al., 2004). Le phénoméne de « signal
cancellation » désigne quant a lui la perte d'une partie du signal EMG liée a une superposition de phases
positives et négatives de potentiels d’action qui s'annulent. Ce phénoméne serait majoré lorsque la vitesse de

conduction des potentiels d’action musculaires diminue (Keenan et al., 2005). Pour réduire l'influence de ces
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phénoménes sur le signal EMG, il est recommandé de suivre les préconisations de I'International Society of

Electrophysiology and Kinesiology (https://www.isek-online.org/standards_emg.asp) ou de SENIAM « Surface

Electromyography for the Non-Invasive Assessment of Muscles » (http://www.seniam.org/) en matiére

d’enregistrement du signal électromyographique.

Dans ce paragraphe, nous n’aborderons que les méthodes de traitement utilisées dans les études
présentées dans ce mémoire. Nous privilégierons donc les parametres temporels de 'EMG permettant de
quantifier le niveau d'activité myoélectrique. Les parametres fréquentiels, caractérisant le contenu fréquentiel du
signal et dont linterprétation est beaucoup plus sujette a caution, ne seront donc pas présentés dans ce
mémoire.

Le Root Mean Square (ou valeur efficace) est une variable classiquement calculée pour quantifier le niveau

d’activitt EMG. Le calcul de cette variable ne nécessite pas de redresser le signal et se fait selon la formule :

Le recueil des données EMG peut permettre de caractériser le patron d’activitt musculaire au cours de
mouvements trés variés (e.g., gestes sportifs, mouvements de la vie quotidienne, etc...). Nous nous focaliserons
ci-aprés sur l'ultilisation de 'EMG pour I'analyse d'activités cycliques. Le niveau d’activité EMG est classiquement
quantifié par la valeur RMS (Root Mean Square ; (Duc et al., 2006; Laplaud et al., 2006) et/ou par l'intégrale du
signal EMG (EMGi; (Ericson, 1986; Jorge et Hull, 1986). Ce calcul peut étre effectué sur le cycle complet ou
uniquement sur la « bouffée d’activité ». Les caractéristiques de la séquence d’activité sont le plus souvent
identifiées par les temps (en % du cycle complet ou en degrés de rotation de la manivelle lors du pédalage)
correspondant au début (on) et a la fin (off) de la bouffée d’activité du muscle considéré et par la durée de celle-ci
(Jorge et Hull, 1986; Li et Caldwell, 1998). La Figure 4 résume de fagon simplifiée les procédures de calcul de

ces variables.
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Figure 4. Exemple de procédure de traitement d’un signal EMG de surface pour calculer : i) le niveau d’activitt EMG RMS
sur le cycle entier (i.e., 360°, RMScyce) et/ou la bouffée d'activité (RMSpurst) ainsi que ii) les valeurs de début et de fin de
bouffée (onset et offset) a partir de I'enveloppe EMG RMS moyenne (obtenue en moyennant plusieurs cycles consécutifs) et
lutilisation d’un seuil (i.e., ici 20% de la valeur pic, trait en pointillé). TDC (point mort haut), 0°. D’aprés Hug et Dorel (2009).

En utilisant ces différents indicateurs, de nombreuses études ont décrit les patrons d’activité musculaire au cours
d'activités cycliques (e.g., pédalage, course a pied) (Houtz et Fischer, 1959; Ericson, 1986; Jorge et Hull, 1986;
Lucia et al., 2004; Duc et al., 2006; Hettinga et al., 2006). Récemment, la technique de cross-corrélation a été
proposée afin de déterminer de fagon plus objective I'évolution des caractéristiques temporelles des patrons
d'activité EMG. Jusqu’alors elle avait été trés peu utilisée dans ce contexte (Li et Caldwell, 1999; Wren et al.,
2006). Cette méthodologie, basée sur la corrélation de deux signaux posséde 'avantage de prendre en compte
'ensemble des valeurs caractérisant le patron d'activité sur le cycle complet (Figure 5). Par conséquent, le
coefficient de cross-corrélation et la valeur k de décalage temporel entre les deux signaux considérés qui en
résultent refletent des modifications a la fois de la séquence d'activité mais également du profil général (la forme)

de l'enveloppe EMG.
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Figure 5. lllustration de 2 signaux déphasés (a).
Le coefficient de cross-corrélation entre les 2
pour ces données originales est r(0)=-0,015. En
décalant dans le temps un signal par rapport a
lautre par des incréments successifs k, r(k)
peut étre calculé pour 'ensemble des valeurs k
(b). r(84 ms)=0.883 est le coefficient de
corrélation maximal qui peut étre obtenu par la
procédure de décalage. 84 ms peut étre
considéré comme le déphasage temporel entre
les 2 signaux. k=57 et k=118 représentent
lintervalle de confiance a 95% signifiant dans
ce cas que cette valeur de k=84ms est
significative. D’apres Li et Caldwell (1999).

Chapitre 2 - Présentation de la technique d'électromyographie
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Chapitre 3 - Synthése de l'activité de recherche

Cette formation a la recherche s'inscrit dans le cadre général de la physiologie neuromusculaire et
comprend quatre axes principaux.

Le premier axe intitulé « électromyographie et analyse des coordinations musculaires» concerne
l'analyse électromyographique du mouvement, et plus particuliérement du mouvement de pédalage. Il s’inscrit
dans la suite de certains travaux menés lors de ma thése. Ces études ont été réalisées au sein du laboratoire de
biomécanique et physiologie de I'lnstitut National du Sport et de I'Education Physique (INSEP, Paris), en
collaboration avec les Dr Sylvain DOREL et Antoine COUTURIER. Les ressources humaines et matérielles mises
a notre disposition (e.g., pédale instrumentée, dans le cadre d’une collaboration avec le groupe VéLUS de
I'Université de Sherbrooke, Canada) nous ont permis d’appréhender le mouvement de pédalage de maniére
beaucoup plus compléte que ce qui avait pu étre fait lors de ma these. Cet axe de recherche continue d'étre
développé, en particulier via le co-encadrement de la these de Mr Nicolas TURPIN intitulée «étude des
coordinations musculaires et de la fatigue neuromusculaire chez des rameurs de haut niveau» (financement de la
région des Pays de la Loire, Projet OPERF2A).

Le deuxieme axe porte sur la détection électromyographique d’une charge mécanique imposée au
systéme respiratoire et a été développé au cours de mon année de stage post-doctoral réalisée au sein du
Laboratoire de Physiopathologie Respiratoire (EA 2397, université Pierre et Marie Curie, Paris VI), sous la
supervision du Pr Thomas SIMILOWSKI. Cette année a été 'occasion de me former a de nouvelles techniques
d’exploration de la fonction neuromusculaire (e.g., électromyographie via des électrodes intramusculaires et
oesophagiennes, stimulation magnétique transcranienne, électroencéphalographie). Une partie des travaux
présentés dans ce mémoire d’'Habilitation a Diriger des Recherches a été mené en collaboration avec une
étudiante italienne (Mlle Linda CHITI, université de Florence, ltalie) dont jai co-encadré la thése de spécialité
médicale. Un article est actuellement en cours de rédaction.

Le troisiéme axe porte sur I'évaluation électromyographique de la fatigue neuromusculaire. Une
partie des travaux présentés a été réalisée dans 'année qui a suivi ma soutenance de these, dans le cadre d'une
collaboration avec le Pr Alenjandro LUCIA (université européenne de Madrid, Espagne), et visait @ compléter les
travaux déja réalisés. Cet axe de travail est actuellement poursuivi au sein du laboratoire « Motricité, Interactions,
Performance » (EA 4334, université de Nantes).

Le dernier axe de recherche présenté dans ce mémoire conceme la caractérisation du délai
électromécanique au moyen d’une technique d’échographie ultrarapide. Le développement de cette thématique
au sein du laboratoire « Motricité, Interactions, Performance » est trés récent (juillet 2008). Il a été rendu possible
par une collaboration avec le Dr Antoine NORDEZ (laboratoire « Motricité, Interactions, Performance ») et le Dr
Stefan CATHELINE (laboratoire de Géophysique Interne et Tectonophysique, université de Grenoble). Un contrat
de recherche obtenu récemment (Association Francaise contre les Myopathies - AFM, contrat n® 14084) nous

permet de continuer a développer activement cet axe.
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3.1. Electromyographie et analyse des coordinations musculaires

3.1.1. Etat de la question.

Hug, F., Dorel, S. Electromyographic analysis of pedaling: a review. Journal of electromyography and kinesiology. 2009.
19(2) : 182-198 (revue de littérature).

Lors de l'activité de pédalage, la force totale appliquée sur les pédales résulte essentiellement de
l'action des muscles des membres inférieurs (Gluteus maximus, Rectus femoris, Vastus lateralis, Vastus
medialis, Biceps femoris, Semi-membranosus, Gastrocnemius medialis et lateralis, Soleus et Tibialis anterior ;
Figure 6). De nombreux auteurs ont démontré que les contraintes mécaniques liées au trajet circulaire de la
pédale induisent une séquence temporelle spécifique d’activitt des principaux muscles impliqués dans le
mouvement (Figure 7) [pour revue, voir (Hug et Dorel, 2009)]. Cette séquence semble répondre a un souci
d'optimisation du transfert des forces produites essentiellement par les muscles mono-articulaires en mode
concentrique (e.g., Gluteus maximus, Vastus lateralis et Vastus medialis) depuis les articulations proximales vers
les articulations distales. Le role des muscles bi-articulaires (e.g., chef long du Biceps femoris et Gastrocnemius)
est primordial dans ce transfert car ils permettent la redistribution des moments articulaires afin d’optimiser
l'orientation de la force résultante sur la pédale (Gregor et al., 1985; van Ingen Schenau et al., 1992). Le patron
d'activitt des principaux muscles du membre inférieur répond donc, non seulement a une contrainte de

production de force, mais aussi de transfert et d'optimisation de son orientation au niveau de la pédale.

o

flexion de la

extension de la hanche

hanche Figure 6. Représentation schématique des

principaux muscles impliqués dans le mouvement
de pédalage. (1) Gluteus maximus (extenseur de la
hanche) ; (2) Semimembranosus et Biceps femoris
(chef long) (extenseurs de la hanche, fléchisseurs
du genou) ; (3) Vastus medialis et Vastus lateralis
(extenseurs du genou); (4) Rectus femoris
(extenseur du genou, fléchisseur de la hanche) ; (5)
extension du genou Gastrocnemius lateralis et medialis (fléchisseurs du
~— genou, extenseurs de la cheville); (6) Soleus
(extenseur de la cheville) et (7) Tibialis anterior
(fléchisseur de la cheville). D’apres Hug et Dorel
(2009).
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Figure 7. Enveloppes EMG RMS de 10 muscles du membre inférieur. Les enveloppes ont été moyennées sur 45 cycles
conseécutifs, chez 12 triathletes pédalant a la puissance associée au 1¢r seuil ventilatoire (238 + 23 W). Pour chaque suijet, le
niveau d’activité EMG a été normalisé par rapport a I'activité maximale enregistrée au cours du cycle. TDC, point haut (0°);
BDC, point bas (180°) ; GMax, Gluteus maximus ; SM, Semimembranosus ; BF, Biceps femoris (chef long) ; VM, Vastus
medialis ; VL, Vastus lateralis ; GM, Gastrocnemius medialis ; GL, Gastrocnemius lateralis ; SOL, Soleus ; TA, Tibialis

anterior. D’aprés Hug et Dorel (2009).
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Sur le plan biomécanique, la force totale appliquée sur la pédale résultant de I'action de ces différents
muscles varie en intensité et en direction en fonction de la position de la manivelle. Comme Tillustre la Figure 8,
le moment résultant au niveau de I'axe du pédalier dépend de la valeur de cette force et de la capacité a orienter
efficacement cette derniére (Ericson, 1986). La phase motrice principale, c'est-a-dire celle pour laquelle le
moment résultant est positif, se situe lors de la phase descendante de la pédale (entre 20° et 160°, positions de
1°a 8 sur la Figure 8) avec une valeur maximale aux alentours de 90°. Le moment est beaucoup plus faible entre
les positions 8 et 12 pour devenir ensuite nul ou négatif lors de la phase ascendante de la pédale (positions de

12 a 18) puis lors du passage au point mort haut (position 20).
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O N Cavanagh et al. (1986).
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Ainsi, pour un niveau de puissance et de cadence de pédalage donné, le profil de la force efficace (ou
du moment) en fonction de la position de la manivelle apparait comme relativement stéréotypé (Sanderson,
1991; van Ingen Schenau et al., 1992). Néanmoins, il a été suggéré que certaines différences sur le plan
technique pouvaient apparaitre dans la production de cette force efficace (Gregor et al., 1991). Par conséquent,
pour caractériser mécaniquement la production de la force, il est important de considérer que la force efficace
(Fer, qui agit perpendiculairement & la manivelle et produit le mouvement circulaire de la pédale) ne constitue
qu'une des deux composantes de la force résultante produite a l'interface pied-pédale dans le plan sagittal. Une
seconde composante dite inefficace (Finet) agit dans I'axe de la manivelle, ne participant donc pas a la production
de travail mécanique (Hull et Butler, 1981) (Figure 10). Depuis les années 80, plusieurs systémes de pédales
instrumentées ont été développés (Hull et Jorge, 1985) offrant la possibilité de quantifier ces deux composantes
de force. Ainsi, on peut calculer un indice d’efficacité mécanique (IE) défini comme le rapport entre la force
efficace et la force totale exercée par le pied sur la pédale (LaFortune et Cavanagh, 1983) et tentant de rendre
compte de la capacité du sujet & orienter efficacement la force sur la pédale. Néanmoins, la nature de la relation
entre cette efficacité mécanique et la performance n’est pas établie. En effet, de récentes études ont montré que

I'amélioration de l'efficacité mécanique entraine une diminution du rendement énergétique (Korff et al., 2007;
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Mornieux et al., 2008). En d’autres termes les sujets sont plus efficaces d’'un point de vue mécanique mais

utilisent plus d’énergie pour produire le méme travail.

3.1.2. Répétabilité3 et reproductibilité* des paramétres électromyographiques.

Laplaud, D., Hug, F., Grélot, L. Reproducibility of eight lower limb muscles activity level in the course of an incremental
pedalling exercise. Journal of Electromyography and Kinesiology. 2006. 16(2):158-166.

Dorel, S., Couturier, A., Hug, F. Intra-session repeatability of lower limb muscles activation pattern during pedaling. Journal
of Electromyography and Kinesiology. 2008. 18(5) : 857-865.

La reproductibilité de certains paramétres EMG (e.g., EMG integré, RMS) a été largement démontrée au
cours d’exercices impliquant des contractions isométriques (Rainoldi et al., 1999; Dedering et al., 2000; Falla et
al., 2002; Lariviere et al., 2002) ou isocinétiques en concentrique (Larsson et al., 1999; Larsson et al., 2003).
Pourtant, il est surprenant de constater qu’au cours de lexercice de pédalage, la reproductibilité des
enregistrements EMG n’a pas été étudiée. Dans une premiére étude, nous avons montré une bonne
reproductibilité du niveau d'activitt EMG pour 8 muscles (i.e., valeurs RMS calculées sur 5 cycles consécutifs,
sur toute la durée de l'exercice) durant une épreuve triangulaire de pédalage menée jusqu'a épuisement
(Laplaud et al., 2006). La principale limite de cette étude réside dans le fait qu’elle n’explore pas la reproductibilité
des patrons d’activité¢ musculaire (évolution de l'activit¢ EMG au cours du cycle de pédalage) et ne rapporte
aucun résultat sur la séquence d’activité (début et fin de l'activitt EMG). De surcroit, méme si la reproductibilité
d'une séance a l'autre suggere une bonne répétabilité intra-session, elle n'a jamais été clairement établie.
Pourtant, une bonne répétabilité des patrons d'activité¢ EMG est une condition préalable a remplir pour les études
visant a mettre en évidence des évolutions au cours du temps. En effet, bien que les problémes méthodologiques
liés au replacement des électrodes soient absents lors de la comparaison de signaux enregistrés au cours d’'une
méme session, la question de I'adoption et du maintien stable des patrons d’activité musculaire, propres a un
sujet, du début a la fin de la session reste posée. Y répondre semblait donc étre un préambule nécessaire afin de
garantir la robustesse des résultats obtenus dans le cadre de protocoles que nous comptions mener sur les effets
de différents facteurs d'influence (e.g., position, fatigue) sur les patrons d’activitt¢ EMG. Dans ce contexte, nous
avons mis en place un protocole permettant d'étudier la répétabilité intra-session des patrons d'activit¢ EMG au
cours d’'un exercice sous-maximal réalisé a puissance constante (Dorel et al., 2008). Le patron d'activit¢ EMG de
10 muscles a été enregistré avant et aprés une session d’entrainement simulé (durée = 53 minutes). Nous avons
testé la répétabilité du patron d’activité musculaire (i.e., forme du signal), du niveau d’activité et de la séquence
d'activité (i.e., début et fin de l'activitt EMG). Les résultats de cette étude ont mis en évidence une bonne

répétabilité du patron d’activité musculaire pour 'ensemble des muscles étudiés. lls ont également mis en avant

® La répétabilité représente I'étroitesse de l'accord entre les résultats des mesures successives de la méme grandeur
effectuées dans les conditions suivantes : méme méthode de mesure, méme observateur, méme instrument de mesure,
méme lieu, mémes conditions d’utilisation, répétition sur une courte durée.

* La reproductibilité représente I'étroitesse de I'accord entre les résultats des mesures successives lorsqu’une ou plusieurs
conditions de la mesure de répétabilité ne sont pas réunies. Par exemple, il est possible de déterminer la reproductibilité en
changeant d’expérimentateur et/ou en réalisant des expérimentations sur deux jours différents.
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les limites des méthodes classiques de détection du début et de la fin de I'activité¢ EMG (i.e., choix d’un seuil a
priori, puis ajustement aprés inspection visuelle des bouffées d’activité EMG). Ces limites sont plus largement
discutées dans l'article issu de ce travail (Dorel et al., 2008) et la revue de littérature (Hug et Dorel, 2009) (cf.
annexes de ce mémoire). Au final, ces résultats ont permis de justifier l'utilisation de la cross-corrélation comme
méthode complémentaire plus objective d’estimation de la similitude des patrons d’activitté EMG. En effet, en
utilisant cette technique, nous observons une répétabilité forte pour 'ensemble des muscles considérés méme s'il
est intéressant de constater que les plus faibles corrélations sont obtenues pour les muscles présentant les
répétabilités les plus faibles des valeurs de début et/ou de fin d’activité (i.e., Rectus femoris, Tibialis anterior et
Soleus). Pour ces raisons, dans les études qui ont suivi, nous avons fait le choix d'utiliser la méthode de cross-

corrélation pour comparer les patrons d'activitt EMG (début et fin d’activité, forme).

Ces résultats, qu'ils concernent le niveau ou le patron d’activitt EMG, doivent étre discutés en prenant en
considération la complexité du concept de coordination musculaire lors de ce type de mouvement poly-
articulaires (van Soest et al., 1993; Li et Caldwell, 1998). Les stratégies de coordination musculaire permettant de
produire le mouvement de pédalage sont en théorie trés nombreuses. Ainsi, une partie de la variabilité des
patrons d’activité EMG pourraient étre en rapport avec une variation naturelle dans le temps de ces stratégies. La
Figure 9 basée sur des résultats issus de cette étude (exemple individuel), illustre les compensations
intermusculaires qui peuvent apparaitre (notamment entre Gastrocnemius lateralis et Soleus dans ce cas) au
cours du protocole. Ce phénoméne conduit a une trés bonne répétabilité du patron d'activité du groupe
musculaire (Triceps sural) responsable de I'extension de la cheville (Ankle-Ext, représentant la somme des
activitts EMG du Soleus, Gastrocnemius lateralis et Gastrocnelius medialis), confirmant ainsi la grande stabilité
du réle fonctionnel de ces différents muscles malgré une variabilité non négligeable lorsqu'ils sont considérés

individuellement (Soleus essentiellement).
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04 Figure 9. Patrons d’activitt EMG obtenus chez un sujet pour chaque
it muscle extenseur de la chevile (Soleus, Gastrocnemius lateralis,

Gastrocnelius medialis) au début (noir) et a la fin (gris) d’'une session
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Bien que ce phénoméne de compensation n’ait été observé que chez un seul sujet, ce résultat nous aménent a
réaffirmer le fait que I'enregistrement de I'ensemble des principaux muscles du membre inférieur impliqués dans
le mouvement de pédalage (et pas seulement d’'une paire agoniste-antagoniste par articulation) est une
recommandation importante & suivre dans les futures études ; ceci afin de garantir une certaine pertinence au

regard des modifications potentielles observées au niveau des coordination musculaires.

3.1.3. Variabilité interindividuelle des patrons d’activité EMG.

Hug, F., Drouet, JM., Champoux, Y., Couturier, A., Dorel, S. Inter-individual variability of EMG patterns and pedal force
profiles in trained cyclists. European Journal of Applied Physiology 2008. 104(4) : 667-678.

Comme souligné précédemment, les solutions motrices possibles pour parvenir au méme résultat (i.e.,
au niveau de la cinématique et de la dynamique du mouvement) sont nombreuses et toujours plus importantes
que les solutions utilisées (Bernstein, 1967). Cette redondance motrice traduit I'idée qu'un méme résultat peut
étre obtenu par plusieurs coordinations musculaires (et donc par des patrons d'activitt EMG différents) (van
Bolhuis et Gielen, 1999). Par exemple, dans le cadre de travaux menés lors de ma thése, nous avons rapporté
une hétérogénéité du niveau d'activitt EMG des muscles des membres inférieurs chez une population de
cyclistes professionnels par ailleurs homogéne en termes d’aptitudes physiques et physiologiques (Hug et al.,
2004a). Toutefois, nous ne nous sommes intéressés dans cette étude qu'au niveau d’activitt EMG (valeur RMS
calculée sur 7 cycles consécutifs) ne fournissant donc pas d'information sur la variabilité des patrons d'activité
EMG (évolution de I'activité EMG au cours du cycle ; i.e., forme du signal). Cette information est nécessaire dans
la mesure ol un méme niveau d'activité peut étre obtenu avec des patrons d'activité différents. En d’autres
termes, 'hétérogénéité mise en évidence dans cette étude (Hug et al., 2004a) a pu étre sous-estimée du fait du
traitement utilisé pour les signaux EMG. De plus, la relation entre ces différences de niveaux d'activité EMG et
les patrons d’application des forces sur les pédales n'a pas été explorée. Il semble important de déterminer si
I'hétérogénéité des patrons d’activités EMG implique une hétérogénéité similaire des patrons d'application des
forces sur les pédales (et donc de [lefficacité mécanique du pédalage) ou s'il s'agit « uniquement» d’'une
illustration supplémentaire du concept de « redondance motrice ».

Une collaboration avec le Pr Yvan Champoux et le Dr Jean-Marc Drouet (Groupe VelUS, Université de
Sherbrooke, Canada) nous a permis de disposer d’'une pédale instrumentée [Figure 10, A; pour plus
d’information sur cette pédale instrumentée voir Drouet et al. (2008)]. Il s'agit d'une paire de pédales équipées
chacune de huit jauges de contraintes permettant la mesure des forces en deux dimensions sur chaque pédale
(i.e., dans le plan sagittal). La mesure des composantes tangentielle et normale & la surface de la pédale ainsi
que la mesure par un potentiométre de I'angle manivelle-pédale permet de calculer par trigonométrie la force
totale résultante (i.e., force appliquée par le cycliste sur la pédale) (Figure 10, B). Celle-ci peut alors étre
décomposée en deux autres composantes : une perpendiculaire a 'axe longitudinal de la manivelle (Fes, force

efficace) et 'autre selon I'axe longitudinal de celle-ci (Finerr, force inefficace). La force efficace est celle qui permet
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a la manivelle de tourner (et donc au cycliste d’avancer) alors que la force inefficace est une force que I'on peut
considérer comme « inutile » pour la propulsion du cycliste. Un index d’efficacité mécanique (IE) peut ensuite étre
calculé : IE=Fex100/F . Il ressort de cette équation que l'efficacité mécanique maximale (i.e., 100%) est obtenue
lorsque la force totale est égale a la force efficace (i.e., le cycliste applique, & un moment donné du cycle de
pédalage, une force totale perpendiculaire a I'axe longitudinal de la manivelle dans la direction du mouvement).
En conséquence, l'index d'efficacité mécanique reflete la capacité a orienter efficacement la force sur la pédale.

Bien évidemment, cette configuration n'est pas possible durant tout le cycle de pédalage.

v A. sens de B.
pr rotation

manivelle

Figure 10. Pédale instrumentée développée par le groupe VelUS et utilisée dans le cadre de plusieurs études présentées
dans ce mémoire (A). Représentation des forces appliquées sur la pédale dans le plan sagittal (B). Les données mesurées
par la pédale sont : la force tangentielle (Fran), la force normale (Fn) et I'angle entre la pédale et la manivelle (B). Les
données calculées sont : la force efficace (Fef), la force inefficace (Finet) et la force résultante totale (Fut).

En utilisant cette pédale instrumentée, nous avons mis en place un protocole expérimental permettant: i) de
caractériser la variabilité interindividuelle des patrons d’activité musculaire lors d'un exercice de pédalage chez
une population de cyclistes entrainés (niveau national) et ii) de déterminer si cette variabilité interindividuelle est
liée @ une méme variabilité du patron d’application des forces sur les pédales (et donc de l'efficacité mécanique
du pédalage). L'activitt EMG de 10 muscles du membre inférieur droit a été enregistrée au cours de deux
exercices sous-maximaux (i.e., 150 et 250 Watts ; cadence de pédalage = 95 revimin) et synchronisée avec les
données mécaniques mesurées par la pédale instrumentée. La variabilité interindividuelle des patrons d’activité
EMG et des patrons d'application des forces sur les pédales a été évaluée par l'intermédiaire de paramétres
« classiques » tels que I'écart-type et 'erreur-type de mesure mais aussi par un paramétre moins utilisé dans ce
contexte : le coefficient de cross-corrélation. Les résultats ont montré une variabilité interindividuelle importante
des patrons d'activitt EMG pour tous les muscles et plus spécialement pour un muscle mono-articulaire, i.e.,
Tibialis anterior et deux muscles bi-articulaires, i.e., Gastrocnemius lateralis et Rectus femoris (Figure 11, A). Il
est intéressant de noter qu'il se dégage deux patrons distincts d’activité pour le muscle Tibialis anterior. Alors que

ce muscle est activé qu’aux alentours du point mort haut pour certains sujets, il est également activé lors du
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passage au niveau du point mort bas pour d’autres. Puisque la variabilité interindividuelle mise en évidence dans
cette étude dépasse trés largement la variabilité intraindividuelle mesurée avant et aprés une session
d’entrainement simulée (Dorel et al., 2008 ; cf. partie 3.1.2.), nous pouvons supposer que malgré un patron
d’activité musculaire stable au cours du temps, chaque sujet adopte une stratégie de coordination musculaire qui
lui est propre. Il est intéressant de noter qu'en dépit d’'une faible variabilité des patrons mécaniques au cours de
la phase de remontée de la pédale et du point haut, la forte hétérogénéité mise en évidence sur les patrons EMG
n'est pas retrouvée sur les patrons d'application des forces sur les pédales (Figure 11, B). Ce résultat illustre, une

fois de plus, la redondance du systéme musculo-articulaire.
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Figure 11. Patrons d’activité EMG (A) et patrons d’application des forces sur les pédales (B) obtenus durant un exercice de
pédalage réalisé a 150 Watts. Les patrons d’activité EMG et ceux correspondant a la force efficace et la force totale sont
normalisés par rapport a la valeur moyenne mesurée sur le cycle. Chaque graphique correspond a la moyenne (en noir) +
I'écart-type (en pointillés) d’'une population de 11 cyclistes. GMax, Gluteus maximus ; SM, Semimembranosus ; BF, Biceps
femoris (chef long) ; VM, Vastus medialis ; VL, Vastus lateralis ; GM, Gastrocnemius medialis ; GL, Gastrocnemius lateralis ;
SOL, Soleus ; TA, Tibialis anterior. Les lignes verticales correspondent a différents secteurs. Secteur 1 (de 330° a 30°),
secteur 2 (de 30° a 150°), secteur 3 (de 150° a 210°) et secteur 4 (de 210° a 330°). D'aprés Hug et al. (2008).
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3.1.4. Patrons d’activité EMG et facteurs d’influence.

Dorel, S., Drouet, JM., Champoux, Y., Couturier, A., Hug, F. Changes of pedaling technique and muscle coordination during
an exhaustive exercise. Medecine & Science in Sports & Exercise. 2009. 41(6) : 1277-1286.

Dorel, S., Couturier, A., Hug, F. Influence of different racing positions on mechanical and electromyographic patterns during
pedaling. Scandinavian Journal of Medicine & Science in Sports. 2009. 19 : 44-54.

Le patron d’activitt EMG des muscles des membres inférieurs peut étre modifié en réponse aux
modifications de certaines variables physiologiques, mécaniques ou contraintes externes. Parmi les principaux
facteurs d'influence on trouve la cadence de pédalage (Ericson, 1986), la puissance (Neptune et al., 1997) et le
type de pédales utilisées (Ericson, 1986). Dans le cadre d'un contrat de recherche associant 'INSEP et le
ministére de la santé et des sports (contrat n°06-046), nous avons étudié : i) 'évolution des paramétres EMG et
mécaniques au cours d’une épreuve rectangulaire de pédalage menée jusqu’a épuisement et ii) les effets d’'une

position de « contre la montre » sur les parametres EMG et mécaniques.

a) Influence de la fatigue. L’objectif de cette étude était de décrire les effets de la fatigue sur les patrons d'activité
musculaire et les parameétres mécaniques associés a la production de la force sur les pédales. Nous nous
sommes donc intéressés aux évolutions simultanées des paramétres mécaniques et électromyographiques au
cours d'une épreuve rectangulaire de pédalage menée jusqu’a épuisement (Dorel et al., 2009). Nous avons testé
I'hypothése selon laquelle les modifications de la biomécanique du pédalage (se traduisant par une altération de
l'efficacité mécanique du mouvement) observées au cours d'un exercice épuisant (Sanderson et Black, 2003),
sont liées a des adaptations du patron d'activitt EMG des muscles du membre inférieur (i.e., niveau et séquence
d’activitt EMG). Dans cette optique, 10 cyclistes de niveau « national » ont réalisé un exercice de temps limite &
80% de la puissance maximale tolérée®. Les différentes composantes de la force exercée sur la pédale
(utilisation de la pédale instrumentée préalablement présentée, cf. paragraphe 3.1.3.) ainsi que l'activité EMG de
10 muscles du membre inférieur ont été enregistrés en continu. Les résultats ont confirmé les modifications de la
technique de pédalage rapportées par Sanderson et Black (2003) au cours d’un protocole de fatigue similaire.
Plus précisément, nous avons observé a la fin de I'exercice, une augmentation de la force efficace produite
durant la phase de poussée (de 30 a 150°) et une diminution concomitante de I'efficacité mécanique de pédalage
et de la force produite au cours du passage au point haut de la pédale (de 330 a 30°). L’apparition de la fatigue
induit un certain nombre d’ajustements des patrons d’activit¢ EMG (Figure 12) pouvant expliquer, en partie, ces
modifications de la biomécanique du pédalage. Tandis que la baisse du niveau d'activité du Gastrocnemius
medialis ne semble pas avoir une influence majeure sur le patron d’application de la force efficace, la baisse du
niveau d’activité du Tibialis anterior et du Rectus femoris (en tant que fléchisseur de la hanche) constitue un
élément explicatif de la diminution de I'efficacité mécanique au niveau du point haut. L'augmentation importante
de lactivité du Gluteus maximus et du chef long Biceps femoris est plus délicate a interpréter. En effet,

l'augmentation du niveau d’activit¢ EMG au cours d’un exercice fatigant réalisé a intensité constante peut étre

® La puissance maximale tolérée est définie ici comme le demier palier réalisé entiérement au cours d'une épreuve
triangulaire de pédalage menée jusqu'a épuisement. Elle se distingue de la puissance maximale aérobie définie comme
étant la premiére puissance correspondante a l'atteinte de VO2max.
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attribuée au recrutement progressif d'unités motrices supplémentaires dans le but de contrecarrer la diminution
de la force produite par la contraction des fibres musculaires fatiguées (Gandevia, 2001). Ainsi, plusieurs études
ont mis en évidence une augmentation progressive du niveau d'activit¢ EMG des muscles du quadriceps au
cours d’un exercice rectangulaire de pédalage (Petrofsky, 1979; Ryan et Gregor, 1992; Housh et al., 2000), i.e.,
une augmentation du rapport entre le niveau d’activitt EMG et la force produite. Dans la présente étude, nous
n‘avons observé aucune augmentation du niveau d'activitt EMG pour les muscles Vastus lateralis et Vastus
medialis. Néanmoins, cette absence de modification de la réponse EMG, également observée par d'autres
auteurs (Lucia et al., 2000), n'implique pas nécessairement une absence de fatigue musculaire et donc une
stabilité de la force produite par ces muscles. En effet, en accord avec une augmentation du rapport EMG/force
au cours d'un exercice fatigant, nous pourrions supposer que, pour un méme niveau d’activité, la force produite
par ces muscles a diminué au cours du test de temps limite. Lepers et al. (2001) ont mis en évidence une baisse
de l'amplitude de la secousse musculaire (i.e., baisse de force produite par une stimulation électrique
supramaximale du nerf moteur) pour le groupe musculaire quadriceps apres 30 min d’exercice réalisé a 80% de
la puissance maximale aérobie (protocole de fatigue similaire a celui réalisé dans notre étude). En se basant sur
ces résultats, nous pouvons alors raisonnablement penser qu'une telle altération de la fonction contractile (i.e.,
fatigue) est intervenue sur les muscles du quadriceps (Vastus lateralis et Vastus medialis) au cours de notre
exercice. Néanmoins, la puissance d'exercice étant maintenue constante, cette chute de force supposée au
niveau des extenseurs du genou a du étre compensée par une augmentation de I'activité d’autres muscles
producteurs de puissance. L’augmentation significative du niveau d'activité du Gluteus maximus (+ 29%) et
Biceps femoris (+15%) semble corroborer en partie cette hypothése. Cette augmentation pourrait donc étre liée
a: i) un changement des stratégies de coordination (pour compenser la baisse de force supposée du Vastus
lateralis et Vastus medialis ; ii) un recrutement d’unités motrices additionnelles pour compenser l'altération de la
fonction contractile intevenant sur ces muscles (i.e.,fatigue) ou iii) une combinaison des deux. Pour autant, le
Gluteus maximus est un muscle activé a un niveau bien moindre que les vastii, e.g., 40% vs. 80% du niveau
d’activit¢ maximal lors d’'un exercice a 240 W (Ericson, 1986). De surcroit, une augmentation du moment
maximal d’extension de la hanche a déja été rapportée au cours d’'un exercice similaire (Sanderson et Black,
2003). Par conséquent, nous pouvons penser que I'augmentation du niveau d’activité du Gluteus maximus et du
Biceps femoris au cours de I'épreuve de temps limite, plutdt qu'étre vu comme une manifestation d'une fatigue de
ces muscles, pourrait étre considérée comme une stratégie de compensation permettant de contrecarrer la
baisse de force produite par les vastii. Cette étude souligne les limites de linterprétation des signaux EMG
lorsqu'il s'agit de relier le niveau d’activité a un niveau de force produit (cf. chapitre 4 de ce mémoire « projets de

recherche »).
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Figure 12. Enveloppes EMG RMS de
10 muscles du membre inférieur
obtenues au début (en noir) et a la fin
(en gris) d'un exercice de pédalage
réalise a 80% de la puissance
maximale tolérée et mené jusqu’a
épuisement. Chaque profil correspond
a la moyenne des 10 sujets. Les
valeurs sont normalisées par rapport a
la valeur RMS moyenne calculée sur le
cycle complet correspondant au début
de lexercice. GMax, Gluteus
maximus ; SM, Semimembranosus ;
BF, Biceps femoris (chef long); VM,
Vastus medialis ; VL, Vastus lateralis ;
GM, Gastrocnemius medialis; GL,
Gastrocnemius lateralis ; SOL,
Soleus ; TA, Tibialis anterior. D’aprés
Dorel et al. (2009).
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b) Influence de la position. Dans un souci de réduire au maximum l'effet de la résistance de l'air, I'optimisation de
la position du haut du corps des cyclistes a suscité un intérét particulier depuis ces vingt derniéres années. Le
bénéfice aérodynamique lié a 'adoption de la position dite de « contre la montre » par rapport & une position plus
classique redressée avec les mains en haut du guidon (UP), ou avec les mais posées dans le creux du guidon
(DP) est maintenant bien établi (Capelli et al., 1993). Concemnant les conséquences sur la réponse cardio-
ventilatoire, certains auteurs n'ont observé aucune différence significative entre ces positions (Origenes et al.,
1993) tandis que d’autres ont rapporté une augmentation du codt métabolique en position de « contre la montre »
(Gnehm et al., 1997). Bien que déja mis en évidence pour I'adoption de la position « en danseuse » (Li et
Caldwell, 1998), l'effet de I'adoption d’'une position de contre la montre sur les patrons d’activitt EMG des
muscles des membres inférieurs et sur la production de force n'a jamais été rapporté. Nous avons donc voulu
étudier, a partir des paramétres EMG (10 muscles) et mécaniques, si la position de « contre la montre », en
comparaison avec deux positions standards (i.e., DP et UP ; Figure 13), induit des changements au niveau des

patrons d’activité musculaire et d’application de la force sur la pédale. La pédale instrumentée présentée ci-avant
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n'a pas pu étre utilisée pour cette étude. De ce fait, seule la force efficace a été mesurée par des jauges de
contraintes disposées dans les manivelles du cycloergométre (Excalibur sport, Lode, Pays-Bas). Les résultats ont
montré que la position de contre la montre induit une diminution significative de la capacité & produire de la force
efficace au cours de la phase de remontée de la pédale et du passage du point haut (i.e., 0°). Parallélement, la
force requise dans la phase propulsive et le passage du point bas est augmentée d'environ 5,4%. Méme si les
patrons d'activité EMG sont trés similaires entre les positions, les différences de niveau d'activité observées sont
en adéquation avec les données mécaniques: i.e. diminution significative de I'activit¢ d'un fléchisseur de la
hanche (Rectus femoris) et augmentation significative d’'un extenseur de la hanche (Gluteus maximus) et d'un
extenseur du genoux (Vastus medialis) dans la position de contre la montre comparativement a une position plus
classique (i.e., UP). Ces résultats conduisent & s’interroger sur les effets de ces modifications au cours d’un

exercice fatigant et sur la nécessité de s'entrainer spécifiquement dans ce type de position.
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Figure 13. lllustration des trois positions testées. D’aprés Dorel et al. (2009).

3.1.5. Transfert de connaissances vers le milieu de I'entrainement.

Outre I'aspect méthodologique de certains des travaux présentés dans cette partie (e.g., étude de la
reproductibilité et répétabilité), les études menées ici ont pour vocation, in fine, l'optimisation de la performance
sportive. Par exemple, une meilleure connaissance des modifications des sollicitations musculaires induites par
un exercice fatigant ou le changement de position peut permettre a I'entraineur d’orienter plus efficacement le
travail de renforcement musculaire. Ces résultats permettent également d’expliquer certaines attitudes adoptées
spontanément par les cyclistes. En effet, au cours d'une course de contre la montre, les résultats que nous
rapportons (Dorel et al., 2009) pourraient expliquer que lorsque la vitesse diminue (et donc que la résistance
aérodynamique diminue), en cote par exemple, les cyclistes quittent spontanément la position de contre la
montre pour une position de type « UP », ce qui leur permettrait d’augmenter la force efficace au cours de la
phase de remontée de la pédale et du passage du point haut et de diminuer le niveau d'activité des extenseurs
de la hanche et du genou. Enfin, la méthodologie développée dans ces études permet d'envisager des
partenariats avec des industriels pour tester de nouveaux matériels et plus précisément leurs effets sur la

performance (e.g., efficacité mécanique du pédalage, coordinations musculaires, etc.).
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Electromyographie et analyse des coordinations musculaires

Résumé : Aprés avoir mis en évidence la bonne répétabilité et reproductibilité des coordinations musculaires au
cours d’'un exercice de pédalage, cette partie s'intéresse a la variabilité interindividuelle des patrons d’activité
musculaire et a I'effet de certains facteurs d'influence (i.e., fatigue et position). La plupart de ces travaux couplent
I'enregistrement de paramétres mécaniques (via une pédale instrumentée) et électromyographiques (10 muscles
du membre inférieur droit).

Nous avons mis en évidence des différences interindividuelles concernant les patrons d’'activité musculaire chez
une population de cyclistes entrainés par ailleurs homogéne en termes d'aptitudes physiques. Cette variabilité,
davantage marquée sur les muscles biarticulaires, est beaucoup moins présente sur les patrons d’'application des
forces sur les pédales illustrant ainsi la notion de redondance motrice.

Une autre étude suggere des compensations musculaires au cours d’un exercice fatigant, notamment par une
implication croissante des muscles extenseurs de la hanche (Gluteus maximus et chef long du Biceps femoris)
pour compenser la baisse de la force produite par les muscles extenseurs du genou (vastii).

Enfin, dans une derniere étude, nous avons mis en évidence des modifications mineures des coordinations
musculaires entre trois positions classiquement utilisées par les cyclistes (mains en haut du guidon, mains dans
le creux du guidon et position de contre la montre). Il en ressort notamment une diminution de l'activité des
muscles fléchisseurs de la hanche compensée par une augmentation du niveau d’activité des muscles
extenseurs de la hanche et du genou dans la position de contre la montre comparativement aux deux autres

positions.

Publications : 6 articles publiés dans des revues indexées ISI
Contrats de recherche : 2 contrats (ministére de la jeunesse, des sports et de la vie associative — n°06-046,
Amaury Sport Organisation — Société du Tour de France)

Encadrement : 1 étudiant de Master 1¢ année
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3.2. Electromyographie et détection d’'une charge mécanique
imposée au systéme respiratoire

3.2.1. Etat de la question.

La ventilation est le résultat de I'activation phasique des différents muscles respiratoires et reléve de
deux types de contréle. Le premier, automatique, dépend de structures neuronales spécifiques situées dans le
tronc cérébral (i.e. centres respiratoires), et est responsable de la production du rythme ventilatoire et de
l'adaptation de la ventilation aux demandes métaboliques. Le second, "supra-pontin”, détermine les aspects
comportementaux de la ventilation (cortex limbique) et son contrle volontaire (néo-cortex).

Chez 'Homme sain, en condition de repos, linspiration repose pour I'essentiel sur le travail du
diaphragme mais implique également d’autres muscles tels que les intercostaux parasternaux et les scalénes
(Beau et Maissiat, 1843; Raper et al., 1966; De Troyer et Estenne, 1984) (Figure 14). On distingue également
d’autres muscles inspiratoires, les muscles « dilatateurs » des voies aériennes supérieures (e.g., alae nasi,
génioglosse), dont la contraction augmente le diamétre des voies aériennes et diminue les résistances a

I'écoulement de l'air.

Splenius cervicis
muscle

Levator scapulae
M o g

Scalene muscles
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Figure 14. Planches anatomiques représentant I'alae nasi (A) et les scalenes (B)

Les scalénes sont certainement les muscles inspiratoires extradiaphragmatiques les mieux connus. Au cours
d’'une ventilation eupneique, leur activitt EMG phasique est détectable mais d’amplitude faible, variable entre les
sujets et au cours du temps (Raper et al., 1966). En revanche, si des charges sont imposées a I'appareil
respiratoire, leur niveau d'activité est augmenté (Raper et al., 1966). Ainsi, une activité phasique significative des
scalenes est tres frequemment retrouvée chez les patients atteints de pathologies respiratoires chroniques (De

Troyer et al., 1994). L'activation des muscles inspiratoires du cou fait partie des éléments caractéristiques de la
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détresse ventilatoire aigué. Ainsi, chez un patient placé sous assistance ventilatoire (ventilation assistée®),
détecter la contraction du scaléne par simple palpation peut étre un signe de détresse respiratoire (Pardee et al.,
1984) et peut témoigner d’'une dysharmonie patient-ventilateur. En effet, le ventilateur doit délivrer son assistance
en harmonie avec la commande ventilatoire du patient (et donc en phase avec lactivitt des muscles
inspiratoires). L'inadéquation entre l'activité des muscles respiratoires du patient et I'assistance délivrée par le
ventilateur définit la dysharmonie patient-ventilateur. Le patient présente alors des difficultés a déclencher le
ventilateur (et donc & déclencher l'arrivée de l'air; i.e., l'inspiration), il semble « lutter » contre lui causant un
inconfort important (i.e., dyspnée’) (Sassoon et Foster, 2001), une détérioration des échanges gazeux (Tobin et
al., 2001) et des dommages musculaires liés & I'action excentrique des muscles respiratoires (Friden et al.,
1991). L'évaluation de l'activité des scalénes par palpation peut donc étre utile pour optimiser les réglages du
ventilateur (Brochard et al., 1989). Cependant le niveau d’activité musculaire pergu par palpation est influencé
par de nombreux facteurs tels que I'adiposité du patient, la pression exercée par le clinicien, etc. et ne permet
donc pas de quantifier précisément 'augmentation du niveau d’activité musculaire. Tous ces éléments suggerent
que l'enregistrement de l'activitt EMG du scaléne pourrait étre particulierement utile pour détecter une charge
imposée au systéme respiratoire. Ainsi, minimiser son activitt¢ EMG pourrait étre I'un des objectifs du clinicien

visant a optimiser les réglages du ventilateur.

3.2.2. Optimisation de la détection électromyographique de I'activité inspiratoire des scalénes.

Hug, F., Raux, M., Prella, M., Morelot-Panzini, C., Straus, C., Similowski T. Optimized analysis of surface electromyograms
of the scalenes during quiet breathing in humans. Respiratory Physiology and Neurobiology. 2006. 25;150(1):75-81.

Quantifier I'activitt EMG phasique des scalénes n’est pas aisé. L'utilisation d'électrodes aiguilles (ou
filaires) permet d’'obtenir des signaux de bonne qualité, mais le caractére invasif de cette technique de recueil
exclut son utilisation dans un contexte clinique. L'utilisation d’électrodes de surface est complexe compte tenu : i)
du faible niveau d’activité de ce muscle en ventilation eupneique et ii) de l'activité tonique liée a sa fonction
posturale. De ce fait, les enregistrements de surface du scaléne présentent trés souvent un faible rapport
signal/bruit. De surcroit, dans le cadre d’'un enregistrement effectué dans un contexte clinique (e.g., unité de
réanimation), des perturbations électromagnétiques liées a I'environnement peuvent détériorer davantage la
qualité du signal. Dans une premiére étude, nous avons donc testé une technique de traitement des signaux

EMG, déja utilisée dans d’autres contextes (i.e., analyse du mouvement; cf. partie 3.1), qui repose sur le

® La ventilation mécanique est utilisée dans le traitement de linsuffisance respiratoire aigué. On distingue la ventilation
contrlée de la ventilation assistée. La ventilation contrblée a pour objectif d’optimiser les échanges gazeux
pulmonaires chez des patients ne présentant aucune activité des muscles respiratoires. Ainsi, la totalité du travail
ventilatoire est réalisée par le ventilateur. En revanche, dans le cadre de la ventilation assistée, le patient déclenche
son ventilateur et contribue donc a la genése de sa propre ventilation. La ventilation assistée offre donc un
compromis entre la diminution du travail des muscles inspiratoires du patient et le maintien d'un certain niveau
d’activité spontanée de ces muscles.

" La dyspnée est définie comme un "inconfort respiratoire survenant pour un niveau d'activité usuel, n'entrainant
normalement aucune géne" Straus C, Similowski T, Zelter M, Derenne JP. 1998. Mécanismes et diagnostic des
dyspnées. In: Encyclop. Med. Chir. Paris: Elsevier. p 6-090-E-015.
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moyennage d’'un nombre important de cycles (ici des cycles respiratoires) (Hug et al., 2006¢). Ce moyennage de
l'activité EMG est connu pour améliorer le rapport signal/bruit (Davenport et Root, 1958). Dix sujets sains ont
participé a cette étude. Le débit ventilatoire et I'activitt EMG de surface du scaléne antérieur (coté droit) ont été
enregistrés en continu au cours d'une ventilation eupneique. Chez quatre sujets, un enregistrement EMG
intramusculaire (i.e., aiguille concentrique) a été rajouté. Le root mean square a d’abord été calculé sur la totalité
du signal EMG brut (fenétres = 2ms). Ensuite, un moyennage de 80 cycles, calé sur le début de l'inspiration

(repéré grace au signal de débit ventilatoire), a permis d’obtenir un cycle inspiratoire moyen (Figure 15).
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Figure 15. Représentation de la technique d’optimisation du signal EMG. 5 cycles ventilatoires consécutifs sont représentés
(1). Le root mean square (RMS) est d’abord calculé a partir du signal EMG brut (2). Ensuite, le signal correspondant au
débit ventilatoire est utilisé pour détecter le début (3a) et la fin (3b) de chaque phase inspiratoire. Puis, un ensemble de 80
cycles consécutifs est moyenné aprés avoir découpé le signal en fenétres commengant 1 s avant le marqueur et terminant 1
s aprés la fin de l'inspiration (4a) ou 2 s aprés la fin de I'inspiration (4b). Le signal EMG moyenné permet de mettre en
évidence une activité phasique inspiratoire (5a) peu visible sur le tracé brut. Ainsi il est possible de calculer le délai
électromécanique inspiratoire (délai séparant le début d’activité¢ EMG et le début de l'inspiration ; DEMI) et I'activité post-
inspiratoire (activitt EMG du scalene mesurée apreés la fin de l'inspiration ; API). Insp, inspiration. D’aprés Hug et al. (2006)
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Chez 8 sujets sur 10, cette approche a permis de mettre en évidence une activité phasique inspiratoire du
scaléne. Les tracés obtenus donnent également accés au calcul du délai électromécanique inspiratoire et la
durée de lactivité post-inspiratoire. Chez les 4 sujets testés, les enregistrements EMG de surface et
intramusculaires ont conduit a des résultats comparables. Cette premiére étude démontre qu'il est possible de
quantifier l'activité¢ phasique du scaléne, son délai électromécanique et son activité post-inspiratoire par des
enregistrements de surface simples a utiliser. Cette technique devrait permettre de mieux étudier l'activité EMG
des muscles inspiratoires en ventilation eupneique et lorsqu’ils sont soumis a différentes charges mécaniques et

métaboliques.

3.2.3. Détection d’une charge inspiratoire chez le sujet sain placé sous ventilation assistée.

Chiti, L., Biondi, G., Morélot-Panzini, C., Raux, M., Similowski, T., Hug, F. Scalene muscle activity during progressive
inspiratory loading under pressure support ventilation on normal humans. Respiratory Physiology and Neurobiology.
2008. 164(3) : 440-447.

Dans un deuxieme temps, nous avons appliqué cette technique de quantification de l'activitt EMG des
muscles inspiratoires a un modeéle expérimental humain de dysharmonie patient-ventilateur en ventilation
assistée (Chiti et al., 2008). Il s’agissait de tester la sensibilité de cette technique pour la détection d’'une charge
mécanique induite par l'application de triggers inspiratoires® fixés a différents pourcentages de la pression
inspiratoire maximale (i.e., 5, 10 et 15%). Grace a des enregistrements de surface et intramusculaires (via des
électrodes filaires) du scaléne antérieur et du sterno-cleido-mastoidien (coté droit) nous avons mis en évidence :
i) que l'activité EMG du scaléne enregistrée avec des électrodes de surface est similaire a celle enregistrée avec
des électrodes filaires (Figure 16), validant de ce fait I'utilisation des enregistrements de surface pour ce muscle
et ces conditions d’enregistrement, et ii) que l'activitt EMG du sterno-cleido-mastoidien obtenue par des
électrodes de surface n'est, dans la grande majorité des cas, qu'une contamination de I'activit¢ EMG du scaléne
(Figure 16).
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8 Le modéle de charge utilisé dans cette étude est un peu particulier dans la mesure ol le sujet doit, lors de la premiére
phase de l'inspiration, développer une pression inspiratoire au moins égale a celle du trigger (effort isométrique) pour
obtenir de I'air et pouvoir ensuite inspirer normalement.
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La technique de moyennage a permis la description non ambigué d’une activitt EMG du scaléne peu ou non
visible sur le tracé brut. Cette étude a mis en évidence que I'ajout d’un trigger inspiratoire (i.e., induction d’'une
dysharmonie) est associé a une augmentation significative du niveau d’activitt EMG pour les triggers fixés a 10
et 15 % de la pression inspiratoire maximale par rapport a la condition de base (ventilation eupneique) (Figure

17). Cette augmentation de I'activité inspiratoire du scaléne est corrélée avec l'intensité de la dyspnée.
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Figure 17. Niveau d’activit¢ EMG du scaléne. La valeur RMS représente la valeur moyenne sur la phase inspiratoire et est
exprimée en pourcentage de la valeur mesurée au cours de la ventilation eupneique (QB). Pour chaque valeur de trigger, les
valeurs individuelles sont représentées (points noirs). Le cercle gris indique la valeur moyenne de la population = écart-type.

Les valeurs des triggers est exprimée en pourcentage de la pression inspiratoire maximale. *, différence avec la condition

« QB » (ventilation eupneique) ; $, différence avec la condition « Trigger -5% » ; #, différence avec la condition « Trigger -

10% ». D'aprés Chiti et al. (2008).

Cette étude a mis en évidence la bonne sensibilité¢ de la technique de moyennage pour détecter une faible
augmentation de l'activitt EMG du scaléne. En effet, nous avons montré que 'amplitude de l'activitt EMG
augmente parallélement a : i) l'augmentation des charges imposées a I'appareil respiratoire et ii) a l'intensité de
la dyspnée. Si ces résultats se confirmaient chez des patients placés sous ventilation assistée, dans un service
de réanimation, il pourrait alors étre envisagé d'utiliser des enregistrements EMG du scaléne en continu pour
aider le clinicien a régler les paramétres du ventilateur afin d’'améliorer le confort du patient et éviter qu'il ne se
retrouve en condition de dysharmonie avec son ventilateur. Dans le cadre de mon stage post-doctoral, nous
avons été amené a réaliser des premiers enregistrements de I'activité électromyographique du scaléne chez des
26 patients recevant une assistance ventilatoire. Les premiers résultats sont encourageants et sont actuellement
complétés par une étude menée au sein du Laboratoire de PhysioPathologie Respiratoire (LPPR, EA 2397).
Méme si l'enregistrement de l'activité EMG du scaléne semble cliniquement pertinent, la qualité du
signal EMG recueilli est trés dépendante de la morphologie des patients et, notamment, de I'épaisseur du tissu
adipeux, et ce malgré I'application de la technique de moyennage. De surcroit, les mouvements du cou sont
susceptibles d’empécher la détection de I'activité phasique inspiratoire. Enfin, la localisation du scalene peut

s'avérer compliquée et demande donc une certaine expérience du clinicien. Certains travaux menés chez
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'homme et I'animal montrent que le muscle Alae nasi, dilatateur des voies aériennes, est activé en situation de
charge. De plus, le recueil du signal EMG du muscle Alae nasi, semble beaucoup plus aisé. En effet, 'absence
de muscle adjacent volumineux, une faible épaisseur du tissu adipeux, un recueil non contaminé par les
mouvements parasites et sa localisation facile font de I'Alae nasi un muscle inspiratoire potentiellement
intéressant a étudier. Nous avons donc mené une étude (article en cours de rédaction) dont I'objectif était de
rechercher un recrutement de I'Alae nasi en présence d'un trigger croissant, de le quantifier le cas échéant, et de
le comparer avec celui du scaléne. A quelques détails prés, le protocole expérimental était similaire & celui utilisé
dans le cadre de létude précédente, i.e., modéle expérimental humain de dysharmonie sujet-ventilateur.
L’activité EMG du parasternal, du génioglosse et du diaphragme (via une sonde oesophagienne) a également été
enregistrée. Les résultats ont montré que I'amplitude de l'activitté EMG de I'Alae nasi augmente parallélement
al'augmentation des charges imposées a I'appareil respiratoire. Néanmoins, contrairement au scaléne, son
activité est dépendante du type de ventilation (i.e., nasale vs. buccale) (Figure 18) rendant donc son
enregistrement peu pertinent dans le cadre de la détection d’'une dysharmonie patient-ventilateur. Dans cette
situation, il est probable que le patient adopte temporairement une ventilation buccale pour diminuer les
résistances des voies aériennes liées aux narines qui se collabent sous l'influence d’'une pression inspiratoire

importante (i.e., effort inspiratoire).
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Electromyographie et détection d’une charge mécanique imposée au
systéme respiratoire

Résumé : Nous avons dans un premier temps mis au point une technique permettant de quantifier I'activité
électromyographique phasique du scaléne au cours de la ventilation. Cette technique repose sur le moyennage
d'un nombre important de cycles ventilatoires (> 40 cycles) et permet, a partir d'un tracé électromyographique
brut peu exploitable, de quantifier précisément le niveau d'activité, le délai électromécanique et la durée de
l'activité post-inspiratoire. Nous avons ensuite appliqué cette technique a un modéle expérimental humain de
dysharmonie patient-ventilateur en ventilation assistée. Cette étude a mis en évidence la bonne sensibilité de la
technique de moyennage pour détecter une faible augmentation de l'activité électromyographique du scaléne. En
effet, nous avons montré que I'amplitude de l'activitt EMG augmente parallelement a: i) 'augmentation des
charges imposées a l'appareil respiratoire et ii) a lintensité de la dyspnée. L'enregistrement de lactivité
électromyographique inspiratoire du scalene n’étant pas aisée (e.g., placement des électrodes, épaisseur
variable du tissu adipeux, mouvements de la téte, etc.), nous avons également appliqué la technique de
moyennage a un muscle dilatateur des voies aériennes, I'Alae nasi, bien plus facile a enregistrer. Seulement, les
résultats démontrent que I'Alae nasi est trop sensible au type de ventilation utilisé par le sujet (i.e., nasal vs.
buccal) et ne peut donc pas étre utilisé pour détecter de maniere fiable une augmentation de la charge imposée

au systeme respiratoire.

Publications : 2 articles publiés dans des revues indexées ISI + 1 article en cours de préparation
Contrats de recherche : 1 contrat (Fédération ANTADIR — bourse de recherche post-doctorale)

Encadrement : 1 étudiante en thése de spécialité médicale
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3.3. Electromyographie et évaluation de la fatigue neuromusculaire

3.3.1. Etat de la question.

L’hypothése selon laquelle le signal éléctromyographique constituerait un bon indicateur de la fatigue
neuromusculaire repose sur les modifications du signal observées lors du maintien d’'une contraction maximale
isométrique. Bien que des modifications puissent affecter différents paramétres (e.g., paramétres temporels et
fréquentiels), & dessein, nous focaliserons cette bréve revue de littérature sur les modifications des parametres
temporels du signal EMG (i.e., amplitude). Cobb et Forbes (1923) ont sans doute été les premiers a mettre en
évidence une augmentation du niveau d’activité¢ EMG au cours d’'un exercice isométrique sous-maximal réalisé a
force constante. Ces résultats ont ensuite été corroborés par de nombreuses observations similaires (pour revue,
voir Cifrek et al., 2009). Cette augmentation peut étre expliquée par une augmentation du nombre d'unités
motrices recrutées et/ou par une modulation de leur fréquence de décharge pour contrecarrer l'altération de la
fonction contractile des fibres musculaires fatiguées (Garland et al., 1994; Garland et al., 1997; Hunter et al.,
2004). I est important de souligner que d'autres facteurs physiologiques (e.g., modifications de la vitesse de
conduction des potentiels d’action musculaires, synchronisation des unités motrices) peuvent également modifier
I'amplitude du signal EMG au cours d’un exercice fatigant (pour revue, voir Farina et al., 2004). Puisque la plupart
de ces phénomenes sont aussi liés, plus ou moins directement, a l'apparition de la fatigue neuromusculaire,
l'origine des modifications du niveau d'activitt EMG ne sera pas discutée dans les études présentées ci-apres.
Toutefois, cette limite méthodologique sera abordée dans la partie 4 de ce mémoire (projets de recherche).

De nombreux auteurs ont étudié I'évolution du signal EMG en fonction de la puissance d'un exercice
dynamique réalisé sur un cycloergométre ou un tapis roulant (Bigland-Ritchie et Woods, 1974; Taylor et Bronks,
1994; Gamet et al., 1996; Lucia et al., 1997; Hug et al., 2003b). Plusieurs de ces études rapportent une relation
linéaire entre 'augmentation de I'amplitude de 'EMG (EMG intégré ou RMS) et l'intensité de I'exercice (Bigland-
Ritchie et Woods, 1974; Taylor et Bronks, 1994) alors que d’autres observent un une augmentation brutale de la
pente au cours de 'exercice (Gamet et al., 1996; Lucia et al., 1997; Hug et al., 2003b). Dans ces études, cette
« cassure » dans 'augmentation de 'EMG a ét¢ nommée « seuil EMG » (Figure 19) et est considéré comme

étant une manifestation de I'apparition de la fatigue neuromusculaire.
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D’autres auteurs (deVries et al., 1982; Moritani et al., 1993) ont décrit une méthode différente
permettant, a partir d’exercices de pédalage non fatigants, de déterminer un seuil EMG appelé « seuil EMG de la
fatigue » (EMG fatigue threshold). Pour déterminer ce seuil, le sujet doit réaliser plusieurs exercices
rectangulaires brefs (1 a 3 minutes) & différentes puissances. Le niveau d’activitt EMG (EMG intégré ou RMS)
est représenté en fonction du temps pour toutes les puissances d’exercice (Figure 20, A). Les pentes des droites
de régression obtenues sont calculées et représentées graphiquement en fonction de la puissance d’exercice
(Figure 20, B), permettant ainsi, par extrapolation, d’obtenir la valeur de puissance correspondante a une pente
nulle (i.e., absence d'augmentation du niveau d'activitt EMG). Ce seuil correspond, théoriquement, a la plus

haute intensité d’exercice pouvant étre maintenue sans apparition de la fatigue neuromusculaire.
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D’apres plusieurs études, ces seuils (qu'il s'agisse d'une augmentation brutale du niveau d'activit¢ EMG
au cours d’une épreuve triangulaire ou du seuil EMG de la fatigue tel que défini par De vries, 1982) peuvent étre
un outil intéressant pour évaluer les aptitudes physiques (deVries et al., 1982; Matsumoto et al., 1991; Moritani et
al., 1993; Smith et al., 2007; Graef et al., 2008).

3.3.2. Détermination du seuil électromyographique au cours d’'un exercice dynamique.

Hug, F., Laplaud, D., Lucia, A., Grélot, L. Comparison of visual and mathematical detection of the EMG threshold during
incremental pedalling exercise. Journal of Strength and Conditionning Research. 2006. 20(3):704-708.

Hug, F., Laplaud, D., Lucia, A., Grélot, L. EMG threshold determination in 8 lower limb muscles during cycling exercise: a
pilot study. International Journal of Sports Medicine. 2006. 27(6):456-462.

Certains travaux présentés lors de ma thése montrent l'apparition d’'une augmentation brutale de la
pente de la relation entre le niveau d'activitt EMG et la puissance au cours d’un exercice triangulaire de
pédalage (Hug et al., 2003a; Hug et al., 2003b). Seulement, dans ces études, le seuil EMG a été déterminé
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visuellement, et sa reproductibilité n'a pas été testée. Ainsi, dans 'année qui a suivi ma soutenance de thése, et
dans le cadre d’une collaboration internationale avec le Pr Alejandro LUCIA (Université Européenne de Madrid,
Espagne), nous avons testé la validité de la détermination du seuil EMG, ainsi que sa reproductibilité. Une
premiére étude (Hug et al., 2006a) a donc consisté & comparer la méthode de détermination visuelle du seuil
EMG avec une méthode mathématique déja utilisée dans la littérature (Lucia et al., 1997)°. Les résultats issus de
ce travail ont démontré qu'il est préférable de déterminer le seuil EMG par une technique mathématique, plus
objective. Dans une deuxiéme étude, nous avons comparé, en utilisant cette méthode de détection, la
reproductibilité du seuil EMG déterminé sur 8 muscles du membre inférieur (Hug et al., 2006b). Nous avons

montré I'apparition d’'un seuil EMG reproductible sur le Vastus lateralis pour tous les sujets.

3.3.3. Détermination du seuil électromyographique de la fatigue lors d’'un exercice isométrique.

Hug, F., Nordez, A., Guével, A. Can the electromyographic fatigue threshold be determined from superficial elbow flexor
muscles during an isometric single-joint task ? European Journal of Applied Physiology. 2009. 107(2) : 193-201.

Contrairement au seuil EMG décrit précédemment (i.e., augmentation brutale de la pente de la relation
entre le niveau d'activité¢ EMG et la puissance au cours d’un exercice triangulaire), le seuil EMG de la fatigue
introduit par DeVries et al. (1982), peut étre déterminé a partir d’efforts sous-maximaux ce qui représente un
intérét majeur pour les sujets qui ne peuvent pas tolérer un exercice épuisant. Seulement, jusqu'a présent, ce
seuil EMG de la fatigue a essentiellement été déterminé sur un muscle du quadriceps (le plus souvent le Vastus
lateralis), au cours d’une épreuve de pédalage, considérant que ce muscle est représentatif de tous les muscles
impliqués dans ce mouvement. Or, ce n'est pas un mouvement si simple (cf. partie 3.1), d'autres muscles
pourraient conduire a des seuils EMG de la fatigue différents, ce qui a dailleurs été mis en évidence par Housh
et al. (1995). Dans une étude récente nous avons donc voulu appliquer la méthode de détection du seuil
électromyographique de la fatigue (Moritani et al., 1993) & une tache plus simple (i.e., flexion isométrique du
coude). Nous avons cherché & déterminer le seuil EMG sur : i) le chef long du Biceps brachial, ii) le chef court du
Biceps Brachial et ii) le Brachioradialis (Hug et al., 2009). La détection d’un seuil EMG valide n’a été possible que
sur le chef long du Biceps brachial et pour seulement 3 des 8 sujets testés.

Dans une étude menée récemment, Hendrix et al. (2009b) ont réussi a déterminer un seuil EMG de la fatigue sur
le Biceps brachial pour les 10 sujets testés lors du méme type de tche que celle réalisée dans notre étude.
Cette grande divergence avec nos résultats peu s'expliquer par le fait que Hendrix et al. (2009) n'ont pas
déterminé, a priori, de critéres de validité pour leur seuil EMG. Or, puisque la détermination de ce seuil doit étre
utile, in fine, a I'évaluation de capacités physiques, il nous a semblé important de fixer des critéres de validité en
lien avec l'erreur de mesure. Ainsi, seuls les seuils EMG déterminés avec une erreur standard < 5% ont été

retenus. L'absence de seuil EMG sur les autres muscles et chez les autres sujets a été discutée en termes de

° La méthode mathématique consiste & modéliser la relation EMG vs. intensité de 'exercice par deux régressions linéaires.
On recherche alors le point délimitant deux zones qui correspond a un coit quadratique moyen minimal. Le seuil est validée
si la pente de la deuxieme régression linéaire est plus grande que la premiére.
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compensations intermusculaires (cf. article joint en annexe). En effet, nous avons observé qu'en fonction de

lintensité de I'exercice (i.e., 20, 30, 40, 50 et 60 % de la contraction maximale volontaire), les muscles sollicités

n'étaient pas les mémes et qu'il existe des compensations intermusculaires, non seulement entre les muscles

fléchisseurs du coude mais aussi avec des muscles sensés ne pas participer directement a la tdche (Figure 21).

Ce résultat questionne donc sur la pertinence de la détermination de ce seuil EMG de la fatigue (cf. partie 4

« Projets de recherche »).
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Figure 21. lllutration de possibles compensations avec le Deltoid anterior. A- Le niveau d’activité¢ EMG (RMS) du Deltoid
anterior et du chef long du Biceps brachial est représenté en fonction du temps pour les 5 exercices sous-maximaux (20, 30,
40, 50 et 60% de la contraction maximale volontaire). Alors que pour les exercices de faible intensité on observe une
augmentation du niveau d’activité du chef long du Biceps brachial, pour les exercices d'intensités plus élevées,
l'augmentation est observée sur le Deltoid anterior. B- Quand la RMS (exprimé en % de RMS max) de ces deux muscles est
additionnée, la détermination d’un seuil EMG de la fatigue devient possible, et ce avec une bonne précision (erreur standard

=2,1%) (B). D’aprés Hug et al. (2009).
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Electromyographie et évaluation de la fatigue neuromusculaire

Résumé : Cet axe de recherche explore la notion de seuil électromyographique. Ce seuil peut étre déterminé soit
comme étant I'augmentation brutale de la pente de la relation linéaire entre le niveau d'activitt EMG et la
puissance d’exercice au cours d’'une épreuve triangulaire menée sur cycloergometre (on parle alors de seuil
EMG), soit a partir d'épreuves sous-maximales selon la méthode décrite par DeVries et al. (1982) (on parle alors
de seuil EMG de la fatigue).

Dans une premiéere étude nous avons montré qu'il est préférable de détecter le seuil EMG par une technique
mathématique, plus objective que la technique visuelle utilisée par certains auteurs. Dans une deuxiéme étude
nous avons montré que le seuil EMG ne peut étre déterminé de maniére reproductible uniquement sur le muscle
Vastus lateralis.

Plus récemment, nous nous sommes intéressés au seuil EMG de la fatigue qui nous parait particulierement
intéressant puisqu'il est déterminé a partir d’exercices sous-maximaux. Toutefois, a partir d'exercices
isométriques de flexions du coude, nous n’avons pu déterminer un seuil EMG de la fatigue que sur un des trois
muscles investigués (i.e., chef long du Biceps brachial) et pour seulement trois des huit sujets testés. L'incapacité
de détecter un seuil sur les autres muscles et les autres sujets a été discutée en termes de compensations

intermusculaires.

Publications : 3 articles publiés dans des revues indexées ISI
Contrats de recherche : aucun

Encadrement : 2 étudiants de Licence 3¢m année (stage recherche)
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3.4. Caractérisation du délai électromécanique

3.4.1. Etat de la question.

Le délai électromécanique représente le délai entre I'activation électrique du muscle et sa production de
force. Il peut étre quantifié in vivo chez 'homme comme le délai séparant le début d’activité électromyographique
du début de production de force musculaire mesurée de maniére externe (Cavanagh et Komi, 1979). Ce délai est
lié & de nombreux mécanismes et structures comme : i) la propagation du potentiel d’action musculaire et le
couplage excitation-contraction (E-C) et ii) I'étirement des structures placées en série des structures contractiles
regroupées dans la composante élastique série (CES ; fractionnée en une composante active, i.e., les myofibrilles
et une composante passive i.e., principalement 'aponévrose et le tendon ; Figure 22) (Cavanagh et Komi, 1979).
Le délai électromécanique est modifié & la suite de protocoles induisant une fatigue musculaire (Zhou et al., 1995;
Paasuke et al., 1999; Kubo et al., 2001), de protocoles d'entrainements (Grosset et al., 2009), ou chez des sujets
atteints de pathologies neuro-musculaires (Orizio et al., 1997; Granata et al., 2000). Cependant, la contribution
relative de chacun des mécanismes et structures impliqués dans le délai électromécanique ne peut pas étre
déterminée in vivo avec les méthodes classiqguement utilisées. Bien que des observations indirectes tendent a
indiquer que le délai électromécanique est principalement lié a la transmission de la force musculaire (Norman et
Komi, 1979; Zhou et al., 1995; Muraoka et al., 2004), et donc a I'étirement de la composante élastique série, cette
hypothése n'a jamais pu étre vérifiée de maniére directe. Pour cette raison, les différentes études s'intéressant au

délai électromécanique sont limitées dans l'interprétation des résultats obtenus.

1 Ponts
! Cci CES Myofibrilles

Tissu conjonctif Sarcolemmes

............................................................

Figure 22. Modele du complexe musculo-tendineux de Hill modifié a trois composantes. CC : composante contractile ; CES :
composante élastique série composée d’une fraction passive et d’'une fraction active ; CEP : composante élastique paralléle.
Modifiée d’aprés Zajac (1989).

Une caractérisation plus compléte du délai électromécanique pourrait inclure la détection du début du
mouvement des fascicules musculaires et du tendon afin de dissocier leur contribution respective. Classiquement
I'échographie est utilisée pour déterminer ces déplacements en temps réel (Magnusson et al., 2008). Cependant,
la fréquence d’acquisition des échographes classiques est limitée a 50-100 Hz (résolution temporelle de 20 a 10

ms) ce qui est largement insuffisant pour étudier des phénomeénes trés courts comme le délai électromécanique
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(compris entre 6 et 80 ms dans la littérature). Quelques études récentes ont tenté de déterminer le début de
mouvement des fascicules musculaires (Pulkovski et al., 2008) ou du tendon (Chen et al., 2009) avec des
échographes permettant des fréquences d'acquisition plus élevées (200-333Hz). Cependant, la résolution
temporelle obtenue dans ces études reste insuffisante pour déterminer précisément des modifications du délai
électromécanique. Par exemple, dans I'étude publiée récemment par Chen et al. (2009) la résolution temporelle
est de 5 ms, soit 27% du délai électromécanique quantifié dans cette méme étude. Ce point a été plus largement
discuté dans une lettre & I'éditeur que nous avons récemment publié (Nordez et al., 2009a). La derniére
génération d'échographes ultrarapides offrant la possibilité d'acquérir les signaux ultrasonores a plus de 5 kHz
permettrait de s'affranchir de cette limitation méthodologique. Ainsi, Deffieux et al. (2006; 2008) ont montré la
faisabilité de l'utilisation de cette technique pour quantifier les déplacements des fascicules musculaires in vivo,
mais ces études ont été menées sur un nombre limité de sujets (trois au maximum) et ne se sont pas focalisées

sur la détermination du début de mouvement du muscle et du tendon.

3.4.2. Caractérisation du délai électromécanique au moyen de I'échographie ultrarapide.

Nordez, A., Gallot, T., Catheline, S., Guevel, A., Cornu, C., Hug, F. Electromechanical delay revisited using very high
frame rate ultrasound. Journal of Applied Physiology. 2009. 106(6) : 1970-1975.

Dans le cadre d'un contrat de recherche avec I'Association Frangaise contre les Myopathies (contrat
n°14084), et d'une collaboration avec le Laboratoire de Géophysique Interne et Tectonophysique (Université de
Grenoble, Stefan Catheline), nous avons pu utiliser un échographe ultrarapide (fréquence d’acquisition = 4000
Hz) pour déterminer le début de mouvement des fascicules musculaires et de linsertion myotendineuse en
réponse a une stimulation électrique du Gastrocnemius medialis (Nordez et al., 2009b). Le choix de la contraction
musculaire évoquée par stimulation électrique (au niveau du point moteur) se justifie par le fait que cette
technique de stimulation permet a la fois d'isoler la contraction d'un seul muscle et également d’obtenir une trés
bonne répétabilité de la mesure du délai électromécanique. Cette expérimentation, menée chez neuf sujets, a
donc permis de quantifier, in vivo, le délai entre i) l'artefact de stimulation et le début de mouvement des
fascicules musculaires, i) le début de mouvement des fascicules et le début de mouvement de linsertion
myotendineuse (i.e., extrémité proximale du tendon), et iii) le début de mouvement de l'insertion myotendineuse
et le début de production de la force au niveau du pied (Figure 23).

Ces résultats ont été discutés en termes de contributions relatives des mécanismes et structures
potentiellement impliqués dans le délai électromécanique. Ainsi, une part non négligeable (47,5 + 6,0 %) du délai
électromécanique peut étre attribuée a I'étirement de la fraction passive de la CES au sein de laquelle le tendon
semble représenter une part légerement plus importante (3,22 + 1,41 ms soit 27,6 + 11,4% du délai
électromécanique) que 'aponévrose (2,37 + 1,30 ms soit 20,3 £ 10,7% du délai électromécanique) (Figure 23).
La technique utilisée ne nous a pas permis de séparer la contribution de la transmission synaptique, du couplage
excitation-contraction et de la fraction active de la CES. Néanmoins, au regard de la littérature et plus
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spécifiquement des données disponibles sur le délai synaptique [1 ms selon Katz et Miledi, (1965)), le couplage
excitation-contraction (2,5 ms selon Sandow, (1952)], d'une part, et la vitesse de transmission de la force dans le
muscle [environ 30 m.s*! selon Morimoto et Takemori (2007)], d’'autre part, nous suggérons que I'étirement de la
composante active de la CES ne représente pas une part majeure du délai électromécanique contrairement a ce

qui a été suggéré dans la littérature (Grosset et al., 2009).

début de début de
stimulation mouvement  mouvement de début de la
électrique du des l'insertion production de
muscle fascicules moytendineuse force
|
transmission synaptique aponévrose : tendon
couplage E-C N )
CES (fraction active) CES (fraction passive)
< > |« » le >
6,05 £ 0,64 ms 237+130ms | 322+x141ms
v 52,5 +6,0% v 20,3+ 10,7% + 27,6 £11,4% v
| | T | >
0Oms 6,05+ 0,64 ms 8,42+ 1,63 ms 11,64 £ 1,35 ms
0% 52,516,0% 71,8 £15,4% 100%

Figure 23. Représentation schématique des délais entre la stimulation musculaire (artefact de stimulation mesuré via les
électrodes EMG) et le début de la production de force (i.e., le délai électromécanique ;ici 11,64 =1,35 ms). Le début de
mouvement des fascicules musculaires et de l'insertion myotendineuse a également été mesuré au moyen de I'échographie
ultrarapide. Ces résultats permettent d’en déduire la contribution relative de la fraction passive de la CES et de chacune des
deux principales structures qui la composent (i.e., aponévrose et tendon) dans le délai électromécanique. D'aprés Nordez et
al. (2009).
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Caractérisation du délai électromécanique

Résumé : Le délai électromécanique représente le délai entre l'activation électrique du muscle et sa production
de force. Ce délai (entre 6 et 80 ms dans la littérature) est influencé par plusieurs mécanismes (e.g., couplage
excitation-contraction) et structures (e.g., tendon, aponévrose). Seulement, leur contribution dans le délai ne peut
pas étre déterminée directement par les méthodes classiques d’exploration de la fonction neuromusculaire.

Grace a la technique d’échographie ultrarapide (fréquence d’échantillonnage = 4000 Hz), cette étude a permis de
quantifier in vivo le délai entre : i) l'artefact de stimulation et le début de mouvement des fascicules musculaires,
ii) le début de mouvement des fascicules et le début de mouvement de l'insertion myotendineuse (i.e., extrémité
proximale du tendon), et i) le début de mouvement de I'insertion myotendineuse et le début de production de la
force au niveau du pied. Ainsi, la contribution relative du couplage excitation-contraction et de la fraction active de
la composante élastique série (52,5 + 6,0 %), de I'aponévrose (20,3 + 10,7%) et du tendon (27,6 + 11,4%) au

délai électromécanique a pu étre déterminée.

Publications : 1 article publié dans une revue indexée ISI
Contrats de recherche : 1 subvention de recherche de I'’Association Frangaise contre les Myopathies

Encadrement : 1 étudiant de Licence STAPS 3™ année (stage recherche)
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Comme cela est déja le cas pour les études présentées dans la partie 3 de ce mémoire d’habilitation a
diriger des recherches, les perspectives de recherche détaillées ci-aprés s’inscrivent dans le programme
scientifique du laboratoire « Motricité, Interactions, Performance » (EA 4334). Dans ce contexte, je propose de
développer des travaux s'inscrivant dans la continuité de ceux déja réalisés (Partie 4.1 « Electromyographie et
analyse des coordinations musculaires » et partie 4.2 « Evaluation électromyographique de la fatigue
neuromusculaire » ).

Que ce soit pour I'étude des coordinations musculaires ou de la fatigue neuromusculaire, la présentation des
travaux déja réalisés (partie 3.1 et 3.3 de ce mémoire d’habilitation a diriger des recherches) met clairement en
évidence des limites méthodologiques qui rendent I'interprétation des résultats délicate. Par exemple, I'étude
menée au cours d’'un exercice fatigant de pédalage (Dorel et al., 2009) suggére des compensations musculaires
sans que les résultats EMG suffisent a le démontrer. Lorsqu'il s'agit de déterminer un seuil EMG de la fatigue,
on est limité par lincapacité de détecter des compensations intermusculaires. Pour aller plus loin dans ces
travaux, il me parait donc primordial de pouvoir quantifier la force produite par le muscle (et non du couple de
force estimé au niveau d’'une articulation). C'est pour cette raison que je présenterai, dans une troisiéme partie
(Partie 4.3), le développement d’'un axe de recherche portant sur I'estimation de la force musculaire et
I'étude de sa transmission. Un effort particulier sera consenti en faveur du développement de cet axe qui
parait particulierement porteur.

Le développement de ces axes de recherche n'exclut pas la participation a d’autres protocoles de recherche
portant sur des thématiques qui me passionnent tout autant (e.g., étude des muscles respiratoires) mais qui ne

peuvent pas étre menés au sein du laboratoire « Motricité, Interactions, Performance ».
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4.1. Electromyographie et analyse des coordinations musculaires

4.1.1. Hétérogénéité spatiale du recrutement musculaire.

Classiquement, les enregistrements de I'activité électromyographique de surface en mode bipolaire se
font au moyen de deux électrodes espacées de 2 cm, placées selon la direction supposée des fibres
musculaires entre la zone distale et la zone d'innervation du muscle (cf. recommandations SENIAM « Surface
Electromyography for the Non-Invasive Assessment of Muscles » ; http://lwww.seniam.org/). Cette modalité
d’enregistrement présuppose que l'activitt EMG mesurée est représentative de l'activité myoélectrique du
muscle entier. Or, plusieurs études menées au cours d’un exercice isométrique font état d’une activation non
homogéne du muscle (Jensen et al., 1993; Kleine et al., 2000; Farina et al., 2008) (Figure 24). Des travaux
menés chez I'animal (Hoffer et al., 1987) et plus récemment chez 'lHomme (Campanini et al., 2007; Wakeling,
2009) rapportent également des variations spatiales de I'activité musculaire au cours de tches de locomotion.
Ce phénoméne serait certainement li¢ a une distribution non homogéne des différents types de fibres
musculaires et/ou @ une compartimentation du muscle en fonction des avantages biomécaniques [e.g., angle de

pennation; (Chanaud et al., 1991)].

échelle

Bmm
—

A. gmm ¥
Figure 24. A, Exemple de matrices d’électrodes permettant d’enregistrer I'activitt EMG sur 64 voies. B, cartographie du
niveau d’activité¢ EMG obtenue par ['utilisation de cette matrice d’électrodes au cours d’une tache isométrique. L'activité est
ici normalisée en pourcentage de I'activité maximale mesurée sur la carte. Cet exemple illustre bien que le niveau d’activité
n’est pas homogéne sur toute la surface du muscle. D'aprées Farina et al. (2006).

I parait donc important de quantifier cette variabilité liée au placement des électrodes. Cette information est
essentielle pour toutes les études s'intéressant a décrire les patrons d’activité musculaire au cours de différents
mouvements, a l'instar des études que nous avons présentées dans la partie 3.1 de ce mémoire d’Habilitation &
Diriger des Recherches. Nous pouvons supposer qu’une partie des différences interindividuelles mises en
évidence dans nos études (Hug et al., 2004a; Hug et al., 2008b) est dlie a une variabilité liée au placement des
électrodes. Nous proposons donc d'utiliser des matrices délectrodes de 64 voies (Figure 24) avec un
amplificateur EMG approprié (EMG-128, LISiN — OT Bioelettronica, Torino, Italie) pour enregistrer 'activité EMG
de certains muscles des membres inférieurs au cours d'un mouvement de pédalage. Le choix des muscles

étudiés pourrait se faire en fonction de la variabilité interindividuelle mise en évidence précédemment (Hug et
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al., 2004a; Hug et al., 2008b). Ainsi, nous pourrions enregistrer un muscle présentant de faibles différences
interindividuelles, le Vastus lateralis et un muscle présentant de fortes différences interindividuelles, le Tibialis
anterior. Dans un premier temps, I'hétérogénéité spatiale sera quantifiée au cours d'un exercice de pédalage
sous-maximal. Ensuite, il est envisagé de faire varier les contraintes du mouvement (i.e., cadence, puissance) et

d'étudier leur influence sur le recrutement du muscle, d'un point de vue spatial.

Faisabilité : Le laboratoire « Motricité, Interactions, Performance » va prochainement (novembre 2009) faire
l'acquisition d'un amplificateur EMG 128 canaux (EMG-128, LISIN — OT Bioelettronica, Torino, Italie), ce qui
nous permettra d’étre autonome sur cet axe de recherche. Dans le cadre d'une collaboration avec I'Institut

National du Sport et de I'Education Physique (INSEP), il nous a déja été possible d'utiliser cet outil (juillet 2009).

4.1.2. Identification des synergies musculaires.

Le systéme moteur posséde un grand nombre de degrés de liberté (e.g., nombre de muscles, nombre
d’articulations, etc.). Se pose alors la question de la maniére de contrbler ces degrés de liberté pour produire un
mouvement. Comme I'a proposé Bernstein (1967), le systéme nerveux central assemblerait les degrés de liberté
en différentes synergies de fagon a rendre le systéme contrdlable. De 1a découle la notion de synergie musculaire
qui peut étre définie comme I'activation simultanée de plusieurs muscles fonctionnellement liés. En d’autres
termes, une synergie musculaire permet de regrouper des muscles en unités fonctionnelles. Quelques études
récentes ont utilisé différents traitements statistiques [e.g., analyse en composantes principales (ACP), analyse
en composantes indépendantes (ACI) ou factorisation matricielle non négative (NNMF)] pour extraire des
synergies musculaires a partir de I'enregistrement de l'activité électromyographique de plusieurs muscles [pour
revue, voir Bizzi et al. (2008)]. Chaque synergie est alors caractérisée par son profil d’activation et le poids que

représente chacun des muscles dans cette synergie (Figure 25).
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TA SOL GAS VAS RF LH MH GMED 00 50 100 non negative des signaux
i i 100 électromyographiques obtenus sur 8
» muscles des membres inférieurs a
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Ainsi, l'identification des synergies musculaires permettrait d’appréhender I'organisation de la commande
nerveuse (pour revue, voir Ting et McKay, (2007)). Par exemple, il a été montré que l'activitt EMG obtenue sur
32 muscles au cours de la marche peut étre caractérisée par la combinaison de cing synergies musculaires
(Cappellini et al., 2006). Des observations récentes réalisées chez la grenouille désafférentée suggérent que ces
synergies musculaires représentent ce que I'on appelle les « central pattern generators » et seraient capables de
générer des patrons moteurs en l'absence d'information afférente (Cheung et al., 2005). Enfin, les profils
d’activité de ces synergies musculaires sont peu sensibles aux contraintes de la tache et relativement similaires
entre les sujets, bien que les poids soient plus variables (lvanenko et al., 2004; Cheung et al., 2005). Cette
nouvelle approche de traitement des signaux EMG sera utilisée dans le cadre des travaux de thése de Nicolas
Turpin, que je co-encadre. En complément d’'une comparaison classique des patrons d'activité EMG (24 muscles
du haut et bas du corps) obtenus chez des rameurs experts et des sédentaires, cette approche devrait nous
permettre de révéler des différences d’organisation motrice (i.e., nombre de synergies musculaires, patrons
d’activité des synergies musculaires, etc.) entre ces deux populations de sujets.

Nous appliquons actuellement ce type de traitement a des signaux EMG enregistrés dans le cadre d’une
étude ayant déja fait I'objet d'une publication (Hug et al., 2008a). Dans cette derniére, nous avions mis en
évidence, par l'enregistrement de l'activitt EMG de 10 muscles du membre inférieur chez une population de
cyclistes entrainés, une variabilité interindividuelle des patrons d’activitt EMG, davantage marquée sur les
muscles biarticulaires (cf. Chapitre 3.1.3). Une question se pose alors : la variabilité interindividuelle mise en
évidence sur certains muscles implique-t-elle aussi une variabilit¢ des synergies musculaires (et donc du
programme moteur) ? En d'autres termes, est-ce que le mouvement de pédalage est réalisé par la combinaison
du méme nombre de synergies et des mémes synergies chez une population de cyclistes entrainés ? En utilisant
une factorisation matricielle, nous avons extrait trois synergies musculaires pour chacun des cyclistes étudiés
(Figure 27, A)'0 ce qui parait cohérent avec les résultats obtenus par simulation [Raash et Zajac, (1999) ; Figure
26]. Nous avons rapporté une faible variabilité interindividuelle concernant le profil d’activation de chacune de ces
trois synergies. A contrario, nos résultats montrent davantage de variabilité interindividuelle des poids de certains
muscles (e.g., Rectus femoris, Gastrocnemius medialis, Biceps femoris, Semitendinosus) dans les synergies
(Figure 27, B) .

A. (adapted from Raasch and Zajac, 1999) B
330°/ 42% 30°/ 58%
Figure 26. Représentation 1
schématique des résultats obtenus
par simulation (Raash et Zajac,1999)
(A) et ceux que nous avons obtenus 2
(B). L'absence d’une quatriéme 4

synergie dans notre étude peut
s’expliquer par le fait que nous
n‘avons pas enregistré 'activit¢ EMG I Extensors

. . I Synergy # 1
de muscles monarticulaires EZ&T/ATS pro 85 I Synergy # 2

. . - ° ° 0,
fléchisseurs du genou/de la hanche. Flexors ’ 150°7 92% Synergy # 3

9 Hug, F., Turpin, N., Guével, A., Dorel, S. Is interindividual variability of EMG patterns in trained cyclists related to different

muscle synergies? Journal of Neurophysiology. En révision majeure — ao(it 2009.
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Synergy # 3 (r* = 0.92)
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Figure 27. Extraction de trois synergies musculaires chez 8 cyclistes entrainés a partir de I'activit¢ EMG de 10 muscles
enregistrée sur 40 cycles consécutifs. A) Le patron d’activation de chacune des 3 synergies identifiées est représenté pour
chaque sujet. 0% représente le point mort bas (manivelle dans la position verticale, pédale en bas). Chaque patron est
normalisé par rapport a I'activité maximale mesurée au cours des 40 cycles. La courbe en pointillés représente le patron
moyen de tous les sujets. r2 indique le degré de corrélation entre tous les patrons. B) Pour chaque sujet, le poids des
muscles dans chaque synergie est représenté. GMax, Gluteus maximus ; ST, Semitendinosus ; BF, Biceps femoris (chef
long) ; VM, Vastus medialis ; VL, Vastus lateralis ; GM, Gastrocnemius medialis ; GL, Gastrocnemius lateralis ; SOL,

Soleus ; TA, Tibialis anterior.

Faisabilité : Comme en témoignent les résultats présentés ci-dessus (article en révision dans Journal of

Neurophysiology), le développement méthodologique nécessaire a l'identification des synergies musculaires est

actuellement en cours. Il est réalisé dans le cadre de la thése de Mr Nicolas TURPIN (2008-2011), que je co-

encadre. Cet axe de recherche est financé par la Région des Pays de la Loire (Projet OPERF2A « Optimisation

de la performance et interactions homme-machine en sport automobile et en aviron »).
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4.2. Evaluation électromyographique de la fatigue neuromusculaire

4.2.1. Détermination du seuil électromyographique de la fatigue.

Comme nous l'avons déja souligné dans ce mémoire (partie 3.3.3), de nombreuses études se sont
intéressées a déterminer le seuil électromyographique de la fatigue'" (EMGer) au cours d’exercices de pédalage
(deVries et al., 1982; Matsumoto et al., 1991; Moritani et al., 1993; Graef et al., 2008) ou d'efforts isométriques
(Hendrix et al., 2009a; Hendrix et al., 2009b). Puisque ce seuil est déterminé a partir d'exercices d'intensité et de
durée sous maximales, cet axe de recherche est particulierement intéressant, notamment pour des populations
de sujets pathologiques qui ne peuvent pas étre évaluées sur des exercices menés jusqu’a épuisement, et ce
pour éviter les effets délétéres liés a ce type de sollicitation. Cependant, dans la littérature, aucun critere de
validité n'est fixé pour la détermination de ce seuil. Bien que les études déterminent un seuil EMG de la fatigue
pour la grande majorité des sujets, on peut légitimement s’interroger sur la validité de ces résultats. Par
exemple, en se basant sur le tableau de résultats fourni par Hendrix et al. (2009b), nous avons calculé l'erreur
standard de chaque seuil déterminé par ces auteurs. Pour deux sujets (sur 10 sujets testés), cette erreur est

supérieure & 9% de la contraction maximale volontaire (Figure 28).

1004 Subject #1
EMG., = 37.8%
o %01 se=10.2%
g o Figure 28. Exemple d’'un seuil EMG de la
= 60 R? =0.623 fatigue déterminé d’aprés les résultats
° obtenus par Hendrix et al. (2009). Il s’agit
9\_¢ / du Sujet #1 du tableau 2 pUb“e par ces
o 40- auteurs. MVC, contraction maximale
o ° volontaire.
o
(V'8 20+
0 I 1 I 1
0 2 4 6 8

EMG slope (pV.s)

Cette précision ne nous semble pas satisfaisante dans la perspective d'utiliser ce seuil comme indice
d’évaluation de la fonction musculaire. En effet, dans ce cas il devra étre suffisamment sensible pour détecter de
petites variations entre les sujets ou au cours d’'un programme d’entrainement/réentrainement. En utilisant des
criteres de validité (e.g., erreur standard < 5% de la contraction maximale volontaire), nous n’avons pas été en
mesure de déterminer un seuil EMG de la fatigue pour la plupart de nos sujets (Hug et al., 2009 ; cf. chapitre
3.3.3).

Y Pour rappel, le seuil électromyographique de la fatigue est généralement défini comme la plus haute intensité d’exercice
pouvant étre maintenue sans apparition de la fatigue neuromusculaire.
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Nous proposons plusieurs hypotheses pour expliquer cette incapacité de détecter un seuil valide :

1) Le concept de seuil EMG de la fatigue est basé sur la relation linéaire entre l'augmentation du niveau
d'activité EMG et le temps au cours d’un exercice sous-maximal. Or, cette relation n’est pas forcément linéaire
(Hug et al., 2004b) ;

2) Le seuil EMG de la fatigue est déterminé au cours d’exercices impliquant plusieurs muscles. Or, au cours
d’'un exercice fatigant, on peut observer des compensations inter-musculaires (Kouzaki et al., 2002) susceptibles
d'interférer dans la détermination du seuil ;

3) Comme souligné dans la partie précédente, il existe une variabilité spatiale du recrutement musculaire. Il est
important de prendre en compte cette variabilité lorsqu’il s'agit d’étudier I'évolution des paramétres EMG au
cours d'un exercice fatigant. En effet, quelques études ont démontré que I'évolution du niveau d’activité EMG au
cours d’un exercice sous-maximal mené jusqu'a épuisement varie de maniére trés différente en fonction de
'emplacement des électrodes (Zijdewind et al., 1995; Farina et al., 2008) (Figure 29). De surcroit, Zijdewing et
al. (1995) n'ont pas été en mesure de localiser un site qui, chez tous les sujets, présente la méme évolution du

niveau d’activité EMG. Dans ces conditions il apparait alors impossible de déterminer convenablement un seuil

EMG de la fatigue en enregistrant 'activitt EMG de maniére trop localisée ;

10 W

Figure 29. Représentation spatiale du niveau d’activitt EMG (RMS) mesuré sur le Trapezius (configuration identique a celle
présentée sur la figure 24, A) a 0, 25, 50, 75 et 100% d’un exercice de temps limite. Le rond noir représente le centre de
gravité du niveau d’activité EMG. L'échelle de gris est la méme pour toutes les figures. Sur cet exemple, I'enregistrement

classique (2 électrodes — détection bipolaire) de I'activitt EMG dans la partie supérieure de cette cartographie aurait montré

une augmentation du niveau d'activité EMG au cours de I'exercice alors que I'enregistrement dans la partie inférieure
n‘aurait pas montré de modification du niveau d’activitt EMG. D’aprés Farina et al. (2008).

4) Le concept de seuil EMG de la fatigue repose sur I'hypothése que la fatigue neuromusculaire induit une
augmentation progressive du niveau d’activité¢ EMG au cours d’'un exercice maintenu a une intensité constante.
Or, de nombreux travaux ont démontré que d’autres facteurs (physiologiques et non-physiologiques) peuvent
également étre la cause de cette variation [pour revue, voir Farina et al. (2004)].

Nous proposons de mettre en place un protocole expérimental évitant les écueils évoqués ci-dessus :
1) Pour pallier aux limites induites par la relation possiblement non-linéaire entre 'augmentation du niveau
d’activité EMG et le temps, nous proposons d'utiliser « I'aera ratio » introduit par Merletti et al. (1991) au lieu de

la pente de la régression linéaire.
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L’area ratio est défini selon la formule :

Area ratio (AE) = AIR
ou R correspond a l'aire du rectangle dont la longueur est définie par la durée de I'exercice et la largeur par la
valeur du niveau d'activitt EMG du début de l'exercice (Yo) et une valeur maximale égale a x fois la valeur

initiale (Y+). A correspond a l'aire située en-dessous de la relation EMG vs. temps (Figure 30).

A

O L ' Figure 30. Représentation des aires
= ' considérées dans le calcul de I'aera
g 300 ratio pour I'évolution du RMS en
— fonction du temps. Yo correspond a
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c valeur maximale ici égale a 4 fois la
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o 200 d’activité augmente et plus 'aera
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L’avantage du calcul de I'area ratio réside dans le fait qu'il n’est pas établi a partir d’'un modeéle prédéterminé de
I'évolution du signal EMG (e.g., régression linéaire) comme cela est le cas dans la méthode classique de
détection du seuil EMG de la fatigue.

2) Dans un second temps, parce que des compensations intermusculaires peuvent intervenir au cours d’un
exercice fatigant, il faudrait idéalement utiliser une tdche n'impliquant qu’'un muscle principal. Par exemple, le
premier Dorsal interosseus est responsable d’environ 93% de la force maximale produite au cours de I'adduction
de l'index et 'Adductor pollicis est le principal muscle impliqué dans I'adduction du pouce (environ 80% de la
force maximale) (Chao et al., 1989). Etant donnée la contribution importante de ces deux muscles dans leurs
actions respectives, ils pourraient étre étudiés dans les futurs travaux. Néanmoins, méme au sein de ces
muscles de faible volume, la distribution spatiale du recrutement musculaire n’est pas homogéne (Zijdewind et
al., 1995). Pour cette raison nous proposons d'utiliser un amplificateur EMG multicanaux couplé @ une matrice
(ou un vecteur) d'électrodes permettant d’enregistrer I'activitt EMG sur toute la surface du muscle. Si un
protocole combinant I'utilisation de I'area ratio et des matrices d’électrodes lors d’une tdche d’'adduction de
lindex (ou du pouce) permet de déterminer un seuil EMG de la fatigue valide (erreur standard < 5% de la
contraction maximale volontaire), il pourrait alors étre intéressant de poursuivre ces travaux, et par exemple, de
comparer ce seuil entre des populations de sujets sains et des populations de sujets pathologiques (e.g.,

myopathes).
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Faisabilité : Le laboratoire « Motricité, Interactions, Performance » va prochainement (novembre 2009) faire
l'acquisition d'un amplificateur EMG 128 canaux (EMG-128, LISIN — OT Bioelettronica, Torino, Italie), ce qui
nous permettra d'étre autonome sur cet axe de recherche. Dans le cadre d’une collaboration avec I'Institut
National du Sport et de 'Education Physique (INSEP), il nous a déja été possible d'utiliser cet outil (juillet 2009).
Un étudiant que je co-encadre, inscrit en 2¢™ année de master (2009-2010), aura la charge de conduire ce

protocole de recherche.

4.2.2. Prédiction de I'endurance limite.

La fatigue musculaire étant un processus continu et progressif dont les manifestations myoélectriques
peuvent étre observées dés le début de I'exercice (De Luca, 1984), de nombreuses études ont essayé de
prédire la durée maximale pendant laquelle un sujet peut maintenir un niveau de force requis (i.e., le temps
limite) @ partir des évolutions précoces du signal EMG (calculées sur des durées inférieures au temps limite)
mesurées au cours d’exercices sous-maximaux (pour revue, voir la thése de S. Boyas, 2007'2). A linstar du
seuil EMG de la fatigue, cet axe de recherche est particuliérement intéressant pour des populations de sujets
pathologiques qui ne peuvent pas étre évaluées sur des exercices menés jusqu’a épuisement. Seulement, les
résultats de ces travaux sont décevants puisqu'’ils n’ont pas démontré la capacité de prédire 'endurance limite
avec une précision satisfaisante. En effet, bien que certaines études rapportent une régression linéaire
significative entre 'évolution précoce des parametres EMG (souvent la fréquence médiane) et le temps limite
(Mannion et Dolan, 1994; Dolan et al., 1995; Merletti et Roy, 1996; Maisetti et al., 2002), le coefficient de
détermination de cette régression (témoignant de la précision de la prédiction) est faible, i.e., entre 0,27 et 0,74.
En plus des hypothéses déja exposées précédemment pour expliquer l'incapacité de déterminer précisément un
seuil EMG de la fatigue, nous formulons I'hypothése que les populations testées dans ces études sont trop
homogénes en termes d'aptitudes physiques. En effet, a l'instar de la relation entre VO,max et performance, il
est probable que les évolutions précoces de 'EMG ne permettent pas de prédire le temps limite chez une
population homogéne de sujets. Nous proposons donc d’étudier la capacité de prédire le temps limite au cours
de la méme téche que celle présentée dans la partie précédente, chez une population de sujets hétérogénes en

termes d’aptitudes physiques.

Faisabilité : le protocole de recherche présenté dans la partie 4.2.1 de ce mémoire servira de support a 'étude

de la prédiction de I'endurance limite. Ces deux projets pourront donc étre menés de front.

12 Boyas, S. Analyse des évolutions du signal électromyographique en vue de la prédiction de 'endurance limite lors de
taches mono- et multi-segmentaires. 2007. Thése de doctorat (Université de Nantes).
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4.3. Estimation de la force musculaire et étude de sa transmission

4.3.1. Estimation de la force produite par le muscle.

Comme évoqué précédemment, plusieurs facteurs physiologiques et non-physiologiques sont
susceptibles de faire varier le niveau d’activité EMG. Le signal EMG ne permet donc pas d'estimer le niveau de
force développé par un muscle. Cette limite est d'autant plus génante lorsqu’il s'agit d'interpréter les
modifications du niveau d’activitt EMG au cours d’un exercice fatigant comme cela est le cas dans certaines de
nos études (cf. partie 3.1 et 3.3). En effet, dans ce contexte, une augmentation du niveau d'activit¢ EMG peut
étre liée (entre autre) a : i) une augmentation du nombre d’'unités motrices recrutées pour augmenter le niveau
de force produit par le muscle, ii) une augmentation du nombre d’unités motrices recrutées pour compenser
laltération de la fonction contractile (i.e., la fatigue) ou iii) les deux combinées. Ainsi, réussir & quantifier les
efforts musculaires serait un atout indéniable pour toutes les études que nous menons, et bien au-dela. En effet,
I'estimation de la force musculaire est un probléme ouvert, notamment en biomécanique, et intéresse donc de
nombreuses équipes de recherche. Des études ont tenté de quantifier cette force par une approche de
modélisation (Buchanan et al., 2004; Erdemir et al., 2007) sans toutefois étre en mesure de valider ces modéles.
Réussir & quantifier la force musculaire serait alors une avancée indéniable pour cette validation.

Davis et al. (2003) ont observé, sur le muscle isolé, une bonne corrélation entre la pression
intramusculaire et la force générée par le muscle. Ce résultat suggére que la dureté (élasticité) du muscle est
liée a la force qu'il produit. Le module d'élasticité d’'un tissu biologique peut étre mesuré par différentes
techniques d’élastographie®. La technique d’élastographie statique consiste a appliquer une contrainte externe
(o) uniformément & la surface d’'un solide et & mesurer la déformation () induite. Plus un matériau est dur et
moins cette déformation est importante. La relation contrainte/déformation est donnée par: o= E¢ (E étant le
module d'élasticité). Lorsqu'il s'agit d’évaluer la dureté du tissu humain (e.g., le muscle), on est limité par
limpossibilité d’appliquer une contrainte uniforme sur 'ensemble de la zone étudiée. On peut alors utiliser la
technique d'élastographie impulsionnelle qui consiste a exciter le milieu par une impulsion mécanique bréve
induisant de ce fait la formation de deux types d’'ondes mécaniques : les ondes de compression qui se déplacent
trés vite (1500 m/s) dans les tissus en les comprimant de proche en proche et les ondes de cisaillement qui se
déplacent plus lentement (1 & 10 m/s). La vitesse des ondes de cisaillement est directement reliée a la dureté du
tissu selon I'équation w = pC? (u étant le module d’élasticité de cisaillement, p la masse volumique du milieu et
C la vitesse de propagation des ondes de cisaillement). L'utilisation d’un transducteur ultrasonore atteignant une
fréquence d’échantillonnage entre 1000 et 2000 Hz permet alors de calculer la vitesse de propagation de cette

onde de cisaillement dans I'axe du faisceau ultrasonore (i.e., axe transversal du muscle), et donc de déterminer

13 désigne I'ensemble des techniques dimagerie (e.g., échographie, imagerie par résonance magnétique) traitant de
I'élasticité des tissus. Toutes les approches reposent sur les trois mémes étapes : i) génération d’une contrainte, i) imagerie
du tissu pour analyser les effets de la contrainte, i.e., la déformation et ii) détermination d'un paramétre relié a la dureté du
tissu. Si le module d'élasticité peut étre déterming, la technique est dite quantitative. Pour revue voir la thése de J.L.
Gennisson (2003 - http://pastel.paristech.org/00000487/)
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le module d'élasticité de cisaillement (i.e., la dureté du tissu). Cette technique d'élastographie impulsionnelle 1D
(puisqu'il n'y a qu'un transducteur ultrasonore) a été récemment utilisée pour évaluer la relation entre le module
d'élasticité de cisaillement du muscle et: i) le niveau d’activit¢ EMG (Nordez et al., 2008) et ii) le niveau du
couple passif (Nordez et al., 2008). Cependant, le faible coefficient de détermination de la relation entre le
module d'élasticité de cisaillement et le niveau d’activité EMG rapporté par Gennisson et al. (2005) (R?=0.55) et
la faible répétabilité des mesures mise en évidence par Nordez et al. (2008) soulignent les limites de
I'élastographie impulsionnelle 1D. Deux hypothéses principales ont été avancées pour expliquer ces résultats : i)
puisque les fibres musculaires bougent au cours de la contraction, les mesures d’élastographie ne sont pas
réalisées sur le méme échantillon musculaire et ii) il est difficile de standardiser la vibration mécanique. Une
nouvelle technique, nommée Supersonic Shear Imaging (SSI) (Bercoff et al., 2004) commercialisée avec
I'échographe créé par Supersonic Imagine (et @ ce jour, uniquement avec cet échographe), permettrait de
résoudre certains problemes posés par I'élastographie impulsionnelle et donc potentiellement d’améliorer la
précision et la répétabilité de la mesure. Le concept de la SSI repose sur deux principes clefs (Figure 31). Le
premier est que la génération des ondes de cisaillement ne se fait plus par I'application d’une impulsion externe
mais directement via le signal ultrasonore. Brievement, les ultrasons sont focalisés successivement a des
profondeurs différentes pour créer des poussées par pression de radiation (pushs). En régime supersonique
(quand la source se déplace plus vite que les ondes qu’elle génére), les ondes de cisaillement s'ajoutent de
maniére cohérente le long d’'un « cone de Mach ». Le second principe de la méthode SSI est la mesure du
déplacement de ces ondes de cisaillement par échographie ultrarapide (fréquence d’acquisition jusqu'a 20 000
Hz).

1) Cone de Mach superson'lque 2) |magerie u'trarap]de

Sonde
€échographique  m—

“Pushs”
successifs
Onde plane
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\\
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e \
Ondedecisaillement ¢ v __--="" | & {1 __.-

e

Plan d'imagerie

Figure 31. Principe de la technique « Supersonic Shear Imaging » (SSI). 1) Les ultrasons sont focalisés successivement a
des profondeurs différentes pour créer des poussées par pression de radiation ("pushs"). Les interférences constructives des
ondes de cisaillement forment un céne de Mach supersonique (dans lequel la vitesse de la source est supérieure a celle de

'onde générée) et une onde plane de cisaillement est crée. 2) L'échographe passe ensuite en mode d'imagerie ultrarapide

pour suivre 'onde de cisaillement qui se propage dans le milieu. D’'aprés la theése de T. Deffieux (2008)4.

14 Deffieux, T. Palpation par force de radiation ultrasonore et échographie ultrarapide : applications & la caractérisation
tissulaire in vivo. 2008. Thése de doctorat. Université de Paris 7.

Habilitation a Diriger des Recherches (2009) — Frangois HUG - page n° 67



Chapitre 4 - Projets de recherche

Dans le cadre d'une démonstration, la société Supersonic Imagine (Aix-en-provence, France) a mis a
notre disposition un échographe Aixplorer disposant de la technologie SSI pour une durée de 3 jours (juillet
2009). En collaboration avec le Dr Antoine NORDEZ, nous avons mis & profit cette période pour tester la
précision et la répétabilité de la technique SSI pour estimer le niveau d’activité du muscle Biceps brachial®. Six
sujets ont été placés sur un ergométre Biodex 3 et disposaient d’'un feedback visuel du couple de force
développé par les fléchisseurs du coude. Il leur a été demandé de réaliser deux rampes isométriques (espacées
de 3 minutes de récupération) consistant en une augmentation du couple de force de 0 a 40% de la contraction
maximale volontaire sur une période de 30 secondes. L'activité EMG et le module d’élasticité de cisaillement du
Biceps brachial ont été enregistrés en continu. La Figure 32 présente un exemple de la carte d'élasticité qui a

été obtenue toutes les secondes pendant I'exercice.

Figure 32. Exemple d’'une carte d’élasticité obtenue par
la technique SSI. A partir de Iimage échographique
brute (en bas) nous avons choisi une zone d'intérét

(rectangle blanc) au sein de laquelle une cartographie

du module d’élasticité de cisaillment a été mesurée (en

haut). Le logiciel de traitement fourni avec I'échographe
permet de calculer la valeur moyenne du module
d’élasticité de cisaillement sur deux régions circulaires.
Nous avons ensuite moyenné ces deux valeurs afin
d’obtenir une valeur la plus représentative possible du
module d’élasticité du Biceps brachial.

Les résultats mettent en évidence une régression linéaire significative entre le module d’élasticité de cisaillement
et le niveau d’activitt EMG pour chacune des deux rampes des six sujets (R?=0.94+0.05, de 0.82 a 0.98 ; Figure
33). Une bonne répétabilité a également été observée.

Les résultats de cette étude préliminaire sont trés encourageants puisqu’ils démontrent trés nettement la
supériorité de cette technique par rapport a I'élastographie impulsionnelle 1D (meilleure précision et meilleure
répétabilité de la mesure du module d'élasticité). Néanmoins, ces expérimentations ont mis en avant une
limitation de la version commerciale de I'échographe puisque les mesures du module d'élasticité de cisaillement
saturent a 100 kPa, ce qui ne nous a pas permis de traiter les résultats sur la totalité des rampes isométriques
(en moyenne, le module d'élasticité de cisaillement a pu étre mesuré jusqu'a 2817 % de la MVC). Il semblerait
que ce probleme puisse étre réglé simplement par les ingénieurs de Supersonic Imagine. Il sera donc

intéressant de reproduire cette étude pour des niveaux d’activités musculaires plus élevés.

1> Nordez, A., Hug, F. Muscle shear elastic modulus measured using supersonic shear imaging is highly related to muscle
activity level: preliminary results. Journal of Biomechanics. Soumis — aodt 2009.
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Subject #1 Subject #2

Figure 33. Régressions linéaires obtenues
entre le module d’élasticité de cisaillement
(shear elastic modulus) et la valeur
normalisée (en % du niveau d'activité
maximale) du niveau d’activité¢ EMG (EMG
RMS) pour les deux rampes isométriques
des six sujets. En noir, rampe 1 et en rouge,
rampe 2.

shear elastic modulus (kPa)

EMG RMS (% max)

Puisqu’a terme, I'objectif de I'utilisation de cette technique est I'estimation de la force musculaire, au
dela de la relation entre le module d’élasticité de cisaillement et le niveau de contraction (i.e., activitt EMG),
nous devrons explorer directement la relation entre le module d'élasticité de cisaillement et la force produite.
Puisque le niveau de force produit par un muscle ne peut pas étre mesuré directement chez 'Homme, cette
phase expérimentale devra étre conduite chez I'animal. Nous proposons donc, dans le cadre d’une collaboration
avec les Drs Patrick DECHERCHI et Tanguy MARQUESTE (Institut des Sciences du mouvement Humain,
Université de Aix-Marseille I1), d’établir, in vivo, la relation entre le module d’élasticité de cisaillement mesuré par
la technique SSI et le niveau de force produit par stimulation électrique d’'un muscle de lapin (e.g., un muscle
penné, le Gastrocnemius et un muscle fusiforme, le Tiabialis anterior). Dans le cas d’une relation linéaire,
comme le suggére la littérature (Dresner et al., 2001), nous pourrons raisonnablement envisager I'utilisation de
la technique SSI pour estimer la force musculaire. Une deuxiéme étape consistera alors a établir I'influence de la
longueur du muscle sur cette relation. Enfin, dans un troisieme temps il pourrait étre envisagé d'étudier
linfluence de la fatigue musculaire sur cette relation en fatiguant préalablement le muscle par une stimulation
électrique basse fréquence (LFF). Nous pourrions également comparer I'évolution du module d’élasticité de

cisaillement au cours d’'un protocole de fatigue (i.e., LFF) a la chute de force bien connue dans ce contexte. En
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effet, le fluage du tendon observé au cours de ce type d'exercice (Mademli et Arampatzis, 2005) modifie 'angle
de pennation des fascicules musulaires (dans le cas d’'un muscle penné) et donc les propriétés mécaniques du
muscle. Ces modifications devraient influencer le module d’élasticité de cisaillement indépendamment de la
force produite par le muscle et donc potentiellement empécher I'estimation de la force dans ce contexte.
Cependant, nous formulons I'hypothése que ces modifications sont mineures au regard de linfluence de la
chute de force produite sur le module de cisaillement.

Parallelement a ces travaux de validation chez I'animal, nous envisageons de poursuivre les travaux déja
engagés chez 'Homme (Nordez et Hug, soumis, J Biomech). Comme évoqué précédemment, la premiére étape
consistera a compléter la relation entre le module d’élasticité de cisaillement et le niveau d’activité EMG en
explorant des niveaux d’activité plus élevés (jusqu’a 100 %). Nous envisageons également d’étudier la relation
entre le module d'élasticité de cisaillement et la force produite par stimulation électrique du muscle. La
myostimulation devrait nous permettre de stimuler sélectivement un muscle. Chacune de ces deux études sera
réalisée a la fois sur un muscle fusiforme (e.g., Biceps brachial) et un muscle penné (e.g., Gastrocnemius

medialis).

Faisabilité : Le développement de cet axe de recherche est conditionné par l'acquisition d’'un échographe
Aixplorer (Supersonic Imagine, Aix-en-Provence, France ; 140 000 euros) doté de la technologie Supersonic
Shear Imaging (SSI). Dans cette optique, une demande de financement a été déposée a la région Pays de la
Loire (juillet 2009 ; 70 000 euros) et deux autres le seront prochainement & 'Association Frangaise contre les
Myopathies (AFM, octobre 2009 ; 50 000 euros) et 'Agence Nationale pour la Recherche (ANR, programme
jeune chercheur , novembre 2009; 70 0000 euros).

Une collaboration avec I'équipe « plasticité des systémes nerveux et musculaire » de I'lnstitut des Sciences du
mouvement Humain - UMR 6233 (Université de Aix-Marseille, Drs Patrick DECHERCHI et Tanguy
MARQUESTE) est envisagée.

Si les demandes de financement effectuées nous permettent de faire I'acquisition de I'échographe, nous

prévoyons le recrutement d’un étudiant en thése a court terme.

4.3.2. Transmission de la force, délai électromécanique.

Pour étre totalement exhaustif dans le lien entre I'activitt myoélectrique et le couple de force
habituellement mesurée au niveau d’une articulation, il est important, au-dela de I'estimation de la force produite
au niveau d’un muscle de pouvoir étudier sa transmission.

Ce projet de recherche s'inscrit dans la continuité de I'étude déja réalisée (Nordez et al., 2009b) dans le
cadre du contrat de recherche avec 'Association Frangaise contre les Myopathies (AFM ; contrat n°14084). Il
s'agissait de quantifier, au cours de contractions musculaires évoquées par myostimulation, la part des
différentes structures (e.g., tendon, aponévrose) et mécanismes (e.g., couplage excitation-contraction) impliqués

dans le délai électromécanique (cf. chapitre 3.4). Ce travail a permis de valider une méthodologie qui présente
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des perspectives de recherche intéressantes pour I'étude de la transmission de la force musculaire au squelette,
classiqguement attribuée aux propriétés mécaniques des structures de la composante élastique série. Outre
lintérét « fondamental », cet axe de recherche est particuliérement intéressant puisque la méthodologie non-
invasive développée pourrait permettre a terme de suivre I'état clinique de patients atteints de myopathies
comme les dystrophies. En effet, de nombreuses études ont montré des modifications importantes de la raideur
musculaire (Cornu et al., 1998, 2001) ou du couplage E-C (De Luca et al., 2001) chez ces patients. Ainsi, la
méthode proposée devrait représenter un moyen pertinent d’évaluation des effets d’'une pathologie, de suivi de
son évolution, ainsi que de suivi longitudinal des effets de protocoles de réhabilitation ou de thérapies.

Dans un premier temps, il pourrait étre intéressant d’appliquer la méthodologie précédemment décrite
(Nordez et al., 2009b) & une contraction musculaire volontaire. En effet, cette modalité de contraction est connue
pour induire un délai électromécanique plus élevé (22,8 + 8,2 ms lors d’'une flexion plantaire pour Hopkins et al.,
2007) que celui obtenu lors d'une contraction musculaire évoquée électriquement (11,6 = 1,3 ms lors d'une
flexion plantaire pour Nordez et al., 2009b). Certains auteurs ont tenté d’expliquer cette différence par les
modalités différentes de recrutement des unités motrices (Hopkins et al., 2007), sans que cette hypothése n’ait
pu étre vérifiée. En effet, lors d'une contraction volontaire, l'ordre de recrutement des différents types d'unités
motrices répond au principe de taille de Henneman'® ce qui n'est plus le cas lors d’une contraction évoquée
électriquement. Dans cette modalité toutes les unités motrices sont recrutées simultanément. Sachant que la
vitesse de raccourcissement est plus élevée pour les fibres musculaires rapides que pour les fibres musculaires
lentes, on peut alors supposer que le recrutement d’unités motrices rapides des le début de la contraction
explique le délai électromécanique plus court généralement relevé lors d’'une contraction induite électriquement.
Si la modalité de recrutement des unités motrices est la cause de cette différence de délai entre ces deux
modes de contractions, ceci devrait pouvoir étre observé via 'échographie ultrarapide par une modification du
délai entre le début d'activité électrique et le début de mouvement des fascicules musculaires. Nous
envisageons donc de déterminer le début de mouvement des fascicules musculaires et de linsertion
myotendineuse sur le Biceps brachial et de déterminer ainsi, a l'instar de ce qui a été fait dans la précédente
étude, la part des différentes structures (e.g., tendon, aponévrose) et mécanismes (e.g., couplage excitation-
contraction) impliqués dans le délai électromécanique. Une précaution devra étre prise afin de ne pas modifier
de délai-électromécanique artificiellement. En effet, nous avons montré (Nordez et al., 2009b) que le début de
mouvement des fascicules musculaires et de insertion myotendineuse est di a la production de force des fibres
musculaires recrutées en premier, i.e., celles situées a proximité du point moteur. De ce fait, le placement des
électrodes de recueil de I'activitt EMG peut réduire artificiellement le délai électromécanique si elles sont situées
a distance du point moteur (e.g., considérant une vitesse de propagation de 4 m/s, le potentiel d’action
musculaire parcourt 2 ¢cm en 5 ms). Pour cette étude, nous proposons donc d'utiliser un vecteur d’électrode
EMG (8 électrodes — distance inter-électrodes = 5 mm) centré sur le point moteur, ce qui nous permettra de

déterminer précisément le temps correspondant & I'apparition du potentiel d’action musculaire.

18 Lors d’une contraction musculaire volontaire les petites unités motrices sont recrutées avant les grandes.
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Dans un deuxiéme temps, nous nous proposons d'utiliser 'échographie ultrarapide pour étudier
certains facteurs susceptibles de modifier le délai électromécanique, dont la fatigue musculaire. En effet,
certains travaux rapportent une augmentation du délai électromécanique aprés un exercice fatigant (Zhou et al.,
1995; Paasuke et al., 1999; Kubo et al., 2001). Cependant, la méthodologie employée dans ces études ne
permet pas de déterminer les structures ou mécanismes impliqués dans cette augmentation. Alors que certaines
suggérent une augmentation de la durée du couplage excitation-contraction (Zhou et al., 1995; Paasuke et al.,
1999), d'autres expliquent cette augmentation par une modification des propriétés mécaniques de la
composante élastique série (Kubo et al., 2001). En effet, certains travaux ont mis en évidence une modification
des propriétés mécaniques du muscle (Nordez et al., 2009c), de I'ensemble tendon-aponévrose (Mademli et
Arampatzis, 2005) et du tendon (Kubo et al., 2001) au cours d’'une contraction fatigante. Nous envisageons donc
de déterminer le début de mouvement des fascicules musculaires et de I'insertion myotendineuse en réponse a
une stimulation électrique du muscle (et/ou d’une contraction volontaire si les résultats de I'étude présentée
précédemment sont concluants) avant et aprés un exercice mené jusqu'a épuisement (e.g., @ 40 % de la
contraction maximale volontaire). Ce protocole permettrait de déterminer directement le réle de la fraction
passive de la CES (i.e., tendon et aponévrose) dans l'augmentation possible du délai électromécanique
observée suite a un exercice fatigant.

Pour ces études, nous envisageons de poser un accélérométre (i.e., enregistrement de lactivité
mécanomyographique, MMG) sur le muscle pour comparer le début de mouvement des fascicules musculaires
déterminé par les enregistrements échographiques et le début de I'activit¢ MMG a la surface du muscle. Si ces
valeurs sont proches et/ou évoluent de la méme maniére en fonction des contraintes imposées au systeme
neuromusculaire, nous disposerons alors d’un moyen simple et peu onéreux de séparer la contribution de la
composante passive de la CES du reste des structures (i.e., composante active de la CES) et mécanismes (i.e.,
couplage excitation-contraction ; transmission synaptique). Nous pourrions alors envisager le développement

d’'un outil simple et peu onéreux combinant des électrodes EMG et un accélérométre.

Faisabilité : L'étude du délai électromécanique est actuellement poursuivie dans le cadre d'une collaboration
avec le laboratoire de Géophysique Interne et Tectonophysique (Université de Grenoble, Dr Stefan
CATEHLINE).
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Conclusion

Ces projets de recherche ont pour vocation de compléter les travaux déja développés et présentés
dans le chapitre 3 de ce mémoire d’Habilitation & Diriger des Recherches. Mais au-dela, ils s'inscrivent dans une
démarche d’amélioration des connaissances fondamentales et de transfert vers le milieu médical et sportif
(i.e.,évaluation de la fonction neuromusculaire, optimisation de la performance).

L'apport d’'une nouvelle technique de recueil de lactivité EMG (utilisation de matrices et/ou vecteurs
d'électrodes) et d'une nouvelle méthodologie de traitement des signaux EMG (identification des synergies
musculaires) nous permettra de compléter les travaux portant sur les coordinations musculaires. Parmi ces
travaux, la quantification des différences interindividuelles m'intéresse tout particulierement car elle me parait
étre un préambule a la question de 'amélioration de la technique de pédalage. En effet, cette derniére ne pourra
étre abordée que lorsque nous auront identifié précisément les techniques individuelles et leur relation avec la
performance.

L'utilisation d’'un amplificateur EMG multicanaux (i.e., matrices et ou vecteurs d’électrodes) devrait également
nous permettre de revisiter le concept de seuil électromyographique de la fatigue qui nous parait potentiellement
intéressant pour I'évaluation de la fonction neuromusculaire chez des patients ne pouvant pas réaliser un
exercice fatigant (e.g., myopathes). Cette évaluation pourrait étre, & terme, complétée par I'évaluation du délai
électromécanique par l'imagerie échographique ultrarapide telle que présentée dans le troisiéme axe de
recherche de ce chapitre.

Outre I'étude du délai électromécanique, le troisiéme axe de recherche intégre la thématique de I'estimation de
la force musculaire, de loin la plus porteuse a mes yeux. En effet, la technique SSI présentée précédemment
semble particuliérement prometteuse. L'estimation de la force musculaire a pour vocation de répondre a
certaines interrogations posées par les travaux déja réalisés en complétant les informations fournies par
I'électromyographie de surface. Mais au-dela, la capacité d’estimer la force musculaire permettrait d’envisager

de nombreux travaux dans le domaine de la physiologie neuromusculaire et la biomécanique.
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Abstract

Although pedaling is constrained by the circular trajectory of the pedals, it is not a simple movement. This review attempts to provide
an overview of the pedaling technique using an electromyographic (EMG) approach. Literature concerning the electromyographic anal-
ysis of pedaling is reviewed in an effort to make a synthesis of the available information, and to point out its relevance for researchers,
clinicians and/or cycling/triathlon trainers. The first part of the review depicts methodological aspects of the EMG signal recording and
processing. We show how the pattern of muscle activation during pedaling can be analyzed in terms of muscle activity level and muscle
activation timing. Muscle activity level is generally quantified with root mean square or integrated EMG values. Muscle activation timing
is studied by defining EMG signal onset and offset times that identify the duration of EMG bursts and, more recently, by the determi-
nation of a lag time maximizing the cross-correlation coefficient. In the second part of the review, we describe whether the patterns of the
lower limb muscles activity are influenced by numerous factors affecting pedaling such as power output, pedaling rate, body position,
shoe—pedal interface, training status and fatigue. Some research perspectives linked to pedaling performance are discussed throughout
the manuscript and in the conclusion.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In 1817, Baron von Drais invented a walking machine
that would help him get around the royal gardens faster.
In 1855, the french engineers Michaux and Lallement
added the pedals and by the beginning of the 20th century
the general design of the bicycle was similar to that of
today. Ever since, millions of bicycles are used daily for
transportation, recreational or competitive cycling.
Because stationary bicycles (cycle ergometers) allow con-
trolled test conditions and easy measurements of numerous
physiological variables (e.g. heart rate, respiratory gas
exchanges, etc.), physiologists have developed different
types of ergometers for testing physical fitness and per-
forming applied physiology research. The first ergometers
were described at the beginning of the 20th century
(Krogh, 1913). They have been further developed and
improved (Von Dobeln, 1954; Atkins and Nicholson,
1963) and have recently been made partially programmable
(Torres et al., 1975; Giezendanner et al., 1983). These cycle
ergometers are also used for prescribing exercise for
patients with heart disease (Cooper and Hasson, 1970; Sha-
fer, 1971), rheumatoid arthritis (Nordemar et al., 1976),
cancer-related fatigue (Lucia et al., 2003) and Chronic
Obstructive Pulmonary Disease (Busch and McClements,
1988), etc.

Unlike running or swimming, pedaling is more stan-
dardized since the bicycle constrains lower extremity
movements. The activation pattern of lower limb muscles
allows both the force production and its optimal orienta-
tion on the pedals. With a complete understanding of the
“standard” muscle activation patterns, physiotherapists
and cycling trainers can focus on a particular phase of
the pedaling action to train a particular muscle group.
Furthermore, it has been shown that specific patterns of
muscle activation during a pedaling exercise can influence
cardiovascular, plasma metabolite and endocrine
responses both during and after exercise, even when the
metabolic demand is held constant (Deschenes et al.,
2000). Therefore, to improve rehabilitation protocols
and cycling performance it is of primary importance to
have a complete knowledge of the activation pattern of
lower limb muscles during pedaling. The information
required to understand the pedaling movement include
identifying the lower limb muscles which are activated
and precisely knowing their level/timing of activation.
Associated to kinetic and kinematic analyses, it represents

a means to elucidate the role of each of the muscles along
the crank cycle. In addition, it is important to know how
the coordination strategies adapt to various constraints
such as power output, pedaling rate, body position,
shoe—pedal interface, training status and fatigue.
Overall, this article attempts to provide an overview of
the pedaling technique using an electromyographic
approach. Literature concerning the electromyographic
analysis of pedaling is reviewed in an effort to make a syn-
thesis of the available information and to point out its rel-
evance for researchers, clinicians and/or cycling/triathlon
trainers. We first depict methodological aspects of the
EMG signal recording and processing and then describe
whether the patterns of the lower limb muscles activity
are influenced by numerous constraints. Some research per-
spectives linked to pedaling performance are discussed
throughout the manuscript and in the conclusion.

2. The use of electromyography
2.1. Detection and interpretation of EMG signals

For more than two centuries, physiologists have
known and acted on Galvani’s revelation that skeletal
muscles contract when stimulated electrically and, con-
versely, that a detectable current is detectable when they
contract (Basmajian and De Luca, 1985). The extraction
of information from the electrical signal generated by the
activated muscles (electromyography; EMG) has been
regarded as an easy way to gain access to the less acces-
sible activity of motor control centers. Electromyo-
graphic techniques are now well accepted by the
research community, and their usage is spreading as an
assessment tool in sport and applied physiology. EMG
can be recorded invasively, by wires or needles inserted
directly into the muscle, or non-invasively, by recording
electrodes placed over the skin surface overlying the
investigated muscle. With wire electrodes, the volume
of muscle from which signal is recorded is relatively
small (few cubic millimeters) and thus, may not be repre-
sentative of the total muscle mass involved in the exer-
cise. Conversely, surface EMG provides information
from a large mass of muscle tissue (though the superficial
fibers contribute more than deep fibers) and thus is more
directly correlated to the mechanical outcome (Frigo and
Shiavi, 2004). Therefore, use of this latter modality is
preferable in healthy sedentary subjects and in athletes,
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pré-amplifier

surface electrodes
(bipolar configuration)

Fig. 1. Example of experimental design to study the lower limb muscle activation patterns during pedaling. Motion artifacts are reduced/eliminated by
carefully fixing all the cables (a net bandage can be put around the lower limbs) and/or by using pre-amplifiers close to the electrodes.

despite some limitations and drawbacks. In fact, surface
EMG is mainly related to the neural output from the
spinal cord and thus to the number of activated motor
units and their discharge rate. However, various factors
can influence the signal and must be taken into consider-
ation for a proper interpretation. The main physiological
factors that influence the surface EMG are fiber mem-
brane properties (e.g. muscle fiber conduction velocity)
and motor unit properties (e.g. firing rates). Other fac-
tors considered as non-physiological can also influence
the signal as crosstalk (contamination by a nearby mus-
cle’s electrical activity) and motion artifacts (induced by
the movements of the electrodes and/or cables). Even if
motion artifacts can be eliminated by carefully fixing
all the cables and by using pre-amplifiers close to the
electrodes (Fig. 1), avoiding crosstalk is more difficult.
However, the use of double differential electrode config-
uration (van Vugt and van Dijk, 2001) and/or a proper
localization of the surface electrodes on the muscle (Her-
mens et al., 2000) may diminish it. Accordingly, recom-
mendations for correct electrode placement over the
intended muscle have been provided by SENIAM con-
certed action (Hermens et al., 2000). A typical example
of EMG signals recording during pedaling is depicted
in the videoclip (supplementary material) attached to
the electronic version of this article.

2.2. Determination of muscle activity level and normalization
procedures

The pattern of muscle activation during a specific move-
ment, and in a rhythmic human motion such as pedaling
can be analyzed in terms of activity level and/or activation
timing (Fig. 2). Muscle activity level during pedaling is gen-
erally quantified with the root mean square value (RMS)
(Duc et al., 2006; Laplaud et al., 2006; Dorel et al., 2007)
or integrated EMG (EMGi) values (Ericson, 1986; Jorge
and Hull, 1986; Takaishi et al., 1998). Note that RMS is
recommended compared to integrated EMG (Basmajian
and De Luca, 1985). In order to compare the muscular
activity between different muscles and between different
subjects, numerous authors use and recommend an EMG
normalization (Ericson, 1986; Marsh and Martin, 1995).
In most cases, EMG activity recorded during the test situ-
ation is expressed relative to that previously recorded dur-
ing a brief (i.e. less than 5 s) isometric maximal voluntary
contraction (IMVC) (Ericson, 1986; Marsh and Martin,
1995). Because it is not obvious that the reference EMG
values recorded during IMVC can be used to represent
the maximal neural drive during pedaling, this type of nor-
malization is strongly criticized on the basis of possible
misinterpretations (Mirka, 1991). For instance, by using
this method, Hautier et al. (2000) reported an activity level
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Fig. 2. Example of surface electromyographic signal processing to study the lower limb muscle activation patterns during pedaling. Crank angle and EMG
signals are synchronized. The muscle activity level is easily identified by the calculation of EMG RMS over one complete cycle (i.e. 0-360°; RMS cycle)
and/or by the calculation EMG RMS over the period of muscle activity (i.e. EMG burst). For the study of muscle activation timing, raw EMG data are
root mean squared (RMS) with a time averaging period of 25 ms to produce a linear envelope. A linear interpolation technique is then used to obtain a
mean value of EMG RMS for each degree of rotation. Finally, these data are averaged over various consecutive pedaling cycles in order to get a
representative EMG RMS linear envelope. Solid lines indicate the EMG RMS envelope and the dashed curves are 1 standard deviation above the mean.
Onset and offset values are determined from this averaged pattern using an EMG threshold value fixed at 20% of the peak EMG recorded during the cycle

(horizontal dashed line). TDC, top dead center (0°).

above 100% of IMVC (i.e. 126.2%) for VL during a brief
maximal cycling exercise. To take into account the specific-
ity of the cycling posture, Hunter et al. (2002) proposed to
use more specific isomeric tasks performed on the cycle
ergometer. More recently, Rouffet and Hautier (2007) rec-
ommended a novel approach based on a cycling torque-
velocity test in order to better control the posture (i.e. joint
angle and muscle length), the type of contraction, and the
role of each muscle. Despite presenting an original normal-
ization procedure for future studies, different aspects con-
cerning the activation of lower limb muscles during such
a maximal pedaling exercise remain to be elucidated due
to the lack of detailed information. In order to adequately

discuss the field we can raise the following questions: (1)
what is the influence of the power—velocity combination
on the maximal reference value of activation obtained for
the different muscles? (2) How this influence as well as
the influence of the free acceleration of the movement
allowed during the sprint should be taken into account
by researchers, with the view of obtaining a reference value
used to study the activation of the lower limb muscles dur-
ing submaximal exercises during which both these factors
are controlled? (3) What is the influence of the time interval
and smoothing process used to calculate the maximal refer-
ence EMG value during the sprint exercise on the normal-
ization procedure and how can this be optimized? (4) How
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can it be determined that the level of activation during the
sprint reflects the maximal neural drive of the different
lower limb muscles? (5) Is it rational to assume that all of
the subjects have the same ability to maximally activate
all of the lower limb muscles during such a specific exercise
(and especially the bi-articular muscles)? This last point is
important because it could lead to misinterpretations con-
cerning the inter-individual variability of the normalized
EMG values. Various studies focusing on EMG profiles
normalize the EMG patterns in respect to the peak (named
peak dynamic method; Ryan and Gregor, 1992; Dorel
et al., 2007) or mean (named mean dynamic method; Win-
ter and Yack, 1987) value measured over the complete
cycle. However, it should be kept in mind that these nor-
malization procedures only inform the researcher or clini-
cian about the level of activity displayed by a muscle
over a pedaling cycle (i.e. shape of the EMG pattern) in
relation to the peak or average activity. Thus, it does not
inform on muscle activation level that is required during
pedaling. Overall, to date, there is no agreement on the best
normalization procedure to be adopted (Burden and Bart-
lett, 1999). This methodological aspect concerning normal-
ization of EMG signal processing will be of primary
interest to improve interpretation of EMG signals in future
studies which aim to quantitatively compare the activity of
different muscles in the same subject or to quantitatively
describe the inter-subject variability of muscle activation
levels. Nevertheless, for studies which examine the alter-
ation of EMG responses of the different muscles induced
by independent factors (such as body position, workload,
etc.) in the same session, the normalization procedure has
a lower influence on the analysis and its necessity remains
to be established.

2.3. Determination of muscle activation timing

Muscle activation timing is generally studied from a
representative EMG profile obtained by averaging vari-
ous consecutive cycles and by smoothing. This mean
EMG profile generally depicts the evolution of the
RMS envelope throughout the crank cycle (Fig. 2).
Detecting a bottom or top dead center signal of the crank
(BDC and TDC, respectively) permits to display EMG
profiles as function of time expressed in percentage of
the total duration of the complete cycle. This method
allows the comparison with other pedaling cycles of dif-
ferent durations. However, due to the slight variations
of the crank velocity, especially if the pedaling rate is
not maintained constant (e.g. during a sprint), it is rec-
ommended to synchronize the EMG signal with a contin-
uous mechanical measurement of the crank position.
Timing parameters generally determined from this EMG
profile include signal onset and offset times that identify
the duration of EMG bursts (Jorge and Hull, 1986; Li
and Caldwell, 1998; Chapman et al., 2006, 2007; Duc
et al., 2006; Dorel et al., 2007). Usually, an EMG thresh-
old value (fixed at 15-25% of the peak EMG recorded

during the cycle, or 1, 2 or 3 standard deviations beyond
mean of baseline activity) is chosen for onset and offset
detection (Fig. 2). It allows identification of the EMG
activity regions as a function of the crank angle as it
rotates from the highest pedal position (0°, TDC) to
the lowest (180°, BDC) and back to TDC to complete
a 360° crank cycle. However, because this identification
can be disputable with some EMG patterns and strongly
dependant of the threshold level used, some authors visu-
ally adjust and raise this threshold in the cases for which
it is considered inappropriate (Li and Caldwell, 1998;
Duc et al., 2006). This approach has two limitations.
First, the determination is largely subjective and thus,
there is a lack of agreement between investigators as to
the “correct” threshold (Hodges and Bui, 1996). Second,
information about the shape of the EMG signals (i.e.
level of activation changes across the crank cycle) is
not taken into account. The peak of EMG activity
(EMGypeak) and the crank angle at which this peak value
occurs (Li and Caldwell, 1998; Duc et al., 2006) also
attempt to quantitatively and qualitatively characterize
the EMG burst. However, these values remain influenced
to a large extent by the signal processing employed, and
specifically by the smoothing method. As a consequence
some discrepancies in the onset, the offset or the angle
corresponding to EMGy,x for a given muscle could
appear between the studies. For these reasons, some
authors propose to calculate a coefficient of cross-correla-
tion to give an objective estimation of the similarity of
two activity patterns of the same muscle obtained in
two different conditions (with lag time = 0; Li and Cald-
well, 1998; Dorel et al., 2007). Recently, this method has
been used to calculate the lag time (k,x) maximizing the
coefficient of cross-correlation and its 95% confidence
interval to determine phase shift based on the entire
EMG profile (Li and Caldwell, 1999). However, to the
best of our knowledge, the results obtained with the
cross-correlation technique have not been compared to
the onset and offset results. Theoretically, if two EMG
patterns are very similar in terms of shape and burst
duration despite a shift in time, the same value of k.
can be expected as the computed relative onset and offset
changes. Conversely, if the burst duration changes, differ-
ences in the results obtained with both methods could
appear. Fig. 3 depicts the EMG profile of the Gastrocne-
mius medialis muscle obtained during pedaling in two dif-
ferent body positions (i.e. dropped posture, DP and
upright posture, UP). As illustrated by this figure, due
to the decrease of the burst duration from DP to UP, off-
set of activation (with threshold level fixed at 20% of the
peak EMG) appears 20° earlier in UP condition, whereas
the onset remains unchanged. By taking into account the
two complete EMG profiles the cross-correlation tech-
nique and k., calculation lead to a total shift of 4° from
DP to UP. It remains controversial in this typical exam-
ple to describe the timing difference between both condi-
tions by a total shift of activation (i.e. only by 4°),
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Fig. 3. Illustration of potential differences between onset/offset and the
coefficient of cross-correlation determination. Example curves of Gastroc-
nemius medialis EMG linear envelopes obtained during pedaling in two
different body positions (i.e. Dropped posture, DP and Upright posture,
UP) are depicted. Dashed lines indicate the threshold for onset and offset
at 20% of the peak EMG. Offset appears 20° earlier in UP condition,
whereas the onset is not modified. By taking into account the two
complete EMG profiles the cross-correlation technique and ky,,x calcula-
tion lead to a total shift of 4° from DP to UP.

whereas the two curves clearly demonstrated a similarity
in the beginning of activation, but with a significant
decrease in the duration in the UP condition. As a conse-
quence, despite its indisputable methodological benefits,
the cross-correlation technique should be used carefully
and certainly to complement to the classical on-off
method and the visual inspection of the EMG profiles.

3. Characterization of the lower limb muscle activation
patterns during pedaling

3.1. Typical lower limb muscles activity level

To the best of our knowledge, Houtz and Fischer (1959)
were the first to record surface electromyograms during
pedaling. They studied all the major surface lower limb
muscles (14 muscles) except the soleus and stated that these
muscles are activated in an orderly and coordinated way.
However, this work was performed on a limited number
of subjects (three subjects) further casting doubt on the
conclusions provided by the authors. More recently,
numerous investigators have reported EMG analyses of
pedaling (Ericson, 1986; Jorge and Hull, 1986; Ryan and
Gregor, 1992; Hug et al., 2004a,b; Duc et al., 2006; Hug
et al., 2006a,b; Dorel et al., 2007). Muscles typically sam-
pled are the Gluteus maximus (GMax), Rectus femoris
(RF), Vatsus lateralis (VL) Vatsus medialis (VM), Semi-
membranosus (SM), Semitendinosus (ST), Biceps femoris
(BF, long head), Gastrocnemius lateralis (GL) and Gastroc-
nemius medialis (GM), Tibialis anterior (TA), and Soleus
(SOL). Fig. 4 depicts the general anatomy and action of

hip flexion

hip extension

knee fexion .
knee extension

/‘ r ankle flexion
O

l ankle extension

Fig. 4. Schematic representation of bone insertions of the main lower limb
muscles implicated in pedaling. (1) Gluteus maximus (hip extensor); (2)
Semimembranosus and Biceps femoris long head (hip extensors/knee
flexors); (3) Vastus medialis and Vastus lateralis (knee extensors); (4)
Rectus femoris (knee extensor/hip flexor); (5) Gastrocnemius lateralis and
Gastrocnemius medialis (knee flexors/ankle extensors); (6) Soleus (ankle
extensor) and (7) Tibialis anterior (ankle flexor).

these muscles. Using a standard normalization procedure,
Ericson (1986) showed that a workload of 120 W (corre-
sponding to approximately 54% of the maximum aerobic
power) induces an EMG activity level of 45%, 44% and
32% of IMVC for respectively VM, VL and SOL (three
mono-articular muscles). EMG activity level is lower for
bi-articular muscles such as RF and GL (respectively,
22% and 18% of the IMVC values).

It is important to note that the activation pattern of dee-
per muscles (e.g. Tibialis posterior, Flexor digitorum longus,
Adductor magnus, Vatsus intermedius, Psoas, etc.) can only
be recorded with intramuscular electrodes (i.e. wire elec-
trodes). However, due to its invasive nature, this technique
was used in very few studies (Juker et al., 1998; Chapman
et al., 2006; Chapman et al., 2007) and in only few muscles
(Tibialis posterior, Psoas). Some authors used 'H trans-
verse relaxation time (T2) during Magnetic Resonance
Imaging (MRI) of thigh muscles as an index of muscle
activity level (Hug et al., 2004a, 2006a,b; Akima et al.,
2005; Endo et al., 2007). Despite the opportunity to study
deep muscles, this technique only gives indirect indications
of muscle activity level, and does not permit a precise com-
parison between the muscles. Thus, information about the
recruitment of deep lower limb muscles during pedaling are
scarce.

Habilitation & Diriger des Recherches (2009) - Frangois HUG - page n°87



188 F. Hug, S. DorellJournal of Electromyography and Kinesiology 19 (2009) 182—198

3.2. Typical lower limb muscles activation timing

As mentioned previously, to examine the pattern of
muscle activation, important variables of interest are the
starting (onset) and ending (offset) crank angles of the
EMG bursts. Figs. 5 and 6 depict respectively the averaged
patterns and typical onset and offset values for 10 lower
limb muscles. The GMax is active from TDC to about
130°, which is inside the region of the power stroke (25—
160°) (Jorge and Hull, 1986; Dorel et al., 2007). Vastii
(VL and VM) are activated from just before TDC to just
after 90° (Houtz and Fischer, 1959; Jorge and Hull, 1986;
Dorel et al., 2007). Note that the onset of activity for RF
is earlier than for Vastii (about 270°) and that termination
of activity is just about 90° (Jorge and Hull, 1986; Dorel
et al., 2007). The region of activity of TA is in the second
half of the upstroke phase (from BDC to TDC) from
almost 270° (i.e. —90°) to slightly after TDC (Jorge and
Hull, 1986; Dorel et al., 2007). Activity of the Gastrocnemii
muscles (GL and/or GM, depending on the study) begins
just after the termination of TA activity (about 30°) and
finishes just before the onset of TA activity (about 270°)
(Faria and Cavanagh, 1978; Jorge and Hull, 1986; Dorel
et al., 2007). SOL is activated during the downstroke phase
(i.e. 0° to 180°) from 45° to 135° (Dorel et al., 2007). The
results concerning the muscles of the hamstrings group
(BF, SM and ST) are more controversial. Some authors
showed an activation region beginning just after TDC to
BDC (Dorel et al., 2007) while others showed a longer acti-
vation region from about TDC to about 270° (Jorge and
Hull, 1986). Ryan and Gregor (1992) clearly reported the
two different patterns described above for BF activation
during pedaling (the two patterns described above). In a
recent study, we also observed two distinct patterns for
TA, GL and SOL (Dorel et al., 2007). In fact, in some sub-
jects (2-8 of 12) these muscles displayed two distinct bursts
of activation (Fig. 7). These differences may be related to:
(1) inter-subject variability of the pedaling technique (Ryan
and Gregor, 1992; Hug et al., 2004a,b), (2) discrepancies
between the studies concerning the determination of onset
and offset values as mentioned in Section 2.3 (Li and Cald-
well, 1999) and/or (3) modifications of several constraints
(e.g. body position, pedaling rate, shoe—pedal interface,
etc.) as further detailed in this review.

3.3. Lower limb muscles function and coordination

Based on the information described above (i.e. level and
timing of muscle activation patterns) and, in some case, on
kinematic/kinetic variables, some studies examined the
functional roles of the lower limb muscle during pedaling.
As hypothesized by various authors, they may have differ-
ent roles depending on how many joints the muscles
traverse. Ryan and Gregor (1992) noted that the mono-
articular muscles (GMax, VL, VM, TA, and SOL) play a
relatively invariant role as primary power producers. Con-
versely, the bi-articular muscles (BF, ST, SM, RF, GM,

and GL) behave differently and with greater variability
(Ryan and Gregor, 1992; Hug et al., 2004a). According
to the theory proposed by van Ingen Schenau et al.
(1992), and largely reported in the literature following this
study, these muscles appear to be primarily active in the
transfer of energy between joints at critical times in the
pedaling cycle and in the control of the direction of force
production on the pedal.

Lombard (1903) was the first to observe antagonistic
contraction during knee extension movement. Indeed, dur-
ing the propulsive phase of pedaling, several agonist/antag-
onist muscles pairs activate together. This action occurs
between the joint torque necessary to contribute to joint
power and the torque necessary to establish the direction
of the force on the pedal. Co-activation of mono-articular
agonists and their bi-articular antagonists appears to pro-
vide the unique solution for these conflicting requirements
(van Ingen Schenau et al., 1992); moreover, co-contraction
of antagonistic muscles may also provide joint stability by
reducing bone displacement and rotation (Hirokawa, 1991)
or by equalizing the pressure distribution in the articular
surface (Solomonow et al., 1988). For instance, Sanderson
et al. (2000) noted that if pedal force is high and cadence is
slow eversion of the foot with inward rotation of the tibia
through the cycle would lead to stress in the knee. Based on
this observation, co-activation may help to relieve this
stress. For all these reasons, a decrease of the co-activation
level would not necessarily be linked to a more efficient
pedaling movement.

3.4. Repeatability of lower limb muscle activation patterns

Assessment of intra-session repeatability of muscle acti-
vation pattern is of considerable relevance for research set-
tings, especially when used to determine the effects of
various constraints (e.g. pedaling rate, fatigue, body posi-
tion, etc.). Even if the methodological problems, due to
electrode replacement, are avoided when EMG measure-
ments of a same session are compared (as is the case found
in the major part of studies using EMG in cycling), the
question of whether a personal muscle strategy is able to
be adopted and maintained stable throughout the experi-
mental cycling session still remains of great importance.
However, assessment of reproducibility of lower limb mus-
cle activation patterns during pedaling has been investi-
gated only a few times. Houtz and Fischer (1959) were
the first to suggest a high reproducible pattern during ped-
aling (in three subjects). Later, Laplaud et al. (2006)
showed a high day-to-day reproducibility of the activity
level (i.e. RMS value) of eight lower limb muscles during
progressive cycling exercise performed until exhaustion.
However, this study did not focus on the timing variables
(i.e. onset, offset and EMG profile). To the best of our
knowledge, only Dorel et al. (2007) demonstrated a good
intra-session repeatability of 10 lower limb muscle activa-
tion patterns during pedaling, both in terms of muscle
activity level and muscle activation timing.
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Fig. 5. Ensemble curves of EMG RMS linear envelope for 10 lower limb muscles. The EMG RMS envelopes were averaged over 45 consecutive cycles
across 12 triathletes who were asked to pedal at the power output associated to the first ventilatory threshold (238 + 23 W). For each subject, magnitudes
were normalized to the maximal RMS value obtained during the cycle. TDC, top dead center (0°); BDC, bottom dead center (180°). GMax, Gluteus
maximus; SM, Semimembranosus; BF, Biceps femoris (long head); VM, Vastus medialis; RF, Rectus femoris; VL, Vastus lateralis; GM, Gastrocnemius
medialis; GL, Gastrocnemius lateralis; SOL, Soleus; TA, Tibialis anterior. Material published by Dorel et al. (2007).
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Fig. 6. Mean onset, offset and duration of EMG activity phase indicated
by horizontal bars for 10 lower limb muscles. These results were obtained
in 12 triathletes who were asked to pedal at the power output associated to
the first ventilatory threshold (238 423 W). Only the main burst is
depicted when two bursts were observed. TDC, top dead center (0°); BDC,
bottom dead center (180°). GMax, Gluteus maximus; SM, Semimembr-
anosus; BF, Biceps femoris (long head); VM, Vastus medialis; RF, Rectus
femoris; VL, Vastus lateralis; GM, Gastrocnemius medialis; GL, Gastroc-
nemius lateralis; SOL, Soleus; TA, Tibialis anterior. Material published by
Dorel et al. (2007).

4. Which factors can influence the EMG patterns during
pedaling?

4.1. Power output

The power output (expressed in Watt) can be modified
by a change in the pedaling rate, mechanical load or both.
The following focuses only on the EMG changes induced
by manipulations of the mechanical load (i.e. resistance
imposed by the cyclo-ergometer) without a change in the
pedaling rate.

Recordings of EMG activity of some lower limb muscles
during a progressive pedaling test performed until exhaus-
tion have shown an increase of EMG activity level with
respect to power output (Bigland-Ritchie and Woods,
1974; Taylor and Bronks, 1994; Lucia et al., 1997; Hug
et al., 2003; Hug et al., 2006a,b). Some studies reported a
linear relationship between the RMS (or EMGi) and the
workload level (Bigland-Ritchie and Woods, 1974; Taylor
and Bronks, 1994). Others have shown a non-linear
increase of RMS (or EMGi) after a certain workload was
reached (Lucia et al., 1997; Hug et al., 2003, 2006a,b).
However, because the exercises were performed until
exhaustion, it is difficult to dissociate the effects of the
increase of power output and the occurrence of muscle fati-
gue on the EMG activity level (further detailed in Section
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Fig. 7. Example of two different patterns obtained in a group of 12
triathletes for the Tibialis anterior. EMG RMS envelopes were averaged
over 90 consecutive cycles across 8 and 4 triathletes (for respectively the
pattern A and B) who were asked to pedal at 150 W. For each subject,
magnitudes were normalized to the maximal RMS value obtained during
the cycle. Solid lines indicate the EMG RMS envelope and the dashed
curves are 1 standard deviation above the mean. TDC, top dead center
(0°); BDC, bottom dead center (180°). Material published by Dorel et al.
(2007).

4.6). During constant-load exercises performed at different
intensities (separated by a sufficient period of recovery to
avoid fatigue), Ericson (1986) reported increased EMG
activity level of the main lower limb muscles (GMax, VL,
RF, VM, BF, ST, GM) as power output increased from
120 to 240 W (pedaling rate: 60 rpm) and suggested that
GMax activity is greatly influenced by the workload level.
Sarre et al. (2003) confirmed these results showing a signif-
icant power effect on the EMG activity level of three knee
extensor muscles (VM, VL, RF) at three different power
outputs expressed as a percentage of the maximal aerobic
power (60%, 80% and 100%). However, at low intensities
and when the difference between the power outputs is lower
(e.g. from 83 to 125 W), EMG activity level in Gastrocne-
mius seems to be unchanged (Jorge and Hull, 1986). This
result is confirmed by those obtained by Hug et al
(2004a), who showed, during a progressive pedaling exer-
cise, a constant GM activation during the initial stages
(from the beginning to about 70% of the maximal aerobic
power). It would confirm that this bi-articular muscle is
active to transfer energy between joints in the pedaling
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cycle and/or to control the direction of force production
rather than as a primary power producer.

To the best of our knowledge, few studies have focused
on the effects of power output on muscle activation timing.
Jorge and Hull (1986) suggested that EMG activity pat-
terns are not strongly influenced by mechanical load. Fur-
ther research is needed to confirm this point.

Among the new informations that can be extracted from
surface EMG and that has not been described previously in
this review, muscle fiber conduction velocity (MFCV) is a
physiological parameter that is related to the fiber mem-
brane and contractile properties. Because lower threshold
motor units have a lower conduction velocity than higher
threshold motor units, MFCV can provide indications on
motor unit recruitment strategies (Farina et al., 2004a,b).
Using linear adhesive arrays of eight electrodes, Farina
et al. (2004a) measured MFVC on two thigh muscles (VL
and VM) at two different workload levels. They showed
that MFVC increases in respect to mechanical load, indi-
cating progressive recruitment of large, high conduction
velocity motor units with increasing muscle force.

4.2. Pedaling rate

As mentioned above, a given power output can be
obtained at a variety of pedaling rates (also referred to as
“cadence”), resulting in a number of cadence-resistance
combinations. We will only focus on the EMG changes
induced by manipulations of cadence at constant power
output.

Pedaling rate is widely accepted as an important factor
that affects cycling performance (Faria et al., 2005a,b).
For this reason, numerous investigators have quantified
the EMG activity level in various lower limb muscles over
a large range of pedaling rates (Suzuki et al., 1982; Ericson,
1986; Marsh and Martin, 1995; Neptune et al., 1997; Mac-
Intosh et al., 2000; Baum and Li, 2003; Sarre et al., 2003; Li
and Baum, 2004; Lucia et al., 2004). Ericson (1986)
reported increased muscle activity on GMax, VM, SM,
GM and SOL as pedaling rate was increased from 40 to
100 rpm. However, they showed no change of the level of
activation for RF and BF. Neptune et al. (1997) recorded
EMG activity of eight lower limb muscles at 250 W across
pedaling rates ranging from 45 to 120 rpm. They reported
that GM, BF, SM and VM increased their EMG activity
level systematically as the pedaling rate increased. In con-
trast, the EMG—cadence relationship of GMax and SOL
showed a quadratic trend with a minimum of EMG activity
at pedaling rates near 90 rpm, while RF and TA EMG
activities were not affected significantly by cadence. Sarre
et al. (2003) showed no significant cadence effect on VL
and VM EMG activity levels while RF EMG activity was
significantly greater at lower pedaling rates of approxi-
mately 60 rpm. In a more recent study, Lucia et al
(2004) tested a population of professional cyclists at about
370 W. They reported contradictory results in this highly
trained population, showing a decrease of EMG activity

level in VL and GMax with increasing pedaling rate. Over-
all, even if most of the studies reported an increase of EMG
activity level on Gastrocnemii and SM in relation to a ped-
aling rate increase, conflicting results exist with the other
muscles. These discrepancies could be explained by differ-
ences in the training status of the subjects, the range of
cadences tested, and the levels of power output. For
instance, the power output was fixed at 120 W in the study
performed by Ericson (1986), whereas Sarre et al. (2003)
fixed the power output from about 222 W to about
370 W. Maclntosh et al. (2000) averaged EMG activity
(RMS values) for seven muscles (GMax, BF, RF, VM,
TA, GM, SOL) within each subject. Then, they tested the
subjects at four power outputs (100, 200, 300, and
400 W) at each cadence: 50, 60, 80, 100, and 120 rpm. Their
results confirmed that the level of muscle activation is mod-
ified by the cadence at a given power output. Furthermore,
they showed that minimum EMG activity level occurs at a
progressively higher cadence as power output increases.
For instance, minimal EMG amplitude was observed at
less than 60 rpm for 100 W, and close to 100 rpm for
400 W. These results suggest that, at a given submaximal
power output, there is a cadence with minimal level of mus-
cle activation. However, it should be kept in mind that
these authors averaged RMS values for seven muscles.
For this reason, their results can not be extended to each
lower limb muscle since each of them responds differently
to pedaling rate modifications.

As pedaling rate increases, significant linear trends for
peak EMG activity to shift earlier in the pedaling cycle
have been reported in various muscles (VL, RF, BF,
SOL, and GM) (Marsh and Martin, 1995). Most of these
results have been further confirmed by Neptune et al.
(1997) who showed that EMG onset and offset of five mus-
cles (GMax, BF, RF, SM, and VM) systematically
advanced as pedaling rate increased except for SOL which
shifted later in the crank cycle. The time delay between the
electrical event (i.e. EMG activity) and the related mechan-
ical output (i.e. force) (called electromechanical delay,
EMD) has been suggested to be relatively constant and
within the range 30-100 ms (Cavanagh and Komi, 1979).
Assuming the EMD is 100 ms, it corresponds to about 1/
10th of a pedaling cycle (i.e. 36°) at 60 rpm and to 1/6th
of a pedaling cycle (i.e. 60°) at 100 rpm. In this line, it
was hypothesized that muscle activation must occur pro-
gressively earlier as pedaling rate increases in order to
develop pedal force in the same crank cycle sector (Li
and Baum, 2004). However, Sarre and Lepers (2006)
recently showed that peak torque shifts forward in crank
cycle as cadence increases (about 10° between 50 and
75 rpm at 37.5% of the maximal aerobic power) suggesting
that this central strategy, consisting of earlier muscle acti-
vation as cadence increases, is only partial. Moreover, dur-
ing sprint cycling (at higher pedaling rates), Samozino et al.
(2007) showed that, despite an earlier activation of VL and
GM, force production occurred later in the crank cycle,
during a less effective crank cycle sector. For these authors,
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it could partly explain the decrease in power output beyond
optimal pedaling rate during sprint cycling.

4.3. Shoe—pedal interface

Bicycle pedals represent two of the five attachment sites
between the body and the bicycle. Because they are the pri-
mary site of energy transfer from rider to bicycle, the pedal
naturally became a focal point for scientists. Platform ped-
als (also called standard pedals) refer to any flat pedal with-
out a cage. They are used with traditional soft-soled shoes
by most recreational riders and by patients involved in
rehabilitation therapy. In contrast, toe-clip and clipless
pedals are used with hard-soled shoes that are specially
adapted for them. Note that nowadays, most of the ama-
teur and professional cyclists use clipless pedals. While
standard pedals only permit the application of a positive
effective force during the downstroke phase of the crank
cycle, toe-clip and clipless pedals also permit (theoretically)
the application of a positive effective pedal force from BDC
to TDC (i.e. during the upstroke phase).

Very few studies have focused on the effects of the shoe—
pedal interface on the lower limb muscle activation pat-
terns. Ericson (1986) compared EMG activity level of 11
lower limb muscles during pedaling with standard and
toe-clip pedals. He found a higher activity level in RF,
BF, and TA when the toe-clip pedals were used. In con-
trast, it induced lower activity level in VM, VL, and
SOL, while the other muscles (hamstrings, Gastrocnemii,
and GMax) were not affected. More recently, Cruz and
Bankoff (2001) compared clipless vs. toe-clip pedals. They
showed a lower EMG activity in SM and ST (hamstring
muscles) with clipless pedals and, in contrast, a higher
activity in BF and GL. However, this later study was per-
formed in only four subjects, at a pedaling rate of 100 rpm
and at an unknown power output. For these reasons, these
results should be taken with caution. Furthermore, these
two studies only reported changes of EMG activity level
and neither showed EMG activation timing. This later var-
iable is crucial, especially for bi-articular muscles, for link-
ing the quantitative changes of EMG patterns with
putative pedaling coordination changes. In addition, con-
sidering that a positive relationship exists between negative
crank torque and pedaling rate (Neptune et al., 1997), it
could be hypothesized that the effects of shoe—pedal inter-
face on the EMG patterns are strongly related to the ped-
aling rate.

4.4. Body position

A proper position on the bicycle is paramount for both
cyclists interested in performance and patients involved in
rehabilitation therapy. The most common changes in body
position are due to saddle height and trunk orientation (i.e.
the angle between the trunk and the line connecting the
center of the hip joint and the crank axis). Another posture
change occurs when the rider switches from a seated to a

standing posture to decrease the strain on the lower back
muscles. Thus, several authors have been interested in
determining the modifications in the activation pattern of
the lower limb muscles induced by these changes in body
position (Ericson, 1986; Jorge and Hull, 1986; Juker
et al., 1998; Li and Caldwell, 1998; Savelberg et al., 2003;
Duc et al., 2006).

Saddle height is defined as the vertical distance between
the top of the saddle and the center of the pedal axle mea-
sured when the pedal is down and the crank arm is in line
with the seat tube. Because it is of considerable relevance
for both cycling performance and rehabilitation protocols,
the effects of saddle height on physiological responses have
been extensively explored (Houtz and Fischer, 1959; Ham-
ley and Thomas, 1967; Ericson, 1986; Jorge and Hull,
1986). First, Hamley and Thomas (1967) reported that a
saddle height equal to 100% of the trochanter length is
the most efficient when oxygen uptake is taken as a crite-
rion. Later, Jorge and Hull (1986) showed an increase in
the level of muscle activity for quadriceps (VL, RF, VM)
and hamstrings (BF, SM) when the saddle was lowered
to 95% of this “optimal” height. In contrast, Ericson
(1986) showed that changes in saddle height were not
related to activity changes in the quadriceps (RF and
VM). These discrepancies could be easily explained by
the differences in power output used in these studies and
in the methods used to determine the saddle height [i.e.
100% vs. 95% of the trochanter length for Jorge and Hull
(1986) and 102% wvs. 120% of the distance between the
ischial tuberosity and the medial malleolus of the distal
part of the tibia for Ericson (1986)].

In an effort to reduce the drag force, competitive cyclists
can use a clip-on aero-handlebar during time-trial events.
Decreasing the frontal area, this more crouched upper
body position (i.e. areo-posture) allows a lower wind resis-
tance (Capelli et al., 1993) compared to conventional pos-
tures (ie. upright posture or dropped posture). However,
in rehabilitation, patients preferred a more upright posture
because it offers a more stable position. To the best of our
knowledge, only one study focused on the effects of trunk
orientation on the activation pattern of lower limb muscles
(Savelberg et al., 2003). They showed that GMax was sig-
nificantly more activated in a crouched position compared
to an upright posture. Despite the fact that this position
was not comparable to a standard competitive aero-posi-
tion, these results could partly explain the higher metabolic
cost of pedaling reported by some authors in acro-posture
(Gnehm et al., 1997). Further research is needed to confirm
this point.

Pedaling on a graded surface is an important part of
road cycling competition. In addition to change the rider’s
orientation to gravitational forces, uphill cycling is often
accompanied by a switch between seated and standing pos-
ture. Li and Caldwell (1998) first showed that the change of
cycling grade from 0% to 8% (without body position
change) does not induce a significant change the activation
pattern of lower limb muscles (Fig. 8). This result was later
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Fig. 8. Ensemble average curves of EMG linear envelope for six lower
limb muscles for three positions. LS, level seated; US, uphill seated; ST,
uphill standing. All curves in one panel here used same arbitrary units
on vertical axes. Reprinted from Li and Caldwell (1998) with
permission.

confirmed by Duc et al. (2006). In contrast, the change of
pedaling posture from seated to standing affects the inten-
sity and timing of EMG activity of the main lower limb
muscles involved in pedaling (Li and Caldwell, 1998; Duc
et al, 2006) (Fig. 8). For instance, Li and Caldwell
(1998) observed a greater activation for GMax, RF and
TA and a longer duration of GMax, RF and VL activity
(Fig. 8). It was supposed that this greater and longer GMax
activation in standing help to stabilize the pelvis due to the
removal of the saddle support.

4.5. Training status

Highly trained road cyclists (i.e. professional or elite
cyclists) cover about 30,000-35,000 km/year including

training and competition (Lucia et al., 1998; Faria et al.,
2005a,b) corresponding to about 25 h/week. Numerous
studies provided evidence that repeated performance of a
movement task facilitates neuromuscular adaptations,
which result in more skilled movement (Schneider et al.,
1989; Osu et al., 2002). Therefore, some authors wondered
if the high volume of training observed in elite/professional
cyclists induces the adoption of a pedaling skill in terms of
lower limb muscle activation patterns (Ryan and Gregor,
1992; Takaishi et al., 1998; Hug et al., 2004a; Chapman
et al., 2006; Chapman et al., 2007).

Based on physiological measurements (Coyle et al.,
1991), cycling efficiency (Boning et al., 1984) and/or pre-
ferred cadence (Marsh and Martin, 1995), some studies
have suggested differences in muscle recruitment patterns
between untrained and highly trained cyclists. Marsh and
Martin (1995) compared the EMG patterns of five lower
limb muscles (VL, RF, BF, SOL and GM) between cyclists
and non-cyclists of comparable aerobic aptitudes. Their
results showed no significant difference between the two
groups for any of the muscles tested. In contrast, Takaishi
et al. (1998) suggested that cyclists have a certain pedaling
skill regarding the positive utilization of knee flexors (BF)
up to the higher cadences, which would contribute to a
decrease in peak pedal force and which would alleviate
muscle activity for the knee extensors (VL and VM). In this
line, using MRI technique, Hug et al. (2006a) recently
showed a selective hypertrophy of BF in professional road
cyclists suggesting a possible cause—effect relationship
between BF activation and hypertrophy, associated with
a specific pedaling skill. However, as mentioned above,
BF (long head) is a bi-articluar muscle involved in knee
flexion and hip extension. Because Takaishi et al. (1998)
calculated EMGi values on 20-s samples, without depicting
EMG activity in respect to the crank angle, they were not
able to precisely distinguish if the higher BF EMG activity
measured in cyclists was linked to a higher knee flexion, hip
extension or both. Recording leg muscles, less implied in
power production than hip and knee extensors, Chapman
et al. (2007) showed lower muscle co-activation, a lower
individual variance and a lower population variance in
highly trained cyclists compared to novices.

To the best of our knowledge only one study was per-
formed on professional road cyclists (i.e. in the top-400
“Union Cycliste International” ranking) (Hug et al,
2004a). Using two complementary techniques (surface
EMG and functional MRI), they reported that the high
degree of expertise of these cyclists is not linked to the pro-
duction of a common pattern of pedaling. Striking differ-
ences between these expert cyclists were observed for two
bi-articular muscles: RF and ST. These results are in accor-
dance with those reported by Ryan and Gregor (1992) on
18 experienced cyclists. However, no other details concern-
ing the cycling experience of the subjects were done in this
later study. Further research is needed to explore the link
between this heterogeneity of muscle recruitment patterns
and the mechanical efficiency. It would also be interesting
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to study the effects of a specific cycling training program
(e.g. with EMG feedback) on the activation pattern of
the lower limb muscles (i.e. a cross sectional study in oppo-
sition to the transversal ones depicted in this paragraph).

4.6. Fatigue

Muscular fatigue was defined as the “failure to maintain
the force output, leading to a reduced performance”
(Asmussen, 1979). In this view, fatigue occurs suddenly at
the point of task failure, but the maximal force-generating
capacity of muscles starts to decline progressively during
exercise so that fatigue really begins before the muscles fail
to performed the required task (Gandevia, 2001). Hence, a
more realistic definition of fatigue is “any exercise-induced
reduction in the ability to exert muscle force or power,
regardless or whether or not the task can be sustained” (Big-
land-Ritchie and Woods, 1984). The evolution may be fast
or slow, depending on the effort perform, and will lead
sooner or later to mechanically detectable changes of perfor-
mance. Many factors that contribute to this evolution affect
the surface EMG signal and can be detected through it.

Classically, the EMG activity progressively increases
during the course of a continuous isometric exercise of
given force maintained until exhaustion (Edwards and Lip-
pold, 1956). Following Edwards and Lippold (1956), many
authors explain the increased EMG amplitude to the
recruitment of additional motor units that take place to
compensate the decrease in force of contraction that occurs
in the fatigued muscle fibers. Others attribute the increased
EMG amplitude to an increased firing frequency and/or
synchronization of motor unit recruitment (see review of
Gandevia, 2001) or to slowing of muscle fiber action poten-
tial conduction velocity (Linstrom et al.,, 1970). This
increased EMG amplitude was also reported in quadriceps
muscles during fatiguing constant-load pedaling exercises
(Petrofsky, 1979; Housh et al., 2000; Saunders et al.,
2000; Sarre and Lepers, 2005). Hettinga et al. (2006) stud-
ied changes in power output and EMGi during a 4000-m
cycling time-trial. Their results showed a decrease in
mechanical power output near the end of the time-trial
accompanied by an increase in EMGi for VL and BF mus-
cles. They concluded that this EMGi increase was consis-
tent with a peripheral locus of fatigue, but because EMGi
was calculated over every each successive 200-m, no spe-
cific EMG patterns were depicted and thus, it is impossible
to know where EMG activity was increased in respect to
the crank cycle.

As mentioned above, the rise of EMG activity in the
course of a fatiguing constant-load exercise could be
mainly attributed to progressive recruitment of additional
motor units, as fatigue occurs. However, it could also be
assumed that fatigue induces changes of the coordination
of the lower limb muscles. Hence, it is difficult to dissociate
the effects of neuromuscular fatigue and the putative
changes of lower limb muscle coordination patterns. For
instance, Psek and Cafarelli (1993) examined the activation

of antagonist muscles under fatigue conditions and found
that fatigue of VL increases BF activation (which acts as
an antagonist in knee extension movement). In contrast,
Hautier et al. (2000) showed a decrease in co-activation
as agonist force was lost during repeated sprint cycling sug-
gesting that muscle coordination could be efficiently
adapted to the loss of contractile force due to local muscle
fatigue. This result was later confirmed by Sarre and Lepers
(2005) in the course of a 1-h constant load exercise per-
formed at 65% of maximal power tolerated. In order to
better isolate the direct effects of neuromuscular fatigue
from the changes of muscles coordination, it is possible
to measure neural (M Wave, voluntary activation, RMS)
and contractile (muscular twitch) properties of a muscles
group at various instants of a constant-load pedaling exer-
cise. In this way, Lepers et al. (2002) measured neural and
contractile properties of the quadriceps (VM and VL) at
each hour of a 5-h cycling exercise (power output fixed at
55% of maximal aerobic power). Their results suggested
that the contractile properties are significantly altered after
the first hour, whereas the central drive is more impaired
toward the latter stages of this long-duration exercise
(Fig. 9). Another possible strategy to counteract the effects
of fatigue consists of modifying the activation timing of the
muscles utilized for performing the movement. Pddsuke
et al. (1999) demonstrated that the electromechanical delay
increases with fatigue. In consequence, various authors
hypothesized that muscle activation timing might also be
influenced (Knaflitz and Molinari, 2003; Billaut et al.,
2005; Sarre and Lepers, 2005). Billaut et al. (2005) reported
an earlier antagonist activation (BF) with fatigue occur-
rence, while other authors failed to show any significant
change (Knaflitz and Molinari, 2003; Sarre and Lepers,
2005). Further studies using the different timing variables
are needed to clarify the influence of fatigue on the coordi-
nation of the lower limb muscles.

It is a classic notion that muscle fiber conduction veloc-
ity decreases during a fatiguing exercise (De Luca, 1984).
Spectral analysis aims at an indirect estimation of MFCV
changes over time (De Luca, 1984) and is also used to study
muscle fatigue (Merletti et al., 1990) and to infer changes in
motor unit recruitment (Solomonow et al., 1990). Charac-
teristic spectral frequencies can be computed by a classic
periodogram (Merletti and Lo Conte, 1997), or by
advanced methods such as wavelet analysis (Karlsson
et al., 2000). This latter method may be more appropriate
than the classic approach when the signals are nonstation-
ary (Farina et al., 2004b). In support of this idea, von
Tscharner (2002) adopted a wavelet analysis and showed
that the shifting of the frequency components that occurred
with fatigue is very specific for certain periods during the
crank revolution. He concluded that these spectral analysis
would reflect a systematic change of the motor unit recruit-
ment pattern with pedal position and with fatigue. How-
ever, spectral analysis of EMG signals in dynamic
contractions has been shown to be poorly associated
with neural (e.g. recruitment strategies) and muscular
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Fig. 9. Time course of changes in the neuromuscular properties of the
quadriceps muscle during a 5-h cycling exercise performed at 55% of
maximal aerobic power. Isometric maximal voluntary contraction torque
(A), activation level estimated by the superimposed twitch method (B) and
the maximal twitch torque (C) before, during (H1, 60th min; H2, 120th
min; H3, 180th min; H4, 240th min), immediately after (HS, 300th min),
and 30-min after the 5-h cycling exercise. Values are means + SE.
Statistically significant compared with before exercise values: , p <0.05
and , p<0.0l. Adapted from Lepers et al. (2002) with
permission.

(e.g. muscle fiber conduction velocity) factors in non-
fatiguing and fatiguing contractions (Farina, 2006). Thus,
the use of spectral analysis of EMG during pedaling should
not be suggested. For this reason, a more direct technique
based on multichannel EMG detection may be used for
MFCV estimation. Using this technique, Farina et al.
(2004a) showed a trend of decreasing conduction velocity
on VL and VM during a fatiguing cycling exercise.

5. Conclusion and perspectives

Although pedaling is constrained by the circular trajec-
tory of the pedals, it is not a simple movement. Individual
patterns of lower limb muscles activation are fairly stereo-
typical at given pedaling conditions. However, we showed
that the level and/or timing of muscle activation change

as a function of numerous factors such as power output,
pedaling rate, body position, shoe—pedal interface, training
status and fatigue.

The majority of EMG studies concerning pedaling have
been published since 2000 (33 out of 62 found in Pubmed
with “pedaling” and “EMG”). This can be explained by
recent advances in technology. Indeed, new EMG acquisi-
tion systems permit easy recordings of high quality surface
EMG in several muscles (up to 16) during unrestricted
movements, even in natural situations (and with wireless
electrodes for very recent systems). Nevertheless, to date,
the majority of the studies have been performed in labora-
tory and thus have used stationary cycle ergometers. This
type of cycle ergometers constrains the lateral bicycle
motion that occurs naturally in road cycling. Because this
constraint could potentially affect the pedaling movement,
it would be important to compare the lower limb muscles
activity pattern during pedaling on a stationary bicycle
and on a conventional bicycle used in a natural situation.

Another direction for future research is the evaluation
of new devices which continue to be developed and may
enhance cycling performance. For instance, a new trans-
mission system (Power Cranks™) that uncouples the right
and left cranks offers a variant on the standard pedaling
task. Based on empirical observations, numerous cyclists
are using this new device during training sessions. It seems
important that trainers precisely know what acute and
chronic changes in the pattern of lower limb muscle activity
are induced by the use of such a device.

It is evident from the more recent history of movement
studies that an interdisciplinary approach is needed. In this
context, it is not possible to limit the description of human
movement to one particular aspect. In this line, we should
be establishing link(s) between electromyographic and
mechanical patterns during pedaling. For example, instru-
mented pedals offer the possibility of determining the
mechanical effectiveness of pedaling. Considering that 1-h
of pedaling corresponds to about 4800 crank revolutions
(at 80 rpm), it could be postulated that even a small
increase in pedaling effectiveness would induce significant
gains in performance. However, it is important to note that
this mechanical effectiveness cannot be dissociated from the
neuromuscular efficiency. Indeed, an optimal mechanical
pattern (with high efficiency) is not necessarily linked to
an optimal neuromuscular efficiency and thus to an opti-
mal gross efficiency, etc. It is postulated that direct EMG
measurements (i.e. direct biofeedback) would be useful
(and easily used by coaches and clinicians) for improving
the activation pattern of the lower limb muscles and thus,
the rehabilitation/training programs.
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Abstract

Despite the wide use of surface electromyography (EMG) recorded during dynamic exercises, the reproducibility of EMG vari-
ables has not been fully established in a course of a dynamic leg exercise. The aim of this study was to investigate the reproducibility
of eight lower limb muscles activity level during a pedaling exercise performed until exhaustion.

Eight male were tested on two days held three days apart. Surface EMG was recorded from vastus lateralis, rectus femoris (RF),
vastus medialis, semimembranosus, biceps femoris, gastrocnemius lateral, gastrocnemius medianus and tibialis anterior during incre-
mental exercise test. The root mean square, an index of global EMG activity, was averaged every five crank revolutions (correspond-
ing to about 3 s at 85 rpm) throughout the tests.

Despite inter-subjects variations, we showed a high reproducibility of the activity level of lower limb muscles during a progressive
pedaling exercise performed until exhaustion. However, RF muscle seemed to be the less reproducible of the eight muscles inves-
tigated during incremental pedaling exercise. These results suggest that each subject adopt a personal muscle activation strategy
in a course of an incremental cycling exercise but fatigue phenomenon can induce some variations in the most fatigable muscles

(RF).
© 2005 Elsevier Ltd. All rights reserved.

Keywords: Surface electromyography; Reproducibility; RMS; Progressive exercise

1. Introduction

Surface electromyography (EMG) is widely used to
assess the level of activation in working muscles and
to detect the early signs of neuromuscular fatigue. For
instance, an increase in the root mean squares (RMS),
an index of the global EMG activity, is thought to reflect
the recruitment of additional motor units as well as an
increase in motor unit rate coding to compensate for

* Corresponding author. Tel.: +33 3 83 97 31 31; fax: +33 3 83 97 80
72.
E-mail address: david.laplaud@auxilia.fr (D. Laplaud).

1050-6411/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
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the deficit of contractility resulting from the impairment
of fatigued motor units [23]. Assessment of the reliability
of EMG variables is of considerable relevance for the
clinical and experimental use of such a technique.

During static exercises (isometric contractions), many
authors have demonstrated the good reproducibility of
neuromuscular indices such as amplitude of integrated
EMG (EMGi), RMS, median frequency (MF) or
mean power frequency (MPF) of the EMG power
spectrum and/or muscle fiber conduction velocity
[4,6,7,14,15,19-21,25].

In contrast, despite the wide use of EMG recorded
during dynamic exercises, the repeatability of EMG
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variables has not been fully established in this experi-
mental condition. Indeed, to the best of our knowledge,
only few studies showed the reproducibility of the EMG
parameters during isokinetic repeated contractions
[16,17] or throughout an incremental cycling exercise
performed until exhaustion [§]. However, in the former,
only few muscles (vastus medialis, vastus lateralis and
rectus femoris) were recorded. In this context, there is
a lack of information about the reliability of EMG
parameters of various muscles involved in a cycling
exercise.

In a previous EMG and MRI study, we have showed
significant differences in the eight lower limb muscles
activity level recorded during various cycling exercises
in professional road cyclists [11]. These results suggested
the use of different pedaling strategies in a homogeneous
group of professional road cyclists. However, in this pre-
vious work, the reproducibility of the measured indices
has not been studied. Then, the question remains to be
answered if a proper reliable muscle activation strategy
depending on physiological characteristics is adopted
or if the subjects can use different strategies with day
to day variability.

In this context, the aim of this study was to investi-
gate the reproducibility of eight lower limb muscles
activity level during a pedaling exercise performed until
exhaustion.

2. Materials and methods
2.1. Subjects

Eight male healthy subjects (age: 27 £ 1 years; height:
180 £+ 10 cm; body mass: 78 + 9 kg), volunteered for the
present study. Each subject gave informed consent. Sub-
jects were not engaged in regular athletic activities dur-
ing leisure time. The experiment was conducted in
accordance with the code of ethics of the World Medical
Association (Declaration of Helsinki).

2.2. Protocol

2.2.1. Incremental cycling test

Each subject performed twice the same incremental
cycling test until exhaustion on an electrically-braked
cycle-ergometer (Excalibur sport, Lode®, Netherlands).
The two tests (i.e. Test 1 and Test 2) were separated
by three days during which the subjects refrained from
strenuous physical activity. Each test consisted of a 3-
min constant level warm up period (at 100 W) after
which the power output (PO) was increased by
25 W min~'. Subjects wore cycling shoes with clip-less
pedals and maintained pedal cadence within the 75—
85 revmin ' range. A cadence monitor was placed in
view of the subject during each test. A designated inves-

tigator was placed in charge of monitoring the subjects
in order to insure that they maintained the required ped-
aling cadence throughout the duration of the test. The
tests were terminated upon volitional exhaustion of the
subjects and/or when cadence could not be maintained
at a minimum of 75 rev min~'. At the beginning of each
experiment, the height of the saddle and handlebars was
adjusted to obtain a conventional cycling posture. Con-
sidering that muscle activity can be influenced by the po-
sition of the subject as previously described [5], special
care was taken to place each subject in the same position
on the cycle-ergometer during the two tests.

2.2.2. EMG recording

During the two incremental cycling exercises, EMG
activity was continuously recorded from eight muscles
of the right lower limb: vastus lateralis (VL), rectus
femoris (RF), vastus medialis (VM), semimembranosus
(SM), biceps femoris (BF), gastrocnemius lateral (GL),
gastrocnemius medianus (GM) and tibialis anterior
(TA). A pair of adhesive electrodes (Universal Ag/AgCl
electrodes, Controle Graphique Medical®, France) was
attached to the skin at a constant inter-electrode dis-
tance of 20 mm and was located according to the recom-
mendations of SENTAM [10]. Inter-electrode impedance
was kept below 2000 Q by careful skin shaving and abra-
sion with an ether pad. The wires connected to the elec-
trodes were well secured with tape to avoid artifacts
from lower limb movements. In order to test the be-
tween days stability of EMG parameters, the position
of each electrode was marked with an indelible marker.

EMG was recorded with a ME3000P8 amplifier
(Mega Electronics Ltd.®, Finland). The EMG signals
were pre-amplified (375%) close to the electrodes. The
raw EMG signals were band pass filtered between 20
and 480 Hz, amplified, an analog-to-digital converted
at a sampling rate of 1 kHz. Fig. 1 depicts an individual
example of the raw EMG signals obtained in the eight
lower limb muscles over five cranks revolutions. For
each muscle, a mean RMS data was numerically com-
puted for each cycle (i.e. period of muscle activity visu-
ally determined) and they were averaged every 5 cycles
throughout the tests. For each subject and each muscle,
the calculated RMS values were also expressed as a per-
centage of the maximal value (RMS,,,.x) recorded during
each incremental exercise. For the sake of clarity, rela-
tive RMS values were calculated at given times of exer-
cise (at the warming up period, 40%, 60%, 80% and
100% of peak power output).

2.3. Statistical analysis

All statistics were performed using the statistical
packages SPSS for windows (version 10.1). Results were
expressed as means =+ standard deviation (SD). For all
statistical comparisons outlined below, the level of
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Fig. 1. Individual example of raw EMG signals recorded during the pedaling exercises. Arrow indicates an example of cycle (i.e. muscle activation

period) used for the mean RMS calculation.

significance was set at 0.05. Possible differences in RMS
values between repeated tests were assessed with a Wil-
coxon’s test. The same test was used to compare the
peak power output (PPO) and mean pedaling cadence
in Test 1 and Test 2.

In order to asses the test-retest reproducibility of
RMS values, both absolute and relative indices should
be determined. The standard error of measurement
(SEM, defined as the square root of mean square error
with trials) and the coefficient of variation (CV, i.e. stan-
dard deviation/mean, in %) can be used to estimate an
absolute measure of reliability [4], whereas intra-class
correlation coefficient (ICC, i.e. the ratio between in-
tra-class variance and total variance) is a relative and
dimensionless reliability variable [2]. Thus, we deter-
mined SEM, and ICC for RMS values obtained between
Test 1 and Test 2. Moreover, inter-subjects variability
was assessed with CV analysis, if CV values were lesser
than 12% a good variability was considered [27].
According to Sleivert and Wenger (1994), when ICC
ranged between 0.80 and 1.00 a good reproducibility ex-
ists, when ICC ranged between 0.60 and 0.79 a fair
reproducibility exists and when ICC is less than 0.60
the reproducibility is poor [26]. On the other hand, an
ICC value above 0.80 is acceptable for clinical work [3].

Further analysis of EMG reliability was accom-
plished by applying the procedures suggested by Bland

and Altman [1]. For this analysis, the mean difference
(bias) and SD of the differences between the mean values
of RMS obtained in Test 1 and Test 2 were calculated.
The data were shown graphically comparing the differ-
ence between the two tests against their average value
in W. The mean difference (bias) was indicated in the
graph.

3. Results
3.1. General results

There is no significant difference between the two
tests (Test 1 and Test 2) concerning the PPO reached
by the subjects (300 +32 W vs. 300 + 32 W, respec-
tively; p > 0.99, ICC = 1) or in their mean pedaling rate
(80 £+ 4 vs. 82 + 3 rpm, respectively).

3.2. Reproducibility of the muscles activity level during
progressive pedaling exercises

We found very low variation concerning the contrac-
tion time of each muscle between the subjects
(CV = 1.8%), between all the cycles recorded during
an incremental exercise (CV = 0.9%) and between the
two tests (CV = 1.2%).
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The reproducibility of the muscles activity level was
compared between Test 1 and Test 2. The absolute
and normalized RMS values were calculated at given
times of the exercise (40%, 60%, 80% and 100% of
PPO). Each obtained value was compared between Test
1 and Test 2 using a Wilcoxon’s test. We found no sig-
nificant difference of absolute and normalized RMS val-
ues for the eight muscles investigated (except for
normalized RMS values of VL obtained at 40% of
PPO).

According to ICC and SEM analysis, Table 1 re-
ported a good reproducibility of RMS values for all
the muscles investigated except for VL.

Moreover, ICC and SEM values showed a good
reproducibility of the normalized RMS values in per-
centage of RMS,,,x for VL, VM, SM, BF and TA (Table

Table 1

1). The relative values of RMS calculated for the RF
seemed to be not reproducible between the two tests
(ICC value always lesser than 0.60, high SEM values).
ICC values showed a weak reproducibility for GL and
GM normalized RMS values obtained for the low inten-
sities (i.e. 40% and 60% of PPO). Nevertheless, the
reproducibility of the normalized RMS values of these
two muscles increased with the intensity (Table 1).

If only ICC was considered, there appears a lack of
reproducibility for all muscles at 100% of PPO. Never-
theless, at 100% of PPO, SEM values were very low sug-
gesting a good reproducibility.

Fig. 2 shows normalized RMS values recorded
throughout the two incremental pedaling exercises at
different exercise intensities for each studied muscles.
The analysis of the inter-subjects CV values reported a

Reproducibility of the absolute and normalized RMS measurements between Test 1 and Test 2 of eight lower limb muscles implied in pedaling

activity at different percentage of the maximal power output reached (PPO)

% PPO Absolute RMS values (ptV) Normalized RMS values (%0RMS,;.x)
P ICC SEM P ICC SEM
VL 40 NS 0.83 12.77 0.001 1.00 0.03
60 NS 0.22 39.80 NS 0.94 0.05
80 NS —0.07 29.51 NS 0.89 0.06
100 NS 0.73 37.34 NS 0.46 0.04
RF 40 NS 0.68 38.76 NS 0.11 0.17
60 NS 0.54 46.61 NS —0.41 0.16
80 NS 0.95 23.12 NS 0.05 0.13
100 NS 0.97 22.73 NS -0.43 0.02
VM 40 NS 0.80 31.29 NS 0.92 0.09
60 NS 0.71 16.74 NS 0.85 0.07
80 NS 0.97 13.90 NS 0.76 0.06
100 NS 0.98 17.74 NS —4.15 0.04
SM 40 NS 0.94 6.40 NS 0.90 0.05
60 NS 0.87 11.33 NS 0.82 0.08
80 NS 0.85 13.23 NS 0.96 0.04
100 NS 0.84 19.33 NS 0.29 0.03
BF 40 NS 0.92 10.34 NS 0.67 0.15
60 NS 0.78 17.10 NS 0.85 0.07
80 NS 0.87 19.47 NS 0.84 0.06
100 NS 0.87 17.88 NS -0.28 0.08
GL 40 NS 0.82 20.45 NS 0.61 0.11
60 NS 0.94 15.93 NS -0.22 0.11
80 NS 0.96 18.17 NS 0.91 0.05
100 NS 0.92 25.88 NS 0.002 0.05
GM 40 NS 0.86 11.62 NS 0.28 0.10
60 NS 0.87 11.40 NS 0.35 0.07
80 NS 0.99 4.24 NS 0.76 0.05
100 NS 0.97 9.59 NS 0.79 0.08
TA 40 NS 0.82 19.60 NS 0.96 0.06
60 NS 0.74 16.27 NS 0.89 0.10
80 NS 0.91 11.78 NS 0.96 0.07
100 NS 0.79 24.33 NS 0.91 0.01

ICC, intraclass correlation coefficient; SEM, standard error measurement. Vastus lateralis (VL), vastus medialis (VM), rectus femoris (RF), semi-
membranosus (SM), biceps femoris (BF), gastrocnemius lateralis (GL), gastrocnemius medianus (GM), tibialis anterior (TA).
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Fig. 2. Time-dependent changes in root mean square (RMS) values during the two incremental cycling exercises. Results are presented as means (SD)
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60%, 80% and 100% of the time to exhaustion. For each averaged value, the variation coefficient between the subjects is indicated. Vastus lateralis
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(GM), tibialis anterior (TA).

wide variability for all the muscles studied especially for
the lower intensities of the incremental tests (Fig. 2).

The Bland and Altman procedure confirmed the re-
sults reported by ICC, and SEM, that is for absolute
RMS values a good reliability in seven of the eight mus-
cles investigated and for normalized RMS values a weak
reliability in RF, GL and GM (at least at the onset of
exercise) (Figs. 3 and 4).

4. Discussion

To the best of our knowledge, this is the first study
which showed a high reproducibility of the activity level
of lower limb muscles during a progressive pedaling exer-
cise performed until exhaustion. However, RF muscle
seemed to be the less reproducible of the eight muscles
investigated during incremental pedaling exercise.
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Fig. 3. Bland and Altman procedures applied to normalized values recorded during the two tests. Vastus lateralis (VL), vastus medialis (VM), rectus
femoris (RF), semimembranosus (SM), biceps femoris (BF), gastrocnemius lateralis (GL), gastrocnemius medianus (GM), tibialis anterior (TA).

The results of the present study reported a good
reproducibility of the EMG activity level of various
lower limb muscles implied in pedaling between Test 1
and Test 2. Indeed, ICC values reported for absolute
and normalized RMS values were higher than the afore-
mentioned ICC references values (ICC ranged from 0.60
to 1.00), except in absolute RMS values of VL and in
normalized RMS values of RF, GL and GM. ICC was

used to express the relative reliability, while absolute
reliability required the use of SEM. The SEM was
expressed in actual units and the smaller the SEM, the
greater the reliability [2]. According to those authors,
the use of a single index was not sufficient to assess
the measurement reliability [2]. If the ICC values of
normalized RMS values were observed, there appeared
a lack of reproducibility in the majority of the muscles
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Fig. 4. Bland and Altman procedures applied to absolute values recorded during the two tests. Vastus lateralis (VL), vastus medialis (VM), rectus
femoris (RF), semimembranosus (SM), biceps femoris (BF), gastrocnemius lateralis (GL), gastrocnemius medianus (GM), tibialis anterior (TA).

studied when the subjects reached PPO. However, if
SEM values were analyzed, those values reported a good
reproducibility. This discrepancy between ICC and
SEM values were due to the fact that at the end of the
test all the subjects finished with normalized RMS
values of 90-100%, therefore, the inter-subject variance
was near or even lower than the intra-subject variance.
Thus, the ICC became close to 0 or even negative.

According to ICC and SEM analysis, the present
results reported a good reproducibility of the absolute
and normalized RMS values recorded throughout an
incremental exercise test.

Several normalization procedures for EMG values
have been used. A standardization using EMG changes
associated with a maximal voluntary isometric contrac-
tion has been reported [5,18] and strongly criticized on
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the basis of possible misinterpretation [22]. On the other
hand, standardization with respect to EMG changes
recorded at OW could lead to overestimation of
end-of-exercise activity when a given muscle was not
activated at all at the onset of exercise. In order to avoid
such misinterpretations of EMG data, RMS values were
normalized with respect to the RMS .« value recorded
during the incremental exercise as previously reported
[8,13].

Surface electromyography is commonly used for
assessment of muscular function during different types
of dynamic exercise such as cycling, running or isoki-
netic repeated contractions. To the best of our knowl-
edge, few studies have investigated the reproducibility
during dynamic exercise, especially during an incremen-
tal cycling exercise performed until exhaustion [8]. In-
deed, most of the studies related to EMG parameters
reliability referred to static exercise and reported a good
reliability of EMG parameters. Several studies showed
that during static exercise there was a good reliability
for MF and/or MPF recorded on back muscles [4,15],
vastus lateralis [19,20,24), tibialis anterior [19,20], vastus
medialis [19] or rectus femoris [14,19]. In order to assess
the reliability of the EMG parameters during a dynamic
exercise, some authors recorded these EMG parameters
during isokinetic exercise. Larsson et al. [17] investigated
the reproducibility of the MPF of the power spectrum
and RMS recorded in RF, VL and VM toward three sets
of ten maximal contractions separated by 1 h. The same
authors have recently studied the reliability of the same
EMG parameters for the VL, RF, VM and BF toward
two sets of 100 isokinetic contractions separated by 7—
8 days [16]. In these two studies, there appeared a good
reliability of the EMG parameters (MPF and RMS).
Others have also investigated the reliability of EMG
parameters and specially RMS during incremental exer-
cise [8]. Gamet et al. [8] reported a good reproducibility
of the profile of the total power spectrum (PEMG) re-
corded in RF during an incremental cycling exercise per-
formed until exhaustion. Moreover, Gollhofer et al., [9]
reported a high reliability of the amplitude of integrated
EMG recorded in GM, TA and soleus implied in stretch-
shortening cycle. Thus, on the whole our results were in
agreement with these previous studies. Furthermore, our
results showed that RMS values of the lower extremity
muscles recorded, among the most implied in pedaling
exercise, were highly reproducible in the course of an
incremental exercise test performed until exhaustion.
As shown in Fig. 2, the RMS values increased through-
out the incremental exercise in all muscles. However, RF
was the muscle which exhibited the higher variance and
seemed to be the less reproducible (Fig. 2). This phe-
nomenon could be partly attributed to kinesiological
differences, as the RF is a biarticular muscle involved
in both leg extension and thigh flexion. On the other
hand, differences in muscle fibre composition cannot

be excluded, the rectus femoris being comprised a high
percentage of fatigable fast twitch fibres [12]. In this line,
a recent studies showed a poor reproducibility of median
frequency values recorded on RF in a course of an iso-
metric exercise demonstrating a greater rate of fatigue in
this muscle [19]. This result was also in accordance with
a previous magnetic resonance imaging (MRI) and
EMG study which showed heterogeneity of RF recruit-
ment during pedaling in professional road cyclists [11].

5. Conclusion

The results of the present study revealed the good
reproducibility of the muscular activity level recorded
throughout an incremental. These results suggested that
each subject could adopt a personal muscle activation
strategy in a course of an incremental cycling exercise
but fatigue phenomenon can induce some variations in
the most fatigable muscles (RF).
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Abstract

Assessment of intra-session repeatability of muscle activation pattern is of considerable relevance for research settings, especially
when used to determine changes over time. However, the repeatability of lower limb muscles activation pattern during pedaling is
not fully established. Thus, we tested the intra-session repeatability of the activation pattern of 10 lower limb muscles during a sub-max-
imal cycling exercise.

Eleven triathletes participated to this study. The experimental session consisted in a reference sub-maximal cycling exercise (i.e. 150
W) performed before and after a 53-min simulated training session (mean power output = 200 &+ 12 W). Repeatability of EMG patterns
was assessed in terms of muscle activity level (i.e. RMS of the mean pedaling cycle and burst) and muscle activation timing (i.e. onset and
offset of the EMG burst) for the 10 following lower limb muscles: gluteus maximus (GMax), semimembranosus (SM), Biceps femoris
(BF), vastus medialis (VM), rectus femoris (RF), vastus lateralis (VL), gastrocnemius medianus (GM) and lateralis (GL), soleus
(SOL) and tibialis anterior (TA).

No significant differences concerning the muscle activation level were found between test and retest for all the muscles investigated.
Only VM, SOL and TA showed significant differences in muscle activation timing parameters. Whereas ICC and SEM values confirmed
this weak repeatability, cross-correlation coefficients suggest a good repeatability of the activation timing parameters for all the studied
muscles.

Overall, the main finding of this work is the good repeatability of the EMG pattern during pedaling both in term of muscle activity
level and muscle activation timing.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Triathletes; Reproducibility; Root mean square; Cycling; Training

1. Introduction

Surface electromyographic (EMG) techniques for non-
invasive muscle activation study are well accepted by the
research community and spreading in sport and clinical
physiology as assessment tools. The pattern of muscle acti-
vation during a specific movement and in rhythmic human
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STAPS, Laboratory “Motricity, Interactions, Performance”, JE 2438, 25
bis boulevard Guy Mollet, BP 72206, 44322 Nantes cedex 3, France. Tel.:
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E-mail address: francois.hug@univ-nantes.fr (F. Hug).

1050-6411/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.jelekin.2007.03.002

motion as pedaling can be analyzed in terms of muscle
activity level and/or muscle activation timing. Muscle
activity level is quantified with the Root Mean Square
(RMS) (Duc et al., 2006; Laplaud et al., 2006) or integrated
EMG (EMGi) values (Ericson, 1986; Jorge and Hull,
1986). Muscle activation timing is generally studied by
defining signal onset and offset times that identify the dura-
tion of EMG bursts (Jorge and Hull, 1986; Li and Cald-
well, 1998). Using these indicators, numerous studies
have described the pattern of lower limb muscles activation
during pedaling (Houtz and Fischer, 1959; Ericson, 1986;
Jorge and Hull, 1986; Lucia et al., 2004; Duc et al., 2005;
Duc et al., 2006; Hettinga et al., 2006). Some of them have
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showed changes in EMG magnitude and in temporal char-
acteristics of EMG pattern (onset, offset and/or burst dura-
tion) in response to modifications of physiological (i.e.
fatigue, exercise intensity...) or mechanical (i.e. pedaling
rate, bicycle geometry, body orientations...) constraints
(Ericson, 1986; Lucia et al., 2004; Duc et al., 2006).

Day to day reproducibility of various EMG parameters
(i.e. integrated EMG, Root Mean Square, Median fre-
quency, Mean power frequency) has been demonstrated
during static (Rainoldi et al., 1999; Dedering et al., 2000;
Falla et al., 2002; Lariviere et al., 2002) and dynamic isoki-
netic (Larsson et al., 1999; Larsson et al., 2003) exercises.
Surprisingly, assessment of the reproducibility of muscle
activation patterns during pedaling is not fully established.
Recently, Laplaud et al. (2006) showed a high reproducibil-
ity of the activity level (i.e. RMS value) of eight lower limb
muscles during progressive cycling exercise performed until
exhaustion. The major limitation of this study lies in the
fact that it only takes into account quantitative EMG vari-
ables (i.e. RMS or iEMG) without considering timing vari-
ables (i.e. onset and offset). Moreover, even if the day to
day reproducibility suggests good intra-session repeatabil-
ity, it was never been clearly established for both quantita-
tive and qualitative variables defining the EMG pattern of
the main lower limb muscles.

Assessment of intra-session repeatability of muscles acti-
vation pattern is of considerable relevance for research set-
tings, especially when used to determine changes over time
in the same subject. Even if the methodological problems
due to electrode replacement are reduced when EMG mea-
surements of a same session are compared (it is the case of
the major part of studies using EMG in cycling), the ques-
tion remains to be answered whether a personal muscle
activation strategy is adopted and maintained stable
throughout a cycling session. Houtz and Fischer (1959)
were the first to suggest a high reproducible activity pattern
during pedaling, but this pilot study enrolled only three
subjects.

The aim of this study was to test intra-session repeat-
ability of the activation pattern of 10 lower limb muscles
during a sub-maximal pedaling exercise performed at a
constant power output. Trained triathletes were tested
before and after a simulated cycling training session per-
formed at a low intensity. The EMG pattern was analyzed
both in term of muscle activity level and muscle activation
timing.

2. Materials and methods
2.1. Subjects

Eleven male triathletes whose anthropometrical and physio-
logical characteristics are presented in Table 1 volunteered to
participate to this study. They performed a cycling training vol-
ume of 6600 + 2223 km per year and had a 9 £+ 5 years of com-
petitive experience. None of them had recent or ancient pathology
of limb muscles or joints. The test procedures were explained to
the subjects before they gave their informed consent. The exper-

Table 1
Morphological and physiological characteristics of the triathletes (n = 11)
Age BM Height BMI VO,  MAP VT, VT,
(year) (kg) (cm) (mLmin~" (W) (%MAP) (%MAP)
kg™!)
Mean 31 72.7 181 22.1 623 380 57 82
SD 84 68 8 1.7 9.1 39 4 4

BM, body mass; BMI, body mass index; MAP, maximal aerobic power;
VT, and VT,, first and second ventilatory thresholds expressed in per-
centage of MAP.

imental design of the study was approved by the Ethical Com-
mittee of Saint-Germain-en-Laye (acceptance no. 06016) and was
done in accordance with the Declaration of Helsinki. All subjects
were instructed to refrain from intense physical activities during
the two days before testing and were naive concerning the nature
of the experiment.

2.2. Exercise protocol

The testing protocol consisted of two sessions conducted in the
following order: (1) an incremental cycling exercise performed
until exhaustion in order to determine the physical and physio-
logical aptitudes of our population; (2) an experimental session
consisted in a reference sub-maximal cycling exercise performed
before and after a simulated training session to assess the
repeatability of the EMG pattern of the main lower limb muscles.
This session was organized one week after the first one and both
were performed on the same electronically braked cycle ergometer
(Excalibur Sport, Lode®, Netherlands). It was equipped with
standard crank (length =170 mm) and subjects used their own
clipless pedals. Vertical and horizontal position of the saddle,
handlebar height and stem length were set to match the usual
position of the participants.

During the first visit, each subject performed an incremental
pedaling exercise, starting at 100 W with workload increments of
25 W min~!. Subjects freely chose their pedaling rate (rpm). The
incremental exercise was stopped when the power output could
not be maintained (i.e. exhaustion). Throughout this exercise trial,
a gas exchange analyser (K4B2, Cosmed®, Ttaly) computed
breath-by-breath data of VE, VO,, VCOZ, and the ventilatory
equivalents for O, (VE.VO,"') and CO, (VE.VCO;,"). According
to Reinhard et al. (1979), the first ventilatory threshold (VT)
corresponded to the time value at which VE/VOz exhibited a
systematic increase without a concomitant increase in VE / VCO,
and the second ventilatory threshold (VT,) was determined by
using the criteria of an increase in both VE/VOZ and VE/VCOZ.
Two independent observers detected VT; and VT, following the
criteria previously described. If they did not agree, the opinion of
a third investigator was included. The first power achieved when
the maximal oxygen uptake was reached (VO, ., ) was referred as
the maximal aerobic power (MAP).

During the second session, the subjects were asked, after a 10-
min warm-up at 100 W, to perform two sub-maximal 5-min
pedaling exercises at 150 W at the same constant preferred ped-
aling rate (+2 rpm) chosen at the end of the warm-up period.
These two exercises (i.e. test and retest) were separated by a
simulated trainning session of 53-min duration. It consisted on six
pedaling bouts interspersed by active recovery at 150 W. The first
three were completed at an intensity corresponding to the power
output measured at VT;+A20% of the difference between power
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output measured at VT; and VT, (VT;+A20%, 6-min duration
and 5-min recovery between bouts). The last three were performed
at an exercise intensity corresponding to the power output mea-
sured at VT, (2-min duration and 7-min recovery between bouts).
These intensities were chosen in order to simulate a non-fatigable
cycling training session.

2.3. Material and data collection

TTL rectangular pulses were delivered by the cycle ergometer
each 2°. Additional TTL rectangular pulse permitted to detect the
bottom dead centre of the right pedal (i.e. BDC: lowest position
of the right pedal with crank arm angle = 180°). These data were
digitized at a sampling rate of 2kHz (USB data acquisition
DT9800, Data translation®, USA).

Surface EMG activity was continuously recorded for the
following 10 muscles of the right lower limb: gluteus maximus
(GMax), semimembranosus (SM), Biceps femoris (BF), vastus
medialis (VM), rectus femoris (RF), vastus lateralis (VL),
gastrocnemius medianus (GM) and lateralis (GL), soleus (SOL)
and tibialis anterior (TA). A pair of surface Ag/AgCl electrodes
(Blue sensor, Ambu®, Denmark) was attached to the skin with a
2-cm inter-electrode distance. The electrodes were placed longi-
tudinally with respect to the underlying muscle fibre arrangement
and located according to the recommendations by SENIAM
(Surface  EMG for Non-Invasive Assessment of Muscles)
(Hermens et al., 2000). Prior to electrode application, the skin was
shaved and cleaned with alcohol in order to minimize impedance.
The wires connected to the electrodes were well secured with
adhesive tape to avoid movement-induced artifacts. Raw EMG
signals were pre-amplified close to the electrodes (gain 375,
bandwidth 8-500 Hz), and digitized at a sampling rate of 1 kHz
(MEG6000P16 by Mega Electronics Ltd®, Finland). BDC TTL
rectangular pulses were simultaneously digitized for further
synchronization with cycle ergometer data.

2.4. Data processing

All data were analyzed with custom written scripts (Origin
6.1, OriginLab Corporation, USA). The BDC TTL rectangular
pulses were used to synchronize cycle ergometer crank angle
and EMG data. Raw EMG data were root mean squared
(RMS) with a time averaging period of 25 ms to produce linear
envelope for each muscle activity pattern. EMG RMS was then
re-sampled in order to obtain one value each 2° of crank dis-
placement. Prior re-sampling, data were filtered with an anti-
aliasing filter which cutoff frequency was dynamically computed
according to Shannon Theorem (Shannon, 1949) (i.e. 2° TTL
pulses half mean frequency). Linear interpolation technique was
then used to obtain an EMG RMS value each degree of rota-
tion. Finally, these data were averaged over 25 consecutive
pedaling cycles in order to get representative EMG RMS linear
envelopes for each muscle, each subject and each condition (test
and retest). These values were expressed as a function of the
crank arm angle as it rotated from the highest pedal position
(0°, top dead centre: TDC) to the lowest (180°, bottom dead
centre, BDC) and back to TDC to complete a 360° crank cycle.
Fig. 1 depicts an individual example of mean EMG RMS
envelopes obtained in the 10 lower limbs muscles for test and
retest.

To quantify the muscle activity pattern, a series of classical
variables were calculated from the EMG RMS linear envelope.

The overall activity level was identified by the mean EMG RMS
magnitude over one complete cycle (i.e. 0-360°, RMS,;.) and by
the mean EMG RMS magnitude over the period of muscle acti-
vation (i.e. burst, RMSy,.). A burst of muscle activation was
defined as the muscle activity between the starting crank angle
(onset) of the higher activity phase (i.e. period where the signal
was above a threshold of 20% of the difference between peak and
baseline EMG) and the end of this phase (offset) (Li and Caldwell,
1999). The technique of cross-correlation was used to measure the
relative change in the temporal characteristics of neuromuscular
activity (Li and Caldwell, 1998; Li and Caldwell, 1999; Wren
et al., 2006). Therefore, the cross-correlation coefficients of EMG
RMS curves between test and retest for each muscle were calcu-
lated according to the equation proposed by Li and Caldwell
(1998) with a time lag equal to zero. The purpose was to estimate
the test-retest reproducibility of linear envelope patterns of the
different muscles by using this more recent approach for com-
paring signals.

2.5. Statistical analysis

All analyses were performed with the statistical package SPPS
11.0 and ORIGIN 6.1 software for Windows. Data were first
tested for normality using Kolmogorov—Smirnov test with Dallal
and Wilkinson approximation. Because the normality condition
was verified, the results are expressed as mean + standard devia-
tion (£SD). Differences were considered significant when proba-
bility (p) of a type I error was below 5%. Paired z-test was used to
evaluate possible differences in RMScycie, RMSpyrg, onset and
offset between test and retest. Intra-session repeatability of all
these variables was also assessed using different absolute and rel-
ative indices. The standard error of measurement or typical error
(SEM) was determined according to the recommendations of
Hopkins (2000) to estimate an absolute measure of reliability:
SEM = Sqirr/ V2, where Sy is the standard deviation of the dif-
ference score obtained between test and retest. For quantitative
variables such as RMS values, SEM was also expressed as a per-
centage of the grand mean (%SEM). The intra-class correlation
coefficient (ICC, ratio between intra-class variance and total var-
iance) was calculated from the formula: SEM = SD - /(1 — ICC)
and hence ICC = (SD? — SEM?)/SD?, where SD? is the average of
the between-subject variances obtained in test and retest (SD? =
0.5-SD., +0.5-SD2,,). ICC represents a relative and dimen-
sionless reliability variable. According to Sleivert and Wenger
(1994), when ICC ranged between 0.80 and 1.00 a good repeat-
ability exists, when ICC ranged between 0.60 and 0.79 a fair
repeatability exists and when ICC is less than 0.60 the repeatability
is poor. On the other hand, an ICC value above 0.80 is considered
acceptable for clinical work (Currier, 1990). Finally, as described
above, the coeflicient of cross-correlation was calculated to
examine variability in terms of both timing and shape between
pairs of EMG RMS envelopes.

3. Results
3.1. General results

Similar pedaling rate was maintained during test and
retest (86.8 £6.2 and 88.8 + 5.2 rpm, respectively) to
achieve the work rate of 150 W. The mean power output
maintained during the 53-min of simulated cycling training
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Fig. 1. Individual example of mean EMG RMS envelopes obtained in the 10 lower limbs muscles for test and retest. Test in black and retest in red. For
sake of clarity, all the curves on one panel use same arbitrary unit on vertical axes (the first and second tests are normalized to maximal EMG obtained
during the first test). TDC, top dead centre (0°); BDC, bottom dead centre (180°). (For interpretation of the references in colour in this figure legend, the
reader is referred to the web version of this article.)

Habilitation & Diriger des Recherches (2009) - Frangois HUG - page n°111



S. Dorel et al. | Journal of Electromyography and Kinesiology 18 (2008) 857-865 861

performed between test and retest was 200 + 12 W (corre-
sponded to 52 4+ 3% of MPA). In some subjects (2-8),
TA, GL and SOL displayed two distinct bursts of activa-
tion for both test and retest. In these few cases, we focused
the analysis only on the main burst (i.e. the common burst
for all the subjects). Due to the loss of signal for GMax in
one subject, statistics concerning this muscle in the follow-
ing parts were done with only 10 subjects.

3.2. Muscle activity level

No significant differences were found between test and
retest for the 10 muscles investigated. Furthermore, the val-
ues of bias measured between test and retest concerning the
RMSys¢ and RMS, . values were small for each muscle
except for GMax (Table 2). ICC and SEM analysis
reported a good repeatability for 8 of the 10 muscles
regarding RMSy,,s and for 7 of the 10 muscles regarding
RMS, e (Table 2). Overall, the activity level of both RF
and GMax muscles seemed to be less repeatable as indi-
cated by the lower ICC and higher SEM. A weak repeat-
ability of the SOL activity level was also reported for
RMScycle-

3.3. Muscle activation timing

Fig. 2 depicts the mean values of the muscle activation
timing variables obtained for both tests. Among the 10
muscles tested, only VM, SOL and TA showed significant
differences in muscle activation timing parameters (Table
3). For both VM and SOL the onset of activation occurred
later for the retest. The activity of TA lasted longer after
TDC for the retest. According to ICC and SEM analysis,
for some muscles, results reported a lesser repeatability of
onset (RF and TA) and offset (GMax, GL, BF and SOL)
values. In contrast, the cross-correlation coefficients indi-
cated a very high repeatability of the EMG activation pat-

tern for all muscles (range: 0.942-0.988, Table 4). The
lowest correlation scores were found for RF, and in a lower
extent for TA.

4. Discussion

To the best of our knowledge, it is the first study which
focuses on the repeatability of lower limb muscles activa-
tion pattern throughout a same experimental session (i.e.
intra-session repeatability). The main finding of this inves-
tigation is the high repeatability of the EMG pattern both
in terms of muscle activity level and muscle activation
timing.

4.1. Methodological considerations

Surface EMG is influenced by a number of physiological
properties such as motor unit discharge rates and muscle
membrane characteristics, as well as non-physiological
properties as electrode placement (Farina et al., 2004).
Then, day to day variation in EMG recording may be asso-
ciated with differences in electrodes re-application such as
minor changes in the position of these electrodes over the
muscles and/or differences in skin preparation (Kanka-
anpaa et al., 1998). Then, natural physiological variability
of the EMG patterns should be identified in the course of
tests performed in the same session. It is the reason why
we have tested the pattern of lower limb muscles activation
before and after a 53-min simulated training session.
Because the subjects performed only three short bouts at
both the power output corresponding to VT;+A20% and
VT, (i.e. 6 and 2 min respectively), we hypothetized that
this pedaling exercise did not induce neuromuscular fati-
gue. In this line, Perrey et al. (2003) showed that triathletes,
with a similar training status than those involved in the
present work, were able to performed a 30-min pedaling
exercise at VT,.

Table 2
Repeatability of the selected RMS measurements between test and retest
Muscles RM Sy st RMS,yc1e
Mean (SD) Bias SEM 1CC Mean (SD) Bias SEM ICC
Test (LV) Retest (uV) uv uv % Test (uV) Retest (uV) uv uv %
GMax 54.4 (25.0) 48.7 (17.0) -57 14.3 28.0 0.55 21.9 (11.6) 19.7 (8.5) -23 7.4 354 0.48
SM 84.8 (37.9) 81.5 (36.8) -33 9.8 12.0 0.93 35.1(16.2) 32.2 (14.8) -29 4.2 12.5 0.93
BF 56.8 (35.4) 53.9 (42.4) -29 11.2 20.3 0.92 27.8 (11.6) 25.5(11.3) -24 33 12.3 0.92
VM 155.3 (35.7) 160.5 (45.6) 5.2 15.3 9.7 0.86 65.2 (16.8) 66.9 (21.3) 1.7 8.0 12.1 0.83
RF 52.4 (16.4) 53.7(17.8) 1.3 10.1 19.1 0.65 27.7 (8.7) 28.8 (8.0) 1.1 5.3 18.9 0.59
VL 186.5 (44.4) 185.4 (59.9) —1.1 23.1 124 0.81 73.5(19.3) 73.9 (23.4) 0.4 8.6 11.7 0.84
GM 152.5 (80.2) 156.8 (101) 4.3 21.6 14.0 0.94 69.9 (33.0) 67.3 (42.2) -2.6 13.0 18.9 0.88
GL 112.8 (45.1) 113.4 (53.4) 0.4 13.9 11.9 0.93 59.8 (24.4) 59.7 (25.0) —0.1 6.7 11.0 0.93
SOL 91.7 (31.1) 89.2 (41.7) -2.5 14.8 16.4 0.84 39.2 (11.5) 39.1 (13.0) —0.1 79 20.2 0.58
TA 86.6 (49.9) 83.3 (51.4) -33 5.7 6.7 0.99 38.1(20.2) 39.7 (25.5) 1.6 5.9 15.2 0.93

RMSy,rst, mean RMS magnitude during the higher activity phase; RMS,.i., mean RMS magnitude for one complete cycle (from 0 to 360°). ICC, intra-
class correlation coefficient; SEM, standard error of measurement. GMax, gluteus maximus; SM, semimembranosus, BF, Biceps femoris; VM, vastus

medialis; RF, rectus femoris; VL, vastus lateralis; GM, gastrocnemius medianus; GL, gastrocnemius lateralis; SOL, soleus and TA, tibialis anterior.
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Fig. 2. Mean onset, offset and duration of higher EMG activity phase indicated by bars for the 10 muscles, displayed as a function of crank position. The
second burst observed for some muscles and some subjects are voluntary not represented. TDC, top dead centre (0°); BDC, bottom dead centre (180°).
Black bars: test; red bars: retest. **p < 0.01, *p < 0.05 significant difference between test and retest. (For interpretation of the references in colour in this

figure legend, the reader is referred to the web version of this article.)

Table 3
Repeatability of the onset and the offset of the EMG bursts between test
and retest

Table 4
Cross-correlation coefficients between EMG curves obtained for test and
retest

Muscles Onset Offset Muscles Cross-correlation coefficient (r)
p SEM (°) ICC p SEM (°) ICC Test vs. retest
GMax NS 5.6 0.84 NS 7.3 0.63 GMax 0.974
SM NS 5.2 0.98 NS 7.0 0.90 SM 0.977
BF NS 8.1 0.96 NS 12.5 0.78 BF 0.971
VM * 3.6 0.92 NS 3.5 0.88 VM 0.988
RF NS 11.9 0.93 NS 8.5 0.97 RF 0.942
VL NS 6.1 0.66 NS 6.9 0.54 VL 0.984
GM NS 7.9 0.86 NS 5.2 0.96 GM 0.981
GL NS 33 0.97 NS 13.7 —0.11 GL 0.971
SOL ok 3.7 0.92 NS 15.7 0.14 SOL 0.970
TA NS 16.1 0.59 ok 4.6 0.94 TA 0.961

Onset, Offset: starting crank angle and end crank angle of the higher
activity phase. ICC, intra-class correlation coefficient; SEM, standard
error of measurement; NS, no significant difference between test and ret-
est; ™*p <0.01. *p <0.05 significant difference between test and retest.
Mean values (SD) and bias are voluntary not depicted (see Fig. 2). GMax,
gluteus maximus; SM, semimembranosus, BF, Biceps femoris; VM, vastus
medialis; RF, rectus femoris; VL, vastus lateralis; GM, gastrocnemius
medianus; GL, gastrocnemius lateralis; SOL, soleus and TA, tibialis
anterior.

4.2. Muscle activity level

When the test-retest repeatability indices of EMG activ-
ity level for all the muscles were compared, it was interest-
ing to note there were no different trends between RMS, e
and RMSy,;s; (Table 2). Since the pilot work performed by
Houtz and Fischer (1959), only few studies have reported
the reproducibility of EMG quantitative variables during
pedaling. Bigland-Ritchie and Woods (1976) mentioned a

GMax, gluteus maximus; SM, semimembranosus, BF, Biceps femoris; VM,
vastus medialis; RF, rectus femoris; VL, vastus lateralis; GM, gastrocne-
mius medianus; GL, gastrocnemius lateralis; SOL, soleus and TA, tibialis
anterior.

high day to day reproducibility of the VL EMG amplitude
but this observation was made only in two subjects. More
recently, Gamet et al. (1996) reported a good week-to-week
reproducibility of the profile of the total power spectrum
(PEMGQG) recorded in RF during an incremental cycling
exercise performed until exhaustion. Using a similar exer-
cise protocol, Laplaud et al. (2006) demonstrated the good
reproducibility of the activity level of eight lower limb mus-
cles. Our results are in line with these studies reporting high
ICC for both RMSy. and RMSy,,s values. However, as
showed in the previous studies, RF seems to be one of
the least reproducible muscles. This phenomenon could
be partly attributed to kinesiological differences, as RF is
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a biarticular muscle involved in both leg extension and
thigh flexion. Nevertheless, GMax and to a lesser extent
SOL which are monoarticular muscles are also lesser
repeatable. Keeping in mind that GMax is weakly acti-
vated at low power outputs (Ericson, 1986), our results also
suggest an irregular recruitment of this muscle. However, it
is important to note that these results only reflect the
repeatability of surface EMG during a cycling exercise per-
formed at a sub-maximal power output (150 W). Based on
the results of the study of Laplaud et al. (2006) it remains
difficult to evidence a clearly trend of SEM values in actual
units to increase or decrease with power alteration. In the
present study, SEM was expressed in actual units and in
percentage of the grand mean (%SEM) in Table 2. Thus,
one would put forth the hypothesis that %SEM reported
here for all the muscles would be surestimated at this low
intensity (almost 40% of MAP) compared to a higher. It
could also partly explain the higher values of SEM in %
of the RMS obtained for GMax and RF in comparison
to other more activated muscles. Further studies are
required to investigate whether the repeatability indices
as a whole and particularly SEM% could be still better
for exercise performed at higher power outputs.

4.3. Muscle activation timing

To examine the pattern of muscles activation, important
variables of interest are the starting (onset) and ending (off-
set) crank angles of the EMG bursts. Despite the majority of
the 10 muscles displayed a good repeatability for these vari-
ables, three muscles showed significant differences for onset
(VM, SOL) or offset values (TA). However, as illustrated in
Fig. 2 and statistically confirmed, these small differences in
onset and offset (ranged 0.1-7.5° of crank rotation) did
not lead to any significant modifications of the burst dura-
tion whatever the muscle considered. ICC and SEM values
also showed fair and sometimes poor repeatability of the
onset and/or offset for some muscles (Table 3).

In the present study, a threshold of 20% of the peak
EMG was voluntary kept constant for all detections.
Despite this value is in accordance with the literature, some
methodological limitations remain concerning the identifi-
cation of onset and offset of the bursts. Indeed, as well
demonstrated by Li and Caldwell (1999), this identification
could be disputable with some EMG patterns and depen-
dant of the threshold level. In this line, it would be expected
a better repeatability of these variables if the threshold
value would have been visually adjusted and raised in the
cases for which threshold was considered inappropriate
(Li and Caldwell, 1998; Duc et al., 2006). Whatever the
algorithms used for onset/offset times determination
(Dankaerts et al., 2004; Morey-Klapsing et al., 2004), it
remains difficult to dissociate natural variability of the
EMG pattern and that inherent to the measurement
method of these variables. Thus, as argued by some
authors (Li and Caldwell, 1998; Li and Caldwell, 1999;
Wren et al., 2006), the recent use of the cross-correlation

could give a better objective estimation of the similarity
of muscle activity patterns between two conditions. Using
this method, we found high cross-correlation coefficients
for all the muscles suggesting a good repeatability of the
EMG pattern. Nevertheless, it is interesting to note that
the lowest correlation scores were obtained for the muscles
which also showed poor repeatability for onset and offset
values (i.e. RF, TA and SOL).

4.4. Strategies of muscles activation

It is noteworthy that stable locomotion may be achieved
despite significant variability in the muscle recruitment pat-
terns (Bernstein, 1967). In this line, we previously reported
heterogeneity of muscle recruitment pattern during pedal-
ing in a population of highly trained cyclists (Hug et al.,
2004). As mentioned in the “‘results” section, we found
high interindividual differences concerning the EMG pat-
terns for GL, TA and SOL muscles (i.e. one or two
EMG bursts during the cycle), suggesting a relative hetero-
geneity of these muscle recruitment patterns. However,
these inter-subject differences were observed in the same
way for test and retest conditions. Associated with the
good repeatability for all muscles mentioned above, it sup-
ports the hypothesis that each subject adopts a personal
muscle activation strategy in a course of a sub-maximal
pedaling exercise.

A better understanding of the fact that repeatability is
not high as expected for some muscles (GMax and RF
for instance) can be gained by placing that within the con-
text of the complexity of the muscle coordination strategies
(van Soest et al., 1993; Li and Caldwell, 1998). Based on
knowledge and hypothesis about coordination or coactiva-
tion of lower limb muscles during pedaling, recruitment
strategies of the different muscle groups as well as of the
muscles sharing the same biomechanical function are
unlimited. Therefore, small differences in the EMG pattern
could be related not only to subject-specific pedaling tech-
niques (inter-subjects variability) but also to a natural var-
iation of this strategy over time for a given subject. Fig. 3
illustrates an example of the relative compensation
appeared from test to retest condition between the activa-
tion patterns of three leg muscles composing the triceps
surae (especially between GL and SOL in this case). This
phenomenon leads to a very high repeatability of EMG pat-
tern of the equivalent ankle extensor muscle group (Ankle-
Ext, representing the sum of EMG patterns of GL, GM and
SOL) which hence confirms the great stability of the func-
tional role of these specific muscles. By extending this reflex-
ion to our entire population and to the main muscles, I[CC
and SEM values were calculated for the quantitative EMG
variables of the following muscle groups (Table 5): knee
flexors (Knee-Flex: BF+SM), knee extensors (Knee-Ext-
Tot: VL+VM+RF and Knee-Ext-Mono: VL+VM), and
ankle extensors (Ankle-Ext: GM+GL+SOL). Despite the
choice and the composition of muscles groups proposed
here cannot be considered as exhaustive and cannot take
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Fig. 3. Typical curves of RMS EMG envelope for each ankle extensor
muscle (SOL, GL, GM) for test (in black) and retest (in red) conditions.
The last graphic represents the soma of the three previous envelopes
(Ankle-Ext). All the curves used same arbitrary unit on vertical axes (the
first and second tests are normalized to maximal EMG obtained during
the first test). Note the relative compensation between the activities of
SOL and GL during the downstroke phase (45-180°) as well as during the
first part of the upstroke phase (—180 to —90°) leading to a great similarity
in the global activity pattern of the ankle extensor muscles group (Ankle-
Ext). (For interpretation of the references in colour in this figure legend,
the reader is referred to the web version of this article.)

into account all the complexity of muscle coordination, it is
interesting to note the very low values of SEM (8.1-11.6%)
and very high values of ICC (0.89-0.95) for all the muscles
groups considered. The ICC and SEM values obtained for
all muscles groups appears better than the values of each
muscle considered individually. For instance we can note
the very good value obtained for Knee-Ext-Tot (at least
equivalent to the values of Knee-Ext-Mono) while this
group included RF which showed one of the weakest
repeatability. As a whole, these results can clearly be consid-
ered as an evidence for the compensation that seems to
occur between the muscles of a same group and/or playing
the same functional role in pedaling action. Accordingly,
these results comfort the fact that recording the main lower
limbs muscles (i.e. not only one agonist-antagonist pair of
muscles per articulation) seems to be advised in future stud-

Table 5

Repeatability of the selected RMS measurements of muscle activities,
between test and retest, for the different muscles grouped in terms of their
function: knee flexors, knee extensors and ankle extensors muscles groups

Muscles Meang,rs Meancye
SEM 1CC SEM 1CC
nv % nv %
Knee-Flex 13.8 10.3 0.95 4.7 8.1 0.95
Knee-Ext-Tot 32.7 9.1 0.90 15.8 10.5 0.89
Knee-Ext-Mono 31 9.9 0.90 14.8 11.6 0.89
Ankle-Ext 32.8 10 0.94 14 9.3 0.94

Meany,; mean EMG magnitude during the higher activity phase;
Mean,yc. mean EMG magnitude for 1 cycle. ICC, intra-class correlation
coefficient; SEM, standard error of measurement (absolute value or
expressed as a percentage of the grand mean across trials). Knee-Flex:
BF+SM; Knee-Ext-Tot: VL+VM+RF; Knee-Ext-Mono: VL+VM;
Ankle-Ext: SOL+GM-+GL.

ies to give reliable information about potential modification
in muscle coordination during cycling. It would be interest-
ing in future studies to interpret the EMG patterns by also
considering the possible alteration in mechanical aspects of
the cycling task (orientation of the force on the pedals, rel-
ative compensation between the two limbs. . .).

4.5. Conclusion

The challenge of interpreting dynamic EMG is compli-
cated by variability in the data. For this reason, it is impor-
tant to recognize the natural variability associated with
these physiological signals during pedaling in order to
improve the interpretation of EMG activity. For instance,
the knowledge about this EMG patterns repeatability may
help for the interpretation of the numerous studies which
focused on the changes of EMG burst duration and/or
muscle activation timing in response to physiological (i.e.
fatigue, exercise intensity) or mechanical (i.e. pedaling rate,
bicycle geometry, body orientations...) constraints. It
could be considered extending this study to spectral indices
of the EMG signals.
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Abstract The aim of this study was to determine whether
high inter-individual variability of the electromyographic
(EMG) patterns during pedaling is accompanied by vari-
ability in the pedal force application patterns. Eleven male
experienced cyclists were tested at two submaximal power
outputs (150 and 250 W). Pedal force components (effec-
tive and total forces) and index of mechanical effectiveness
were measured continuously using instrumented pedals and
were synchronized with surface electromyography signals
measured in ten lower limb muscles. The intersubject var-
iability of EMG and mechanical patterns was assessed using
standard deviation, mean deviation, variance ratio and
coefficient of cross-correlation (Ry, with lag time = 0). The
results demonstrated a high intersubject variability of EMG
patterns at both exercise intensities for biarticular muscles
as a whole (and especially for Gastrocnemius lateralis and
Rectus femoris) and for one monoarticular muscle (Tibialis
anterior). However, this heterogeneity of EMG patterns is
not accompanied by a so high intersubject variability in
pedal force application patterns. A very low variability in
the three mechanical profiles (effective force, total force
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and index of mechanical effectiveness) was obtained in the
propulsive downstroke phase, although a greater variability
in these mechanical patterns was found during upstroke and
around the top dead center, and at 250 W when compared to
150 W. Overall, these results provide additional evidence
for redundancy in the neuromuscular system.

Keywords Pedaling - Heterogeneity - Mechanical -
Electromyography - Muscle - Redundancy

Introduction

Variability in human movement has been the focus of
numerous studies across multiple disciplines within the
movement sciences. It is well documented that the nervous
system has multiple ways of accomplishing a given motor
task (Bernstein 1967). At the muscle level, there are mul-
tiple synergists as well as various combinations of agonist/
antagonists that can contribute to the same end-effector
trajectory and force pattern (van Bolhuis and Gielen 1999).
This motor redundancy suggests that the nervous system
could use different muscle activation patterns for a given
movement.

Cycling task represents a typical multijoint movement
characterized by several degrees of freedom. In contrast with
other movements, the constant circular trajectory of the
pedal constrains lower extremity displacement. Despite that,
some studies have reported a high variability of electro-
myographic (EMG) patterns even when in trained cyclists
(Ryan and Gregor 1992; Hug et al. 2004). Ryan and Gregor
(1992) showed two distinct EMG patterns for the biceps
femoris muscle within a population of 18 experienced
cyclists (no other details about the training status of the
subjects were mentioned). This study also pointed out
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interindividual differences of the EMG patterns of ten lower
limb muscles, especially apparent for biarticular muscles
compared to monoarticular ones. Using two complementary
techniques (surface EMG and functional magnetic reso-
nance imaging) and using only quantitative analysis (i.e.,
mean RMS values across seven crank revolutions), Hug et al.
(2004) confirmed these results showing that the high degree
of expertise of professional road cyclists is not linked to the
production of a common activation pattern of lower limb
muscles. Striking differences in the level of activation
among these expert cyclists were also observed for biartic-
ular muscles: rectus femoris and semimembranosus.

From a mechanical standpoint, it is interesting to note
that, for a given power output—pedaling rate combination,
the effective force (or torque) profile as a function of the
crank angle appears to be stereotypical (Gregor et al. 1985;
van Ingen Schenau et al. 1992; Sanderson et al. 2000). On
the other hand, it has been suggested that substantial dif-
ferences exist between subjects regarding their power
generation techniques (Gregor et al. 1991). To characterize
the biomechanics of force application, it is important to note
that the effective force (i.e., that which acts perpendicular to
the bicycle crank and thus drives the crank around in its
circle) represents only one component of the total force
produced at the shoe/pedal interface. On the sagittal plane, a
second ineffective component of the resultant force acts
along the crank, and thus performs no useful external work
(Fig. 1, Hull and Davis 1981). Instrumented pedals devel-
oped since 1970s (Dal Monte et al. 1973) offer the
possibility of determining both components and allow the
index of mechanical effectiveness (IE), defined as the ratio
of the effective force to the total force exerted by the foot on
the pedal (LaFortune and Cavanagh 1983), to be calculated.
However, there is a lack of information concerning the in-
tersubject variability of the index of mechanical

direction of
rotation

Fig. 1 Representation of the various forces applied on the pedal on a
sagittal plane. Total force (F,,) produced at the shoe/pedal interface is
decomposed into two components: a effective force (Fegr) acts
perpendicular to the bicycle crank and thus drives the crank around in
its circle; b ineffective component (F) acts along the crank, and thus
performs no useful external work. Fr and Fy, tangential and normal
components of Fy, on the pedal

@ Springer

effectiveness and total resultant force throughout the cycle.
Finally, to our knowledge, no previous study has focused on
the putative interindividual differences in all of these
mechanical profiles as well as on the EMG patterns of the
main lower limb muscles in the same population.

Thus, the purpose of the present study was to determine
whether the relatively high interindividual variability in
EMG patterns during pedaling is accompanied by variability
in the pedal force application patterns. It was hypothesized
that, in a population of trained cyclists, forces and IE profiles
would exhibit a lower intersubject variability compared to
EMG patterns. Cyclists were tested at two submaximal
power outputs (i.e., 150 and 250 W). Pedal force compo-
nents were measured continuously using instrumented
pedals and were then synchronized with surface electromy-
ography signals measured in ten lower limb muscles.

Methods
Subjects

Eleven male experienced cyclists whose anthropometrical
and physiological characteristics are presented in Table 1
volunteered to participate in this study. The subjects had
8.5 £ 3 years of competitive experience. During the last
season before the experimentation, they have covered an
average of 14,000 £ 4,333 km. None of them had recent
or ancient pathology of lower limb muscles or joints. They
were informed of the possible risk and discomfort associ-
ated with the experimental procedures before they gave
their written consent to participate. The experimental
design of the study was approved by the Ethical Committee
of Saint-Germain-en-Laye (acceptance no. 06016) and was
done in accordance with the Declaration of Helsinki.

Exercise protocol

The testing protocol consisted of two sessions conducted in
the following order: (1) incremental cycling exercise

Table 1 Anthropometric and physical characteristics of the subjects

Mean + SD CvV
Age (years) 20.5 £ 34 0.166
Height (cm) 180.6 + 5.9 0.033
Body mass (kg) 68.5 £ 6.6 0.096
BMI (kg m™?) 21.0 + 2.1 0.100
VO, max (mL min~" kg™") 67.1 £92 0.137
MPT (Watts) 410.9 + 30.1 0.073
MAP (Watts) 391.0 £ 22.3 0.057

BMI body mass index, CV Coefficient of variation_, MPT maximal
power tolerated, MAP maximal aerobic power, VO, maximal
oxygen uptake

Habilitation a Diriger des Recherches (2009) - Frangois HUG - page n°118



Eur J Appl Physiol (2008) 104:667-678

669

performed until exhaustion to characterize the population
in terms of physical and physiological capacities; (2)
experimental session consisting of two submaximal ped-
aling exercises.

During the first visit, in the 2 weeks preceding the
experimental session, each subject performed an incre-
mental cycling exercise (workload increments of
25 W min_l; starting at 100 W) during which the usual
respiratory and ventilatory parameters were measured
breath-by-breath (K4B2, Cosmed®, Italy). The first power
output achieved when the maximal oxygen uptake was
reached (VOQmax) was referred as the maximal aerobic
power (MAP). Maximal power tolerated (MPT) was
referred as the last stage entirely completed.

During the second session, subjects were asked, after a
10 min warm-up at 100 W, to pedal at 150 W for 6 min.
This bout was immediately followed by a second one
performed at 250 W for 3 min. Because of the training
status of the subjects, the low workload level (i.e., 150 and
250 W representing about 38 and 63% of MAP, respec-
tively) and the short duration of the exercises, this protocol
was considered as nonfatiguing. For each of these two
intensities, subjects were asked to keep a constant pedaling
rate fixed at 95 rpm (&£5 rpm). This value was chosen,
because it represents the mean pedaling rate
(94.6 £ 4.2 rpm) freely adopted by the subjects at the end
of the warm-up of the incremental cycling exercise. One
among the twelve cyclists (initially enrolled in the study)
has not been included in this second session due to his
higher pedaling rate (>2 SD from the mean). Surface
electromyography and mechanical parameters were con-
tinuously recorded during this experimental session.

Material and data collection

Subjects exercised on an electronically braked cycle
ergometer (Excalibur Sport, Lode®, Netherlands) equipped
with standard crank (length = 170 mm) and with instru-
mented pedals described below. During both sessions,
vertical and horizontal positions of the saddle, handlebar
height and stem length were set to match the usual racing
position of the participants (i.e., dropped posture).

A pedal dynamometer specifically designed for pedaling
load measurements by VéEIUS group (Department of
Mechanical Engineering, Sherbrooke University, Canada)
was used to collect mechanical data. The instrumented pedal
is compatible with LOOK CX7 clipless pedal using LOOK
Delta cleat. The sagittal plane components of the total
reaction force (F,) applied at the shoe/pedal interface were
measured by using a series of eight strain gauges located
within each pedal. F,, was calculated from the measured
Cartesian components (Fr, Fy) corresponding for the pedal
to the horizontal forward and vertical upward forces,

respectively (Fig. 1). Static calibration was performed by
applying sequentially three degrees of freedom force and
moment loads to measure the direct sensitivity (Fr and Fy)
and both the calibratable and noncalibratable cross-sensi-
tivity (Rowe et al. 1998). The maximum nonlinearity for
both measured components is less than 0.4% full scale (FS)
and the maximum hysteresis is less than 0.8% FS. Calibra-
tion revealed an error less than 0.7% FS when only the
measured force components were applied. Application of
unmeasured load components created an error less than 0.8%
FS. An optical encoder with a resolution of 0.4° mounted on
the pedal measured pedal angle (f3) with respect to the crank
orientation. A zero adjustment for both components of force
and pedal angle was done before each session. The crank
angle (0) was calculated based on TTL pulses delivered each
2° by the cycle ergometer. Additional TTL pulse permitted to
detect the bottom dead center of the right pedal (i.e., BDC:
lowest position of the right pedal with crank arm
angle = 180°). All these data were digitized at a sampling
rate of 2 kHz (USB data acquisition, ISAAC instrurnents®,
Québec, Canada) and stored on a computer.

Surface EMG activity was continuously recorded for the
following ten muscles of the right lower limb: gluteus
maximus (GMax), semimembranosus (SM), biceps femoris
(BF), vastus medialis (VM), rectus femoris (RF), vastus
lateralis (VL), gastrocnemius medialis (GM) and lateralis
(GL), soleus (SOL) and tibialis anterior (TA). A pair of
surface Ag/AgCl electrodes (Blue sensor, Ambu®, Den-
mark) was attached to the skin with a 2 cm interelectrode
distance. The electrodes were placed longitudinally with
respect to the underlying muscle fibers arrangement and
located according to the recommendations by SENIAM
(Surface EMG for Non-Invasive Assessment of Muscles)
(Hermens et al. 2000). Prior to electrode application, the skin
was shaved and cleaned with alcohol to minimize imped-
ance. The wires connected to the electrodes were well
secured with adhesive tape to avoid movement-induced
artifacts. Raw EMG signals were preamplified close to the
electrodes (gain 375, bandwidth 8-500 Hz), and simulta-
neously digitized with BDC TTL pulses at a sampling rate of
1 kHz (ME6000P16, Mega Electronics Ltd®, Finland).

Data processing

All data were analyzed with two custom-written scripts
(Matlab, MathWorks®, USA, for mechanical data; and
Origin 6.1, OriginLab Corporation®, USA, for EMG data
and final processing). All mechanical data were smoothed
by a 10 Hz third-order Butterworth low pass filter. Based on
components Fy and Fr and pedal angle (f3), F,, was cal-
culated by trigonometry and resolved into two components:
one orthogonal to the crank (effective force Fee) and
another along the crank (ineffective force Fi). Instantaneous
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index of mechanical effectiveness (IE) was determined as
the ratio of the effective force to the total applied force at
each point in the pedaling cycle (Sanderson 1991; Sander-
son and Black 2003). A high pass filter (20 Hz) was applied
on the EMG signals (Chart 5.4, AD instruments®, Hasting,
UK) to diminish movement artifacts. EMG data were root-
mean-squared (RMS) over a 25 ms moving window to
produce linear envelope for each muscle activity pattern.
The BDC TTL pulses were used to synchronize EMG
and mechanical signals of the right pedal. According to the
procedure previously described (Dorel et al. 2008a, b), all
data were smoothed, resampled (one value each one
degree) and averaged over 30 consecutive pedaling cycles
to get a representative mechanical profile (pedal forces and
IE) and EMG RMS linear envelope for each muscle, each
subject and each condition (i.e., 150 and 250 W). These
values were expressed as a function of the crank arm angle
as it rotated from the highest pedal position (0°, top dead
center, TDC) to the lowest (180°, bottom dead center,
BDC) and back to TDC to complete a 360° crank cycle.
Except for the index of effectiveness (which is already
expressed as a percentage), all the mechanical and EMG
patterns were then normalized to the mean value calculated
over the complete pedaling cycle as advised by various
authors (Yang and Winter 1984; Shiavi et al. 1986, 1987,
Burden et al. 2003). Finally, mean ensemble curves of
EMG and mechanical patterns were calculated over the 11
subjects from these individual normalized patterns.

Assessment of interindividual variability

Measurements of the standard deviation (SD) of the mean
ensemble curves have been used to define the amount of
interindividual variability of the EMG and mechanical
patterns as previously done for other locomotive patterns
(Winter and Yack 1987; Ryan and Gregor 1992; Dingwell
et al. 1999). The larger the distance between the
mean + SD curve and the mean curve, the greater the
variability in the EMG/mechanical pattern. Variability
among subjects was also estimated calculating mean
deviation (MD, Eq. 1) and variance ratio (VR, Eq. 2) over
the complete cycle according to the following equations:

k
MD:% (1)

Zzlzjl /k”_l
VR = (2)
leZjl(U )/(kl’l—l)

ZX where k is the number of intervals over

with X =

t:l
the pedaling cycle (i.e., 360), n is the number of partici-
pants (i.e., 11), X; is the mean of the normalized EMG/
mechanical values obtained at the ith interval calculated
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over the eleven participants, o; is the standard deviation of
the normalized EMG/mechanical values about X; and X is
the normalized EMG/mechanical value at the ith interval
for the jth participant.

In addition to MD, VR has been recently reported as an
alternative interesting index for assessing intrasubject and
intersubject variability (Burden et al. 2003; Rouffet and
Hautier 2007). The lower the MD and VR values are, the
lesser the variability in the EMG/mechanical patterns is.

In addition to this overall analysis, one of these indexes
(i.e., VR) was also calculated for four functional angular
sectors over the entire pedaling cycle (by adjusting the k
value) to identify regions of greatest variability. For
mechanical data, the following sectors were chosen: sector
1 represented 330°-30°; sector 2, 30°-150°; sector 3, 150°—
210°; sector 4, 210°-330° (Fig. 2). From a functional point,
sectors 1 and 3 correspond, respectively, to the top and
bottom dead centers; sectors 2 and 4 correspond, respec-
tively, to the main propulsive and recovery phases.
Assuming a relatively constant delay (called electrome-
chanical delay, EMD) of 50 ms (Cavanagh and Komi
1979) between the electrical event (i.e., EMG activity) and
the related mechanical output (i.e., force), the angular
sectors used for EMG data were shifted 28° earlier (i.e., the
crank angular displacement due to EMD at 95 rpm): sector
1 represented 302°-2°; sector 2, 2°-122°; sector 3, 122°—
182°; sector 4, 182°-302° (Fig. 2). This shift for EMG data
due to the EMD permits to compare the same functional
sectors between EMG and mechanical data as recom-
mended by Vos et al. (1990).

Cross-correlation has been used as a method for objec-
tively comparing the timing and shape of two EMG or
mechanical patterns (Li and Caldwell 1999; Wren et al.
2006; Dorel et al. 2008a, b). The coefficient of cross-cor-
relation (Rg, with lag time = 0) was determined for each

210°

182° 150°°

Fig. 2 Representation of the different angular sectors used for EMG
(a) and mechanical (b) analysis. To compare the same (or approx-
imatively the same) functional sectors between EMG and mechanical
data, angular sectors used for EMG take into account an electrome-
chanical delay (i.e., 50 ms)
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pair of individual EMG patterns obtained for a given
muscle and each pair of mechanical curves (i.e., number of
combination: ,C, = 1;C, = 55). Thus, in the perspective
to characterize interindividual variability, a mean cross-
correlation coefficient was calculated (R, average of the 55
values) for each muscle and each mechanical variable (i.e.,
effective force, total force and index of mechanical effec-
tiveness). Changing the magnitude of the curves without
changing their shape does not affect Ry Higher Ry values
indicated less variability in the shape and timing of the

Fig. 3 RMS EMG envelope for
ten lower limb muscles obtained
during pedaling at 150 W. Each
profile represents the mean
(solid line) and the

mean + standard deviation
(broken line) obtained from
averaging individual data across 1
30 consecutive pedaling cycle,

150 Watts

8 8 8 8

$

o

EMG/mechanical patterns (e.g., Ry = 1 means that curves
would exhibit exactly the same shape and timing).

Results

Average (£SD) EMG patterns for the ten muscles investi-
gated are depicted in Figs. 3 and 4 (150 and 250 W,
respectively). High interindividual variability is evident,
especially for two biarticular muscles (GL and RF) and one
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Fig. 4 RMS EMG envelope for 250 Watts
ten lower limb muscles obtained 1 TA ] SoL
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monoarticular muscle (TA). Overall, this result is confirmed
by the lowest Ry and highest MD and VR for these three
muscles (Fig. 5). Figure 6 depicts an exemple of two dif-
ferent patterns found in TA. Medium variability appeared for
the three other biarticular muscles (BF, SM and GM). In
contrast, low interindividual variability was found for the
four monoarticular muscles (GMax, SOL, VL, VM) for
which lower MD and VR and higher R, values were
observed. Detailed analysis for the different sectors descri-
bed in Table 2 confirmed the high variability of RF and TA
during their period of higher activity (i.e., sectors 1 and 2).
With the exception of these muscles and to a lesser extent BF,
the interindividual variability in sector 2 was relatively low

@ Springer

for all other muscles and especially for GMax, SOL, VL and
VM, which were greatly activated during this period. GL and
BF depicted a non-negligible variability in sector 3 (i.e.,
during higher activity period) and also in sector 4. The other
muscles, which were activated to some extent in sector 4,
also exhibited a medium (GM, GL, RF) to high (SOL, TA)
interindividual variability.

Average (£SD) effective force, total force and IE pro-
files are depicted in Fig. 7. As shown in Table 3, the
ensemble-averaged mechanical profiles show lower vari-
ability than EMG patterns as confirmed by lower MD
(ranging from 7.7 to 33.3%), lower VR (ranging from
0.017 to 0.088) and higher Ry (ranging from 0.922 to
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0.988). A very low VR value (0-0.086) for the three
mechanical profiles (Fes, Fyo and IE) was obtained in
sector 2 corresponding to the propulsive downstroke phase
(Table 4). F.¢ was also very stable in sector 3 and became
more variable in sector 4 and to a lesser extent in sector 1.
F o presented medium interindividual variability during the
three other sectors (especially in sector 3). In addition to
the sector 2, IE also exhibited a very low to negligible
interindividual variability in sectors 3 and 4. In contrast, a
medium variability was apparent in sector 1.

Discussion

This is the first study to report on both EMG and pedal
force variability in the same trained population. It shows
high intersubject variability of EMG patterns at both
exercise intensities (i.e., 150 and 250 W) for biarticular
muscles as a whole (and specifically for GL and RF) and
for one monoarticular muscle (TA). However, this heter-
ogeneity of EMG patterns is not accompanied by a so high
intersubject variability of pedal force application patterns.

Methodological aspects

EMG patterns of lower limb muscles during pedaling can be
influenced by numerous factors such as power output,

pedaling rate, body position, shoe—pedal interface and
training status (for a review, see Hug and Dorel 2008). For
this reason, all of these parameters were standardized. To
allow appropriate comparisons between individuals, EMG
patterns were normalized with respect to the mean value
calculated over the complete cycle in line with numerous
previous studies focusing on gait analysis (Winter and Yack
1987; Burden et al. 2003). However, it should be noted that
this normalization procedure only provides information
about the level of muscle activity in relation to the average
activity over the pedaling cycle (i.e., shape of the EMG
pattern). Thus, in contrast with methods referring to the
isometric maximal voluntary contraction or the force—
velocity test, this procedure does not allow to provide
information on the absolute level of muscle activity required
during pedaling. As these latter methods remain criticized on
the basis of possible misinterpretations (Mirka 1991), the
present study focused only on the intersubject variability in
the shape and timing of EMG patterns over the pedaling
cycle, in the same way as previous studies (Ryan and Gregor
1992; van Ingen Schenau et al. 1992; Chapman et al., 2007).
Obviously, it would not seem appropriate to designate EMG
variability as “high” in a muscle that is essentially not active
at all. However, all the ten muscles recorded in this study
showed a distinct phasic activity (Fig. 3) and were chosen for
their role in the pedaling task as previously shown by various
authors (Ericson 1986; Shan 2008).
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Fig. 6 Example of two different patterns observed for the tibialis
anterior muscle. Each profile represents the mean obtained from
averaging individual data across 30 consecutive pedaling cycles,
normalizing to the mean RMS calculated over the complete pedaling
cycle

Traditionally, the coefficient of variation (CV) allows
the variability of a data set with a larger mean and a larger
standard deviation to be compared with the variability of a
data set with a smaller mean and associated with a smaller
standard deviation (Ryan and Gregor 1992; Hug et al.
2004). However, CV is influenced greatly by the mean
EMG value (i.e., denominator of CV formula) and could be
overestimated in the sectors in which the muscle is not
activated or is weak (e.g., between 180° and 300° for VL).
For this reason, we chose to calculate MD and the variance
ratio as recently proposed by Burden et al. (2003). The
cross-correlation coefficient (with lag time = 0) were also
calculated to compare the shape and timing of the indi-
vidual EMG patterns as recently suggested by Wren et al.
(2006). In the present study, this latter index was originally
used to determine a robust mean cross correlation value
(Ry) considering all possible trial pairs to assess the in-
tersubject variability. Finally, the advantage of this method
was to be insensitive to signal amplitude and hence to
provide a coefficient unaffected by this normalization
procedure.

@ Springer

EMG patterns

Since considerable discussion is possible in view of the
detailed EMG profiles depicted in Figs. 3 and 4, only major
results will be discussed. A recent study (Dorel et al.
2008b) aimed to assess intrasession repeatability of EMG
curves for ten lower limb muscles between two submaxi-
mal pedaling exercises (workload fixed at 150 W)
performed before and after a 53-min simulated training
session. Coefficients of cross-correlation ranging from
0.942 to 0.988 were reported. Interestingly, in the present
study, for each muscle, at both 150 and 250 W, the cal-
culated coefficient of cross-correlation (Fig. 5) is lower
than those reported by Dorel et al. (2008b) suggesting that
intersubject variability is higher than intrasession vari-
ability. However, it is noteworthy that muscles exhibiting
the greater intersubject variability are the same as those
exhibiting greater intraindividual variability.

Few studies have previously focused on heterogeneity of
lower limb EMG patterns during pedaling (Ryan and
Gregor 1992; Hug et al. 2004). Hug et al. (2004) did not
report EMG profiles in respect to the crank cycle. In con-
trast, Ryan and Gregor (1992) depicted EMG profiles in ten
lower limb muscles but did not provide a precise descrip-
tion of the training/physiological status of the subjects.
Overall, our results are in accordance with those previously
reported (Ryan and Gregor 1992; Hug et al. 2004) showing
a high variability for biarticular muscles, especially for RF
and GL. However, in contrast to Hug et al. (2004), we also
reported a high variability for TA. This discrepancy could
be explained by the fact that Hug et al. (2004) only
reported information about the EMG activity level with
respect to the crank cycle (they did not report EMG pat-
terns). Thus, it could be hypothesized that TA variability is
mainly linked to differences in shape and timing of the
individual EMG patterns. In support of this idea, Ryan and
Gregor (1992) reported and discussed three separate TA
patterns. We also found highly different individual patterns
for this muscle as shown in the example depicted in Fig. 6.

Our results confirmed that the EMG patterns of mon-
oarticular muscles (with the exception of TA) are less
variable: VL and VM are the lowest variable muscles at
150 W, while GMax is the lowest variable muscle at
250 W. It confirms that the GMax activity would be greatly
influenced by workload level as suggested by Ericson
(1986). The low variability of these monoarticular muscles
could be explained by their role as primary power pro-
ducers during pedaling (van Ingen Schenau et al. 1992). In
contrast, according to the theory proposed by these authors,
biarticular muscles appear to be active to transfer energy
between joints at critical times in the pedaling cycle and to
control the direction of force production. Thus, this high
interindividual variability of EMG patterns reported in
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Table 2 Inter-individual variability of EMG RMS patterns at four angular sectors for the ten muscles at both exercise intensities [(a) 150 W and
(b) 250 W]

TA SOL GL GM VL RF VM BF SM GMax
(a) 150 W

VR sector 1 0.966 - - - 0.353 1.358 0.470 - - 0.684
VR sector 2 0.620 0.244 0318 0.166 0.283 0.862 0.222 0.546 0.358 0.341
VR sector 3 0.900 0.430 0.551 0.397 - - 0.547 0.356 -
VR sector 4 0.871 0.525 0.667 0.565 - 0.744 - 0.576 - -

(b) 250 W

VR sector 1 0.952 - - - 0.305 1.363 0.453 - - -
VR sector 2 0.537 0.242 0.309 0.189 0.384 0.822 0308 0.459 0.443 0.185
VR sector 3 0.768 0.507 0.548 0.391 - - - 0.673 0.382 -
VR sector 4 0.864 1.089 0.615 0.578 - 0.582 - 0.521 0.666 -

Omitted values appear when the mean activity over a sector was considered as negligible (i.e., <10% of the maximal activity over the complete
cycle)

VR variance ratio, GMax gluteus maximus, SM semimembranosus, BF biceps femoris, VM vastus medialis, RF rectus femoris, VL vastus
lateralis, GM gastrocnemius medialis, GL gastrocnemius lateralis, SOL soleus, TA tibialis anterior
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biarticular muscles in the present study appeared to support ~ segments of these muscles would lead to more variance.
the contention suggested by these authors that the role of  Note that the ankle is not considered as a major power-
“fine tuning” the system and distributing energy among the = producing joint and TA has been proposed to enhance
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ankle function in transmitting power to the crank (Ryan
and Gregor 1992); therefore, this could explain the high
variability found in this monoarticular muscle. Overall and
consistent with the theory of van Ingen Schenau et al.
(1992), one may wonder whether high interindividual
variability of the EMG patterns reported in biarticular
muscles could be linked to a variability in the direction of
force vector on the pedals, and thus maybe to a heteroge-
neity of the mechanical effectiveness.

Pedal force profiles

To the best of our knowledge, this is the first study to focus
on intersubject variability in pedal effective force, total
force and IE profiles. Our results suggest a low intersubject
variability corresponding with high cross-correlation
coefficients and relatively low MD and VR values for Fey,
F« and IE profiles computed across the whole pedaling
cycle (Table 3). Detailed analysis of the different sectors
highlights the consistency in all the pedal mechanical
variables during the major propulsive phase (sector 2). In
the same way, the next part of the cycle (sector 3: BDC) is
also consistent regarding F¢ and IE even if the Fi, dem-
onstrated high variability. An important finding is the great
variability in Fe¢ and Fi,, during the upstroke phase (sector
4) supporting the assumption that effective force profiles
for this period appear as individual like fingerprints for
each subject (Kautz et al. 1991). This variability was also
evident, although to a lesser extent, for Fg and Fi, in the
last sector (sector 1: TDC) and was associated with high
variability in IE. Finally, our results show a greater vari-
ability in the pedaling technique at 250 W compared to
150 W (i.e., higher IE variability on the complete cycle,
Table 3, Fig. 7; higher variability of F¢ and IE in sectors 1
and 4, Table 4). This result supports the hypothesis that a
greater power output could lead to an increased variability
specifically during the upstroke and TDC phases (Sander-
son 1991).

EMG versus pedal force variability

Consistency in the pedal mechanical variables during sec-
tor 2 is in strong agreement with the fact that this sector is
characterized by a low variability in EMG activation pat-
terns especially obtained for the main power producer
muscles (VL, VM, GMax). The relative variability in
sectors 1 and 4 can also be interpreted in the context of the
EMG results. Indeed, it is interesting to note that sector 1 is
characterized by highest variability in both EMG and
mechanical patterns. The most probable explanation would
be the link around the TDC between the activation strategy
of TA and RF muscles and the ability of subjects to
effectively orientate the force and hence produce a high
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Table 3 Inter-individual variability of complete cycle effective force
(Fegp), total force (Fy,) and index of mechanical effectiveness (IE)
profiles at both exercise intensities [(a) 150 W and (b) 250 W]

Fegr Fiot IE

(a) 150 W

MD (%) 30.3 12.2 7.7
VR 0.017 0.047 0.037
Ro 0.988 0.987 0.962
(b) 250 W

MD (%) 23.6 15.3 12.4
VR 0.019 0.059 0.088
Ro 0.987 0.982 0.922

MD mean deviation, VR variance ratio, R, cross-correlation

coefficient

Table 4 Inter-individual variability of effective force (Feg), total
force (F,) and index of mechanical effectiveness (IE) profiles at four
angular sectors at both exercise intensities [(a) 150 W and (b) 250 W]

Fogp Fiot IE

(a) 150 W

VR sector 1 0.197 0.359 0.243
VR sector 2 0.071 0.063 0.000
VR sector 3 0.064 0.547 0.005
VR sector 4 0.444 0.204 0.002
(b) 250 W

VR sector 1 0.291 0.243 0.253
VR sector 2 0.058 0.086 0.000
VR sector 3 0.059 0.556 0.007
VR sector 4 0.699 0.366 0.036

VR variance ratio

F.ir in this specific part of the cycle. The relationship is
however less consistent around BDC (i.e., medium to high
variability of BF, GL and TA versus negligible variability
of Fer and IE). Additionally, to attribute the great vari-
ability in mechanical parameters during the upstroke phase
to the variability in EMG remains debatable when con-
sidering the very low global muscle activity level during
this period. Furthermore, the functional role of the muscles,
which are slightly activated during this sector, remains to
be elucidated. As a whole, the relative variability in sectors
1 and 4, when the level of force is low, seems not to have a
great impact on the intersubject variability calculated
across the whole cycle. However, the implications of such
variations should not be ignored in the context of long
duration cycling exercises.

The difference in variability between pedal force and
EMG (i.e., low variability of the mechanical variables
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compared to EMG) could be explained by the fact that the
musculoskeletal system has the characteristics of a low-
pass filter. Although the myoelectrical signal has fre-
quency components over 100 Hz, the force signal is of
much lower frequencies (i.e., muscle force profiles are
smoother than raw EMG profiles). There are many
mechanisms that may cause this filtering, like excitation—
contraction coupling and muscle/tendon viscoelasticity.
However, for the EMG signal to be correlated with the
muscle force, and as recommended by various authors
(Buchanan et al. 2004), we used an EMG processing that
permits to filter out the high-frequency components. Even
if it is not possible to be sure that the filtering is suffi-
cient, we think that the more plausible explanation for the
difference in variability between pedal force and EMG is
the redundancy of the neuromuscular system. In fact,
lower limbs have more muscles than joints such that the
same pedal force profile can be produced by various
lower limb muscle patterns. Associated with the repro-
ducibility of the EMG patterns during pedaling showed by
Dorel et al. (2008b), our result suggests that each cyclist
adopts a stable personal muscle activation strategy.
However, some questions remain to be answered: how a
muscle coordination pattern is selected from a large pool
of valid alternatives? Is there an optimal coordination
pattern or do the cyclists adopt their personal optimal
coordination pattern?

Conclusion

This study shows high intersubject variability of EMG
patterns at both exercise intensities (i.e., 150 and 250 W),
especially for biarticular muscles. It suggests that despite
their high and homogeneous level of expertise, cyclists
adopt a personal muscle activation strategy during pedal-
ing. However, this heterogeneity of EMG patterns is not
accompanied by a so high intersubject variability in pedal
force application patterns. Even if variability in EMG
patterns is in line with the slight variability of the
mechanical parameters observed during the upstroke phase
and around the top dead center, the results of this work
highlight that the flexibility at the muscle level as a whole
is greater than that seen in the net effective torque that
muscles induce at the level of the crank. Overall, these
results provide additional evidence for redundancy in the
neuromuscular system: the neuromuscular system has
multiple ways of accomplishing a given motor task.
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ABSTRACT

DOREL, S., J.-M. DROUET, A. COUTURIER, Y. CHAMPOUX, and F. HUG. Changes of Pedaling Technique and Muscle
Coordination during an Exhaustive Exercise. Med. Sci. Sports Exerc., Vol. 41, No. 6, pp. 1277-1286, 2009. Purpose: Alterations of the
mechanical patterns during an exhaustive pedaling exercise have been previously shown. We designed the present study to test the
hypothesis that these alterations in the biomechanics of pedaling, which occur during exhaustive exercise, are linked to changes in
the activity patterns of lower limb muscles. Methods: Ten well-trained cyclists were tested during a limited time to exhaustion,
performing 80% of maximal power tolerated. Pedal force components were measured continuously using instrumented pedals and were
synchronized with surface EMG signals measured in 10 lower limb muscles. Results: The results confirmed most of the alterations of
the mechanical patterns previously described in the literature. The magnitude of the root mean squared of the EMG during the complete
cycle (RMS.yc) for tibialis anterior and gastrocnemius medialis decreased significantly (P < 0.05) from 85% and 75% of Tjpy,
respectively. A higher RMS,,. was obtained for gluteus maximus (P < 0.01) and biceps femoris (P < 0.05) from 75% of Tjm. The
k values that resulted from the cross-correlation technique indicated that the activities of six muscles (gastrocnemius medialis,
gastrocnemius lateralis, tibialis anterior, vastus lateralis, vastus medialis, and rectus femoris) were shifted forward in the cycle at the end
of the exercise. Conclusions: The large increases in activity for gluteus maximus and biceps femoris, which are in accordance with the
increase in force production during the propulsive phase, could be considered as instinctive coordination strategies that compensate for
potential fatigue and loss of force of the knee extensors (i.c., vastus lateralis and vastus medialis) by a higher moment of the hip

extensors. Key Words: EMG, EFFECTIVENESS, FORCE, TORQUE, CYCLIST, FATIGUE

uring an exhaustive exercise, the maximal force-
generating capacity of muscles declines progres-
sively, which suggests that fatigue begins before
the muscles are no longer able to perform the required task
(for review, see [9]). Depending on the effort exerted, the
progression may be fast or slow and will lead sooner or later
to changes of performance that are mechanically detectable.
Several studies have focused on the occurrence of neuro-
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muscular fatigue during different pedaling exercises (2,6,10,
12,20,26,28). Among these, reductions of maximal volun-
tary contractions of the quadriceps have been reported
during long-duration submaximal cycling exercises (>2 h)
(18,19). These reductions have been associated with both
central and peripheral mechanisms such as decreases in
maximal muscle activation and peak twitch torque. How-
ever, these studies did not focus on alterations of EMG
activity during the exercise. Other authors have focused
on the alterations in EMG activity levels of some lower
limb muscles during time trial events (1,3,6,12), fatiguing
constant-load exercises (13,23), or repeated sprints (2,10).
Most of these studies found that there was a significant
increase in the EMG/power ratio for some lower limb
muscles (e.g., vastus lateralis and vastus medialis). This
increase suggests that additional motor units (MU) are
recruited to compensate for the decrease in the force of
contraction that occurs in fatigued muscle fibers, which is
generally observed during continuous isometric exercises
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that require maintaining a given force until exhaustion (7).
However, these studies reported only changes of EMG ac-
tivity level, and none showed complete EMG patterns (i.e.,
EMG activity with respect to the crank angle, which could
have provided valuable information about the timing of
muscle activation). This variable is crucial for linking the
quantitative changes of EMG patterns with putative changes
in pedaling coordination.

Literature concerning the influence of fatigue on muscle
coordination during submaximal cycling exercise is scarce.
The few studies (16,26) that have focused on the timing of
muscle activation during fatiguing exercises showed that
the timing of onset and offset of EMG bursts is not altered
by fatigue. However, in these two studies, only a few mus-
cles were investigated (four muscles for Sarre and Lepers
[26] and three muscles for Knaflitz and Molinari [16]), and
the exercises were not performed to complete exhaustion. In
a limited time to exhaustion performed at 80% of the max-
imal power output reached during an incremental exercise,
Sanderson and Black (25) showed an alteration in the me-
chanical pattern at the end of the test (i.e., a less effective
force application during the recovery phase and an increase
in force during the propulsive phase). These results strongly
suggest that muscle coordination is modified with fatigue.
Thus, the purpose of the present study was to investigate the
evolution of the pedaling technique during a submaximal
exercise performed until exhaustion on the basis of both the
biomechanics of pedaling and the EMG activity of the main
lower limb muscles. We tested the hypothesis that alter-
ations in the application of pedal forces that occur during
the exhaustive exercise (25) are linked to changes in the
activity patterns of lower limb muscles.

MATERIALS AND METHODS

Subjects. Ten trained male cyclists volunteered to par-
ticipate in this study. The mean +SD age, height, and body
mass were 20.8 = 3.3 yr, 180.5 £ 6.0 cm, and 68.9 + 6.0 kg,
respectively. The mean percentage body fat was 10 +
2.5%. Mean VO, and maximal power tolerated (MPT)
reached during the incremental cycling exercise were 65.3 +
7.4 mL'min~"kg™' and 412 + 31.9 W, respectively. The
participants had an average of 9 = 3 yr of competitive ex-

H_I

5-10 days

Incremental test
(25 W.min™")

warm-up

10 min

warm-up

perience, and their yearly training distance averaged ap-
proximately 14,000 + 4333 km. They were informed of the
possible risk and discomfort associated with the experimen-
tal procedures before they gave their written consent. The
experimental design of the study was approved by the Eth-
ical Committee of Saint-Germain-en-Laye (acceptance no.
06016) and was done in accordance with the Declaration
of Helsinki.

Exercise protocol. The exercise protocol for this study
is summarized by Figure 1. In brief, the protocol consisted
of two sessions conducted in the following order: 1) in-
cremental cycling exercise performed until exhaustion to
characterize the population in physical and physiological
capacities; 2) experimental session consisting of a constant-
load exercise performed until exhaustion.

During the first visit, 8 to 10 d preceding the experimen-
tal session, each subject performed an incremental cycling
exercise (workload increments of 25 W-min ', starting at
100 W) during which respiratory and ventilatory parameters
(i.e., VO,, Vg VCO,) were measured breath-by-breath
(K4B2; Cosmed®, Rome, Italy). The MPT, defined as the
last stage that was completed entirely, was used to calculate
the appropriate workload imposed by the cycle ergometer
for the second test.

During the second session, subjects were asked, after a
standardized warm-up (i.e., 10 min at 100 W, 6 min at
150 W, and 3 min at 250 W) and a recovery period (i.e., 3
min at 100 W and 3 min of rest), to perform a cycling
exercise at a constant power output equal to 80% of their
MPT for as long as possible. Subjects were asked to keep a
constant pedaling rate (i.e., the pedaling rate freely adopted
at the end of the warm-up session). The test continued until
the complete exhaustion: either until the cyclists voluntarily
chose to stop the exercise or until they were no longer able
to maintain their initial test cadence (+3 rpm), which was
considered as a failure to maintain the required task (i.e.,
the target power output at a constant cadence). Surface
EMG and mechanical parameters were recorded continu-
ously during this experimental session.

Material and data collection. Subjects exercised on
an electronically braked cycle ergometer (Excalibur Sport;
Lode®, Groningen, the Netherlands) equipped with standard
cranks (length = 170 mm) and with instrumented pedals that

80% MPT
cersresen——— for

recovery Tlim: exhaustive exercise

FIGURE 1—Experimental setup for the first (4) and the second sessions (B).
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are described below. Throughout both sessions, vertical and
horizontal positions of the saddle, handlebar height, and stem
length were set to match the usual racing position of the
participants (i.e., dropped posture). A pedal dynamometer,
specifically designed for measuring pedal loads (VéEIUS
group, Department of Mechanical Engineering, Sherbrooke
University, Canada), was used to collect mechanical data
(15). This instrumented pedal is compatible with LOOK
CX7 clipless pedal using LOOK Delta cleat. The sagittal
plane components of the total reaction force (Fi) applied
at the shoe/pedal interface were measured using a series
of eight strain gauges located within each pedal. Fi, was
calculated from the measured Cartesian components
(Fr, Fy), which corresponded to the horizontal forward
and vertical upward forces on the pedal, respectively. An
optical encoder with a resolution of 0.4° mounted on the
pedal-measured pedal angle (8) with respect to the crank
orientation. Zero adjustments for both components of force
and pedal angle were done before each session. The crank
angle (O) was calculated on the basis of Transistor-
Transistor Logic (TTL) pulses delivered each 2° by the
cycle ergometer. Additional TTL pulses allowed the
detection of the bottom dead center of the right pedal (i.e.,
BDC: lowest position of the right pedal with crank arm
angle = 180°). All these data were digitized at a sampling rate
of 2 kHz (USB data acquisition; ISAAC Instruments”®,
Québec, Canada) and were stored on a computer.

Surface EMG activity was continuously recorded for the
following 10 muscles of the right lower limb: gluteus max-
imus (GMax), semimembranosus (SM), biceps femoris (BF),
vastus medialis (VM), rectus femoris (RF), vastus lateralis
(VL), gastrocnemius medialis (GM) and lateralis (GL), soleus
(SOL), and tibialis anterior (TA). For each muscle, a pair of
surface Ag/AgCl electrodes (Blue sensor; Ambu®, Ballerup,
Denmark) was attached to the skin with a 2-cm interelectrode
distance. The electrodes were placed longitudinally with
respect to the underlying muscle fibers’ arrangement and
located according to the recommendations by the Surface
EMG for Noninvasive Assessment of Muscles project (11).
Before electrode application, the skin was shaved and
cleaned with alcohol to minimize impedance. The wires
connected to the electrodes were well secured with adhesive
tape to avoid movement-induced artifacts. Raw EMG signals
were preamplified close to the electrodes (gain of 375, in the
bandwidth of 8-500 Hz) and digitized simultaneously with
BDC TTL pulses at a sampling rate of 1 kHz (ME6000P16;
Mega Electronics Ltd®, Kuopio, Finland).

Data processing. All data were analyzed with two
custom-written scripts (MATLAB, Natick, MA, (Math-
Works®) for mechanical data and Origin 6.1 (OriginLab
Corporation®, Northampton, MA,) for EMG data and final
processing). All mechanical data were smoothed by a 10-Hz
third-order butterworth low-pass filter. On the basis of the
components F and Fr and pedal angle (B), Fy, was
calculated by trigonometry and resolved into two compo-
nents: one orthogonal to the crank (effective force, Fe¢) and

direction of
rotation

Fy  Fot

FIGURE 2—Representation of the various forces applied on the pedal
on a sagittal plane. Total force (Fi,) produced at the shoe/pedal
interface is decomposed into two components: effective force (Fg) acts
perpendicular to the bicycle crank and drives the crank around in its
circle; the ineffective component (F;) acts along the crank and
performs no useful external work.

another along the crank (ineffective force, F; Fig. 2). The
instantaneous index of mechanical effectiveness (IE) was
determined as the ratio of the effective force to the total
applied force at each point in the pedaling cycle (24,25). A
high-pass filter (20 Hz) was applied on the raw EMG
signals (Chart 5.4; AD Instruments®, Hasting, United
Kingdom) to diminish movement artifacts. Then, the root
mean squared (RMS) of the EMG was calculated during a
25-ms window to produce a linear envelope for each muscle
activity pattern.

The BDC TTL pulses were used to synchronize the EMG
and mechanical signals of the right pedal. All data were
smoothed, resampled (one value per degree), and averaged
during 30 consecutive pedaling cycles to get representative
mechanical profiles (pedal forces and index of effective-
ness) and EMG RMS linear envelopes (5). The values were
expressed as a function of the angle of the crank arm as it
rotated from the highest pedal position (0°, top dead center
(TDC)) to the lowest (180°, BDC) and back to TDC to
complete a 360° crank cycle. This procedure was repeated
every 10% of the total exercise duration (from 5% to 95%
of total time) to show the evolution of the patterns for each
mechanical variable, muscle, and subject throughout the
exhaustive exercise. The mean pattern, which was obtained
by averaging the first two patterns (obtained at 5% and 15%
of Tiim), was considered as the “reference pattern” and was
used to characterize the starting values.

The following mechanical parameters were calculated
or identified from the force profiles: the maximal (peak)
value of the effective force exerted during the downstroke
(Foff-maxs N), the minimal value exerted during the upstroke
(Feftmin, N), and the angle of the arm crank that cor-
responded to Feff-max (AngleFeff-maxao) and Feff-min (Angle'
Fetfmin."). The overall index of mechanical effectiveness on
the complete crank cycle (IEgy.) was determined as the
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ratio of the linear impulse of F.¢ to the linear integral of
Fiot (17,25). For improving the timing analysis, mean val-
ues of the main mechanical variables (Fes, Fior, and IE)
were calculated for four angular sectors during the entire
pedaling cycle: sector 1 represented 330°-30°; sector 2,
30°-150°; sector 3, 150°-210°; and sector 4, 210°-330°.
From a functional standpoint, sectors 1 and 3 correspond to
the top and bottom dead centers, respectively; sectors 2 and
4 correspond to the main propulsive and recovery phases,
respectively.

To quantify the muscle activity pattern, a series of classic
variables was calculated from the EMG RMS linear
envelope. The overall activity level was identified by the
magnitude of the mean EMG RMS during the complete
cycle (RMS,,ie). The muscle activation timing analysis by
the cross-correlation technique was used to measure the
relative change in the temporal characteristics of EMG
activity (4,14,21). The cross-correlation coefficients of the
EMG RMS curves between the reference pattern (start) and
the subsequent patterns (from 25% to 95% of Tj;,) were
calculated for each muscle according to the equation
proposed by Li and Caldwell (21) with lag time equal to
zero. Then, the magnitude of a significant angle shift

Start

Effective force (N)

-180 -135 -90 -45 0 45 90 135 180

Total force (N)

Index of mechanical
effectiveness (%)

-100 L . . 1 L . . )
180 135 90  -45 0 45 90 135 180
Crank angle from TDC (°)

between each pair of signals was found by assessing the &
value at which the cross-correlation coefficient was maxi-
mized. The k values that resulted from this objective
approach for comparing signals represented an interesting
estimation of the time effect on the shift of the linear
envelope EMG patterns in the pedaling cycle.

Statistical analysis. All analyses were performed
with ORIGIN 6.1 software for Windows. First, data were
tested for normality using the Kolmogorov—Smirnov test.
After the normality condition was verified, the results were
expressed as mean £ SD. One-way ANOVA with repeated
measures was used to test the effect of time on the
mechanical and EMG variables. When significant F ratios
were found, all the means (from 25% to 95% of Tj;,,) were
compared with the control value (e.g., start reference) using
a Dunnett post hoc test. Differences were considered
significant when probability (P) of a type I error was <5%.

RESULTS

The exhaustive exercise was achieved at a mean power
output of 327 + 23 W, a mean pedaling rate of 95 + 8 rpm, and
lasted 13.8 = 6.0 min. There was a significant increase in the

End

Pedal angle (°)

-180 -135 -90 -45 0 45 90 135 180

Tangential force (N)

300

200

100

Normal force (N)

180 -135 90  -45 0 45 90 135 180
Crank angle from TDC (°)

FIGURE 3—Mechanical patterns obtained at the start (black lines) and at the end (gray lines) of the exhaustive pedaling exercise. Pedal angle is

expressed in reference to the horizontal.
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Fotrmax (377.9 £34.2 and 401.3 £ 45.2 N for the start and the
end of exercise, respectively, P < 0.01), whereas no differ-
ence was observed for Fegmin (—55.7 £ 17.7 vs —57.7
15.1 N; Fig. 3). The angle corresponding to Fermax
(AngleF gmax) Was not significantly different between the
start and the end of exercise (95.1 £ 4.5° vs 94.9 + 4.6°,
respectively), whereas the angle corresponding to Femin
(AngleF g.min) Was significantly higher at the end (283.7 +
29.1°) than at the start (275.3 + 25.8°, P < 0.05). The over-
all index of mechanical effectiveness was not significantly
different between the start and the end of the exercise (53.4 +
6.4% vs 53.9 = 7.4%, respectively).

Detailed analysis for the different sectors described in
Figure 4 exhibited significant decreases of Fi, Fefp, and IE
in sector 1 from 65%, 55%, and 65% of Tj;, respectively,
compared with the start value (P < 0.05 to P < 0.001). The
significant decreases observed in F and IE persisted until
the end of the exercise, whereas the decrease for Fi,, was
observed only for 65% and 75% of Ty, In sector 2, Fegr
and Fi,; were significantly higher at 8§5% and 95% of Ty,
compared with the start value (P < 0.001). F.s was
increased in sector 3 from 75% of Tj;,, (P < 0.05 to P <
0.001). No alteration was observed in sector 4 for these
three variables.

The evolution of the mean ensemble curves of the EMG
RMS linear envelopes between the start (“reference pat-
tern”) and the end of the exercise (95% of Ty;,) is depicted
in Figure 5. Among the 10 muscles tested, only 4 displayed
significant differences in mean EMG RMS between the
start and the end of exercise (Fig. 6). RMS,. for TA and
GM decreased significantly (P < 0.05) from 85% and 75%
of Tim, respectively. A higher RMS, .. was obtained for
GMax (P < 0.01) and BF (P < 0.05) from 75% of T},. The
k values that resulted from the cross-correlation technique
indicated that the activities of six muscles were shifted
forward in the cycle at the end of the exercise (Fig. 7).
Significant forward shifts were observed from 55%, 65%,
and 75% of Ty, for the activation patterns of GM, TA, and
GL, respectively. The activation patterns of knee extensors
were also shifted forward significantly from 75% (VL and
VM) and 85% (RF) of Tjjm,.

DISCUSSION

This study shows alterations in patterns of force appli-
cation during exhaustive exercise, as previously reported by
Sanderson and Black (25). These alterations are accompa-
nied by changes in the activity patterns of some lower limb
muscles, suggesting that some adjustments are made in the
coordination of muscles with the occurrence of fatigue.

FIGURE 4—Evolution of the mean total force, mean effective force,
and index of mechanical effectiveness during the exhaustive pedaling
exercise. These evolutions are depicted for each functional sector. As-
terisks indicate significant differences from the start value (*P < 0.05,
**P <0.01, ***P < 0.001).
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FIGURE 5—RMS EMG envelope for 10 lower limb muscles obtained at the start (black lines) and at the end (gray lines) of the exhaustive pedaling
exercise. Each profile represents the mean obtained from averaging individual data across 30 consecutive pedaling cycles, normalizing to the mean
RMS calculated during the complete pedaling cycle at the start condition (“reference pattern”), and further averaging across the 10 cyclists. BF,
biceps femoris; GL, gastrocnemius lateralis; GM, gastrocnemius medialis; GMax, gluteus maximus; RF, rectus femoris; SM, semimembranosus;
SOL, soleus; TA, tibialis anterior; VL, vastus lateralis; VM, vastus medialis.
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FIGURE 6—Evolution of the EMG RMS for the 10 lower limb muscles during the exhaustive pedaling exercise. BF, biceps femoris; GL,
gastrocnemius lateralis; GM, gastrocnemius medialis; GMax, gluteus maximus; RF, rectus femoris; SM, semimembranosus; SOL, soleus; TA, tibialis
anterior; VL, vastus lateralis; VM, vastus medialis. Asterisks indicate significant difference from the start value (*P < 0.05, **P < 0.01).

The increase in the effective force that was observed in
our study, especially during the propulsive phase (sector 2),
agrees with the increase in total force production, whereas
the decrease in effective force around the TDC (sector 1)
may be better explained by a lower ability to orient
the force in this sector efficiently (i.e., a decrease in IE).
These changes in the pattern of force application are in
agreement with those previously reported by Sanderson and
Black (25). Even if a decrease in the minimal value of the

effective force (during the upstroke phase) has not been
observed in the present study, the decrease in the mean Fgr
during the TDC phase (zone 1) and the increase in the mean
F¢ during the propulsive phase (zone 2) associated with
the 6.1% increase of Fofrmax confirmed the results from
Sanderson and Black (25). These results seem to agree with
the adjustments in muscle coordination strategy.

As mentioned in the introduction, the rise of EMG
activity during a fatiguing constant-load exercise for a given
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FIGURE 7—Angle shift of the complete EMG patterns assessed by the
cross-correlation technique. The magnitude of a significant shift (lag
angle) between each pair of signals was found by assessing the & value at
which the cross-correlation coefficient was maximized. Each value for a
given muscle results from the cross-correlation between the pattern
obtained at the period of time considered and the reference pattern
(obtained at the start of the exercise). BF, biceps femoris; GL,
gastrocnemius lateralis; GM, gastrocnemius medialis; GMax, gluteus
maximus; RF, rectus femoris; SM, semimembranosus; SOL, soleus; TA,
tibialis anterior; VL, vastus lateralis; VM, vastus medialis. Asterisks
indicate significant difference from the start value (*P < 0.05).

muscle can be attributed to the progressive recruitment of
additional motor units to compensate for the decrease in the
force of contraction that occurs in the fatigued muscle fibers
that make up this muscle. In this way, several studies have
shown increased EMG amplitude in the quadriceps during
fatiguing constant-load pedaling exercises (13,23,26,27). At
first sight, the results of the these studies are not in
agreement with the results obtained in the present study
and others (22), where no modifications of VL and/or VM
activities were observed. Nevertheless, the absence of any
change in EMG activity level of a given muscle does not
necessarily indicate that there is no decrease in the
production of force at this muscle level, and hence, there
is an absence of fatigue. Indeed, the same EMG activity
level for a given muscle (e.g., VL and VM in our study)
could be linked to a lesser force production because of the
alteration of contractile properties. In this way, Lepers et al.
(20) showed a significant decrease in maximal twitch
tension (i.e., alteration of the contractile properties) of the

quadriceps muscle group after 30 min of cycling at 80% of
the maximal aerobic power. On the basis of this result, we
can be reasonably hypothesized that similar alterations of
the contractile properties of the quadriceps occurred during
our exhaustive pedaling exercise. Nevertheless, because the
mean load had to be kept constant, an increase in the
activity of other power-producer muscles, such as the hip
extensors, could have partly compensated for the loss of
force production by the knee extensors. Our results, which
show a 29% increase in the EMG activity level for GMax
and a 15% increase for BF (i.e., mainly during the
propulsive phase; Fig. 5), seem to be in line with this
assumption. The RMS increase observed in these muscles
(and especially in GMax) could be a result of: 1) a change
of muscle coordination strategy (compensation of the loss
of force production by knee extensors), 2) a progressive
recruitment of additional motor units to compensate for the
alteration of contractile properties, or 3) both. However,
Ericson (8) showed that GMax activity level during a sub-
maximal exercise is much lower than that for VM muscle
(e.g., 40% vs 80% of maximal EMG activity at 240 W).
Moreover, Sanderson and Black (25) reported an increase in
maximum hip extensor moment at the end of a similar
pedaling exercise. Taken together, these two pieces of
information strongly suggest that the increases of GMax
and BF activities, rather than manifesting fatigue in these
muscles, mainly contribute to counteract the lesser produc-
tion of force by the quadriceps muscles. Finally, it is inter-
esting to note that this higher activity of hip extensors could
certainly also help increase the propulsive force during the
downstroke phase.

The lower EMG activity level of GM at the end of the
exercise is consistent with the results of Bini et al. (3),
which show no change of GM activity during a fatiguing
exercise, despite a significant increase of power output
thereby suggesting that these biarticular muscles are cer-
tainly not fatigued. This decrease of activity, which occurs
primarily during phase 2 (i.c., the propulsive phase; Fig. 5),
does not have much influence on the mechanical patterns
(Fefr and Fiy) because this biarticular muscle is weakly
activated and is not a great power producer during pedal-
ing (8). However, this decrease in the activity of the plantar
flexors could partly explain some changes observed in
the distribution of tangential and normal pedal forces and in
the pedal angle (Fig. 3): an increase in the normal com-
ponent and a lower and more negative tangential force
associated with a decrease in the pedal angle, suggesting a
more pronounced dorsiflexion position of the ankle during
the propulsive and BDC phases.

As mentioned above for GM and GL, a possible strategy
for counteracting the effects of fatigue is to modify the
activation timing of the muscles used in performing the
movement. Billaut et al. (2) reported an earlier BF acti-
vation with fatigue occurrence, whereas most other authors
showed no significant change (16,26). In our case, our
results show a shift forward of the EMG patterns along the
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crank cycle for six muscles: 4° for VL and VM and 7°-9°
for TA, GM, GL, and RF). These differences in findings
can be explained by the methods used to determine the
muscles activation timing because all the previous studies
chose an EMG threshold value for onset and offset detec-
tion fixed at 15%-25% of the peak EMG recorded during
the cycle, or 1, 2, or 3 SD beyond the mean of baseline
activity. This method can be questionable for some EMG
patterns. Indeed, that is strongly dependant of the threshold
level used, and information about the shape of the EMG
signals (i.e., level of activation changes across the crank cy-
cle) is not taken into account. The present study used a more
objective method to examine the phase shift of the entire
EMG patterns: the cross-correlation technique that detects
more subtle variations in timing (for more details, see [21]).

The lower effective force observed around the TDC is
in line with a decrease in mechanical effectiveness in this
critical part of the pedaling cycle. All the EMG results
concerning muscles acting in this phase are in agreement
with this alteration and could partly account for the decrease
of force production, i.e., the decrease of TA activity level
and the shift forward of VL, VM, and RF. Moreover,
an inspection of the RF pattern (Fig. 5) exhibits a decrease
in the initial part of the activity period and an increase in
the final part, clearly suggesting a lower activity as hip
flexor in the first part of TDC phase and a higher activity
as knee extensors during the beginning of the downstroke
phase. Taken together, these adjustments in muscle coordi-
nation could largely explain the deterioration of effective-
ness and, hence, the decrease in the effective force in this
part of the cycle.

CONCLUSION AND PRACTICAL
IMPLICATIONS

The pedaling technique is altered during a high-intensity
exhaustive exercise, which leads to a higher downstroke
effective force and lower mechanical effectiveness and
effective force around the top dead center at the end of the
effort. The occurrence of fatigue induces significant alter-
ations in muscle coordination, which could be strongly
related to these modifications. Whereas the decrease of GM
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The aim of this study was to test the hypothesis that, in
comparison with standard postures, aero posture (AP)
would modify the coordination of lower limb muscles during
pedalling and consequently would influence the pedal force
production. Twelve triathletes were asked to pedal at an
intensity near the ventilatory threshold (VT +A20%) and at
an intenisty corresponding to the respiratory compensation
point (RCP). For each intensity, subjects were tested under
three positions: (1) upright posture (UP), (2) dropped
posture (DP), and (3) AP. Gas exchanges, surface electro-
myography and pedal effective force were continuously
recorded. No significant difference was found for the gas-

exchange variables among the three positions. Data illus-
trate a significant increase [gluteus maximus (GMax),
vastus medialis (VM)] and decrease [rectus femoris (RF)]
in electromyography (EMG) activity level in AP compared
with UP at RCP. A significant shift forward of the EMG
patterns (i.e. later onset of activation) was observed for
RF (at VT+A20% and RCP), GMax, VL, and VM (at
RCP) in AP compared with UP. These EMG changes are
closely related to alteration of force profile in AP (higher
downstroke positive peak force, lower upstroke negative
peak force, and later occurrence of these peaks along the
crank cycle).

Air resistance is the dominant force-resisting motion
of cyclists on flat terrain. It depends on different
external factors (e.g. ambient air velocity or air
density) and biomechanical-anthropometric factors
(e.g. drag coefficient and frontal area of rider+bi-
cycle system). In an effort to reduce this force, the
cyclist’s body positioning has received much atten-
tion in the past two decades. From a mechanical
point of view, a more crouched upper body position
(i.e. areo posture, AP), by decreasing the frontal
area, allows a lower wind resistance (Capelli et al.,
1993) compared with conventional postures (upright
posture, UP or dropped posture, DP) and hence a
higher riding speed for a given power ouput. In
parallel, some research has focused on the effects of
this AP on the ventilatory and metabolic responses
during submaximal and/or maximal exercises
(Ryschon & Stray-Gundersen, 1991; Origenes et al.,
1993; Gnehm et al., 1997; Grappe et al., 1998).
Although some authors have failed to detect any
significant differences in several cardiorespiratory
variables between standard and APs (Origenes
et al., 1993; Grappe et al., 1998), others concluded
that aero position increases the metabolic cost of
cycling (Gnehm et al., 1997). It is surprising that the
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effects of this cycling position on both mechanical
aspects of force production on pedals and lower
limb muscles activation pattern have not been
investigated.

Surface electromyography (EMG) records have
been widely used to study muscle activity and neu-
romuscular coordination during pedalling (Houtz &
Fischer, 1959; Ericson, 1986; Gregor et al., 1991; For
review see Hug & Dorel, in press). Other investiga-
tors have measured the forces exerted on pedals and/
or cranks (Hoes et al., 1968; Sanderson et al., 2000;
Sanderson & Black, 2003; Bertucci et al., 2005) and
computed their effective component (i.e. effective
force, tangential to the crank displacement). In order
to maintain a given level of performance, the EMG
and mechanical patterns vary in timing and magni-
tude as pedalling conditions change. Along this line,
some studies have demonstrated that the pattern of
muscles activation and/or of forces exerted on pedals
could be modified by factors such as workload
(Ericson, 1986; Jorge & Hull, 1986), pedalling rate
(Suzuki et al., 1982; Ericson, 1986), shoe—pedal inter-
face (Ericson, 1986; Cruz & Bankoff, 2001) and
saddle height (Houtz & Fischer, 1959; Ericson,
1986). Literature concerning the influence of body
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position on mechanical and EMG patterns is less
profuse. Two studies have showed that standing and
seated postures lead to different patterns (Li &
Caldwell, 1998; Duc et al., in press). To the best of
our knowledge, only one study has focused on the
effects of trunk orientation on the activation pattern
of lower limb muscles during pedalling (Savelberg et
al., 2003b). The authors reported that trunk angle
influences the EMG patterns. However, the tested
positions (i.e. 20° forward and backward of the
vertical) were not comparable to the standard pos-
tures used by competitive cyclists (and especially far
from the AP). Furthermore, the pedal force produc-
tion was not measured.

Thus, we designed the present study to test the
hypothesis that, in comparison with standard pos-
tures, aero position would modify the coordination
of lower limb muscles during pedaling and conse-
quently would influence the mechanical aspects of
pedal force production. A population of trained
triathletes was tested in three different positions
(i.e. aero, upright and dropped posture (DP)). Each
subject was tested at an intensity near the ventilatory
threshold and at an intenisty corresponding to the
respiratory compensation point (RCP) with the ul-
terior motive of transposing our observations to a
time trial event.

Materials and methods
Subjects

Twelve male triathletes whose anthropometrical and physio-
logical characteristics are presented in Table 1 volunteered to
participate in this study. The subjects had a 9 + 5 years of
competitive experience. None of them had recent or ancient
pathology of lower limb muscles or joints. They were informed
of the nature of the study and the possible risk and discomfort
associated with the experimental procedures before they gave
their written consent to participate. The experimental design
of the study was approved by the Ethical Committee of Saint-
Germain-en-Laye (acceptance no 06016) and was carried out
in accordance with the Declaration of Helsinki. All subjects

Table 1. Anthropometrical and physiological characteristics of the popu-
lation of triathletes (n=12)

Mean + SD
Age (years) 311+ 84
Height (m) 1.81 £ 0.08
Body mass (kg) 722 + 6.8
BMI (kg/m) 221 +£1.7
VOzmax (ML/min/kg) 63.5 + 9.1
Ve max (L/min) 181 £ 19
MAP (W) 392 + 31
MAP (W/kg) 55+ 0.7
VT (% MAP) 56.9 + 4.6
RCP (% MAP) 83.3+39

BMI, body mass index; MAP, maximal aerobic power; VT and RCP,
ventilatory threshold and respiratory compensation point (expressed in
percentage of MAP).

Upper body position and pedalling technique

were instructed to refrain from intense physical activities
during the 2 days before testing.

Exercise protocol

The testing protocol consisted of two sessions conducted in the
following order: (1) anthropometric measurements and incre-
mental cycling exercise performed until exhaustion in order to
characterize our population in terms of physical and physio-
logical capacities; (2) experimental session consisting of two
submaximal cycling exercises, each performed in three differ-
ent upper body postures.

During the first visit, 2 weeks before the experimental
session, each subject performed an incremental cycling exer-
cise (workload increments of 25 W/min; starting at 100 W)
during which the usual gas-exchange and ventilatory variables
were measured. Throughout this exercise trial, the device
(K4B2, Cosmed”, Rome, Italy) computed breath-by-breath
data of Vg, VO,, VCO», and the ventilatory equivalents for O,
(Vg VO; ) and CO, (Vg VCO; Y. The VT and RCP,
respectively, were determined with the method based on the
ventilatory equivalents for O, and CO, (Reinhard et al., 1979).
Two independent observers detected VT and RCP following
the criteria previously described. If they did not agree, the
opinion of a third investigator was included. The first power
achieved when the maximal oxygen uptake was reached
(VOomax) was referred as the maximal aerobic power. All
these variables were determined to further adjust the two
constant workloads tested during the experimental session.
Finally, after a 15-min recovery period, the subjects were
acclimatized to the three upper body positions that will be
adopted during the subsequent visit.

During the second session, subjects were asked, after a
10 min warm-up at 100 W, to pedal at two different intensities
corresponding to the power associated to: (1) VT plus 20% of
the difference between power outputs measured at VT and
RCP (VT+A20%) and (2) RCP. For each of these two
intensities, subjects were tested, in a randomized order, under
three body positions (detailed below): (1) the UP, (2) the DP,
and (3) the AP (Fig. 1(a)). Each position was tested during
6min at VT+A20% (5 min of active recovery between bouts)
and 2min at RCP (7min of active recovery between bouts,
Fig. 1(b)). The reason for choosing short test periods was to
avoid fatigue throughout the session. Subjects were asked to
keep the same constant preferred pedalling rate chosen at the
end of the warm-up period throughout the session
(£ 2r.p.m.). Gas exchanges, surface EMG and mechanical
variables were continuously recorded during this protocol.

Stationary bicycle and body positions

Subjects exercised on an electronically braked cycle ergometer
(Excalibur Sport, Lode " Groningen, the Netherlands)
equipped with standard crank (length =170mm) and with
their own clipless pedals. During both sessions, vertical and
horizontal positions of the saddle, handlebar height and stem
length were set to match the two usual positions of the
participants: (1) UP, with hands on top of the handlebars,
near the stem and elbow angle between 160° and 180°; (2) DP,
the traditional racing position with the torso partially to fully
bent-over, hands on the drops portion of the handlebars and
elbows partially flexed (elbow angle less than 160°). To obtain
an AP during the second session clip-on aerobars (Aero I,
Profile, Los Angeles, USA) were added on the classical
handlebar. Aero-handlebars and stem were adjusted (height
and length) to custom fit each subject into his own aerody-
namic position with the following restrictions: elbows on the
pads of aero-handlebars with elbow angle close to 90° and the
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Fig. 1. A/lllustration of the three dif-
ferent positions [i.e. upright, dropped
and aero postures (AP)] as defined by
the placement of the hands and torso
for one subject. Values of angle be-
tween (1) the trunk and horizontal (2)
the upper part of the torso and hor-

- » izontal and (3) arm and forearm
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warm-up
S-min at 100 W
S5-min at 150 W

3 bouts at VT + A20%
duration: 6 min

recavery: 5 min

upper part of the torso (line T10—-C7) held parallel to the
ground (with 10° tolerance, Fig. 1(a)). All these angles were
measured with a goniometer. Video recording was used to
check these standardization criterions in each position during
the experimental session. Briefly, reflective markers placed on
the right side of each subject and video analysis (2D sagittal
plane, f'= 250 Hz) were used to approximate (1) the positions
of the trunk (line from iliac crest to C7) and the upper part of
the torso (line from T10 to C7) in reference to a horizontal line
and (2) the elbow angle (acromion process, olecranon process,
and wrist). Figure 1(a) depicts the mean angle values obtained
for the group in each position.

Material and data collection

The torque exerted on the left and right cranks was measured
by strain gauges located in the crank arms of the cycle
ergometer. Before the experiments, a classical calibration
procedure (i.e. with known masses) was performed and a
zero adjustment was done before each session. Effective force
(i.e. the propulsive force applied perpendicularly to the crank
arm) was determined by the ratio between torque and the
constant length of the crank arm. The crank angle and the
angular velocity were calculated (by derivative) based on TTL
rectangular pulses delivered each 2° by the cycle ergometer.
Additional TTL rectangular pulse permitted to detect the
bottom dead center of the right pedal (i.e. BDC: lowest
position of the right pedal with crank arm angle = 180°). All
these data were digitized at a sampling rate of 2kHz (USB
data acquisition DT9800, Data translation”, Malboro, USA).

Surface EMG activity was continuously recorded for the
following 10 muscles of the right lower limb: gluteus maximus
(GMax), semimembranosus (SM), Biceps femoris (BF), vastus
medialis (VM), rectus femoris (RF), vastus lateralis (VL),
gastrocnemius medialis (GM) and lateralis (GL), soleus
(SOL) and tibialis anterior (TA). A pair of surface Ag/AgCl
electrodes (Blue sensor, Ambu”, Ballerup, Denmark) was
attached to the skin with a 2cm interelectrode distance. The
electrodes were placed longitudinally with respect to the
underlying muscle fibres arrangement and located according
to the recommendations by Surface EMG for Non-Invasive
Assessment of Muscles (SENIAM) (Hermens et al., 2000).
Before electrode application, the skin was shaved and cleaned
with alcohol in order to minimize impedance. The wires
connected to the electrodes were well secured with adhesive
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3 bouts at RCP
duration: 2 min

recovery: T min

Recovery reported on the photograph are the
mean values obtained on the entire
population. B/Schematic representa-
tion of the protocol.

phase
S5-min at 150 W

tape to avoid movement-induced artifacts. Raw EMG signals
were pre-amplified close to the electrodes (gain 375, band-
width 8-500 Hz), and digitized at a sampling rate of 1kHz
(ME6000P16, Mega Electronics Ltd", Kuopio, Finland).
BDC TTL rectangular pulses were simultaneously digitized
for further synchronization with cycle ergometer data. In
order to diminish movement artefacts, a high pass filter
(20 Hz) was further applied on the EMG signals (Chart 5.4,
AD instruments", Hasting, UK).

Data processing

All data were analyzed with custom written scripts (Origin 6.1,
OriginLab Corporation, Northampton, USA). The BDC TTL
rectangular pulses were used to synchronize signals of the right
pedal effective force, right crank angle and EMG data. Raw
EMG data were root mean squared (RMS) with a time
averaging period of 25ms to produce linear envelope for
each muscle activity pattern. Effective force and EMG RMS
were then re-sampled in order to obtain one value each 2
degrees of crank displacement. Prior re-sampling, all data were
filtered with an anti-aliasing filter which cutoff frequency was
dynamically computed according to Shannon Theorem (i.e. 2
degrees TTL pulses half mean frequency). Linear interpolation
technique was then used to obtain a mean value of force and
EMG RMS each degree of rotation. Finally, these data were
respectively averaged over 90 and 45 consecutive pedalling
cycles for VT+A20% and RCP conditions in order to get a
representative effective force profile and an EMG RMS linear
envelope for each muscle, each subject and each condition.
These values were expressed as a function of the crank arm
angle as it rotated from the highest pedal position (0°, top dead
center: TDC) to the lowest (180°, bottom dead center, BDC)
and back to TDC to complete a 360° crank cycle.

The following mechanical variables were calculated or
identified from the effective force profile: the mean values of
effective force (Feyele» N), pedalling rate (feycle, T-p-m.) and
power output (Peye, W) over one complete cycle, the maximal
(peak) value of the effective force exerted during the down-
stroke (Fpax, N) and minimal value exerted during the
upstroke (Fmin, N) and the arm crank angle corresponding,
respectively, to Fuax (Anglenax, ) and Fi, (Angley,, ©). To
quantify the muscle activity pattern, a series of classical
variables were calculated from the EMG RMS linear envel-
ope. The overall activity level was identified by the mean EMG
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RMS magnitude over one complete cycle (RMScyc). The
EMG timing analysis consisted in determining onset and offset
of the burst of muscle activation which was defined as the
period of higher activity phase where the signal was above a
threshold of 20% of the difference between peak and baseline
EMG (Li & Caldwell, 1999). The technique of cross-correla-
tion was also used to measure the relative change in the
temporal characteristics of neuromuscular activity (Li &
Caldwell, 1998, 1999). Firstly, the cross correlation coefficients
of EMG RMS curves between the three body configurations
for each muscle were calculated according to the equation
proposed by Li and Caldwell (1998) with lag time equal to
zero (rg). Then, the magnitude of a significant time shift
between signals obtained in two different body positions was
found by assessing the k value (kn..) at which the cross
correlation coefficient was maximized (rmax). The purpose
was to estimate the effects of body position on linear envelope
patterns of the different muscles by using this more recent and
objective approach for comparing signals.

Statistical analysis

All analyses were performed with the statistical package SPPS
11.0 and ORIGIN 6.1 software for Windows. Data were first
tested for normality using Kolmogorov—Smirnov test. Because
the normality condition was verified, the results are expressed
as mean =+ standard deviation ( & SD). One-way analysis of
variance (ANOVA) with repeated measures was employed to
test the effect of the three body postures on all the ventilatory,
gas-exchange, mechanical and EMG variables at both exercise
intensities. When significant F ratios were found, all the means
were compared using a Tukey’s post hoc test. Differences were
considered significant when probability (P) of a type I error
was < 5%.

Results
Ventilatory and gas-exchange variables

No significant difference was found for the ventila-
tory and gas-exchange variables measured at
VT+A20% among the three body positions (Table 2).
Because no metabolic steady state was achieved
during the exercise bouts at RCP, results are not
reported for this intensity.

Effective force profile

To achieve the power outputs corresponding to
VT+A20% and RCP, similar mean effective forces
and pedalling rates were maintained among the three

Table 2. Ventilatory and gas-exchange variables (mean + SD) measured
at VT+A20% for the three body positions. All the values were averaged
during the last 2 min of each bout

Aero posture Dropped Upright

(AP) posture (DP) posture (UP)
VO, (mL/min) 3458 + 297 3368 + 270 3394 4+ 234
VE (L/min) 88.7 +11.6 86.7 +£10.9 84.4+94
RER 0.94 4+ 0.03 0.93 +0.04 0.92 +0.03
VT (L) 2.83 +£0.45 2.73 £ 041 2.86 & 0.41
Bf (cycles/min) 320457 328+ 6.3 30.2 + 6.1

V0,, oxygen uptake; VE, ventilatory flow; RER, respiratory exchange ratio;
VT, tidal volume; Bf, breathing frequency.

Upper body position and pedalling technique

body positions (Table 3). Figure 2 depicts the pattern
of the mean effective force over the crank cycle for all
conditions. F,;, was significantly lower for UP than
for DP and AP at VT+A20% and F,,, was sig-
nificantly higher for AP than for UP at RCP (Table
3). For sake of clarity, mean values of effective force
were calculated for four angular sectors (Fig. 3):
Sector 1 represented 330-30°; Sector 2, 30-150°;
Sector 3, 150-210° and Sector 4, 210-330°. Sectors
1 and 3 correspond respectively to the top and
bottom dead centers; Sectors 2 and 4 correspond
respectively to the main propulsive and recovery
phases. For AP, effective force at VT +A20% was
significantly higher in Sector 3 and lower in Sectors 1
and 4 compared with the other positions. In addition
to these differences which persist at RCP, effective
force for AP was significantly higher in Sector 2 than
for UP at RCP (Fig. 3). Furthermore, angles corre-
sponding to minimal (Angle,;,) and maximal (An-
gleax) effective forces were significantly higher for
AP than for UP and DP (only for Angle,.x) at RCP
(Table 3).

Muscle activity level

At VT+A20%, AP and DP induced significantly
higher muscle activity level (RMSgy..) compared
with UP for GMax. RMS_. for SOL was also
higher for AP compared with the other positions
(Fig. 4). At RCP, these differences persisted only for
GMazx, while other differences of muscle activation
appeared: RMS. was significantly higher for AP
than for DP and UP for VM, and in AP than for DP
for VL. In contrast, UP induced a higher activity
level of RF than did any of the other positions.

Muscle activation timing

Muscle activity patterns from the three cycling posi-
tions are represented with ensemble linear envelopes
(45 or 90 consecutive cycles x 12 subjects per condi-
tion and per intensity) of the EMG RMS data (Fig.
5(a) and (b) for VT+A20% and RCP, respectively).
Figure 6 depicts the mean values of the muscle
activation timing variables obtained at VT+A20%
and RCP. The onset of activation occurred later for
RF in AP condition than it did for UP at both
VT+A20% and RCP. GMax, VL and VM were also
recruited later in AP and DP than for UP, only at
RCP. The offset of activation of SM occurred later in
AP compared with DP. However, no significant
difference was found among the three body positions
in muscle activation timing for the four leg muscles.
All these results were confirmed and emphasized by
the cross-correlation analysis (Table 4). The kpax
values demonstrate a significant pattern shift (i)
among the three conditions for GMax, RF and VL,
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Table 3. Mechanical variables (mean + SD) measured at VT-+A20% and RCP for the three body positions

VT+A20% RCP
AP DP up AP DP uP
Peycie (W) 238.2 238.0 238.2 NS 318.6 318.0 318.5 NS
(22.9) (22.6) (22.8) (27.6) (28.1) (27.7)
foyste (rM) 89.2 89.6 89.6 NS 90.3 90.3 90.2 NS
(8.1) (10.2) (9.3) (8.9) (9.1) (9.6)
Feycte (N) 75.9 75.8 75.8 NS 100.1 99.9 100.4 NS
(11.7) (12.8) (12.8) (14.1) (13.7) (14.6)
Fnax (N) 324.8 317.0 320.0 NS 386.9 380.4 375.4 *
(31.8) (33.9) (44.3) (45.2) (44.5) (41.0)
Anglema (°) 95.7 94.0 92.7 NS 95.8 90.8 90.3 #and x
(7.3) (6.0) (4.6) (5.5) (5.7) (5.6)
Foin (N) ~170.0 —65.6 —63.9 # —53.2 —52.6 —49.1 NS
(26.1) (27.2) (26.6) *x (31.7) (29.6) (30.4)
Anglemin () 268.0 267.7 265.2 NS 284.5 275.8 271.4 **
(20.6) (22.9) (23.2) (25.3) (25.0) (25.6)

AP, aero posture; DP, dropped posture; UP, upright posture.

Peyete, foycle, @nd Feyeie: mean values of power output, pedalling rate and right pedal effective force calculated over one complete cycle; Fnax and Fyin:
maximal and minimal value of the effective force exerted during the cycle; Anglenax and Anglemin: respective arm crank angle corresponding t0 Fax

and Fuin.

#Significant difference between AP and DP (P<0.05).
*Significant difference between AP and UP (P<0.05).
**Significant difference between AP and UP (P<0.01).

(1) between UP and the other conditions for VM, (iii)
between AP and DP for SM and BF and AP and UP
for SM. The maximal values of cross correlation
coefficients (rpn..) indicate a very high degree of
similarity in the EMG activation patterns among
the three conditions for all muscles (rpax: 0.960—
0.997, Table 4).

Discussion

The present investigation is the first to focus simul-
taneously on both the mechanical aspects of pedal
force production and lower limb muscle activation
patterns in response to changes in upper body posi-
tion. Despite the stability of both ventilatory and
gas-exchange variables, the results of this study
demonstrate significant alterations in pedal effective
force and in the level and timing of activation of
some lower limb muscles when the upper body
configuration is changed, especially from the upright
to the AP.

Methodological and general considerations

In addition to randomization, 5-min submaximal
exercise at 150 W was performed just before and
after the experimental protocol in order to verify
the repeatability of the lower limb muscles activation
patterns. These results have been previously pub-
lished (Dorel et al., in press) and show a very good
repeatability of the EMG patterns.
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The two exercise intensities were chosen in order to
reproduce typical training intensities (i.e. VT+
A20%; corresponding to 238.1 £22.8W) and
specific intensities maintained during competitive
time trial events (i.e. RCP: corresponding to
318.4 £ 27.8 W). Moreover, VT+A20% intensity en-
sured that a true metabolic steady state was achieved
allowing the comparison of ventilatory and gas-
exchange variables among the different body config-
urations. Unlike Gnehm et al. (1997), the present
investigation failed to show significant modifications
in oxygen consumption or other ventilatory/gas-
exchange variables among the three body positions.
These results are consistent with the majority of
previous studies which also reported no significant
posture effect despite some tendencies towards
higher metabolic cost and ventilatory flow in the AP
(Origenes et al., 1993). Overall, these results confirm
the difficulty of demonstrating a true inconvenience
in term of metabolic cost in the AP, especially in well-
trained cyclists. Indeed, the triathletes serving as
subjects in the present work were accustomed to
using the three tested positions during training and
competition. Moreover, it can be argued that the
criteria selected to standardize the positions, and
especially the aero position, were voluntarily chosen
to not induce larger modifications than those that are
common on the field. The question remains to be
answered whether a more extremely aerodynamic
position used by elite time-trial cyclists (i.e. with a
greater torso inclination) and reported in previous
studies (Gnehm et al., 1997) would induce greater
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Fig. 2. Mean profile of the effective pedal force measured
during the exercises at VT+A20% (a) and respiratory
compensation point (RCP) (b) in the three upper body
positions for the entire population. AP, aero posture; DP,
dropped posture; UP, upright posture. Note the higher peak
value of force produced during the second part of the
downstroke phase and the lower value during the last part
of the upstroke and the beginning of the downstroke for AP
compared with UP.

alterations in ventilatory response as well as in
mechanical and neuromuscular responses.

The results concerning the influence of body posi-
tion on force and EMG variables do not noticeably
differ among the two intensities conditions. In a great
majority, the significant changes or tendencies ob-
served at VT +A20% are respectively amplified or
begin significant at RCP. As a consequence, consid-
ering these similarities and the purpose of the study,
the influence of exercise intensity will not be exten-
sively detailed afterward so that the following dis-
cussion will focus on the results obtained at RCP.

Effective force

As expected, mean power output, pedalling rate and
hence mean pedal effective force were kept constant
among the three conditions for the two exercise
intensities (Table 3), allowing the comparison of
mechanical and EMG variables in respect to the

Upper body position and pedalling technique
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Fig. 3. Mean values of effective force calculated for four
angular sectors as a function of crank position over the
complete cycle in the three body configurations [(a) at
VT+A20% and (b) at respiratory compensation point
(RCP)]. Sector 1, 330-30°; Sector 2, 30-150°; Sector 3,
150-210° and Sector 4, 210-330°. AP, aero posture; DP,
dropped posture; UP, upright posture. ***P<0.001,
**P<0.01, *P<0.05 significant difference between two
conditions.

body positions. Whereas several studies have re-
ported changes in the torque profile in response to
alterations of pedalling rate, power output, surface
grade, and/or the occurrence of fatigue (Patterson &
Moreno, 1990; Li & Caldwell, 1998; Sanderson et al.,
2000; Sanderson & Black, 2003; Bertucci et al., 2005),
few of them focused on the effects of different body
configurations (Brown et al., 1996; Li & Caldwell,
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Fig. 4. Mean values of the root mean squared (RMS)
magnitude for the complete cycle (RMSye, i.. 0 to 360°)
for the three body positions (AP, aero posture; DP, dropped
posture; UP, upright posture) at both constant submaximal
power outputs [VT+A20% and respiratory compensation
point (RCP)] for 10 lower limb muscles implied in pedalling.
GMax, gluteus maximus; SM, semimembranosus, BF, Biceps
femoris; VM, vastus medialis; RF, rectus femoris; VL, vastus
lateralis; GM, gastrocnemius medialis; GL, gastrocnemius
lateralis; SOL, soleus and TA, tibialis anterior.

1998). Moreover, they concerned extreme postural
adjustments such as standing vs seated (Li & Caldwell,
1998) or recumbent vs traditional posture (Brown
et al., 1996). Our results clearly demonstrate that AP,
compared with DP and to a large extent to UP, leads
to an increase in the magnitude of the negative
effective force during the upstroke (Sector 4 and
Fin more negative) and a decrease of the slight
positive force produced just before and after TDC
(Sector 1) (Figs 2 and 3). In order to counterbalance
these larger counterproductive regions for AP (i.e.
mean effective force at RCP in Sector 4 and 1
amounts —8.6% and —3.2% of Fyy. for AP and
UP, respectively), a greater force would be required
during the downstroke for AP (i.e. mean effective
force in Sectors 2 and 3 amounted 108.6% and
103.2% of Feye for AP and UP, respectively). In
this line, a significantly higher F,., of 3.1% was
observed for AP compared with UP at RCP. These
results are the first to confirm the pioneering obser-
vations of Broker (2002) on cyclists and triathletes.
Indeed, this author also reported effective force
profiles in AP that are similar to those observed in
the present study (i.e. with greater peak-to-peak
oscillations). As argued by several authors, the lower
hip angle towards more flexion (from almost — 20°
from UP to AP) alters the mean working length of
muscles crossing this articulation (RF, BF, and
GMax) which could be responsible for the modifica-
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tion in the amount of force produced by these
muscles (Gnehm et al., 1997; Ashe et al., 2003) and
finally could change the force profile. It is note-
worthy that these force profile adaptations in AP
position could have not been detected by measuring
only net crank torque (Bertucci et al., 2005). The
direct measurement of each pedal effective force
allowed a further analysis of the interactions among
the specific changes in body configuration, these
kinetics parameters and finally the activation pat-
terns of the corresponding lower limb muscles.

EMG patterns

Comparing the EMG changes observed in the pre-
sent study to those reported on more drastic body
orientation manipulations (Brown et al., 1996; Savel-
berg et al., 2003a) or on differences between standing
vs. seated positions (Li & Caldwell, 1998; Duc et al.,
in pres), it becomes clear that the effects of the aero
position are less important. However, it is note-
worthy that significant modifications of EMG pat-
terns reported in our study seem to be directly linked
to changes of the effective force pattern. The absence
of change in both the intensity and the timing of the
EMG activity of muscles crossing the ankle joint
(GM, GL, TA, SOL) confirmed the relative stability
of EMG pattern of these muscles in different body
postures already reported in the literature: seated vs
standing (Duc et al., in press), flexed forward vs
upright (Savelberg et al., 2003a). Only one study has
focused on the effects of trunk inclination on the
activation pattern of lower limb muscles (Savelberg
et al., 2003a). Although the body configurations
tested in this later study are far away from ecological
conditions (i.e. racing conditions), it is interesting to
note that our results are consistent with these authors
(Savelberg et al., 2003a) who reported a higher
activation for GMax and a lower activation for RF
in a flexed forward compared with an extended
backward configuration. As a consequence, the
decrease of pedal force found in AP during the
upstroke and TDC phases could be explained by
this lower activation of RF. Although this biarticular
muscle both acts as knee extensor and hip flexor, a
detailed analysis of RF EMG patterns (Fig. 5(b))
confirms that its activation is affected during the
upstroke phase (i.e. while acting as hip flexor).
However, it should be kept in mind that the relation
between muscle activation and force production is
not so simple because the increase of trunk inclina-
tion (i.e. flexed forward), by modifying pelvis orien-
tation, has been showed to induce alteration of RF
and GMax muscle lengths (Savelberg et al., 2003a).
Then, it could be hypothesized that in aero position
disadvantage due to more marked stretching of
GMax (which induces passive resistance) and more
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Fig. 5. Ensemble curves of electromyography (EMG) root mean squared (RMS) linear envelope for 10 lower limb muscles for
all body positions [A/at VT+A20% and B/at respiratory compensation point (RCP)]. AP, aero posture; DP, dropped posture;
UP, upright posture. For sake of clarity, all the curves on one panel use same arbitrary unit on vertical axes (AP and DP tests

are normalized to maximal EMG obtained during UP). TDC, top dead centre (0°); BDC, bottom dead centre (180°).

marked shortening of RF (which affects its ability to
generate force) partly explain the decrease of pedal
force during the upstroke and TDC phases.
Considering that the knee joint kinematics is not
notably affected by upper body position in seated
position (Li & Caldwell, 1998; Savelberg et al.,
2003a), the greater effective force found for AP
during the downstroke phase could partly be ex-
plained by the higher activation of VM (in AP
compared with other conditions) and VL (in AP
compared with DP). Moreover, even if it is more
difficult to conclude on the mechanical advantage/
disadvantage of modification of GMax muscle length
in AP condition, it is reasonable to think that the
significant increase of GMax activity (+13.6% from
UP to AP) also contributes to the increase of effective
force during the propulsive phase (i.e. during down-
stroke). Then, because hip flexors was reported to
only contribute to 4% of the total positive work
(Ericson, 1986), it could be surmized that the subjects
spontaneously adopted a compensatory strategy with
these monoarticular hip and knee extensors rather
than an increase of RF activity in AP condition. To
confirm this assumption, it could have been interest-

ing to record other hip flexor muscles as the Psoas
major. However, this deep muscle is difficult to
record using surface EMG.

Another variable of interest in examining the
EMG patterns is the muscles’ activation timing. As
done in previous studies (Li & Caldwell, 1998; Dorel
et al., in press), both onset/offset of EMG bursts and
cross-correlation coefficients were used to give an
objective estimation of similarities and temporal
characteristics of muscle activity patterns. Despite
similar patterns among the three riding positions,
timing analysis showed: a phase shift (i.e. later
activation) of EMG activity for the hip extensor
(GMax), flexor (RF) and two knee extensors (VL
and VM) from upright to drop and AP (Table 4,
Fig. 6). The discrepancy in the values of shift crank
angle observed between the two methods can be
explained by methodological considerations (Li &
Caldwell, 1998; Dorel et al., in press). In fact, the
shift reported using ON-OFF method only con-
cerned the onset of the burst (except for VL) whereas
the phase shift obtained from the cross correlation
method took the entire EMG profile into account.
Overall, it is noteworthy that this result could also
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Fig. 6. Mean onset, offset and duration of higher electro-
myography (EMGQG) activity phase indicated by bars for the
10 muscles, displayed as a function of crank position. Only
the main burst is represented when two bursts were observed
for some muscles and some subjects. A/at VT+A20% and B/
at respiratory compensation point (RCP). TDC, top dead
centre (0°); BDC, bottom dead centre (180°). ***P<0.001,
**P<0.01, *P<0.05 significant difference between two
conditions.

explain the differences observed in effective force
distribution along the crank cycle (Figs 2 and 3)
and is completely consistent with the shift of the
Angle,,.x corresponding to a later application of the
maximal effective force during the downstroke phase
(i.e. 5.5° from UP to AP; Table 3). Finally, the later
burst offset observed for SM in AP compared with
UP (Fig. 6) was confirmed by the phase shift of 5°
obtained by the cross correlation method. This result
could be induced by the fact that, as argued by Van
Ingen Schenau et al. (1992), hamstring activity might
be employed to transfer the power produced by
monoarticular muscles (GMax, VM, VL). As a
consequence, these muscles could be activated later
in the way similar to the monoarticular muscles. It
this case, it remains unclear why BF activity seems
not to be affected in the same way. However, in line
with hypotheses of Ericson (1988) according to
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Table 4. Coefficient of cross correlation and shift angle for the EMG RMS
linear envelopes of each muscle for aero vs dropped positions (AP vs
DP), for dropped vs upright positions (DP vs UP) and for aero vs upright
positions (AP vs UP) at VT+A20% (A) and RCP (B)

AP vs DP DP vs UP AP vs UP

o Imax kmax o T'max kmax o max kmax

(deg.) (deg.) (deg.)

GMax 0.990 0.996  2.4* 0.990 0.995 1.5 0.987 0.995 3.8"
SM  0.980 0.993 3.2* 0.987 0.992 0.8 0.981 0990 3.7*
BF 0980 0993 21 0.984 0985 —14 0973 0981 09
VM 0990 099 2.3* 0992 0.996 05 0.989 0.996 3.2
RF 0977 0982 16 0.977 0989 2.3* 0.969 0983 3.8*
VL  0.990 0997 2.7* 0.992 0.998 1.6 0.989 0.997 4.1*
GM 0.986 0996 0.0 00983 0.992 1.8 0.982 0.988 2.2
GL 0975 0984 0.0 00987 0.990 05 0.965 0972 0.7
SOL 0982 0.994 0.0 0.989 0995 —1.0 0.983 0992 —0.6
TA 0968 0987 0.2 0969 0979 —1.9 0.949 0972 —1.7

GMax 0.989 0.996  2.6* 0.984 0.993 2.4* 0.974 0990 5.2*
SM 0978 0988 3.3* 0.986 0.989 1.3 0.967 0.982 5.0"
BF 0983 0993 3.6 0.979 0.988 —0.9 0968 0.982 23
VM 0.992 0996 1.5 0988 0.995 3.8* 0.983 0.993 5.7
RF 0979 0.988 4.4* 0.975 0985 4.9 0949 0977 9.7*
VL 0993 0997 2.1 0988 0.995 4.3* 0979 0.993 6.4
GM 0.981 0990 1.3 0.987 0.991 18 0971 0986 3.6*
GL 0.95 0963 1.6 0969 0.976 —0.4 0.943 0960 1.6
SOL 0.989 0994 1.0 0.982 0.989 —0.9 0.979 0988 1
TA 0972 0986 —04 0972 0.984 1.8 0.945 0978 1.

Values are cross correlation coefficients (rp) with no shift angle (k= 0),
and maximal value of cross correlation coefficients (rnax) obtained with a
shift angle k = kpax. Only the shift angle values with asterisk (and in bold)
are considered as significant according to the method (95% of confidence
interval) proposed by Li and Clawell (1999). Positive k-value corresponds
to a backward shift in crank angle and indicates EMG activity of the
second condition cited is shifted k degree(s) earlier in the crank cycle.
GMax, gluteus maximus, SM, semimembranosus; BF, Biceps femoris;
VM, vastus medialis; RF, rectus femoris; VL, vastus lateralis; GM,
gastrocnemius medialis; GL, gastrocnemius lateralis; SOL, soleus; TA,
tibialis anterior.

which SM acts more as knee flexor than as hip
extensor, it is also possible that the shift of SM
allows subjects to generate a higher propulsive force
in the BDC phase (i.e. Sector 3, Fig. 3).

Conclusion

This study shows that riding in AP induces signifi-
cant alteration of both intensity and timing of EMG
activity of lower limb muscles crossing hip (GMax,
RF) and knee joints (VM, VL, and to a lower extent
SM) whereas muscles crossing the ankle joint were
unaffected. The EMG activity modifications (in-
creased activity for GMax, VL, VM, and decreased
activity for RF) and the shift forward reported when
the upper body configuration is changed (especially
from UP to AP) is strongly related to the changes of
pedal effective force profile: i.e. higher downstroke
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peak positive force, lower upstroke peak negative
force and later occurrences of these values along the
crank cycle. Further investigations are needed to
evidence the necessity or not of training in this
specific AP and to clarify evolution of these adapta-
tions during an exhausting exercise such a time trial
event.

Perspectives

It is obvious that the benefits of reducing air drag in
AP (and to a lesser extent in DP) on the field (Capelli
et al.,, 1993), far outweigh the disadvantage of a
slightly increased activity of some lower limb mus-
cles. Nevertheless, this higher activity in AP seems
not to be negligible in the course of a time trial event
since it would induce greater neuromuscular fatigue.
Thus, it questions on the pertinence to perform a
specific training program to improve mechanical
patterns for cyclists or triathletes using an aero-
position in competition. Along this line, Lucia et al.
(2000) suggested that professional cyclists who show
best performance in time trials may have a greater
ability to pull the pedal up slightly, resulting in less
work by the knee and hip extensors. Although we
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focused essentially on the differences between AP
and UP, our results also showed significant higher
activation of knee and hip extensors and lower
activation of hip flexors in DP compared with UP
(at RCP). The fact that cyclists naturally adopt UP
as an alternative to AP (during a time trial) or DP
(during a race) when air drag is less important (e.g.
climbing) could therefore be an interesting strategy
for optimizing the EMG pattern in order to pull the
pedal better during the upstroke and hence delay
fatigue in hip and knee extensor muscles.
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Abstract

Studying the inspiratory recruitment of the scalenes is clinically relevant, but the interpretation of surface electromyographic
(EMG) recordings is difficult. The aim of this study was to optimize an averaging method to analyze the surface EMG activity
of the scalenes. Ten healthy subjects were studied. Nasal flow and surface EMG of the right scalene were recorded during
15 min epochs of quiet breathing. In four subjects, needle scalene EMG was also recorded. The flow signal was used to trigger
the ensemble averaging of the ventilatory wave forms from 80 consecutive breaths. In eight cases, this evidenced a phasic
inspiratory activation of the scalenes and permitted the determination of the electromechanical inspiratory detdb(h3%
and post-inspiratory activity (81 233 ms). When simultaneously available, surface and intramuscular recordings provided
identical results. An averaging method triggered from a respiratory flow signal can identify and characterize a low phasic
inspiratory activity of the scalenes within a noisy surface signal.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Respiratory muscle; Scalene; Root mean square; Electromechanical delay; Post-inspiratory activity

1. Introduction

During quiet breathing in humans, the diaphragm
is the main agonist of inspiration, but other inspiratory

—_— muscles are also activated. So, a phasic inspiratory
* Corresponding author. Tel.: +33 142 17 67 61,

fax: +33 142 17 67 08, activity can be Qetgcteq in thg scalenBayper et al.,
E-mail address: thomas.similowski@psl.ap-hop-paris.fr 19_66 dl_”_mg_qU'et lnsplratlo_n in no_rmal humans, but
(T. Similowski). this activity is low in magnitude, inconstant among

1569-9048/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.resp.2005.04.008
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subjects, and variable over time in a given subject. this study, an average wave form corresponding to one
The scalenes are recruited early in response to acuterespiratory cycle was produced by ensemble averaging
respiratory loadingRaper et al., 1966 Chronic res- of the wave forms from several consecutive breaths.
piratory diseases placing the diaphragm at mechanical However, the authors reported difficulties to reliably
disadvantage are often associated with a permanentdetect the beginning of an inspiration from the EMG
phasic inspiratory activity of the scalend3e( Troyer signal and acknowledged this as a limitation to their
et al., 1994, long known as the “respiratory pulse” approach. In particulaBruce et al. (1977yere not
(Magendie, 181 Yet, an increased activity of inspira-  able to determine the relationship between the myo-
tory neck muscles (including the scalenes) is associatedelectrical activity of the diaphragm and its mechanical
with respiratory discomfort, both during experimental activity namely the beginning of inspiration.
loading in healthy subject$\(ard et al., 198Band dur- This obstacle can theoretically bypassed by trigger-
ing quiet breathing in diseas8i(ilowski et al., 200D ing the EMG averaging from a respiratory mechanical
All'in all, it seems reasonable to consider that an in- signal. This was performed in the present study,
creased inspiratory activity of the scalenes can be both conducted in healthy humans during quiet breathing
a sign that the respiratory system is loaded and a source(hence with a presumably low level of scalene
of dyspnea. Studying this activity is thus clinically inspiratory activity), with the objective of providing
relevant. an optimized tool for the study of the function of the
The electromyographic activity of the scalenes can scalenes in clinical settings.
be studied using intramuscular or surface electrodes.
Intramuscular electrodes provide high quality signals,
but they sample a limited number of motor units and
their invasive nature limit their use in clinical practice.
Surface electrodes placed over anatomical landmarks

of the scalenes give a more global picture of muscle  per completion of the French legal procedure
function and are easy to use for prolonged or repeatedyo, piomedical research in human volunteers, 10
studies. However, the scalenes have a low level of heqihy subjects participated in the study (five men,
phasic activity during unloaded breathing and exhibit o women; aged 328 6.4 years; height 17 9 cm:

a strong tonic activity because their primary function weight 68.3+ 18.7 kg). The body mass index (BMI)

is to contribute to the stability of the head. This e subjects was 19:80.9 (range: 18.6-21.2) for
determines a low signal-to-noise ratio. Under loading \yomen and 26.2 4.3 (range: 20.7-31.5) for men.
conditions sufficient to activate the sternomastoid mus- 1o subjects were informed in detail of the purpose

cles, cross-talk is likely to occur and influence surface
EMG signals. These factors make the interpretation of

surface recordings difficult in terms of the scalene in- Recordings were gathered during a 15 min epoch of
spiratory activity. This is all the more so in the cIinjcaI quiet nose breathing through an air tight nasal mask
field where the lack of cooperation from the patients (Comfort classic, Respironics, USA), with the subjects

and the frequent occurrence of interferences from a giing in a comfortable chair and prealably instructed
variety of sources concur to worsen the signal-to-noise not to move or talk. Two subjects were studied on two
ratio. This probably explains the scarcity of informa- separate occasions.

tion on the function of the scalene muscles in clinical
situations.

Signal averaging is an efficient way to improve the 2.2. Measurements
signal-to-noise ratio. This does apply to electromyog-
raphy in general. Although this method is frequently 2.2.1. Ventilatory flow
used in EMG studies, few authors have applied it to  Ventilatory flow was qualitatively estimated from
respiratory musclesruce et al. (1977)escribed an  the measurement of mask pressure, using a differen-
averaging method for reducing the electrocardiogram tial pressure transducer (DP 45-14, rangé:cm H0,
(ECG) and noise artefacts on diaphragmatic EMG. In Validyne, Nothridge, CA, USA).

2. Methods

2.1. Subjects and experimental protocol

of the study and methods used, and gave written
consent.
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2.2.2. Surface EMG recordings In a second step, the procedure was repeated using
A pair of skin-taped silver cup electrodes aimed at the flow signal to detect the end of the mechanical
recording a putative scalene phasic inspiratory activity inspiration rather than its start. The continuous signal
was placed in the posterior triangle of the neck at the was split into epochs starting one second before
level of the cricoid cartilage with an inter-electrode the end of the mechanical inspiration and ending
distance of 1 cm. Inter-electrode impedance was kept 2 s after its start. This was performed to assess the
below 20002 by careful skin shaving and abrasion post-inspiratory activity (PIA), and in order to take into
with an ether-saturated pad. The wires connected to theaccount the breath-to-breath variability of ventilatory
electrodes were carefully secured with tape to avoid timing.
artifacts from upper limb movements. The common Fig. 1 depicts the successive steps of the averaging
electrode was placed at the level of thenubrium method.
sternum.

2.2.3. Intramuscular EMG recordings 3. Results

In four subjects, a concentric needle electrode
(Oxford medical instruments, London, England) was  |n 8 out of the 10 subjects, the flow triggered aver-
implanted into the right scalene muscle, 1-2 cm above aging of the continuous RMS signal recorded by the
the clavicle, just behind the clavicular fibers of the surface electrodes unmistakably evidenced a phasic
sternomastoid according to the method described by inspiratory activity. In these subjects, the electrome-
De Troyer et al. (1994)None of the subjects reported  chanical delay between the onset of the myoelectrical

significant discomfort attributable to the needle. activity and the beginning of actual inspiration
determined from the flow signal was 13565ms
2.3. Signal processing (meantS.D.). A post-inspiratory activity was con-

sistently visible, lasting 814 233 ms after the end of

All signals were fed to a Nihon Kohden Neuropack inspiration.
electromyograph (Nihon Kohden, Tokyo, Japan), with  Fig. 2depicts an example of the results obtained in
a 10kHz sampling rate and were filtered (between 40 the four subjects where both needle and surface EMG
and 500 Hz and between 40 and 3 kHz for surface and measurements were made. In three subjects (JM, TS,
intramuscular measurements, respectively). Then, they | C), the averaging process identifies a clear phasic
were stored on an apple Macintosh computer for subse-inspiratory activity within the surface signal. Applying
quent analysis (PowerLab, AD Instruments, Hastings, this process to the intramuscular recordings shows that
UK). The root mean square (RMS), an index of global the surface activity is matched to the intramuscular
EMG activity, was numerically calculated using fixed one, with comparable electromechanical inspiratory
windows (duratia =1 ms). delay and post-inspiratory activityTgble 1. In the

For each subject, an ensemble averaging of 80 suc-fourth subject (AD), processing the surface signal as

cessive breaths was first performed after splitting the described failed to evidence a clear phasic inspiratory
continuous RMS and flow signals in as many epochs

starting 1 s before the beginning of the mechanical in- Table 1

§p|rat|on det_ermmed from the flow SIQnal and ceas- Electromechanical delay and post-inspiratory activity values calcu-
Ing 1s after 't_S end (Chart 5.2, A_D |n3tr'ument'31 Ha'St' lated in the three subjects where both needle and surface EMG mea-
ings, UK). This treatment made it possible to identify surements were detected

a phasic activity within the continuous signal, if any. M TS LC

In ;uph jnstance, the mean myoglegtricgl iqspiratory Needle EMID (ms) 35 53 115
activity (i.e. mean RMS value during inspiration) was  syrface EMID (ms) 199 93 110
calculated, and an electromechanical inspiratory delay Needle PIA (ms) 1050 980 1024
corresponding to the time between the onset of myo- Surface PIA (ms) 735 815 1035
electrical activity and the beginning of inspiration was EMID, electromechanical inspiratory delay; PIA, post-inspiratory
measured. activity.
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Fig. 1. The step-by-step averaging technique. Five consecutive cycles of the raw surface EMG and flow signals are depicted (1). The root mear
square was calculated using fixed windows (duratid s)(2). Then, the flow signal was used to detect the beginning (3a) and the end (3b) of
each inspiration phase. An ensemble averaging of 80 successive breaths was performed after splitting the continuous RMS and flow signals ir
as many epochs starting 1 s before the markers and ceasing 1 s after inspiration (4a) or 2 s after the end of inspiration (4b). The averaging result
show the mean inspiratory activity, the electromechanical inspiratory delay (5a) and the post—inspiratory activity (5b). EMID, electroinechanica
inspiratory delay; PIA, post-inspiratory activity; RMS, root mean square; Insp, inspiration.
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Fig. 2. Example of the results obtained, with the averaging method, in the four subjects where both needle and surface EMG measurements
of the scalene were made. Three consecutive cycles of the raw flow, needle and surface EMG signals are depicted for each subject (A). The
averaging technique permitted an easy detection of the scalene inspiratory activity and the electromechanical delay in three subjects (JM, TS,
LC) (B). A post-inspiratory activity was also determined in these three subjects (C). Despite a weak needle EMG activity in the fourth subject
(AD), the surface recording failed to show a clear phasic inspiratory activity. EMD, electromechanical inspiratory delay; PIA, post-inspiratory
activity; RMS, root mean square.

activity in spite of the presence of a weak such activity measure of the corresponding electromechanical
on the intramuscular recording. inspiratory delay and post-inspiratory activity.
Two subjects (AD and TS) were studied twice at a
several weeks interval. In both cases, the second ex-4.7. Source of the averaged inspiratory activity
periment confirmed the results of the first. Of note, the
pattern of the phasic activity picked up by the surface  The source of the inspiratory activity that was iso-
electrodes was similar in shape on the two occasions. lated by the processing of the surface recordings in our
subjects is most likely the scalene muscle. The elec-
trodes were positioned above the anatomical landmark
of the upper insertion of the scalene, above its divi-
This study shows that triggering a surface EMG sion in anterior, middle and posterior scalenes. This
averaging from a mechanical respiratory signal is alone would not exclude cross-talk, mostly from the
a simple way to detect and characterize the phasic sternomastoid. However, the presence of an inspiratory
inspiratory activity of the scalene. This approach gives activity of the sternomastoid during quiet breathing in
access, seemingly for the first time, to a non-invasive healthy humans is highly unlikelyMagendie, 1816;

4. Discussion
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Raperetal., 1966; De Troyer et al., 199lost impor- et al. (2004)also used an averaging technique to
tantly, the concordance of the intramuscular and surface improve the detection of a scalene inspiratory activity.
recordings in those of the subjects so tested attests thelsing a chest band signal to define the beginning of
origin of the surface signal in the scalene. Of note, we inspiration these researchers failed to detect a phasic
were unable to extract a reliable inspiratory signal in activity of the scalenes during both quiet breathing and
two of our subjects, although one of them exhibited a during a moderately loaded breathing. This discrep-
low intensity phasic activity of the scalene according ancy with our results and with the literatufi@dper et

to the intramuscular recording (see bottom trace in the al., 1966; De Troyer et al., 1994ould lie in several
rightmost lower panel oFig. 2). Note that these two  particularities of the experimental approach used by
subjects were not those with the highest body mass in- Duiverman et al. (2004Ji.e. the application of an
dex within the study population. Available data in the ECG removal technique prior to the EMG processing,
literature suggest that there is a considerable degreethe type of signal used to detect the beginning of inspi-
of interindividual variability regarding the activation ration, the number of breaths averaged, movements of
of the scalenes during quiet breathing. Our results are the head).

compatible with this notion. The observation in subject

AD suggests that, although the flow triggered averag- 4.3. Electromechanical inspiratory delay and

ing method that we used is efficient in extracting an post-inspiratory activity

inspiratory activity of the scalene from a noisy surface

signal, it may not be sensitive enough in all cases. Of  Our method gives access to an easy measure of the
note, our subjects were studied sitting: the expected delay that separates the beginning of the scalene myo-
changes in the tonic and phasic activity of the scalenes €lectric activity and the actual inspiration (electrome-
in the supine posture could influence the performance chanical inspiratory delay, EMID) that does not require
of our technique. We have tested this in two subjects & particularly high signal to noise ratio. The average
studied first S|tt|ng and then Supine (data not Shown)_ EMID that we found in the scalene is of the same order
We indeed observed an important deterioration in the of magnitude that the electromechanical delay found
signal to noise ratio, principally due to a reduction in in locomotor muscles during minimally loaded non-
the intensity of the phasic activity, but this was not isometric contractionsL{ and Baum, 200% which
sufficient for the averaging approach to fail. The sensi- l€nds some physiological plausibility to our results. Of

tivity issue is however not likely to be a problem during  note, the EMID as defined here does not correspond
loaded breathing. to the electromechanical delay of a muscle activation

in the classical sense of the term, namely the time that
elapses between the onset of the myoelectrical activ-
ity and the onset of myofribrillar shortening. Rather, it

Other investigatorsgruce et al., 1977; Duiverman  corresponds to the delay between the onset of the my-
et al., 2003 used averaging techniques for analyzing ©electrical activity and the beginning of the action it is
the EMG activity of respiratory muscles. In the engaged in, inspiration inour case. There is seemingly
study by Bruce et al. (1977)this approach was o previous report of the scalene EMID during quiet
applied to esophageal recordings of the diaphragmatic breathing. Indeedraper et al. (1966ported that the
electromyogram, a hallmark of which is a high signal- Mmyoelectrical activity of the scalenes started after, not
to-noise ratio (in addition to the semi-invasive nature of before, the onset of a quiet inspiration. The apparent
the method). Therefore this study was not designed to discrepancy between this observation and ours may be
address the issue that we raised, namely the possibilitydue to the fact thaRaper et al. (1966)lied on a raw
to characterize an inspiratory muscle EMG activity Signal to detect the beginning of the EMG activity and
non-invasively from a noisy signdruce et al. (1977)  thus may have been unable to detect the actual onset
identified the onset of inspiration as the beginning of Of the scalene EMG. Our method also gives access to a
the EMG activity. Therefore, they could not use their measure of the post-inspiratory activity of the scalenes.
method to measure the electromechanical inspiratory This does not seem to have been reported before from
delay or the post-inspiratory EMG activifuiverman  surface recordings, and a fortiori quantified.

4.2. Comparison with available data
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4.4. Perspective
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aim of studying the function of the scalene muscles in
humans non-invasively, in settings where it is known
that the signal-to-noise ratio is a major issue. The
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in patients receiving ventilatory assistance is probably
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We hypothesized that (1) in healthy humans subjected to intermittent positive pressure non-invasive ven-
tilation, changes in the ventilator trigger sensitivity would be associated with increased scalene activity,
(2)if properly processed - through inspiratory phase-locked averaging - surface electromyograms (EMG)

Keywords: of the scalenes would reliably detect and quantify this, (3) there would be a correlation between dysp-
Sternomastoid nea and scalene EMG. Surface and intramuscular EMG activity of scalene muscles were measured in 10
Electromyography subjects. They breathed quietly through a face mask for 10 min and then were connected to a mechanical
2:;;)2}??0@ ventilator. Recordings were performed during three 15-min epochs where the subjects breathed against

an increasingly negative pressure trigger (—5%, —10% and —15% of maximal inspiratory pressure). With
increasing values of the inspiratory trigger, inspiratory efforts, dyspnea and the scalene activity increased
significantly. The scalene EMG activity level was correlated with the esophageal pressure time product
and with dyspnea intensity. Inspiration-adjusted surface EMG averaging could be useful to detect small

increases of the scalene muscles activity during mechanical ventilation.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Quiet inspiration in healthy humans is mainly driven by the
diaphragm, but it also involves the parasternal intercostals and
the scalene muscles (Beau and Maissiat, 1843; Raper et al., 1966;
De Troyer and Estenne, 1984; Gandevia et al., 1996; Hug et al,,
2006; Saboisky et al., 2007). The scalene are recruited during inspi-
ratory maneuvers, either static (Hudson et al., 2007) or dynamic
(Raper et al., 1966; Katagiri et al., 2003; Hudson et al., 2007).
Their tidal activity can increase in chronic diseases placing the
diaphragm at mechanical disadvantage (chronic obstructive pul-
monary disease (COPD) or kyphoscoliosis (De Troyer et al., 1994;
Estenne et al., 1998)). Indeed patients with these conditions often
exhibit palpable scalene inspiratory activity event when they are
in stable condition. When breathing is acutely shifted to high
lung volumes, the activity of the scalenes increases (Raper et al.,

* Corresponding author at: Laboratoire «Motricité, Interactions, Performance»
(EA 4334), Université de Nantes — UFR STAPS, 25 bis boulevard Guy Mollet, 44300
Nantes, France. Tel.: +33 2 51 83 72 24; fax: +33 2 51 83 72 10.

E-mail addresses: thomas.similowski@psl.ap-hop-paris.fr (T. Similowski),
francois.hug@univ-nantes.fr (F. Hug).
1 The two senior authors contributed equally to this work.

1569-9048/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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1966; Hudson et al., 2007). During spontaneous breathing trials
in mechanically ventilated patients, irrespective of the underlying
disease, palpable scalene muscle recruitment in inspiration can be
a sign of respiratory distress (Pardee et al., 1984). In mechanically
ventilated patients, the uncoupling of inspiratory neck muscle con-
tractions from onset of machine breaths identifies certain forms of
patient-ventilator asynchrony (Chao et al., 1997). Inspiratory neck
muscle contractions can provide a useful clinical monitoring tool
for the optimization of ventilator settings (Brochard et al., 1989).
Inspiratory neck muscles are recruited progressively and intensely
during incremental exercise in patients with chronic obstructive
pulmonary disease (Yan et al., 1997). They are also recruited in
critically ill patients failing a spontaneous breathing trial during
mechanical ventilator weaning (Parthasarathy et al., 2007). Of note,
there seems to be a relationship between the acute activation of
inspiratory neck muscles and dyspnea, as pointed at as early as
the beginning of the XIXth century (Magendie, 1816). The inten-
sity of inspiratory neck muscle recruitment is associated with the
intensity of dyspnea in healthy subjects submitted to experimental
inspiratory loading, during either fatiguing protocols (Ward et al.,
1988) or non-fatiguing ones (Bradley et al., 1986). The presence of
a clinically visible inspiratory activation of inspiratory neck muscle
is statistically associated with dyspnea in patients suffering from
amyotrophic lateral sclerosis (Similowski et al., 2000).
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The above elements are clear clues to the clinical rele-
vance of studying the inspiratory recruitment of human neck
muscles. Quantifying and monitoring their activity is how-
ever difficult. A compromise must be found between clinical
examination, simple but hardly quantifiable, and intramuscular
electromyogramic (EMG) recordings, precise but too invasive and
expertise-demanding for clinical applications. Within this frame,
we have previously shown that phase-locking the averaging of sur-
face scalene electromyograms to inspiration allowed an optimized
detection of the scalene activity during quiet breathing and its
quantification (Hug et al., 2006). The scalenes and sternomastoids
are known to be recruited sequentially in humans. During progres-
sive inspiratory effort, the activity of the sternomastoid typically
starts well after the first half of the effort, whereas that of the sca-
lene is noticeable as early as during the first tenth of the effort
(Campbell, 1955; Raper et al., 1966; Hudson et al., 2007).

With these elements in mind, we hypothesized that (1)
in healthy humans subjected to intermittent positive pressure
non-invasive ventilation, modest increases in inspiratory loading
induced by changes in the ventilator trigger sensitivity would
be associated with increased scalene activity; (2) the inspira-
tory pressure-adjusted average surface electromyograms of the
scalenes would reliably detect and quantify this increase in activ-
ity; (3) this would correlate with the intensity of respiratory
discomfort.

2. Methods
2.1. Subjects

This study was part of an experimental program approved by
the appropriate review board (Comité de Protection des Person-
nes se prétant a des Recherches Biomédicales Pitié-Salpétriére) and
devoted to the study of patient-ventilator interactions from a
model of normal volunteers receiving non-invasive mechanical
ventilation. Ten healthy subjects participated in the study (six men,
four women; aged 28.7 2.0 years; height 176 +10cm; weight
68.2 +13.8 kg). They were informed in detail of the purpose of the
study and methods used, and gave written consent. During the
experiments, they were seated in a comfortable chair with the
arms and head supported, and had been instructed not to move
or talk.

2.2. Measurements
The experimental setup is depicted by Fig. 1.

2.2.1. Pressure

Airway opening pressure was measured within an airtight facial
mask (Pmask) (Comfort classic, Respironics, USA), using a linear
differential pressure transducer (DP 15-34, range: +200 cm H,O,
Validyne, Nothridge, CA, USA). Esophageal (Pes) and gastric (Pga)
pressures were measured with two balloon-tipped catheters (thin-
walled balloon sealed over a polyethylene catheter with distal side
holes, 80 cm length, 1.4 mm internal diameter, Marquat, Boissy-St-
Léger, France). The insertion of the catheters through the nose was
carried out after topical anaesthesia (lidocain spray 10%). The gas-
tric and esophageal balloons were inflated with, respectively, 1 and
2 mL of air. The catheters were connected to two differential pres-
sure transducers (MP 45, range: +100 cm H, O Validyne, Northridge,
CA, USA). Transdiaphragmatic pressure (Pdi) was calculated on-line
as the Pga-Pes difference. All the pressure signals were stored on
an apple Macintosh computer for subsequent analysis (PowerLab,
AD Instruments, Hastings, UK). The contribution of the diaphragm
to a given inspiratory effort was assessed by computing the ratio of

the corresponding Pga and Pdi swings (APga/APdi), according to
Gilbert et al. (1981).

2.2.2. PETCO,

End-tidal CO, was continuously measured through a dedicated
port of the face mask using an infrared gas analyzer (IR505, Ser-
vomex SA, Saint-Denis La Plaine, France).

2.2.3. Surface EMG recordings

One pair of skin-taped silver cup electrodes 7 mm in diame-
ter (Nihon Kohden, Tokyo, Japan) aimed at recording scalene EMG
activity was placed in the posterior triangle of the neck (right side)
at the level of the cricoid cartilage, so as to lie over the lower portion
of the anterior scalene muscle. It was located during sniff maneu-
vers through palpation of the neck in the lower third of a line
drawn between the middle of the mastoid process and the ster-
nal notch. Another pair of electrodes was placed over the body of
the right sternomastoid, 3 cm above the anterior head of this mus-
cle. Within each electrode pair, the inter-electrode distance was
1 cm and impedance was kept below 2 k€2 by careful skin shaving
and abrasion with an ether-saturated pad. The wires connected to
the electrodes were carefully secured with tape to minimize move-
ment artefacts. The common electrode was placed at the level of
the manubrium sternum.

2.2.4. Intramuscular EMG recordings

In six subjects, a fine wire EMG electrodes (Inomed, Tullas-
trale, Germany) was inserted into the left anterior scalene and
sternomastoid muscles at the above-described locations, under
real-time ultrasonographic guidance (Hewlett-Packard, Sonos
2000; probe =5MHz). The subjects were then asked to perform
inspiratory maneuvers and opposed neck rotations to confirm the
correct electrode placement.

2.2.5. Dyspnea

The intensity of dyspnea was rated using a visual analogue scale
(VAS) constituted of a 100-mm horizontal scale over which the
subjects had to place a cursor according to the intensity of their res-
piratory discomfort, between “none” (left) and “intolerable” (right)
in response to the question: “How short of breath are you right
now?”

2.3. Protocol

It is summarized by Fig. 1. In brief, the subjects first per-
formed maximal inspiratory static maneuvers (of the Mueller type
and from end-expiratory lung volume) in order to determine the
maximal inspiratory pressure (PI,max) at the airway openings.
Then, the balloon-tipped catheters and the EMG electrodes were
placed and the subjects breathed quietly through the face mask
for 10 min (i.e. Quiet Breathing condition; QB). After which they
were connected to a mechanical ventilator (Servo i, Maquet SA,
France) with an inspiratory support of +4cm H,0 to compensate
for the resistance of the breathing circuit. Three 15’ epochs during
which the subjects were confronted with an increasingly nega-
tive pressure trigger (approximately —5%, —10% and —15% of the
maximal inspiratory pressure) were recorded. They were sepa-
rated by 15’ epochs of quiet breathing after disconnection from
the ventilator. At the end of this protocol, the subjects were dis-
connected from the mechanical ventilator and asked to breath
quietly for 15 additional minutes (washout condition, WO). Five
of the 10 subjects were studied twice at a several weeks inter-
val.
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2.4. EMG processing

All EMG signals were fed to a Nihon Kohden Neuropack elec-
tromyograph (Nihon Kohden, Tokyo, Japan), with a 10 kHz sampling
rate and were filtered (between 20 and 500Hz and between
20 and 3 kHz for surface and intramuscular recordings, respec-
tively). They were stored on an apple Macintosh computer for
subsequent analysis (PowerLab, AD Instruments, Hastings, UK).
Raw EMG data were root mean squared (RMS) with a time
averaging period of 2 ms to quantify the activity level of the mus-
cle.

The following procedure was then applied (Hug et al., 2006).
For each condition in each subject, inspiratory efforts were
identified from the Pmask signal (Chart 5.2, AD instruments,
Hastings, UK). The continuous EMG RMS signal was then trun-
cated in as many epochs as there were inspiratory efforts, each
epoch starting 1s before the beginning of the corresponding
inspiratory effort and ceasing 2s after its end and therefore
containing the full inspiratory-related EMG activity. In the end,
40-50 consecutive such epochs of EMG, phase-locked to inspi-
ration, were ensemble averaged. This produced a mean EMG
RMS trace that was used for subsequent analysis (Fig. 1). Its
mean value was used to quantify the intensity of the corre-
sponding phasic inspiratory activity. All values were expressed
in percentage of the activity so measured during quiet breathing
(RMS%).

(A) Oesophageal
and gastric
pressures
PetCO,

B EMGi
Sternomastroid

EMGs \

»®
Scalene EMGs — @

Mask pressure

Connected to the

2.5. Statistical analysis

Data distributions consistently passed the Shapiro-Wilk nor-
mality test (Prism®4.01, Graphpad Software, San Diego, CA, USA).
Values are therefore reported as mean 4 SD. RMS% values were
compared using an analysis of variance for repeated measures
(subjects as the random factor, breathing condition as the inter-
subject factor) with orthogonal contrasts as the post-hoc test
(Statistix®®, Tallahassee, FL, USA). The relationship between the
scalene activity (RMS%) and the diaphragmatic contribution to
inspiration (APga/APdi), the pressure time product of esophageal
pressure (PTPes), APes, APga/APes, the intensity of dyspnea
were studied by calculating the Pearson product-moment cor-
relation coefficient. This procedure was applied after correcting
the data according to the normalization-renormalization proce-
dure recommended by Poon (1988), to account for the possible
distortions induced by pooling intra-subjects and inter-subjects
measures (StatEL®, Paris, France). The degree of similarity of
averaged RMS linear envelope patterns between intramuscular
and surface recordings was assessed for each subject by using
the cross-correlation technique. The cross-correlation coefficient
(with lag time equal to zero, Ry) was calculated according to
the equation proposed by Li and Caldwell (1999) (custom writ-
ten script, Origin 6.1, OriginLab Corporation, USA) from smoothed
(triangular Barlett window width 3001 points) averaged signals.
In the five subjects studied twice, the reproducibility of the
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Fig. 1. Experimental setup (panel A), protocol (panel B) and signal processing (panel C). Panel A - airway opening pressure was measured within an airtight facial mask
(mask pressure). Esophageal (Pes) and gastric (Pga) pressures were measured with balloon-tipped catheters. End-tidal CO, (PETCO,) was continuously measured through a
dedicated port of the face mask. Panel B - PI,max, maximal inspiratory pressure; QB, quiet breathing; WO, washout. Ventilator triggering levels (“trigger”) are expressed in
% of P1,max. Panel C - the step-by-step averaging technique. Six consecutive cycles of the raw surface EMG and mask pressure (Pmask) signals are depicted. The root mean
square (RMS) was calculated using fixed windows (duration = 2 ms). Then the mask pressure signal was used to detect the beginning of each inspiration phase. An ensemble
averaging of 30-40 successive breaths was performed after splitting the RMS and mask pressure signal in many epochs starting 1 s before the beginning of the inspiration
and ceasing 1 s after. The averaged RMS signal was smoothed in order to obtain an EMG RMS envelope.
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Fig. 2. Dyspnea intensity. Ventilator triggering levels (“trigger”) are expressed in %
of maximal inspiratory pressure. For each trigger value, the individual data points
are presented. The circles beside these values correspond to the average value, with
indication of one standard deviation. Overlapping values explain a number of visible
data points less than the number of subjects. QB, quiet breathing; WO, washout. (*)
Shows significant difference with QB condition. ($) Shows significant difference with
Trigger-5% condition. (#) Shows significant difference with Trigger-10% condition.

Scal i

SCMi

Scal s

SCMs

L. Chiti et al. / Respiratory Physiology & Neurobiology 164 (2008) 441-448

trigger-related increases in the surface scalene RMS was assessed
in terms of the n? coefficient of an intraclass correlation analysis
(percentage of the total variability that reflects the tendency of two
measures within any particular pair to have the same value) (Shrout
and Fleiss, 1979). A P value below 0.05 was considered indicative
of statistical significance, namely of a less than 5% probability of
erroneously rejecting the null hypothesis (type I error).

3. Results
3.1. Dyspnea

Dyspnea increased with the intensity of the inspiratory effort
required to trigger the ventilator (Fig. 2).

3.2. Maximal inspiratory pressure and trigger values

P1,max amounted to 98 + 18 cm H, 0 on average for women and
118 £ 6 cm H, 0 for men, within the normal range (ATS/ERS state-
ment). In the four women, the trigger value was set to —4.7 + 0.9 cm

10 cmH,0

100mv 200mVv

100 mv

8 cmH,0 100 mv

500 mVv

100 mv

Fig. 3. Sternomastoid EMG activity with a 10% P1,max ventilator triggering value in one subject with silent intramuscular recording (panel A) and one subject exhibiting
phasic intramuscular activity (panel B). In the two panels, the top trace represents the evolution of mask pressure over time, with “Insp” standing for “inspiration”; Scal i
corresponds to the intramuscular EMG activity of the anterior scalene muscle (fine wire electrode); SCM i corresponds to the intramuscular EMG activity of the sternomastoid
muscle (fine wire electrode); Scal s represents the surface EMG activity of the anterior scalene muscle (surface electrodes); SCM S represents the surface EMG activity of the
sternomastoid muscle. The vertical dashed lines denote the point chosen to adjust the EMG averaging process on the mask pressure tracing (start of inspiration). Sternomastoid
intramuscular electrode was consistently silent (panel A), except in one subject (#6) (panel B). The example in panel A clearly shows that the surface electrodes aimed at
recording the sternomastoid pick up a cross-talk signal from other muscles, among which the scalene is probably the most important.
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Fig. 4. Comparison of the scalene surface and intramuscular EMG patterns after
inspiration-adjusted averaging (ventilator triggering set at 10% of maximal inspira-
tory pressure) in the six subjects where intramuscular recordings were performed.
In all cases, the cross correlation coefficient (Ry) indicates a very high degree of
similarity between intramuscular and surface recordings. For the sake of clarity
the averaged EMG patterns are smoothed (triangular Barlett window width 3001
points). Of note, the surface EMGs are recorded on the right side, and the intramus-
cular ones are recorded on the left side.

H,0; -9.5+1.9cmH;0 and —14.2 4 2.9 cm H, O for the 5%, 10% and
15% trigger condition, respectively. Because P1,max was very simi-
lar among the six men, the trigger values were the same for all of
the m (i.e. —6, —12 and —18 cm H,O for, respectively, the 5%, 10%
and 15% trigger condition).

3.3. PETCO,

No noticeable change in PETCO, was observed during the course
of the study, both on average and on an individual basis

3.4. Intramuscular EMG recordings

Two of the six subjects so studied reported a slight discomfort
attributable to the insertion of the needle. In all the conditions,
the scalene intramuscular recordings showed a phasic activity
during tidal breathing with the exception of one subject (#6) dur-
ing unloaded breathing (i.e. QB and WO conditions). Conversely,
the sternomastoid intramuscular electrode was consistently silent,
except in one subject (#6) when the trigger was set to 10% and 15%
of P1,max (Fig. 3). Thus, the surface electrodes aimed at recording
the sternomastoid picked up a cross-talk signal from the scalene.
We, therefore, discarded this signal, and focused the analysis on the
activity recorded by the surface electrodes lying over the anatom-
ical landmark of the anterior scalene. Of note, this activity was
consistently synchronous with the intramuscular one with the
exception of one case during QB (subject #2) where the intramus-
cular signal disappeared intermittently from the recordings in spite
of the persistence of the surface one.

3.5. Surface EMG recordings

The Pmask triggered averaging of the surface EMG signal con-
sistently evidenced a phasic inspiratory activity of the scalene
muscle. This was true in all the subjects and all the conditions,
with the exception of two cases during unloaded breathing (#6
and #9). The cross correlation analysis indicated a very high degree
of shape similarity of the surface and intramuscular EMG pat-
terns (Rg =0.968 +0.037; ranging from 0.818 to 0.996) (Fig. 4). With
increasingly intense inspiratory efforts, the surface scalene RMS
increased significantly for the two triggers fixed at —10% and —15%
of P1,max, and returned to its initial value during the washout period
(Figs. 5 and 6). Of note, the baseline EMG activity increased signifi-
cantly during the 15% trigger condition, suggestive of an increased
tonic activity.

QB trigger -5% trigger -10% trigger -15% wo
o
E v o
N
© & \ >
3 \ ~ _~__[}
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S J N W ~ ~ 2
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Fig. 5. Example, in one subject, of the inspiration-adjusted average EMGs of the scalene surface and intramuscular recordings. From top to bottom: Pmask, mask pressure;
Scal i, intramuscular EMG recording of the anterior scalene (fine wire electrode); Scal s, surface EMG recording of the anterior scalene. For sake of clarity the averaged EMG
patterns are smoothed (triangular Barlett window width 3001 points). “QB” stands for “quiet breathing”, “WO” for “washout”. Ventilator triggering levels (“trigger”) are

expressed in % of the maximal inspiratory pressure developed by the subjects.
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Fig. 6. Surface scalene EMG activity level. The mean RMS value of inspiration
adjusted averaged signals is expressed in percentage of the mean activity measured
during the first quiet breathing epoch. For each trigger value, the individual data
points are presented. Overlapping values explain a number of visible data points
less than the number of subjects. The circle beside these values correspond to the
average value, with indication of one standard deviation. QB, quiet breathing; WO,
washout. Ventilator triggering levels (“trigger”) are expressed in % of the maximal
inspiratory pressure developed by the subjects. (*) Shows significant difference with
QB condition, ($) Shows significant difference with Trig-5% condition. (#) Shows
significant difference with Trig-10% condition.

There was no change in the APga/APdiratio with increasing val-
ues of the ventilator trigger, and no correlation between the RMS
and the APga/APdi ratio. There were however significant correla-
tions between RMS and APes (the more negative APes, the higher
the RMS; R=-0.49; 95% CI: —0.69 to —0.23, P<0.01), RMS and the
APga/APesratio (R=0.34;95%Cl: 0.04-0.57,P>0.05),and RMS and
the pressure time product of esophageal pressure (PTPes) (the more
negative the PTPes, the greater the RMS; R=-0.56; 95% CI: —0.63
to —0.31, P<0.01). The strongest correlation was between the RMS
and dyspnea intensity (R=0.85; 95% CI: 0.75-0.91).

3.6. Repeated experiments

In the five subjects who could be studied on a second occa-
sion, the repeated experiment showed a fair reproducibility
(n?=0.81) of the trigger-related increases in the surface scalene
RMS.

4. Discussion

This study shows that in healthy subjects receiving inspiratory
pressure support via a face mask, decreasing the sensitivity of the
ventilator trigger in a stepwise manner (namely increasing inspira-
tory loading) is associated with a progressive increase in the EMG
activity level of the scalene muscle. This increase correlates with the
increasing magnitude of the inspiratory effort (as assessed by APes,
the APes/APga ratio, or PTPes). The RMS increase is strongly corre-
lated with an increase in the self-rated intensity of dyspnea, in line
with the relationship between respiratory discomfort and inspi-
ratory neck muscle activity (Ward et al., 1988). The contribution
of the diaphragm to the inspiratory effort does not vary, in con-
trast with the changes in task repartition that has been described in
response to other types of inspiratory loading (Aliverti et al., 1997).
The sternomastoid muscle does not appear to be recruited within
the loading range studied.

Of note, the trigger pressures used in our subjects may seems
very high in absolute value, in comparison of what is encoun-
tered in intensive care patients. In fact, in proportion of maximal
inspiratory pressures, they are not that high. This is because crit-
ically ill patients placed under mechanical often have greatly

reduced inspiratory pressures (median maximal inspiratory pres-
sure of 30cm H,0 only—with a lower interquartile of 20cm
H,0—in 79 such patients studied by De Jonghe et al. (2007): a
ventilator trigger of —2cm H,0 can correspond to 10% of the
maximal inspiratory pressure). In addition, it must be kept in
mind that many patients who have to trigger a ventilator also
have to overcome an intrinsic positive end-expiratory pressure
due to dynamic hyperinflation that can amount to several cm
H,0 (Petrof et al., 1990). As a result, our experimental protocol
appears realistic in the perspective of future intensive care appli-
cations.

4.1. Sequence of recruitment of inspiratory neck muscles

With one exception, our subjects did not exhibit sternomas-
toid recruitment in response to the increasing inspiratory loading
in spite of a marked increase in the scalene activity. This is con-
sistent with the current knowledge of about the recruitment of
inspiratory neck muscles. Hudson et al. (2007) have shown that
during both static and dynamic inspiratory efforts, the recruitment
of the sternomastoid is delayed until about 20% of the maximal
inspiratory pressure has been developed (and at times much later
depending on the subjects). This sequence of recruitment that is
in line with the greater mechanical advantage of the scalene as
compared to the sternomastoid (Legrand et al., 2003) is unaffected
by changes in lung volume. In our study, the higher load chosen
was of 15% of maximal inspiratory pressure. The absence of ster-
nomastoid activation is therefore not surprising. It also supports
the idea, expounded by Hudson et al. (2007), that the recruitment
threshold of the scalene and sternomastoid is not sensitive to the
type of inspiratory efforts performed. Hudson et al. (2007) asked
their subjects to perform either static efforts at constant lung vol-
umes against a closed airway, or dynamic efforts during which lung
volume increased from FRC to TLC. They found that this did not
markedly change the sequence and timing of the respective sca-
lene and sternomastoid activation. The type of effort performed by
our subject was more complex in nature, the first part of inspira-
tion being devoted to reach the ventilator trigger and performed
at constant lung volume (“static”), the second part being devoted
to the production of tidal volume (“dynamic”) with the aid of the
ventilator. Yet, as during simpler types of efforts, the threshold of
scalene activation appeared to be low, and in any case lower than
that of the sternomastoid.

From another point of view, our study also concords with the
idea that the nature of the neural command involved in a given
inspiratory activity does not modify the scalene-sternomastoid
sequence. The scalene muscles are recruited early and the ster-
nomastoid only late in the course of the response to a stimulation of
the automatic respiratory command by carbon dioxide (Campbell,
1955). In the study by Hudson et al. (2007), where the scalenes
were also recruited early and first, the subjects performed voli-
tional efforts involving the primary motor cortical representation
of inspiratory muscles. Our subjects, who were naive to respiratory
physiology experiments, were confronted to sustained inspiratory
mechanical loading. In this setting, load compensation occurs —
attested to by the maintenance of PETCO, — and involves corti-
cal mechanisms (Raux et al., 2007a,b) that are probably behavioral
rather than volitional strictly speaking. Yet, the scalenes were also
recruited before the sternomastoid in our subjects. Again this sup-
ports the notion that the sequence of the inspiratory activation of
the scalene and the sternomastoid is neurally preset and does not
depend on the source(s) of the inspiratory command. Of note, it
is consistent with the respective mechanical advantage of these
muscles (Hudson et al., 2007).
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4.2. Significance and usefulness of surface scalene EMG
recordings

The electromyographic activity of the scalenes can be studied
using intramuscular or surface electrodes. Intramuscular elec-
trodes provide high quality signals, but they sample a limited
number of motor units and their invasive nature limit their use
in clinical practice. Surface electrodes give a more global picture of
muscle function and are easy to use for prolonged or repeated stud-
ies, with areasonable inter-experiment reproducibility (Duiverman
et al., 2004) Their use, however, raises the question of signal con-
tamination due to the cross-talk of adjacent muscle groups. Indeed,
surface electrodes placed over the anatomical landmark of the sca-
lene muscles will inevitably pick-up sternomastoid activity if it is
present, and reciprocally, making the interpretation of the signal
difficult. Of note on this, our study confirms that surface recordings
are not appropriate to study the recruitment of the sternomas-
toid, even though they are often used with this purpose (Mananas
et al., 2000; Ribeiro et al., 2002; Tassaux et al., 2002; Ratnovsky
et al., 2003; Perlovitch et al., 2006). The plastysma could also be
a source of signal contamination. Available data however suggest
that the inspiratory recruitment threshold of this postural muscle
is very high (Fitting et al., 1988) and that its activation occurs in
very particular clinical conditions such as tetraplegia (De Troyer et
al., 1986) or very severe respiratory distress in ICU patients (per-
sonal observations, unpublished). Recruitment of the platysma is
thus not likely to have occurred in our subjects. In addition, postu-
ral activity of the platysma should also not have been an issue, given
the inspiratory-adjusted nature of our EMG averaging approach.

What can we infer from our results regarding the potential use-
fulness of surface recordings of inspiratory neck muscles in acutely
ill patients? In such patients, sternomastoid activation hallmarks
the severity of a given clinical condition. In the weaning study of
Parthasarathy et al. (2007), sternomastoid activity was noted after
the first minute of a spontaneous breathing trial in 8 out of 11
patients who failed this trial. These patients had very low maximal
inspiratory pressures (32.7 cm H,0 on average) and at the begin-
ning of the spontaneous breathing trial, their inspiratory effort
amounted to 11.3 cmH, 0, namely more than 30% of P1,max. At the
end of the trial all these patients exhibited sternomastoid activity
and their average inspiratory effort amounted to 18.7 cm H, O, more
than half of the available P1,max. Conversely, only three of the eight
weaning success patients exhibited sternomastoid activity during
the trial, in line with a ratio of inspiratory effort to P1,max that was
generally well below 30%. These observations are in keeping with
the results of Hudson et al. (2007) and they emphasize the notion
that sternomastoid activation in respiratory distress probably has
a strong negative prognostic value. Although Parthasarathy et al.
(2007) did not assess the activity of the scalenes in their patients, it
is almost certain that such an activity was present and would have
been picked up by surface electrodes, as indicated by our results.
All in all, surface recordings are not likely to provide an appropri-
ate answer to the question “are the sternomastoid activated?” This
sets a limit to their value as prognostic indicators during respira-
tory distress, but in practice there is no need of an EMG approach to
answer this question. In contrast, identifying the activation of the
scalenes can be more difficult, let alone quantifying it. Yet answer-
ing the question “are the scalenes activated and how much?” in
situations where loading is not sufficient to activate the sternomas-
toid is putatively important. This is subtended by the correlation
that exists between scalene EMG and dyspnea. This correlation
was first documented by Ward et al. (1988) during experimental
respiratory muscle fatigue protocols involving high level of inspi-
ratory loading. We found a similar correlation in our subjects even
though the intensity of loading was much lower than in the study by

Ward et al. (1988). This suggests that the relationship between sca-
lene activity and dyspnea is linear and has a low threshold, slight
increases above the resting activity being likely to be associated
with respiratory discomfort. Of note, we observed this relationship
in individuals subjected to intermittent positive pressure ventila-
tion that is known to exert a non-chemical inhibitory influence on
respiratory drive (Simon et al., 1991; Leevers et al., 1993; Fauroux et
al., 1998). This phenomenon was therefore not of sufficient magni-
tude to stamp out the effects of scalene recruitment on respiratory
sensations. It could have changed the slope of the relationship, but
the design of the study was not meant to assess this hypothesis.

In the absence of sternomastoid activation, as in our subjects,
the similarity in shape and timing evidenced by cross-correlation
analysis of the intramuscular and surface scalene EMG patterns that
we observed (Fig. 4) indicates that the averaging method that we
used canreliably identify changes in scalene activity over time, from
surface recordings.

This result must be seen as a mere proof of concept, and requires
corroboration in mechanically ventilated patients receiving non-
invasive or invasive ventilation. If such corroboration is obtained
in the future, then real time scalene RMS at the bedside could
allow clinicians to monitor the neural reactions to small changes
in inspiratory loading. This is clinically relevant, because identi-
fying an increase in scalene activity could then alert clinicians to
subtle or impending respiratory discomfort. This would be the case
even in the absence of actual patient-ventilatory asynchrony (Chao
et al., 1997), and would have the advantage of occurring far ear-
lier than inspiratory loading induced sternomastoid recruitment.
This would be particularly important in mechanically ventilated
patients who, for whatever reasons, are not capable of full commu-
nication with their caregivers (e.g. intubated and partially sedated
patients). Real time scalene RMS could then become an adjunct
to the current methods used to adjust mechanical ventilation to
the demands of the patients. Of note, the evaluation the activ-
ity of extradiaphragmatic inspiratory muscles of the neck or of
the chest wall must be seen as complementary of the evaluation
of the activity of the diaphragm, as it is used for example using
esophageal EMG probes during neurally adjusted ventilatory assis-
tance.
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ABSTRACT. Hug, F., D. Laplaud, A. Lucia, and L. Grelot. A com-
parison of visual and mathematical detection of the electromyo-
graphic threshold during incremental pedaling exercise: A pilot
study. JJ. Strength Cond. Res. 20(3):704-708. 2006.—During ex-
haustive incremental pedaling exercises, root mean square or
amplitude of integrated electromyographic values exhibits a
nonlinear increase, i.e., the so-called electromyographic thresh-
old (EMG,). As proposed by various authors, this EMG., could
be used as a complementary indicator of the aerobic—anaerobic
transition in physiological evaluations. However, most of these
studies used visual detection for the EMG,, and to date no pre-
vious study has shown the reliability of this type of EMGy, de-
tection. We aimed to compare a visual and a mathematical
method for EMG,, detection in each of 8 lower limb muscles
during incremental cycling exercise. Our results showed an over-
estimation in the number of cases in which EMG,, was detected
when using visual inspection (n = 45) compared with the math-
ematical method (n = 32). However, no significant differences
were observed between the 2 methods concerning the power out-
put at which EMGy,, occurred. These results suggest that EMG,
should be mathematically detected. In this context, coaches can
easily perform such measurements in order to evaluate the im-
pact of their training programs on the neuromuscular adapta-
tions of their athletes. For example, an automatic mathematical
detection of EMGy, could be performed during a pedaling exer-
cise in order to detect neuromuscular fatigue. Furthermore, this
index could be used during test or training sessions performed
either in a lab or in ecological situations. Moreover, the use of
EMG,, to predict ventilatory threshold occurrence could be an
interesting tool for trainers who cannot use the very expensive
devices needed to analyze respiratory gas exchanges.

KEY WORDS. root mean square, cycling, signal analysis, mathe-
matical, visual, muscle recruitment

INTRODUCTION

<~ xercise on a cycle ergometer is commonly used
in sports medicine for physical and physiologi-
4 cal evaluation. Ordinarily, the estimation of
muscle metabolism is based on measurements
of heart rate, lactate production, Vo,, and the
determination of the 2 ventilatory thresholds character-
ized by nonlinear increases in minute ventilation. How-
ever, a pivotal variable, i.e., global electromyographic

(EMG) activity (root mean square [RMS]), is less used.
For many years, surface EMG has been used as a non-
invasive method to quantify the level of activation of
working skeletal muscles. During exhaustive incremental
exercises, although some authors found a linear relation-
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ship between the RMS of EMG or the amplitude of inte-
grated EMG GEMG), on the one hand, and workload lev-
el, on the other (2, 20, 21), a nonlinear increase of RMS
or iEMG values has been considered a typical pattern (1,
5,7,9, 14, 17, 22). This breakpoint, the so-called EMG
threshold (EMGy,), has been linked to overrecruitment of
new motor units, particularly of those made up of Type
II fibers, to maintain the required energy supply for con-
traction (15). Moreover, various studies have showed a
correlation between the occurrence of the first ventilatory
threshold (VT,) and the EMG, (12-14, 17, 22) or the sec-
ond ventilatory threshold (VT,) (4, 6, 7, 12, 13). Therefore,
other investigators have demonstrated the between-days
reproducibility of the EMGy,, occurrence (11, 13). For all
these reasons, and as proposed by several authors (10,
13, 14, 17), the EMGy, could be a new noninvasive esti-
mation of the metabolic response to incremental exercise.

However, most of these studies used visual detection
of the EMGy,. Also, surface EMG remains a method less
used than ventilatory threshold assessment in exercise
physiology. Even if simple visual inspection has proven
to be valid for VT, and VT, detection (19), to date no pre-
vious study has shown the accuracy and/or reliability of
EMG,, visual detection.

The aim of this study was to compare a visual and a
mathematical method of EMG,, detection in each of 8
lower limb muscles during an incremental leg-pedaling
exercise.

METHODS
Experimental Approach to the Problem

In order to compare visual and mathematical detection of
the EMG,,, we analyzed RMS response of 8 lower limb
muscles to an incremental pedaling exercise. For each
muscle and each subject, 2 independent observers visu-
ally detected the EMGy,. The results given by each ob-
server were compared using the kappa coefficient. The
EMG,, was also mathematically detected.

First, we compared the number of times EMG,, was
detected by using the 2 different methods (quantitative
analyses); in a second step, we compared these 2 methods
in term of power output at which the EMG,, occurred
(qualitative analyses).

Subjects

Six healthy men (age = 27 = 1 years; height = 180 * 10
cm; body mass = 78 *= 9 kg), volunteered for the study
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and gave informed consent. Subjects were not engaged in
regular athletic activities, but they performed 3 = 1 hours
of recreational activities (football, climbing, basketball,
swimming, and rugby) per week. The experiment was
conducted in accordance with the code of ethics of the
World Medical Association (Declaration of Helsinki) and
approved by the local ethic committee (Consultative Com-
mittee for the Protection of the People in Biomedical Re-
search).

Study Protocol

Each subject performed an incremental cycling test until
exhaustion on an electrically braked cycle-ergometer (Ex-
calibur Sport, Lode, The Netherlands). The progressive
exercise consisted of a 3-minute constant level warm-up
(at 100 W) after which power output was increased by 25
W-min~'. Subjects wore cycling shoes with clipless pedals
and maintained pedal cadence within the 75-85
rev-min~' range. The test ended upon volitional exhaus-
tion of the subjects or when cadence could not be main-
tained at a minimum of 75 rev-min~!.

EMG Recording and Analysis

EMG activity was continuously recorded from the follow-
ing 8 muscles of the right lower limb: vastus lateralis,
rectus femoris, vastus medialis, semimembranosus, bi-
ceps femoris, gastrocnemius lateralis, gastrocnemius me-
dianus, and tibialis anterior. A pair of surface electrodes
(Universal Ag/AgCl electrodes; Contréle Graphique Med-
ical, Brie-Comte-Robert, France) was attached to the skin
with a 2-cm interelectrode distance. The electrodes were
placed longitudinally with respect to the underlying mus-
cle fiber arrangement and located according to the rec-
ommendations of Surface EMG for the Non-Invasive As-
sessment of Muscles (8). Prior to electrode application,
the skin was shaved and cleaned with alcohol in order to
minimize impedance. The wires connected to the elec-
trodes were well secured with tape to avoid movement-
induced artifacts.

Raw EMG signals were preamplified (gain 375) close
to the electrodes, and band pass was filtered between 8
and 500 Hz, amplified (ME3000P8; Mega Electronics
Ltd., Kuopio, Finland), and analog-to-digital converted at
a sampling rate of 10 kHz. The RMS was averaged every
5 crank revolutions (corresponding to about 3 seconds at
85 rpm) throughout the test.

Visual and Mathematical Determination of EMGy,

EMG,, was first determined mathematically (EMG,
Math) using a computer algorithm (Centro de Datos;
UCM, Madrid, Spain) that models RMS response to grad-
ual exercise using simple linear regression (14). With this
method, a single linear regression is fitted to all data
points. A brute force method is then used to fit 2 lines to
the data points. The program calculates regression lines
for all possible divisions of the data into 2 contiguous
groups, and the pair of lines yielding the least pooled re-
sidual sum of squares is chosen as representing the best
fit. Figure la shows an example of the aforementioned
mathematical determination of EMG,, in 1 of the sub-
jects’ muscles.

Two independent observers (who were unaware of the
results of the mathematical method) visually detected the
EMG,, as the breakpoint occurring in absolute and rela-
tive RMS values throughout the incremental test. An in-

MATHEMATICAL VS. VISUAL DETERMINATION OF THE EMG,,, 705

dividual example of the aforementioned visual detection
of EMGy, is depicted in Figure 1a,b.

Statistical Analyses

Statistical analyses were performed using the statistical
package SPSS for Windows (version 10.1; SPSS, Chicago,
IL). Results were expressed as mean * SD.

The interobserver variation of EMGy, determination
was assessed using the kappa coefficient. Interobserver
agreement was classified as follows: poor, k = 0-0.20;
fair, k = 0.21-0.40; moderate, k = 0.41-0.60; good, k =
0.61-0.80; and excellent, k = 0.81-1.00.

Intraclass correlation coefficient (ICC) was deter-
mined as the criterion of concordance between the 2
methods. The ICC was defined as the ratio of the intra-
class variance and the total variance. Good reliability oc-
curred when the ICC ranged from 0.8 to 1.

Further analysis of the reliability of visual and math-
ematical EMGy, detection methods was accomplished by
applying the procedures suggested by Bland and Altman
(3). For this analysis, the mean difference (bias) and SD
of the differences between the mean values of EMGy, (in
W) obtained using mathematical and visual determina-
tion were calculated. The data were shown graphically,
comparing the difference between the 2 methods against
their average value in W. The mean difference (bias) was
indicated in the graph.

We also applied the statistical procedure described by
Passing and Bablok (18) for testing the equality of mea-
surements from the 2 methods. After testing for a linear
relationship between the results of the 2 methods, confi-
dence limits are given for the slope beta and the intercept
alpha. These are used to determine whether there is only
a chance difference between beta and 1 and between al-
pha and 0.

RESULTS

The 2 observers visually detected the same EMG,,, and
the kappa coefficient was 0.88, showing an excellent con-
cordance between the 2 observers for the power output of
each EMGy,. Table 1 shows the number of subjects with
an EMG, visually and mathematically detected during
the incremental test. Visual detection overestimated the
number of cases of actual EMG, occurrence, i.e., there
were totals of 45 and 32 for visual and mathematical de-
tection, respectively. ICC values showed a good concor-
dance between the 2 methods concerning the power out-
put at which the EMGy,, occurred. An individual example
of both visual and mathematical detection of EMGy, is
depicted in Figure la. Figure 1b depicts 1 case in which
EMG,, was visually but not mathematically detected.

The Passing and Bablok regression and the Bland and
Altman procedure (Figure 2) confirm the ICC results,
showing a good concordance of the 2 methods regarding
determination of the power output at which EMG, oc-
curs.

DISCUSSION

This is the first study to compare, in 8 lower limb mus-
cles, visual and mathematical detection methods for the
EMG;,,. Our results showed an overestimation of the
number of EMG, cases using visual detection. However,
no significant difference existed between the 2 methods
(i.e., visual vs. mathematical) concerning the power out-
put at which the EMGy, occurred.
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FIGURE 1.

Individual examples of the mathematical and visual determination of electromyographic threshold (EMGg,) on the

vastus lateralis muscle. (a) EMG threshold mathematically and visually detected. (b) EMG threshold only visually detected.

TABLE 1. Detection of EMGy,.*

Number of subjects showing

Both EMG,, Vis No EMG,, Vis Power (W)

EMG,, Vis EMG,, Math and EMG,, Math and no EMG,, Math EMG,, Vis EMG,, Math I1CC
VL 6 6 6 0 250 + 42 254 + 33 0.88
RF 6 4 4 0 225 + 35 225 + 35 0.91
VM 6 5 5 0 240 + 33 240 + 42 0.94
SM 4 2 2 2 275 = 0 250 + 35
BF 6 5 5 0 235 + 42 260 = 72 0.87
GL 6 4 4 0 231 + 43 237 + 33 0.67
GM 5 2 2 1 250 = 70 275 = 70
TA 6 4 4 0 256 + 43 244 + 43 0.83
All muscles 45 (93.7%) 32 (66.7%) 32 (66.7%) 3 (6.2%) 241 + 38 248 + 43 0.86

* Data are shown as mean = SD. EMG,, = electromyographic threshold; Vis = visually determined; Math = mathematically
determined; ICC = intraclass correlation coefficient; VL. = vastus lateralis; RF = rectus femoris; VM = vastus medialis; SM =
semimembranosus; BF = biceps femoris; GL = gastrocnemius lateralis; GM = gastrocnemius medianus; TA = tibialis anterior.

Our results show that visual determination of EMGy,
occurrence is a subjective method; it could be influenced
by the experience and skill of the examiners. To avoid
this, some authors have used various mathematical mod-
els to determine EMG,, comparing slopes that have been
calculated using the EMG-intensity relationship (7, 16).
The problem of such a determination is that the subject

must perform various constant-load exercises. In con-
trast, one of the advantages of our mathematical method
is that it can be applied during a single incremental ped-
aling exercise. Moreover, this mathematical method has
been shown to be reproducible and reliable for EMG,,, de-
termination (11, 13).

However, interference of EMG signals with movement
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FIGURE 2. (a) Graphic analysis of the power output data (in

W) corresponding to the electromyographic threshold (EMG,)
as visually and mathematically detected. Data for all muscles
are shown. Only the data points from the 32 EMG,, that were
both visually and mathematically detected are shown in this
figure. Several values are identical; that is why there are only
21 visible values on the diagram. (b) Passing and Bablok
regression. We found no significant deviation from linearity (p
> 0.1).

artifacts may occur. For this reason, any completely au-
tomated method for identification of EMG., needs to rec-
ognize and reject traces in which the EMGy, is confused
by artifacts. Currently, no method exists with the com-
plex pattern recognition skill required to perform this
task. Until this is achieved, it is necessary to visually
check each trace against the computer-derived values to
ensure that the EMGy,, is meaningful.

PRACTICAL APPLICATIONS

To conclude, we showed that mathematical detection of
EMG, is a more objective method to detect the nonlinear
increase of RMS or iEMG values during an incremental
exercise. The other advantages of this mathematical
method are the reduced time required to perform analy-
sis, and a lower requirement for investigator experience,
because the only requirement of the investigator is to en-
sure that movement artifacts or other interferences do
not affect EMG,, detection. In this context, coaches can

MATHEMATICAL VS. VISUAL DETERMINATION OF THE EMG,,, 707

easily perform such measurements in order to evaluate
the impact of their training programs on the neuromus-
cular adaptations of their athletes. For example, an au-
tomatic mathematical detection of EMG,, could be per-
formed during a pedaling exercise in order to detect neu-
romuscular fatigue. Furthermore, this index could be
used during test or training sessions performed either in
a lab or in an ecological situation. Moreover, the use of
EMG, to predict VT occurrence could be an interesting
tool for trainers who cannot use the very expensive de-
vices needed to analyze respiratory gas exchanges.

Also, the results of previous studies using only visual
detection of EMGy, should be reconsidered.
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Abstract

The first aim of this study was to verify the occurrence of the
EMG threshold (EMGyy) in each of eight lower limb muscles
(vastus lateralis [VL], vatus medialis [VM], rectus femoris [RF],
semimembranosus [SM], biceps femoris [BF|, gastrocnemius
lateralis {GL] and medialis [GM], and tibialis anterior [TA]) dur-
ing incremental cycling exercise. The second aim was to investi-
gate the test-retest reproducibility of the EMGy,, occurrence. Six
sedentary male subjects (27 £ 1 years) performed the same in-
cremental cycling test until exhausted, (workload increments of
25 W/min starting at 100 W) twice. During the tests, the EMG
Root Mean Square (RMS) response was studied in the aforemen-
tioned muscles. The EMGyy, was detected mathematically from
the RMS vs. workload relationship. All the subjects showed an

EMGyy;, in the VL muscle, and the response was reliable in both
tests (246 + 33 W and 254 + 33 W for the first and second test, re-
spectively; coefficient of variation: 9.6%, standard error of mea-
surement: 28.9). However, few of them showed an EMGy, in the
other muscles, especially in RF, SM or GM. When present, the
EMGy, occurred at 75-80% of the peak power output obtained
during the tests. Our results suggest that EMGy;, determination
can be used as a reliable method for studying neuromuscular ad-
justments in the VL of untrained individuals, but not in other
lower limb muscles.

Key words
Root mean square - cycle-ergometer - neuromuscular fatigue -
motor unit

Introduction

Since the 1970s, surface electromyography (EMG) is widely used
to quantify the level of activation of working skeletal muscles
and to detect the occurrence of neuromuscular fatigue in hu-
mans. Numerous reports are available on the EMG response dur-
ing exhaustive incremental exercise [1,3,11,14,16,23,24,26,31].
Some authors have described a linear relationship between the
Root Mean Square (RMS) of EMG or the amplitude of integrated

EMG (iEMG), on one hand, and the workload level, on the other
[3,29,30]. However, several studies {1,5,16,24,26,31] have re-
ported a non-linear increase of RMS or iEMG values after a cer-
tain workload is reached during incremental cycle-ergometer ex-
ercise. This breakpoint, the so-called “EMG threshold” (EMGyy,),
is attributable to an increased recruitment of fast twitch motor
units to maintain the required energy supply for contraction
[25].
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Fig.1 Individual example of raw EMG sig-
nals recorded during the pedalling exercises.
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In most cases, the EMGy, has only been determined in one
[14,24,26] or few lower limb muscles [1,5,31]. On the other
hand, although the between-days reproducibility of EMG meas-
urements has been reported in a single muscle [10] or in various
muscles [30], these studies have not focused on the reliability of
the EMGry,.

The first aim of this study was to verify the occurrence of the
EMGq;, in each of eight lower limb muscles during incremental
cycling exercise. The second aim was to investigate the test-re-
test reproducibility of the EMGy;, occurrence in the aforemen-
tioned muscles.

Methods

Subjects

Six healthy males (age: 27 £1 years, height: 180+ 10cm, body
mass: 78 £9kg), volunteered for the study and gave informed
consent. Subjects were not engaged in regular athletic activities,
but they performed 3+1h of recreational activities (football,
climbing, basketball, swimming, and/or rugby) per week. None
of them were cyclists. The experiment was conducted in accord-
ance with the code of ethics of the World Medical Association
(Declaration of Helsinki) and approved by the local ethic com-
mittee.

Protocol

Each subject performed the same incremental cycling test, to ex-
haustion, on two separate occasions. These tests were performed
on an electrically-braked cycle-ergometer (Excalibur sport,
Lode®, Netherlands). The two tests (i.e. Test 1 and Test 2) were
separated by three days during which the subjects refrained
from strenuous physical activity. Each test consisted of a 3-min
constant level warm up period (at 100 W), after which the power
output (PO) was increased by 25 W-min~'. Subjects wore cycling
shoes with clip-less pedals and maintained pedal cadence within

AL
Ve

1 sec

the 75-85rev-min~' range. A cadence monitor was placed in
view of the subject during each test and a designated investiga-
tor was placed in charge of monitoring the subjects in order to
insure that they maintained the required pedalling cadence
throughout the duration of the test. The tests were terminated
upon volitional exhaustion of the subjects and/or when cadence
could not be maintained at a minimum of 75rev-min-!, At the
beginning of each experiment, the height of the saddle and han-
dlebars was adjusted to obtain a conventional cycling posture.
Considering that muscle activity can be influenced by the posi-
tion of the subject, as previously described [8), special care was
taken to place each subject in the same position on the cycle-er-
gometer during the two tests,

EMG analysis

During each test, EMG activity was continuously recorded from
the following eight muscles of the right lower limb: Vastus late-
ralis (VL), Rectus femoris (RF), Vastus medialis (VM), Semimem-
branosus (SM), Biceps femoris (BF), Gastrocnemius lateralis (GL)
and medianus (GM) and Tibialis anterior (TA). A pair of surface
electrodes (Universal Ag/AgCl electrodes, Contrdle Graphique
Medical®, France) was attached to the skin with a 2cm inter-
electrode distance. The electrodes were placed longitudinally
with respect to the underlying muscle fibre arrangement and lo-
cated according to the recommendations by SENIAM (Surface
EMG for Non-Invasive Assessment of Muscles) [12]. Prior to elec-
trode application, the skin was shaved and cleaned with alcohol
in order to minimize impedance. The wires connected to the
electrodes were well secured with tape to avoid movement-in-
duced artefacts,

Raw EMG signals were pre-amplified (gain 375) close to the elec-
trodes, band pass filtered between 8 and 500Hz, amplified
(ME3000P8 by Mega Electronics Ltd®, Finland), and analog-to-
digital converted at a sampling rate of 10 kHz (Fig.1). The Root
Mean Square (RMS) was averaged every five crank revolutions
(corresponding to about 3 s at 85 rpm) throughout the test.

Hug F et al. EMG Threshold Determination During Pedalling ... Int | Sports Med 2006; 27: 456 - 462
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Fig.2 Example of the mathematical determination of EMGy;, in one
(Rectus femoris) of subjects’ muscles.

Determination of EMGr,

We used a computer algorithm (Centro de Datos, UCM, Madrid)
that models RMS response to gradual exercise using simple line-
ar regression [24]. With this method, a single linear regression is
fitted to all data points. The program calculates regression lines
for all possible divisions of the data into two contiguous groups,
and the pair of lines yielding the least pooled residual sum of
squares is chosen as representing the best fit. Fig. 2 shows an ex-
ample of the aforementioned mathematical determination of
EMGry, in one of subjects’ muscles.

Statistical analysis

All statistics were performed using the statistical package SPSS
for windows (version 10.1). Results were expressed as mean #
Standard Deviation (SD). For all statistical comparisons outlined
below, the level of significance was set at 0.05. Possible differ-

ences in EMGyy, values between repeated tests were assessed
with a Wilcoxon’s test. The same test was used to compare the
peak power output (PPO) and mean pedalling cadence in Tests 1
and 2.

We determined the standard error of measurement (SEM, de-
fined as the square root of mean square error within trials) and
coefficient of variation (CV, i.e. standard deviation/mean, in %)
for the EMGyy, values obtained in Tests 1 and 2.

Further analysis of EMGyy, reliability was accomplished by apply-
ing the procedures suggested by Bland and Altman [4]. For this
analysis, the mean difference (bias) and SD of the differences be-
tween the mean values of EMGy, (in W), obtained in Test 1 and
Test 2, were calculated. The data were shown graphically com-
paring the difference between the two tests against their average
value in W. The mean difference (bias) was indicated in the
graphs (Figs. 4 and 5).

Results

There was no significant difference between Test 1 and Test 2 in
the PPO reached by the subjects (300+32W vs. 300+ 32 W, re-
spectively) or in their mean pedalling rate (80+4rpm vs.
82 +3 rpm, respectively).

The EMGqy, did not occur in all the subjects’ muscles and tests.
When present, the EMGyy, corresponded on average to 77 £ 14%
and 79 £8% of the PPO attained in Tests 1 and 2, respectively.
For each muscle and test, the percentage of subjects showing an
EMGy, is shown in Table 1. The only muscle in which we found
the EMGrqy, to occur in 100% of the subjects (in both tests) was
the VL muscle. Furthermore, the response of this muscle was re-
liable between trials (Table 1). The EMGyy, of the VL muscle is de-
picted for each subject and each test in Fig. 3.

e e

Table 1 Comparison of the EMG threshold (EMGy;,) between Test 1 and Test 2

Number of subjects showing EMGy,  EMGp,inTest 1(W) EMGr,inTest2(W) n p CV (%) SEM
Test 1 Test 2
v 6(100%) 6 (100%) 1246433 254133 6 Ns 9.6 28.9
RF 2(33%) 4 (66%) 237+53 250+35 2
ww 5(83%) 5(83%) 237143 231242 4 NS 5.8 8.8
M 3(50%) 2(33%) 23352 27510 1
BF 3(50%) 24263 258452 3 NS 54 144
GL 5(83%) 23155 237432 4 NS 11.9 8.8
GM S 3(50 21552 275470 1 R
TA 5(83%) 4(66%) 244+ 66 244+ 43 4 NS 7.6 25.0
Mean + $D for ol ' e 243114 253+16 ' ’
muscles i . = .
CV (%) for all 5.8 6.3
muscles

Data are shown as mean + SD. VL, vastus lateralis; RF, rectus femoris; VM, vastus medialis; SM, Semimembranosus; BF, Biceps femoris; GL, Gastrocnemius lateralis; GM,
Gastrocnemius medianus; TA, Tibialis anterior; n, number of subjects showing an EMGr, in both tests; NS, no significant difference; CV, coefficient of variation; SEM, square

root of mean square error within trials
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Fig.3 Vastus lateralis EMGy, of each sub-
ject is depicted for test 1 and test 2.
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All the muscles taken together, the workload at which the EMGy,, Discussion

occurred did not differ between the two tests (Table 1). For each
muscle, we applied the Bland and Altman procedure when we
found the EMGy, to occur in both tests for at least 3 subjects
(Fig.4). For all the muscles and subjects, we applied the Bland
and Altman procedure when we found the EMGy, to occur in
both tests (i.e. 25 values) (Fig. 5).

This is the first report to compare, in untrained subjects, the
EMGy;, occurrence in eight lower limb muscles during incremen-
tal cycling exercise. All the subjects showed an EMGy, in the
vastus lateralis muscle, and this response was reliable, whereas
few of them showed an EMGq;, in the RF, SM and GM muscles.

Although surface EMG technique can serve as a useful tool in as-
sessing muscles activation, this method is not without limita-
tions. First, cross talk from adjacent muscles may influence
EMG signals. To minimize this phenomenon, we used small bipo-

Hug F et al. EMG Threshold Determination During Pedalling ... Int ] Sports Med 2006; 27: 456 462
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Fig.4 For each muscle, a graphic analysis of the power output
(Watts) data corresponding to the EMGy,, determined during test 1
and 2, is depicted. Because of the few number of subjects showing an
EMGy, in RF, SM and GM, only the 5 other muscles are depicted.
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Fig.5 Graphic analysis of the power output (Watts) data correspond-
ing to the EMGy;, determined during test 1 and 2. Data for alt muscles
are shown. Only the data points from the 25 subjects exhibiting an
EMGyy, in both Tests 1 and 2 are shown in this figure.

lar electrodes, and special care was taken for the electrode place-
ment. Before each test, the contribution of the eight muscles to
the signals recorded by the corresponding electrodes was ascer-

tained by the presence of bursts of EMG activity during tonic
contractions. Second, EMG signals can be influenced by move-
ment artefacts. We minimized these influences by using a pre-
amplifier placed near the electrodes for each muscle, and secur-
ing the electrode wires well with tape.

On average, the EMGyy;, of all the muscles was 75 - 80% of the sub-
ject’s PPO for Tests 1 and Test 2. As this exercise intensity is close
to the power output value at which both ventilatory equivalents
for oxygen (VE-VO,1) and carbon dioxide (VE-VCO,") exhibited
a systematic increase (i.e. the second ventilatory threshold [VT,])
in sedentary individuals, our results are in agreement with pre-
vious studies which showed the EMGq, to occur near VT,
[1,11,26]. However, other studies reported a correlation between
EMGry, and the power output value at which VE-VO,-! exhibited
a systematic increase without a concomitant increase in
VE-VCO,! (i.e. first ventilatory threshold [VT,]) [14,24,31].
These discrepancies can be due to differences in experimental
protocols (pedalling cadence, rate of workload increments,
method of EMGyy, and VT;/VT, determination [visual or mathe-
matical, etc.]) or in the training status of the subjects (i.e. trained,
untrained or diseased subjects). For example, Viitasalo and co-
workers [31] used only three workload levels to show the EMGyy;,
occurrence at VT, and Lucia and co-workers [24] found that the
EMGqy;, occurred at the VT, in cardiac transplant patients.

Simple visual inspection has been shown to be valid for VT,/VT,
detection [28]. However, EMGyy, is not so commonly used and
measured in exercise physiology laboratories as the aforemen-
tioned ventilatory thresholds, and to date, no previous study
has shown the accuracy and/or reliability of EMGy, visual detec-
tion. For this reason, we chose to use a mathematical model as an
objective method to detect the EMGyy,

The physiological mechanism behind an abrupt increase in EMG
activity above certain exercise intensity (75-80% of PPO) is not
fully understood. The non-linear increase of RMS can be due to
several factors, such as 1) an increase in M-Wave duration, 2) a
central motor drive regulation and/or 3) disruptions of excita-
tion-contraction coupling. A lengthening of M-wave duration
may partly cause an increase in RMS, independent of any central
activation failure [17,18]. In the present study, we did not record
M-Wave because it was very difficult to obtain a measurement
for the eight muscles simultaneously. However, some studies
showed M-Wave alterations to occur only during prolonged exer-
cise (> 2 h)[19,20], as opposed to short-duration exercise [21]. In
this line, considering that the mean duration of our progressive
exercise test was of only ~ 11 min, we could hypothesize that no
M-Wave alteration occurred in our subjects and that the abrupt
increase of RMS was most likely due to another mechanism.

Previous studies [1,16,23] showed that EMGy, occurred simulta-
neously in muscles that are clearly different both in terms of fi-
bre type distribution and in their implication during the pedal-
ling task. Another investigation demonstrated, during a sus-
tained static contraction of the Flexor digitorum, that a concom-
itant EMGry, and VT, persist during complete arterial blood flow
interruption [15)]. Because these responses persisted in the ab-
sence of any blood release of metabolites, neurogenic factors
seem to be responsible for both EMG and ventilatory thresholds.
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Thus, all these results suggest a central motor drive regulation.
The activation of group Ill and IV muscle afferents, during fatigu-
ing contraction, is suspected to play a key role in adjusting the
motor drive to working muscles through a reflex control of the
recruitment of motor neurons [2,22]. These muscle afferents de-
tect changes in intramuscular acidosis and potassium outflow
from working muscles fibres [6] and are activated after a suffi-
cient accumulation of metabolites has occurred in a fatiguing
muscle [7]. In other words, the amount of intramuscular accu-
mulation of metabolites and/or acidosis, that occurs in those
muscles more involved in an exercise task, could play a key role
in the changes of central motor drive for all the other muscles. In
our study, the EMGy;, seemed to occur at the same workload level
in the eight muscles studied (i.e. very low CV for all muscles tak-
en together in both tests). However, no subject showed an EMGy,
in all the recorded muscles, which suggests that other mecha-
nisms could be in the origin of the threshold occurrence.

As workload increases, the accumulation of hydrogen ions, oxy-
gen reactive species and potassium has been shown to impair ex-
citation-contraction coupling [32]. In this case, it is necessary to
recruit additional motor units in order to compensate for the def-
icit in contractility. This phenomenon can explain an abrupt in-
crease in EMG activity. As shown in Table 1, an EMGy,, was deter-
mined in 100% of the subjects in the VL muscle. This result con-
firms previous EMG [27], biopsy [9] and Magnetic Resonance
Imaging (MRI) studies [13] showing that this muscle is highly in-
volved during leg pedalling exercise. In contrast, EMGy;, was not
detectable in the majority of the subjects in GM, SM and RF, all of
which are less implicated in the cycling task [8]. These results
confirm the local hypothesis of EMGyy, occurrence, i.e. accumula-
tion of metabolites in the most active muscles induces additional
motor unit recruitment in these same muscles, but less in other
muscles.

However, we found inter-individual differences in the muscles
showing an EMGy,, which suggests some heterogeneity in the
muscle recruitment strategies of our subjects. This result is in
accordance with previous work from our laboratory using EMG
and MRI, which showed considerable heterogeneity in the
muscle recruitment patterns of a homogeneous population of
professional road cyclists {13].

Conclusion

In all the subjects, EMG activity of the VL muscle showed a non-
linear increase which occurred at about 75 - 80% of PPO. The re-
sults of this study suggest that EMGy;, determination can be used
as a reliable method for studying neuromuscular fatigue during
cycling exercise in this specific muscle, but not in other leg
muscles. Because this pilot study was conducted in only 6 sub-
jects, and does not report metabolic measurements, more re-
search is necessary to clearly elucidate the mechanism(s) behind
the EMGry, and the reasons that explain its occurrence (or lack of
occurrence) in different muscles.
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Abstract The purpose of this study was to compare the
electromyographic fatigue threshold (EMGyy) values deter-
mined simultaneously from superficial elbow flexor mus-
cles during an isometric single-joint task. Eight subjects
performed isometric elbow flexions at randomly ordered
percentages of maximal voluntary contraction (20, 30, 40,
50 and 60%). During these bouts, electromyographic
(EMG) activity was measured in the anterior head of Del-
toid, lateral head of Triceps brachii, Brachioradialis and
both short and long head of Biceps brachii. For each sub-
ject and each muscle, the EMG amplitude data were plotted
as function of time for the five submaximal bouts. The
slope coefficient of the EMG amplitude versus time linear
relationships were plotted against force level. EMGgp was
determined as the y-intercept of this relationship and
considered as valid only if the following criteria were met:
(1) significant positive linear regression (P < 0.05) between
force and slope coefficient, (2) an adjusted coefficient of
determination for force versus slope coefficient relationship
greater than 0.85, and (3) a standard error for the EMGgy
below 5% of maximal voluntary contraction. The EMGgy
could only be determined for one muscle (the long head of
Biceps brachii) and only in three out of the eight subjects
(mean value =24.9 £ 1.1% of maximal voluntary contrac-
tion). The lack of EMGgy in most of the subjects (5/8)
could be explained by putative compensations between
elbow muscles which were indirectly observed in some
subjects. In this way, EMGg; should be studied from a
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Performance» (EA 4334), University of Nantes,
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more simple movement i.e., ideally a movement implying
mainly one muscle.

Keywords Biceps brachii - Deltoid - Brachioradialis -
Isometric - Root mean square - Accuracy

Introduction

Muscle fatigue can be defined as “any exercise-induced
reduction in the ability to exert muscle force or power,
regardless or whether or not the task can be sustained”
(Bigland-Ritchie and Woods 1984). The evolution may be
fast or slow, depending on the effort performed, and will
lead sooner or later to mechanically detectable changes of
performance. In this way, prolonged submaximal isometric
contraction at constant force level induces a progressive
increase in surface electromyographic (EMG) amplitude
(Edwards and Lippold 1956; DeVries 1968). While some
non-physiological factors contribute to this increase in
EMG amplitude [for review, see (Farina et al. 2004)], it can
be mainly explained by an enhancement of the central drive
as a result of an increase in the number of active motor
units and/or a modulation of the discharge rate to compen-
sate for the decrease in the force of contraction that occurs
in fatigued muscle fibers (Garland et al. 1994; Garland
et al. 1997; Hunter et al. 2003). DeVries (1968) reported a
linear relationship between EMG amplitude and time dur-
ing fatiguing exercises. The slope coefficient of this linear
relationship is proportional to the force level. Based on
these findings, deVries etal. (1982) proposed a cycle
ergometer test to determine the fatigue threshold in quadri-
ceps femoris muscle group. The protocol consisted to deter-
mine the rate of rise in integrated EMG amplitude (i.e.,
integrated EMG slope) as a function of time for pedaling
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bouts performed at three or four different power outputs.
The integrated EMG slopes obtained were plotted against
power output resulting in linear plots which were extrapo-
lated to a zero slope to give an intercept on the power axis.
This y-intercept, named the EMG fatigue threshold
(EMGgy), was defined as the highest power output that can
be maintained without an increase in EMG activity level
over time (i.e., iEMG slope =0). The EMGg; has been
widely studied using pedaling tests (Matsumoto et al. 1991;
Moritani et al. 1993; Pavlat et al. 1993; Pringle and Jones
2002; Graef et al. 2008; Smith et al. 2009) and has been
shown to be an interesting tool to assess the fitness level/
muscle performance (deVries et al. 1982; Matsumoto et al.
1991; Moritani et al. 1993; Graef et al. 2008; Smith et al.
2009). This method has the advantage that it does not
require submaximal exercise bouts to be performed until
exhaustion. For this reason, it would be very useful for
patients who are not able to tolerate maximal effort, which
is known to depress the immune system and to be deleteri-
ous in muscle diseases such as myopathy.

In most of these studies, EMGgy was determined from
the Vastus lateralis muscle (deVries et al. 1982; Matsumoto
etal. 1991; Moritani etal. 1993; Graef etal. 2008;
Smith et al. 2009) assuming that this muscle is representa-
tive of all the muscles implied in pedaling. However, ped-
aling is a bilateral multi-joint task requiring the usage of
numerous muscles [for review, (Hug and Dorel 2009)] and
thus, the EMG fatigue characteristics of other muscles
could result in different EMGp values, as demonstrated by
Housh et al. (1995). In this way, the high inter-individual
variability of EMG patterns reported during pedaling (Hug
et al. 2008) could explain the fact that some studies failed
to report EMGgr in some subjects (Pringle and Jones
2002). In addition, since pedaling is a dynamic exercise,
the intensity (power output) is difficult to control because
both mechanical loads (i.e., resistance imposed by the
cyclo-ergometer) and movement velocity (i.e., pedaling
rate) must be standardized. Taken together, these informa-
tion suggest that a more simple (single-joint) and standardized
task would permit more accurate EMGygy determination.
Surprisingly, there are only three recent studies that have
determined the EMGg from an isometric single-joint task
(Cardozo and Goncalves 2003; Dias da Silva and Goncalves
2006; Hendrix et al. 2009). Hendrix et al. (2009) compared
the EMGg and critical force (i.e., the isometric force
threshold above which fatigue will occur during a sus-
tained muscle action) for isometric actions of the elbow
flexors but, as discussed by the authors, their conclusions
were limited by the fact that EMGgy was determined only
from Biceps brachii. In fact, the generation of elbow
torque results from the contribution of all of the muscles
surrounding this joint. The moment arms (Murray et al.
1995), cross sectional areas and muscle typologies

@ Springer

(Johnson et al. 1973) are different among the muscles. This
fact alone would imply different muscles’ contribution to
the total torque (Murray et al. 1995) and thus possible
different EMGgpy.

Therefore, the purpose of this study was to compare the
EMGg; values determined simultaneously from superficial
elbow flexor muscles (Biceps brachii long head, Biceps
brachii short head and Brachoradialis) during an isometric
single-joint task (i.e., elbow flexion). It was hypothesized
that EMGy would be different for each of these superficial
flexor muscles.

Methods
Subjects

Eight healthy subjects volunteered to participate in this
study (2 women, 6 men; aged 27.0 & 9.5 years; height
172.0 & 6.5 cm; weight 64.8 £ 11.0 kg). They were informed
of the possible risk and discomfort associated with the
experimental procedures before they gave written consent.
The experimental design of the study was approved by the
local Ethical Committee and was done in accordance with
the Declaration of Helsinki.

Measurements
Ergometer

A home made ergometer was used to measure the force
produced by the elbow flexors (Fig. 1a). Subjects were
seated upright in an adjustable chair with their dominant
arm shoulder joint flexed in the sagittal plane so that the
upper arm was horizontal and the forearm was vertical and
mid-pronated (90° between arm and forearm). The force
exerted at the wrist level was measured with a force sensor
(ZF200 kg, sensibility: 3 mV/V, Scaime, Annemasse,
France), in the sagittal plane. The force signal was sampled
at 1 kHz and stored in a computer.

Electromyography

Rudroff et al. (2008) showed that surface EMG measure-
ments provide a more appropriate measure of the change
in muscle activity during a fatiguing contraction than
intramuscular recordings. In fact, intramuscular record-
ings, even measured with wire electrodes, sample a lim-
ited number of motor units and thus, the signal is not
necessarily representative of the global muscle activity,
especially for the lowest levels of muscle activity (Chiti
et al. 2008). For this reason only the surface EMG activity
of superficial elbow flexor muscles was recorded in the
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Fig. 1 Experimental setup (a) and protocol (b). a Subjects were seated
upright in an adjustable chair with dominant arm shoulder joint flexed
in the sagittal plane so that the upper arm was horizontal and the fore-
arm was vertical and mid-pronated (90° between arm and forearm).
b After a 10 min standardized warm-up, each subject performed three
3 s isometric maximal voluntary contractions (MVC) with the elbow
flexors, shoulder flexors and elbow extensors. Following this session,
each subject rested 5 min, then performed isometric elbox flexions at
randomly ordered percentages of MVC (20, 30, 40, 50 and 60%). Each
bout lasted 30 s and was separated by a 10 min recovery period

present study. Since the Brachialis lies below the Biceps
brachii, it is not accessible by surface EMG and was not
therefore recorded. Bipolar surface electromyographic
(EMG) activity was measured with dry-surface electrodes
(Delsys DE 2.1, Delsys Inc, Boston, USA; 1 cm inter-
electrode distance) that were placed over the short and
long head of Biceps brachii, and Brachioradialis. Co-acti-
vation was also assessed by measuring the EMG activity
of the lateral head of Triceps brachii. Possible compensa-
tion with shoulder flexors was investigated by recording
the EMG activity of the anterior head of the Deltoid mus-
cle. The electrodes were placed longitudinally with
respect to the underlying muscle fibre arrangement, distal
to the motor point. A reference electrode was placed at the
level of manubrium sternum. Prior to electrode place-
ment, the skin was shaved and cleaned with alcohol in
order to minimize impedance. EMG signals were ampli-
fied (x1,000) and digitized (bandwidth of 6-400 Hz) at a
sampling rate of 1 kHz (Bagnoli 16, Delsys Inc, Boston,
USA), and stored on a computer.

Protocol

After a 10 min standardized warm-up (5 min of rowing at
100 W following by 3 series of 10 dynamic elbow flexions
at 4, 6 and 8 kg, 1 min of recovery between each series),
each subject performed three 3 s isometric maximal volun-
tary contractions (MVC) using their elbow flexor muscles.
The subjects rested 2 min between trials. The greatest force
achieved over a 500 ms interval was taken as the MVC
force and used as the reference to normalize the target force
for the subsequent submaximal bouts aimed at determining
EMGgy. The maximal EMG (RMS,,,,) of the elbow flexor
muscles was determined as the maximal average root mean
square (RMS) value over a 500 ms interval. Three maximal
isometric shoulder flexions with the forearm pronated and
three maximal isometric elbow extensions were performed
in order to determine the RMS  for the anterior head of
Deltoid and lateral head of Triceps brachii. Following this
session, each subject rested 5 min, then performed isomet-
ric elbow flexions at randomly ordered percentages of
MVC (i.e., 20, 30, 40, 50 and 60%) (Fig. 1b). Each bout
lasted 30 s and was separated by a 10 min recovery period.
This exercise duration was chosen to avoid the accumula-
tion of muscle fatigue to a minimal extent and to be sure
that all the subjects are able to maintain the require load
during all this period (especially for the bouts performed at
50 and 60% of MVC). During each bout, a visual feedback
of the force signal has been displayed on a monitor placed
in front of the subjects.

EMGgy determination

The data processing was performed using standardized
Matlab® scripts (The Mathworks, Natick, USA). For each
bout, the interference EMG data obtained for all muscles were
root mean squared with a time averaging period of 1.33 s
(corresponding to 20 RMS values for each bout) to quantify
the activity level. EMGgp was then determined only in Bra-
chioradialis and both heads of Biceps brachii. As shown in
Fig. 2, the rate of rise in RMS as a function of time (slope
coefficient of the linear regression) was calculated for each
of the five bouts and for each subject. When the slope coeffi-
cient was negative (three cases out of 40 for the long head of
Biceps brachii, 15 cases out of 40 for the short head of
Biceps brachii and 18 cases out of 40 for the Brachioradi-
alis), the bout was not taken into consideration for EMGgy
determination. The force levels were then plotted as a func-
tion of slope coefficients for the RMS vs. time relationship.
The EMGy; was defined as the y-intercept of the relation-
ship between force level and slope coefficient (deVries et al.
1982) (Fig. 2). The significance of the linear regression, the
adjusted coeflicient of determination (R%) and the standard
error for y-intercept were then calculated (Origin 8, OriginLab
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Fig. 2 Method for determining the EMG fatigue threshold (EMGgy).
a The EMG amplitude (RMS) data are plotted as function of time for
the five submaximal bouts (20, 30, 40, 50 and 60% of maximal volun-
tary contraction (MVC)). b The slope coefficients of the RMS versus
time relationship obtained are plotted against force level (% of MVC).
The EMGyy is determined as the y-intercept of this relationship (DeV-
ries et al. 1982). The regression line and its 95% confidence interval
are depicted. Note that this individual example corresponds to subject
#1. The bout performed at 20% of MVC was not taken into consider-
ation because the slope coefficient was negative (see “Methods” sec-
tion for more details)

corporation, USA). We chose to report adjusted R? because
it is a more accurate goodness-of-fit measurement than the
R? when dealing with small samples. Note that EMGpy was
only determined if the following criteria were met: (1) sig-
nificant positive linear regression (P < 0.05) between force
and slope coefficient, (2) an adjusted coefficient of determi-
nation (R?) for force versus slope coefficient relationship
greater than 0.85, and (3) a standard error for the y-intercept
(i.e., EMGgr) below 5% of MVC.

Results

Table 1 includes data for each subject, each bout and each
elbow flexor muscle. No significant linear relationship was
found between force level and slope coefficient in Brachio-
radialis and the short head of Biceps brachii. Thus, no
EMGg; was determined from these two muscles. EMGgp
was determined with a good precision (standard error
ranged from 0.42 to 4.6%) in three out of the eight subjects
for the long head of Biceps brachii (mean value & SD:
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249 £ 1.1% of MVC) (Fig. 3). Co-activation of lateral
head of Triceps brachii was low for all of the exercise bouts
(19+1.7,34+29,42+32,53+42and 6.2+4.7%
of RMS, .. for 20, 30, 40, 50 and 60% of MVC, respec-
tively) and no change in EMG activity in this muscle was
found during each of the five bouts.

Discussion

This study shows that EMGy cannot be easily determined
from isometric elbow flexions. In fact, EMGgy could only
be determined for the long head of Biceps brachii in three
out of the eight subjects.

Methological considerations

The accuracy of EMGgr mainly depends on the linear fit
used to model the force level versus slope coefficient rela-
tionships. Because EMGyy could be considered as a valid
tool to assess muscle function/fitness level (and to monitor
changes in response to training/rehabilitation programs)
only if it is determined accurately, we chose to validate the
EMGg determination only for significant positive linear
regression between force and slope coefficient resulting in a
value of R*>0.85 and in a standard error of y-intercept
(i.e., EMGgy) < 5%. Using these criteria we detected an
accurate EMGygr in only one muscle (i.e., long head of
Biceps brachii) and in only three out of the eight subjects.
One study focusing on EMGg from isometric muscle con-
tractions of the superficial elbow flexors (Hendrix et al.
2009) determined the EMGgy in Biceps brachii for all ten
subjects. The discrepancy with the present study could be
explained by the fact that these authors did not use any cri-
teria for attesting the accuracy of their EMGp; measure-
ment. For instance, using the second criteria (i.e.,
R>>0.85) of the present study, three out of ten EMGy
would not have been determined in the study from Hendrix
et al. (2009).

The lack of accurate EMGg could be explained by vari-
ous physiological/non-physiological factors known to affect
the EMG signal during constant-load exercise (for review,
see (Farina et al. 2004)). For instance, motor-unit synchro-
nization or signal cancellation (i.e., superposition of the
positive and negative phases of the muscle action poten-
tials) could affect the rise in EMG during the five constant-
load exercises. The methodology used in the present study
does not allow us to verify this hypothesis.

Possible compensation between muscles

It is well documented that the nervous system has multi-
ple ways of accomplishing a given motor task (Bernstein
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Table 1 Data for the long and short head of Biceps brachii and Brachioradialis, for each subject

S Force (% MVC) Long head of Biceps brachii Short head of Biceps brachii Brachioradialis

Slope (mV s7h P R? Slope (mV s7h P R? Slope (mV s7h P R?

1 20 - * 0.99 - NS  0.63 -

30 6.7 x 1077 - -

40 22 x107° 14 x 107° -

50 3.5 % 1076 33 x 1076 13 x 107°

60 5.0 x 107° 49 x 107¢ 1.3 x 107°
220 - * 0.87 - NS  —0.71 -

30 1.3 x 1077 - -

40 12 x 107° 7.8 x 1077 12 x 107°

50 1.5 x 107° 1.2 x 107° -

60 2.0 x 107° 6.0 x 1077 5.1 x 1077
320 3.0 x 1077 NS  0.09 1.2 x 107° 22 x 1077

30 1.0 x 107° - -

40 1.0 x 107° - -

50 1.5 x 107° - -

60 22x107° - -
4 20 2.8 x 1077 NS 032 13 x 107 NS 076 4.8 x 1077 NS  0.36

30 2.9 x 107° 2.0 x 107° 2.7 x 107°

40 1.2 x 107° 2.5 % 107° 1.2 x 107°

50 1.0 x 107° - 3.5x%x 1076

60 1.1 x 1073 13 %1073 3.0x107°
5 20 2.0 x 1077 * 0.91 1.4 x 10710 -

30 23 x 107 - -

40 1.1 x 107 14 x 107° -

50 22x%x107° - 3.0 x 107°

60 1.6 x 1076 - 1.3 x 107°
6 20 8.2 x 1077 NS 0.4 - NS  0.80 - NS  —0.57

30 - 1.3 x 1073 3.9 x 107°

40 1.6 x 107° - 6.3 x 1078

50 1.2 x 107 2.8 x 1077 -

60 1.1 x 107 2.5 % 1078 13 x 107
7 20 1.0 x 107° NS 003 3.9 x 1077 NS 084 34 % 1077 NS 023

30 1.8 x 107° 1.9 x 107° 2.9 x 1078

40 33 x107° 2.0x107° 2.0 x 1077

50 5.0 x 107° 2.8 x 107° 1.9 x 1077

60 2.0 x107° - 13 x107°
8 20 29 x107° NS  —033 29 x107° NS  —0.30 -

30 9.8 x 107° 92 x107° -

40 1.1 x 1073 83 x 107° 1.3 x 107°

50 5.6 x 107° 7.8 x 107° 3.9 x 1077

60 5.6 x 107° 3.5%x107° -

Slope corresponds to the slope coeflicient of the relationship between EMG and time. En dash indicates negative slope coefficient (not taken into
consideration for the EMGy determination) (asterisk) shows significant linear regression (P < 0.05) between force level and slope coefficient. (NS)
shows no significant linear regression between force level and slope coeflicient (and thus no EMGgy). (R?) stands for adjusted coefficient of deter-
mination. Note that linear regression was not determined with less than three points. S subjects

1967). At the muscle level, there are multiple synergists
as well as various combinations of agonist/antagonists
muscles that can contribute to the same force pattern

(van Bolhuis and Gielen 1999). In other words, there are
many ways in which a given torque can be exerted at the
elbow, because many muscles are capable of substituting

@ Springer

Habilitation a Diriger des Recherches (2009) - Frangois HUG - page n°181



198 Eur J Appl Physiol (2009) 107:193-201
Fig. 3 EMG fatigue threshold 80 - ) 80 )
determination in the long head of | subject #1 . | subject #2
Biceps brachii. The relationship EMGgr = 25.3% EMGgr = 25.%
betwee.n fo.rce le\fel and slope 601 SE=0.42% ///' €01 sE=46% °
cgefﬁmeqt is depicted for the 1 R2=0.99 o 1Rez087 °
eight subjects. EMGyg has been 20 4 & 404 .
determined only in three out of = =
eight subjects. The regression $ 1°®
line and its 95% confidence 20 204
interval are depicted for these
three subjects. SE corresponds to o
i, T - T T 1 0 T T 1
the standard error of the y-inter- 0 2x10° 4x10° 6x10° 0 1x10° 2x10° 3x10°
cept (i.e., of the EMGgy)
80 1 80+ )
subject #3 subject #4
—~
S 60 1 L] 60 [ ]
=
O ° °
g 40 4 ® 40 )
[
@) [ ] L]
; 20 1 ° 20de@
S
(O]
=
C 0 T T 1 0 T T T 1
= 0 1x10°® 2x10° 3x10® 0 3x10° 6x10° 9x10°® 1x10°
o
> 804 80 _
o) subject #5 | subject #6
£ 50 | EMGer =23.7% . 60 R
a SE=32% . .
% 4o | RZ=081 w0l o
o=
&/ °
()
20 p 20 @
o
O
o
0 T T 1 O T 1
0 1x10° 2x107 3x10° 0 1x10° 2x10°
80 - 80 1
subject #7 | subject #8
60 - . 60 .
[ ] [ ]
40 L] 40 1 (]
® [ ]
20 ° 20 - .
0 T T 1 0 T T T T T T T 1
0 2x10° 4x10° 6x10° 0 3x10°® 6x10° 9x10° 1x10°
slope coefficient (mV.s)
for each other (named here “compensation between mus-  minor (ranged from 1.9 to 6.2% of RMS,_, ) and no change
cles”). was observed during the five constant-load exercises.
The lack of EMGgyp could be explained by putative co-  Consequently, in this study, coactivation of this antagonist
activation changes with agonist and antagonist muscles  muscle did not interfere with EMGp determination.
between and within each constant-load exercise. In this Hunter et al. (2003) showed that the amplitude and rate

way, EMG activity of the lateral head of Triceps brachii  of increase in EMG activity during fatiguing contraction
was assessed because the antagonist activity can influence  varied among the elbow flexor muscles. More precisely,
the occurrence of fatigue in agonist muscles (Psek and  these authors reported no significant change in the EMG
Cafarelli 1993). However, the level of co-activation was activity level of the short head of Biceps brachii during an
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isometric exercise performed until exhaustion. The results
of the present study are consistent with this observation
showing no significant increase of EMG activity in this
muscle (and thus no EMGygy) during the five constant-load
exercises performed at 20, 30, 40, 50 and 60%, of MVC.
Consequently, EMGg cannot be determined in this muscle.
In the only study which focused on EMGg from isometric
muscle contractions of the superficial elbow flexors
(Hendrix et al. 2009), the authors did not specify which
head of the Biceps brachii was recorded. As they followed
the recommendations of SENIAM (surface EMG for non-
invasive assessment of muscles) (Hermens et al. 2000) they
certainly recorded EMG activity resulting from both the
long and short head of Biceps brachii. Despite the fact that
the three EM Gy values determined in the present study are
in agreement with the range of EMGgy that they reported
(from 22.2 to 37.8% of MVC), it could be assumed that the
localization of the EMG electrodes used by these authors
interfered in their EMGg determination, mainly by overes-
timating the threshold levels (by adding a responding and a
non-responding muscle). As discussed by these authors,
other synergic muscles that contribute to elbow flexion
(Brachioradialis and Brachialis) could exhibit different
EMGg;. However, since Hunter et al. (2004) reported a
similar increase in EMG activity for the long head of
Biceps brachii and Brachioradialis during a fatiguing pro-
tocol, the lack of EMGyy in the Brachioradialis muscle in
the present study is surprising.

While Brachialis muscles have been shown to be highly
active during sustained isometric exercise, we can also
assume that this muscle would exhibit EMGyg; or would
compense for other elbow flexor muscles between bouts.
For instance, EMGgp could not be determined in the long
head of Biceps brachii for subjects #3 and 7. This is mainly
due to one bout (the bout performed at 50% of MVC for
subject #3 and that performed at 60% of MVC for subject
#7) which exhibited a low EMG rise compared to the bouts
performed at lower force levels. Interestingly, if these bouts
are not taken into consideration, EMGgy can be determined
with a good accuracy (Fig. 4). Since, neither the Brachio-
radialis, nor the short head of Biceps brachii showed an
increase in EMG during this bout, we can hypothesize that
the Brachialis muscle is highly activated during this exer-
cise in order to compensate for fatigue. The EMGg values
determined in these two subjects (13.1% of MVC for sub-
ject #3 and 14.7% of MVC for subject #7) was much lower
than those determined in the other three subjects
(24.9 £ 1.1%) which is highly suggestive that the long
head of Biceps brachii is more fatigable in these two sub-
jects and thus needed to be compensated for with other
muscles during the highest levels of force.

The home made ergometer used in this study was simi-
lar to those used in other studies (Rudroff et al. 2007) and

80 -
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T 404 .
©
= °
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8 204 e
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g 0 T T 1
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0 2x10°® 4x10° 6x10°

slope coefficient (mV.s")

Fig. 4 EMG fatigue threshold determination in the long head of
Biceps brachii in two subjects (#3 and 7). The EMGgy could not be
determined in the long head of Biceps brachii for subjects #3 and 7 (see
Fig. 3). This is mainly due to one bout (the bout performed at 50% of
MVC for subject #3 and that performed at 60% of MVC for subject #7)
which exhibited a low EMG rise compared to the bouts performed at
lower force levels. This figure shows that, EMGg can be determined
with a good accuracy if these bouts are not taken into consideration.
The regression line and its 95% confidence interval are depicted. SE
corresponds to the standard error of the y-intercept (i.e., of the EMGg)

was used to standardize the single-joint task as much as
possible. However, in one subject (#8), the results suggest
compensation with a shoulder muscle (anterior head of
the Deltoid muscle) during the bouts performed at 50 and
60% of MVC (Fig. 5). While the slope coefficients (i.e.,
rise in RMS) of the linear relationships between the RMS
of the long head of Biceps brachii and time increase line-
arly from 20 to 40% of MVC, a much lower rise of RMS
was found at 50 and 60% of MVC. It seems to be compen-
sated for by a higher rise in RMS of the anterior head of
the Deltoid muscle. In fact, when the RMS of the long
head of Biceps brachii and anterior head of the Deltoid
were summed and plotted as a function of time for each of
the five bouts, a rise in the sum of RMS was linearly
linked to the force level and thus EMGgy could be deter-
mined with good accuracy (13.5% of MVC; Fig. 5). Note
that such compensation was found in only one subject, but
we could expect that it may have occured in numerous
other studies.
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Conclusion and perspectives

This study shows that EMGgr can be determined only for
one superficial elbow flexor muscle (i.e., long head of
Biceps brachii). The lack of EMGgy in most of the sub-
jects (5 out of 8) could be explained by putative compen-
sations with other muscles which were indirectly
observed in two subjects. In this way, the results of the
present study suggest that EMGgy cannot be accurately
determined from joints like the elbow. Thus, we suggest
to study EMGg; from a more simple task during which
one main muscle is involved limiting compensation
between muscles. For instance, the first dorsal interroseus
(FDI) is responsible for about 93% the maximum abduc-
tion force of the index and the adductor pollicis (AP) is a

@ Springer

major contributor to the adduction force of the thumb
(about 80% of the maximum torque) (Chao et al. 1989). In
consequence, these two superficial muscles would be used
in future studies to test the ability to determine an EMGgy
in all subjects.
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A NOVEL METHOD FOR MEASURING ELECTROMECHANICAL DELAY ON THE VASTUS MEDIALIS
OBLIQUUS AND VASTUS LATERALIS

To the editor: We read with great interest the original contribution by
Chen et al. reporting a novel method for measuring electromechan-
ical delay (EMD) of the vastus medialis obliquus (VMO) and vastus
lateralis (VL). EMD has been considered to be influenced by several
structures and mechanisms such as: (i) the propagation of the action
potential and the excitation—contraction coupling processes and (ii)
the stretching of the series elastic component (SEC) by the contrac-
tile element (Cavanagh and Komi 1979). In this way, EMD has been
shown to be modified during a fatiguing task (Paasuke et al. 1999) in
response to a training program (Linford et al. 2006) after ligament
reconstruction (Kaneko et al. 2002), in case of neuropathies (Granata
et al. 2000) or myopathies (Orizio et al. 1997). The original method
proposed by Chen et al. could enable researchers/clinicians to per-
form a better assessment of EMD and could therefore be interesting
to follow the alterations in EMD in these situations.

However, in some cases, changes in EMD are very weak (e.g.,
about 6% [Linford et al. (2006)]; about 15% [Kaneto et al. (2002)].
Despite a higher frame rate than conventional echographic devices,
the frame rate (200 Hz) used in the study of Chen et al. induced a tem-
poral resolution of 5 ms, representing about 27% and 20% of the
measured delay for VMO and VL, respectively. Therefore, as
discussed by the authors, this frame rate limits the accuracy of their
measurements and is probably insufficient to accurately monitor
changes in EMD, excluding its use in clinical practice or for research
purposes.

A solution to this drawback exists. It was reported many times in
the literature but is absent in the present paper. Ultrafast echographic
devices (frame rate up to 5 kHz) has recently been used to follow the
contraction of the muscle (Deffieux etal. 2006, 2008) and earlier to per-
form elastographic measurements (e.g., Bercoff et al. 2003). The high
frame rate of these devices would permit a precise detection of the
onset time corresponding to the initial tendon motion and thus would
be useful for improving the accuracy of the method reported by Chen
etal.

Furthermore, a more complete characterization of the EMD
using ultrafast echographic device—including the detection of the
onset of muscle and tendon motion—would give more information
about the structures and mechanisms (e.g., E-C coupling, aponeuro-
sis, tendon, muscle, tendon stifness, muscle stiffness) implied in the
EMD. For instance, it would permit to quantify the delay between:
(i) EMG onset and fascicles motion onset, (ii) fascicles motion onset
and proximal tendon motion onset and (iii) proximal tendon motion
onset and distal tendon motion onset. This original information
would provide a better fundamental understanding of the EMD
and of muscle force transmission processes.

In conclusion, the main drawback of the method proposed by
Chen et al. could easily be overcome using high frame rate

echographic devices, not referenced in the paper. It would also
help to study more in depth the physiological mechanisms related
to the EMD.
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To the Editor-in-Chief:We thank Drs. Nordez, Catheline and Hug for
their interest in our article (Chen et al. 2008) and for their construc-
tive comments.

The ultrafast ultrasonic imaging technique was developed by
Dr. Deffieux’s laboratory. A 128-multichannel fully programmable
system is mounted on a conventional ultrasonic probe, and the de-
vice give access to radiofrequency images at a few thousand Hertz
using a modified imaging sequence that emits a single-plane wave
pulse (Deffieux et al. 2006). The cross-correlation technique be-
tween two successive images is computed to retrieve a movie of
the axial velocity, and then the displacement is computed from
time integration of the velocity distribution (Sandrin et al. 2002).
This wise design certainly provides a solution to the insufficient
frame rate of conventional ultrasonography. Our experimental setup
does not mount any extra device to provide a new method to measure
the electromechanical delay by conventional ultrasonic probe. We
appreciate the helpful suggestion of Dr. Nordez and colleagues.
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Nordez A, Gallot T, Catheline S, Guével A, Cornu C, Hug F.
Electromechanical delay revisited using very high frame rate ultra-
sound. J Appl Physiol 106: 1970-1975, 2009. First published April 9,
2009; doi:10.1152/japplphysiol.00221.2009.—Electromechanical de-
lay (EMD) represents the time lag between muscle activation and
muscle force production and is used to assess muscle function in
healthy and pathological subjects. There is no experimental method-
ology to quantify the actual contribution of each series elastic com-
ponent structures that together contribute to the EMD. We designed
the present study to determine, using very high frame rate ultrasound
(4 kHz), the onset of muscle fascicles and tendon motion induced by
electrical stimulation. Nine subjects underwent two bouts composed
of five electrically evoked contractions with the echographic probe
maintained over /) the gastrocnemius medialis muscle belly (muscle
trials) and 2) the myotendinous junction of the gastrocnemius medialis
muscle (tendon trials). EMD was 11.63 £ 1.51 and 11.67 = 1.27 ms
for muscle trials and tendon trials, respectively. Significant difference
(P < 0.001) was found between the onset of muscle fascicles motion
(6.05 = 0.64 ms) and the onset of myotendinous junction motion
(8.42 = 1.63 ms). The noninvasive methodology used in the present
study enabled us to determine the relative contribution of the passive
part of the series elastic component (47.5 = 6.0% of EMD) and each
of the two main structures of this component (aponeurosis and tendon,
representing 20.3 = 10.7% and 27.6 = 11.4% of EMD, respectively).
The relative contributions of the synaptic transmission, the excitation-
contraction coupling, and the active part of the series elastic compo-
nent could not be directly quantified with our results. However, they
suggest a minor role of the active part of the series elastic component
that needs to be confirmed by further experiments.

muscle; tendon; ultrasonography

ELECTROMECHANICAL DELAY (EMD) represents the time lag be-
tween muscle activation and muscle force production (3). It has
been shown that EMD is modified during a fatiguing task (32),
in response to a training program (14), after ligament recon-
struction (19), and in case of neuropathies (13) or myopathies
(31). EMD has been considered to be influenced by several
structures and mechanisms such as (3) /) the propagation of the
action potential and the excitation-contraction coupling pro-
cesses (E-C coupling) and 2) the muscle force transmission
along the series elastic component [SEC; first introduced by
Hill (15)]. Experiments have shown significant changes in
EMD by experimental manipulation of the tension in the SEC
(27, 29, 40). These results are considered by some to provide
support for the hypothesis that the time required to stretch the
SEC would be the primary determinant of the EMD (29);
however, they provide only indirect evidence. In addition, all

Address for reprint requests and other correspondence: F. Hug, Univ. of
Nantes, UFR STAPS, Laboratoire ‘“Motricité, Interactions, Performance” (EA
4334), 25 bis boulevard Guy Mollet, BP 72206, 44322 Nantes cedex 3, France
(e-mail: francois.hug @univ-nantes.fr).

the structures of the SEC, classically composed of an active
part (located in myofibrils) and a passive part (mainly aponeu-
rosis and tendon) (39), could contribute differently to EMD. To
date, there is no experimental methodology in humans to
quantify the actual contribution of each SEC structure in the
EMD.

A more complete characterization of the EMD, including
detection of the onset of muscle fascicles and tendon motion,
would give more information about the mechanisms and struc-
tures (E-C coupling, aponeurosis, tendon, muscle) involved in
muscle force transmission efficiency. Real-time motion of
muscle fascicles and tendons can be assessed using ultrasonog-
raphy (for review, see Ref. 9). Since the sampling rates of
traditional echographic devices are limited to ~50-100 Hz, the
temporal resolution is very limited, and thus these devices
cannot be used to study very short events such as EMD (values
ranged from ~8 to 80 ms; Ref. 14). A few studies have
determined the onset of muscle (34, 38) or tendon (4) motion
using high frame rate ultrasound. However, despite a higher
sampling rate than conventional echographic devices (200—
333 Hz), the temporal resolution remains insufficient. For
instance, the frame rate used by Chen et al. (4) induced a
temporal resolution of 5 ms, representing ~27% of the mea-
sured delay for the vastus medialis muscle. Therefore, these
devices cannot be used to accurately determine the onset of
tissue motions and to monitor changes in EMD (28). A solution
to this drawback exists. The lastest generation of echographic
devices gives access to two-dimensional radio frequency (RF)
images at a few thousand Hertz (up to 5 kHz) using a modified
imaging sequence. In 2006, Deffieux and coworkers published
a proof of concept paper demonstrating the feasability of using
such very high frame rate ultrasound to track muscle contrac-
tion in vivo (7). They recently consolidated these findings
showing real-time muscle displacements in response to myo-
electrical stimulation (8). However, the latter study was con-
ducted in three subjects and did not focus on the determination
of muscle and tendon motion onset.

We designed the present study to determine, using very high
frame rate ultrasound, the onset of muscle fascicles and tendon
motion evoked by electrical stimulation. The original informa-
tion gained by this study could contribute to a better under-
standing of the EMD and muscle force transmission processes.

MATERIALS AND METHODS
Subjects

Nine sedentary healthy men (age: 26.8 = 5.1 yr; height: 177.8 =
6.7 cm; weight: 71.7 = 8.1 kg) volunteered to participate in this study.
They were given detailed information about the purpose of the study
and methods used and gave written consent. This study was conducted
according to the Helsinki Statement (last modified in 2004) and has
been approved by the local ethics committee.
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Instrumentation

Ergometer. A home made ergometer was used to measure the force
produced by the plantar flexors (Fig. 1). Subjects were required to lie
prone and fully extend their right leg. Their right foot was secured in
a rigid cycling shoe fixed on an adjustable system and placed on a
force sensor near the metatarsal joint (ZF200kg, sensibility: 3 mV/V,
Scaime, Annemasse, France). Rigid cycling shoe was chosen to avoid
possible dynamics in coupling between the shoe and the force sensor.
The ankle was set at 10° in plantar flexion (0° represents the foot
perpendicular to the shank). The force signal was digitized at a
sampling rate of 5 kHz (MP36, Biopac) and stored on a computer.

Ultrasonography. A very high frame rate ultrasound device (64
channels, Lecoeur Electronique, Chuelles, France) was piloted by
Matlab software (The Mathworks). Raw ultrasonic echoes at a 3.5-
MHz central frequency backscattered by tissue heterogeneities were
sampled at 40 MHz. These RF images acquired at a 4-kHz rate were
stored in a computer. Due to a partial failure of the device, only 40 of
the 64 consecutive channels supplied by the medical array were
available and used for further analysis. RF images were then seg-
mented into 1.5-mm windows. Then, correlation algorithms between
windows of different RF images could give the displacement field
consecutive to the contraction (37).

Electromyography. Bipolar surface electromyographic (EMG) sig-
nals were recorded from the soleus, gastrocnemius lateralis, and
gastrocnemius medialis (GM) muscles. For each muscle, a pair of
surface Ag/AgCl electrodes (EL 503, Biopac) was attached to the skin
with a 2-cm interelectrode distance. The electrodes were placed
longitudinally with respect to the underlying muscle fiber arrangement
and located according to the recommendations by SENIAM (surface
EMG for noninvasive assessment of muscles). For the GM muscle,
electrodes were placed ~1 cm distally of the stimulation electrodes
(see below). Reference electrodes were placed over the lateral and
medial malleolus. Before electrode application, the skin was shaved
and cleaned with alcohol to minimize impedance. EMG signals were
amplified (X1,000) and digitized (bandwidth of 0-2,000 Hz) at a

GL EMG

SOL EMG
GM EMG

electrical stimulation echographic probe

force sensor

Fig. 1. Experimental setup. Percutaneous electrical stimulation was delivered
on the motor point (MP). Force and electromyographic (EMG) activity of the
gastrocnemius lateralis (GL), gastrocnemius medialis (GM), and soleus (SOL)
muscles were recorded. Each subject underwent two bouts composed of five
electrically evoked contractions with the echographic probe maintained over
1) the GM muscle belly (as depicted in the figure) and 2) the myotendinous
junction of the GM muscle.

1971

sampling rate of 5 kHz (MP36, Biopac), and data were stored on a
computer.

Electrical stimulation. Contraction of the GM muscle was elicited
by means of percutaneous electrical stimulation. Electrical stimulation
was used because it can activate only a target muscle (21, 22, 27). A
constant current stimulator (Digitimer DS7A, Digitimer, Letchworth
Garden City, UK) delivered single electrical pulses (pulse duration =
200 ps) through two electrodes (2 X 1.5 cm, Compex, Annecy-le-
vieux, France) placed on the motor point and proximal portion of GM
muscle (27). To find the motor point, the electrode was moved to
obtain the strongest twitch with the lowest electrical stimulation. To
determine the stimulation intensity, the output current was incremen-
tally increased (incremental step = 1 mA, from 400 V) until a
maximum tolerable current output that did not elicit M wave on the
two other muscles of the triceps surae (i.e., soleus and gastrocnemius
lateralis) was achieved (mean maximum current ouput used: 125 *
11 mA).

Synchronization. Muscle stimulations were started using a trigger
delivered by the ultrafast echographic device with a 50.00-ms delay to
have a sufficient baseline to dectect the onset of tissue motion. A
preliminary experiment was performed to check that the beginning of
the echographic acquisition occurred excactly 50.00 ms before the
onset of muscle stimulation. The trigger of the stimulation, force, and
GM EMG signals were recorded using the same device (MP36,
Biopac), discarding possible desynchronization between them. No
detectable delay was found between the trigger of the stimulation and
the stimulation artifact recorded by the GM electrodes.

Protocol

For each subject, two bouts (named muscle trials and tendon trials)
composed of five electrically evoked contractions with a 3-min rest
between each were performed. During the muscle trials, the echo-
graphic probe was maintained parallel to the bone, 1 cm medial to the
EMG electrodes of the GM muscle. During the tendon trials, the
echographic probe was maintained on the previously localized myo-
tendinous junction of the GM muscle as described in many studies
(27). These two bouts were performed in a randomized order.

Processing

The data processing was performed using standardized Matlab
scripts (The Mathworks) and is depicted in Fig. 2. Ultrasonic raw data
(i.e., RF signals) were processed as described by Deffieux et al. (7, 8).
First, these raw data were used to create echographic images with a
submilimetric resolution by applying a conventional beam formation,
i.e., applying a time-delay operation to compensate for the travel time
differences. These echographic images were used to determine the
region of interest (ROI) for each contraction (i.e., between the two
aponeurosis for the GM muscle for muscle trials and on the GM
myotendinous junction for tendon trials; see Fig. 2). Then, a process-
ing similar to Doppler was used to measure the tissue motion: the
echographic images are segmented into 1.5-mm windows. Using
one-dimensional cross correlation of windows of consecutive echo-
graphic images, the displacements along the ultrasound beam axis
(i.e., y-axis in Fig. 2) were estimated. Thus the tissue motion between
the two consecutive images (i.e., particle velocity) was measured with
a micrometric precision (30).

Then, absolute particle velocities were averaged using previously
determined ROI, and these averaged signals were used to detect the
onset of motion (Fig. 2). Briefly, the derivative of each of these
averaged signals was computed. Then, the onset of motion was
defined as the first point with a negative derivative in the reverse
direction of time (10). Visual inspection was performed to check the
onset detection for each signal. The same method was used to
automatically detect the onset of the force production (Fig. 2). We
defined the EMD as the time lag between the onset of the electrical
stimulation and the onset of force production. We also determined the
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Fig. 2. Determination of the onset of muscle fascicles and tendon motion. Typical examples of the determination of tissue motion onset for muscle trials with
the echographic probe placed on the muscle (fop graphs) and for tendon trials with the probe placed on the musculo-tendinous junction (bottom graphs). The
left graphs represent the echographic images obtained after the beam formation of raw radio frequency signals. The middle graphs represent the particle velocity
obtained using the cross-correlation algorithm averaged on the regions of interest (blue and red squares for muscle and myotendinous junction, respectively). The
right graphs represent the derivative of the particle velocity. The onset was automatically detected as the first point with a negative derivative in the reverse
direction of time (vertical lines). Note that all displacements were calculated in the ultrasound beam axis (y-axis in this figure).

delay between the onset of electrical stimulation and the onset of
muscle fasciscles motion (Dm, for muscle trials) and between the
onset of electrical stimulation and the onset of tendon motion (Dt, for
tendon trials).

Statistical Analysis

Data distributions consistently passed the Shapiro-Wilk normality
test (Prism 4.01, Graphpad Software, San Diego, CA). Values are
therefore reported as means = SD. To determine the repeatability of
all our measurements, the standard error in measurement (SE) and the
coefficient of variation (CV) were calculated for the five repeats
within each bout. Finally, the Dm (EMD values of muscle trials) and
Dt (EMD values of tendon trials) were compared using analysis of
variance for repeated measures with orthogonal contrasts as the post
hoc test (Statistix, Tallahassee, FL). Statistical significance was es-
tablished at P < 0.05.

RESULTS

Due to a partial failure of the ultrasound device, two trials of
two subjects for the tendon trials were not considered for
analysis. The SE and CV values calculated for the five elec-
trically evoked contractions of the muscle trials were 0.66 ms
and 11.6%, respectively, for Dm and 0.54 ms and 5.0%,
respectively, for the EMD. For the tendon trials, SE and CV
were 0.88 ms and 10.5%, respectively, for Dt and 0.71 ms and
6.3%, respectively, for the EMD. Averaged results across the
five contractions for each of the nine subjects are provided in
Table 1. Statistical analysis showed significant differences

(P < 0.001) between Dm (6.05 = 0.64 ms) and Dt (8.42 *+
1.63 ms), between Dm and EMD (11.63 £ 1.51 ms) for muscle
trials, and between Dt and EMD (11.67 £ 1.27 ms) for tendon
trials. No significant difference was found between the EMD
measured in muscle trials and tendon trials.

DISCUSSION

In the present study, very high frame rate (4 kHz) ultrasound
was used to analyze the EMD in the GM muscle. The high
temporal resolution (i.e., = 0.125 ms) offered by this technique
allowed us to determine in vivo, for the first time, the delay
between electrical stimulation and the onset of muscle fascicles
and tendon motion. Since these delays are repeatable, they can be
used for a more complete characterization of the EMD and thus
can give more information about the relative contribution of
structures and mechanisms involved in EMD.

Methodological Considerations

Raw RF signals were used to calculate displacements (i.e.,
tissue velocity) with micrometric precision (30), but only in the
ultrasound beam axis (i.e., y-axis in Fig. 2). Fortunately, since
muscle tissues can be considered as an incompressible material
(12), muscle volume remains constant during contraction (20),
and thus the longitudinal displacements of the muscle are
directly linked to the perpendicular ones measured in the
present study (8). In addition, the myotendinous junction dis-
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Table 1. Onset times for muscle trials and tendon trials

Muscle trials EMD, ms Dm, ms Dm, %EMD
Subject 1 13.08+0.54 7.00%+0.87 53.6x7.0
Subject 2 9.08+0.36 5.30*£0.27 58.4*3.8
Subject 3 10.40%+0.20 6.00=0.50 57.7%5.4
Subject 4 11.32+0.54 5.25*0.68 46.6+7.6
Subject 5 12.96%+0.36 6.25*0.31 48.3+2.7
Subject 6 11.96+0.68 6.34+0.45 53.2%5.0
Subject 7 12.15+1.10 6.94+1.84 58.2*+19.1
Subject 8 13.56+0.45 5.60*=0.28 414*35
Subject 9 10.20+0.78 5.80*=0.89 56.7%6.0
Mean 11.63 6.05 52.5
SD 1.51 0.64 5.9

Tendon trials EMD, ms Dt, ms Dt, %EMD
Subject 1 13.80%+0.86 11.161.37 80.7+5.3
Subject 2 9.64+0.51 7.9+0.89 82.1£10.0
Subject 3 11.24%0.38 6.45+£0.41 57.4%4.4
Subject 4 11.12+0.36 8.75%£0.92 78.9+10.6
Subject 5 11.68*+0.69 7.24+0.71 62.4£9.6
Subject 6 11.72+0.78 9.35+0.65 81.5£5.9
Subject 7 12.27+0.81 10.5+1.09 85.8+10.0
Subject 8 12.96+0.98 7.35%+0.60 56.9*6.1
Subject 9 10.35+0.82 7.12%0.18 69.2£2.7
Mean 11.65 8.42 71.8
SD 1.27 1.63 15.4

Values are means = SD. Onset times for muscle trials (echographic probe
maintained over the muscle belly) and tendon trials (echographic proble
maintained over the myotenndineous junction). EMD, electromechanical de-
lay; Dm, onset of muscle fascicles motion; Dt, onset of myotendinous junction
motion.

placements always have a component in the ultrasound beam
axis as shown in movie I (see supplemental material available
online at the Journal of Applied Physiology website) and as
depicted by Maganaris and Paul (23). Consequently, the laten-
cies of muscle/myotendinous junction thickening measured in
the present study and longitudinal displacement are synchro-
nized (18). As demonstrated by Muraoka et al. (27), the ankle
joint angle used in the present study (i.e., 10° in plantar flexion)
induced a residual tendon strain at rest (tendon is not slack),
highly suggesting that the onset of myotendinous junction is
directly linked to tendon elongation. However, our method
does not permit exclusion of “rigid body motion” of the whole
structure from the calculated displacements.

In accordance with various works studying the EMD (17,
27), we chose to use electrical muscle stimulation to evoke
muscle contraction because it permits the activation of only a
target muscle (4, 22, 27), as displayed in the present study by
the absence of M wave on gastrocnemius lateralis and soleus
muscles (see METHODS). In addition, it enabled us to better
standardize the contraction and thus induce low variability
between the trials (17), as demonstrated by the good repeat-
ability of our results. The EMD values determined in the
present study (11.63 = 1.51 and 11.65 * 1.27 ms for muscle
and tendon trials, respectively) are in agreement with the
relatively large range of values (7.90-18.77 ms) reported by
other studies that used electrical stimulation of GM muscle (14,
17, 25, 27). This relatively large range of EMD values could be
partially explained by the methodology used to determine the
onset of force production. Most of the previous studies used an
arbitrary threshold to determine the onset of force production
(14, 17, 25, 27). Since a high threshold may result in a |g_lreater

1973

delay, this threshold value is an important factor that affects
EMD (6). To minimize this artificial delay linked to an arbi-
trary threshold, we chose to use, for all signals, a method based
on the derivative (10) (Fig. 2). Pilot experiments have shown
that this detection method is more precise than using an
arbitrary threshold value. The high range of values reported in
literature focusing on EMD could also be explained by the site
of stimulation (nerve vs. muscle) and the reference used for the
EMD calculation. Although some studies determined the ref-
erence as the onset of the stimulation artifact (4, 27) (i.e., EMD
calculated as the time lag between this reference and the onset
of force production), others determined the reference as the
onset of the M wave (14, 17, 40). The action potentials
propagate along the muscle fibers at ~4 m/s (physiological
range between 3 and 5 m/s) (26). In our study, the distance
between the motor point and the myotendinous junction was
~10 cm, inducing a total propagation time of the action
potentials of ~25 ms. Therefore, it can reasonably be assumed
that the onset of myotendinous junction displacements ob-
served in our study (i.e., 8.42 £ 1.63 ms) is due to the onset of
the force produced by the first recruited motor units (near the
motor point) rather than by muscle fibers localized under the
EMG electrodes. Consequently, it seems more appropriate to
consider the EMD as the time lag between the onset of the
stimulation artifact and the onset of force production, as done
in the present study.

Physiological Significance

The onset of muscle contraction has been extensively stud-
ied in isolated frog muscles in response to electrical stimulation
(5, 11, 16, 35, 36). The time interval that elapses between the
instant of application of an electrical stimulus to the muscle
fiber and the instant at which contraction starts is termed the
“latent period” (35). However, as early observed by Rauh
(1922; cited by Ref. 35), a minute precontractile elongation of
the muscle occurs during the second phase of this latent period.
This phenomenon, called latency relaxation, causes the tension
to fall before it begins to rise (i.e., before the contraction).
Interestingly, focusing on the initial mechanomyographic sig-
nals in response to myoelectrical stimulation, some human
studies (2, 18, 33) reported an initial negative wave and
interpreted it as the transverse latency relaxation. Barry (2)
showed that this negative wave is more visible when the probe
is placed over the motor point. This phenomenon is in accor-
dance with the initial negative particle velocity of the muscle
fascicles that we found in some proximal channels of the
echographic probe as shown in Fig. 3. Since we determined the
onset of fascicle motion from absolute particle velocity aver-
aged on ROI (and thus independently of the particle velocity
sign; Fig. 3), Dm should correspond to the onset of the latency
relaxation rather than to the latent period.

Our original results show that the onset of muscle fascicles
motion (Dm) is reached at 6.05 = 0.64 ms after the myoelec-
trical stimulation, representing ~52.5 * 5.9% of the EMD
(Table 1; Fig. 4). Certainly due to the lack of accurate tech-
nique to detect the onset of muscle fascicle motions in vivo,
very few studies have been conducted in humans. Using surface
mechanomyography, an indirect measurement, Hufshmidt (18)
reported a time lag between the onset of myoelectrical stimu-
lation and the onset of muscle motion (named electro-mechanic
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Fig. 3. Spatial changes in particle velocity. A typical example of spatial
changes in particle velocity obtained during the muscle trials with the probe
placed on the muscle belly for the most proximal (in blue) and the most distal
(in red) channels. Because no spatial difference in the onset of fascicle motion
(determined from the absolute signals) was found, onset of fascicle motion was
determined from the averaged absolute signal (see Fig. 2). The initial negative
particle velocity of the muscle fascicles that we found in some proximal
channels (in blue) of the echographic probe could be explained by the latency
relaxation phenomenon as mentioned in DISCUSSION.

latency) close to the Dm value reported in the present study. In
a proof of concept article, Deffieux et al. (8) recently used very
high frame rate ultrasound to measure Dm in the biceps
brachialis muscle. Despite the fact that this study was con-
ducted in only three subjects, the Dm values obtained were
similar to values reported in the present work (i.e., ~7.1 ms).
Considering the mechanisms and structures classically cited in
literature (3, 4), Dm could be mainly attributed to the synaptic
transmission, propagation of the action potential, E-C cou-
pling, and force transmission along the active part of the SEC
(located in myofibrils). Assuming a muscle fiber conduction
velocity of 4 m/s (26), the propagation of the action potential
along the distance corresponding to the 3-cm echographic
probe would be ~7 ms. Since no spatial difference in Dm was
found (Fig. 3), it can be assumed that the onset of motion for
all muscle fascicles is due to the first recruited muscle fibers.
Consequently, the propagation of the action potential should
not affect the Dm and the EMD, contrary to what is suggested
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in various papers (14, 17, 27). Thus the Dm could be mainly
attributed to the synaptic transmission, the E-C coupling, and
the force transmission along the active part of the SEC. To
date, to our knowledge, these different contributions to the
EMD cannot be separated in vivo. Assuming a relative high
velocity of muscle force transmission in the muscle (~30 m/s),
as suggested by Morimoto and Takemori (24), we could
hypothesize that the force transmission via the active part of
the SEC does not represent the major part of Dm, emphasizing
the probable important contributions of the synaptic transmis-
sion and the E-C coupling. Dm would then be interpreted as an
index of these physiological processes, as suggested by some
studies (18, 33).

Since the remaining 47.5 = 6.0% of the EMD could be
mainly attributed to the muscle force propagation along the
passive part of the SEC (i.e., aponeurosis and tendon) (Fig. 4),
our original results confirm previous indirect observations
suggesting that a large part of the EMD is due to the stretch of
the SEC (27, 29, 40). In addition, the onset of myotendinous
junction motion determined in the present study indicates that
the delay due to the muscle force transmission along the
aponeurosis (Dt-Dm = 2.37 = 1.30 ms) and tendon (EMD-
Dt = 3.22 = 1.41 ms) represents 20.3 = 10.7% and 27.6 *
11.4% of the EMD, respectively. Interestingly, these results
highlight an intersubject variability of muscle force transmis-
sion velocity along tendon and aponeurosis that could be linked
to intersubject variability of tendon and aponeurosis mechan-
ical properties (1). Note that the the delay attributed to the
muscle force transmission along the tendon might be slightly
affected by dynamic in the couplings between /) the shoe and
the force sensor and 2) the foot and the shoe. As mentioned in
METHODS, rigid cycling shoe has been used to avoid possible
dynamics in the coupling between the shoe and the force sensor
(checked by preexperiments).

In conclusion, the noninvasive methodology used in the
present study enabled us to isolate the contribution of the
passive component of the SEC (47.5 = 6.0% of the total EMD)
and each of the two main structures of this component (20.3 *
10.7% for aponeurosis and 27.6 = 11.4% for tendon). The
relative contributions of the synaptic transmission, the E-C
coupling, and the active part of the SEC cannot be directly
quantified with our results. However, they suggest a minor role

onset of onset of
muscle fascicle myotendinous onset of force
stimulation motion junction motion production
synaptic transmission
E-C coupling aponeurosis tendon
active part of SEC
6.05 + 0.64 ms 2.37 £+ 1.30 ms 3.22+1.41ms
52.5+6% 20.3+10.7% 27.6 £ 11.4%

\ 4

\ 4

0ms
0%

6.05 = 0.64 ms
52.5+6.0%

>

11.64 £ 1.35ms
100%

8.42+£1.63 ms
71.8 £ 15.4%

Fig. 4. Schematic representation of the time lag between the muscle stimulation and onset of fascicles motion, musculo-tendinous junction motion, and external

force [electromechanical delay (EMD)].
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of the active part of the SEC that needs to be confirmed by
further experiments. Moreover, our results highlight an inter-
subject variability of muscle force transmission velocity along
tendon and aponeurosis that could be linked to intersubject
variability in mechanical properties of these structures.
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