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Préambule 

 

Le contrôle de l’équilibre est une exigence capitale qui sous-tend l’exécution de 

chacune de nos actions motrices. Nous vivons en effet dans un environnement 

gravitaire qui tend à nous attirer en permanence vers le sol. De plus, chacun de nos 

mouvements génère, en vertu du principe de l’action et de la réaction, des forces 

internes qui sont transmises quasi-instantanément le long du corps par le biais des os 

et des tissus mous. A ces différentes sources de perturbation, s’ajoutent celles, 

beaucoup plus faibles, induites par les phénomènes végétatifs tels que la respiration, 

les battements cardiaques, le péristaltisme etc. 

La question de savoir comment le système nerveux central parvient à contrôler 

l’équilibre malgré ces différentes sources de perturbations n’est pas nouvelle et a été 

abordée par de nombreux (neuro)physiologistes du 20ème siècle et de la fin du 19ème 

siècle, tels que Babinski (1899), Hess (1943) ou encore André-Thomas (1940) pour ne 

citer qu’eux, mais le développement récent des techniques d’analyse du mouvement 

et l’émergence de nouveaux concepts d’organisation neurophysiologique et 

biomécanique du mouvement ont permis d’appréhender dans toute sa complexité ce 

contrôle chez le sujet sain, et ses disfonctionnements chez le sujet pathologique.  

Un des paradigmes expérimentaux aujourd’hui classiquement utilisé pour 

investiguer ce contrôle lors de la production de tâches complexes dynamiques est celui 

de l’« initiation de la marche ». C’est ce paradigme qui est utilisé dans ce mémoire de 

thèse. L’initiation de la marche est une tâche fonctionnelle qui correspond à la période 

transitoire entre deux états stables, celui de la station debout et celui de la marche 

stationnaire. Cette tâche, que nous effectuons quotidiennement, est un challenge pour 

le système de contrôle postural. Pour effectuer le premier pas de la marche, nous 

devons en effet passer d’une situation stable et statique sur deux jambes à une 

situation instable et dynamique sur une seule jambe. Si le centre des masses n’est pas 

repositionné vers la jambe portante au moment du décollement du pied oscillant, 

celui-ci aura naturellement tendance à chuter latéralement du côté de la jambe 
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oscillante sous l’effet de la gravité. De plus, le déplacement vers l’avant de la jambe 

oscillante génère, en vertu du principe de l’action et de la réaction, des forces internes 

appliquées au niveau de l’articulation coxo-fémoral. Ces forces, initialement dirigées 

vers l’arrière et vers le bas, sont perturbatrices de l’équilibre. Enfin, au moment de 

l’impact du pied au sol, des forces de réaction sont produites et transmises 

instantanément de façon ascendante le long des segments corporels jusqu’à la tête. Le 

système postural doit être en mesure de s’opposer à l’ensemble de ces perturbations 

via le développement de phénomènes dynamiques contre-perturbateurs, pour assurer 

une progression stable du corps. Ces phénomènes correspondent aux « ajustements 

posturaux ». 

L’on sait aujourd’hui que le développement adéquat de ces ajustements 

posturaux nécessite l’intégration de nombreuses informations sensorielles (cutanées, 

proprioceptives, vestibulaires et visuelles), et mobilise de façon hautement coordonnée 

une part étendue de la musculature striée squelettique. L’altération de tout ou partie 

des voies nerveuses et/ou des structures sensorimotrices impliquées dans ce contrôle, 

comme c’est le cas chez la personne âgée, suite au vieillissement physiologique ou 

pathologique (comme chez les patients ayant subi un AVC ou atteints de la maladie de 

Parkinson) entraîne irrémédiablement un risque de chute accru. Ainsi, il a été montré 

que l’altération de la capacité des sujets à transférer leur poids du corps vers la jambe 

portante au moment du décollement du pied oscillant lors de l’initiation de la marche 

(ce qui correspond à un ajustement postural) représente un risque de chute majeur 

chez la personne âgée (Robinovitch et al. 2013).  

Selon l’organisation mondiale de la santé (World Health Organization 2008), les 

chutes constituent la deuxième cause de mortalité par accident. Environ un tiers des 

plus de 65 ans vivant à domicile chutent chaque année, près d’une sur deux passé 80 

ans. La fréquence des chutes augmente avec l’âge et le niveau de fragilité. La chute 

peut aussi entraîner un syndrome post-chute, dans 1 cas sur 5 environ (Morisod and 

Coutaz 2007), responsable d’une perte d’autonomie et de troubles psychologiques 

favorisant une entrée précoce dans la dépendance. Partout dans le monde, les 
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personnes de plus de 60 ans sont de plus en plus nombreuses. Les plus de 80 ans 

représenteront 20% des personnes âgées en 2050. La prévention des chutes est donc 

un enjeu majeur de notre société car les impacts socio-économiques et sur la santé 

sont considérables pour les personnes, les familles et la communauté.  

Pour se prémunir de ses conséquences qui peuvent être dramatiques, il est 

important, entre autres, de changer nos comportements. Adopter une vie saine avec 

de l’activité physique est un moyen efficace de vieillir en bonne santé et d’éviter les 

chutes. La pratique d’exercices de renforcement musculaire, d’équilibre, de flexibilité, 

ou simplement de marche, sont facilement réalisables, peu coûteux et ont montré leur 

efficacité pour réduire les chutes chez les personnes âgées. Pour que de telles 

interventions réussissent, il est crucial de changer les habitudes et les croyances des 

personnes âgées et des praticiens. Le succès des programmes repose souvent sur 

l’assiduité aux séances et leur continuité. Pour que cela fonctionne, il faut que le 

programme corresponde aux capacités physiques, mentales et sociales des personnes 

et que les changements soient perceptibles et bénéfiques pour elles, supérieurs aux 

obstacles et aux efforts nécessaires pour s’entraîner.  

Cependant, les connaissances actuelles sur les effets de la pratique physique sur 

le contrôle postural et la marche restent encore limitées. 

Aussi, ce travail de thèse se propose d’étudier les effets de deux types 

d’exercices physiques sur les processus locomoteurs de la marche et l’initiation de la 

marche dans différents types de population (saine ou pathologique). Il s’agit des 

vibrations corps entier (VCE) et des étirements musculaires, qui correspondent tous 

deux à des exercices très répandus en rééducation, et susceptibles de modifier la 

« capacité posturo-cinétique » des participants en augmentant potentiellement la 

raideur des membres inférieurs et la mobilité articulaire, respectivement.  

 

Cette thèse s’articule autour de 4 chapitres.  
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Dans le premier chapitre, nous aborderons les principaux concepts 

biomécaniques et neurophysiologiques qui composent le cadre théorique de ce travail 

de recherche. Plus spécifiquement, nous rappellerons les lois fondamentales de la 

mécanique qui sous-tendent l’organisation du mouvement, puis aborderons les 

concepts d’ajustements posturaux et de capacité posturo-cinétique. Nous aborderons 

ensuite l’organisation neurophysiologique des ajustements posturaux, puis 

présenterons le paradigme de l’initiation de la marche utilisé lors de nos études 

expérimentales. Enfin, nous traiterons des répercutions du vieillissement et de la 

maladie de Parkinson sur le contrôle postural lors de cette tâche locomotrice, ainsi que 

des effets de l’exercice physique sur l’organisation des ajustements posturaux. A noter 

qu’il est actuellement bien reconnu que ce processus est d’un intérêt particulier pour 

l’étude des effets du vieillissement et de la maladie de Parkinson sur le contrôle 

postural (e.g. Delval et al. 2014). 

 La problématique de ce mémoire de thèse sera présentée dans le second 

chapitre.  

Dans le troisième chapitre, nous reporterons nos travaux. Ceux-ci sont 

présentés sous forme d’articles publiés et organisés en deux grandes parties. Dans la 

première partie, nous présenterons (1) une revue systématique de la littérature avec 

méta-analyse sur les effets à long terme des VCE sur la marche dans différents types 

de population (saines ou pathologiques) puis, (2) une étude expérimentale sur l’impact 

immédiat des VCE sur les mécanismes du contrôle postural lors du paradigme de 

l’initiation de la marche chez le jeune adulte et la personne âgée. De la même façon, 

dans la deuxième partie, nous présenterons (1) une revue systématique de la littérature 

avec méta-analyse sur les effets à long terme des étirements sur la marche dans 

différents types de population (saines ou pathologiques) puis, (2) une étude 

expérimentale sur les effets immédiats d’une séance d’étirement du triceps sural sur 

les mécanismes du contrôle postural lors de l’initiation de la marche chez la personne 

âgée et le patient atteint de la maladie de Parkinson. 
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Enfin, dans le quatrième chapitre, nous apporterons nos conclusions avant 

d’évoquer des perspectives cliniques et de recherche.  

 

Les travaux présentés dans ce mémoire de thèse permettront de mieux 

comprendre les effets immédiats des VCE et des étirements musculaires sur les 

mécanismes du contrôle postural, ainsi que leurs effets à long terme sur la marche, le 

risque de chute et l’autonomie des personnes âgés (avec et sans pathologie associée). 

Nos données contribueront ainsi à améliorer les recommandations et les décisions 

thérapeutiques des cliniciens en charge de ces populations. 

 



Cadre théorique  

 15 

 

 

 

 

 

 

 

 

 

 

Chapitre 1 : Cadre théorique 

  



Cadre théorique  

 16 

1.  Cadre théorique 

 

1.1. Principes fondamentaux de la mécanique appliqués à 

l’étude du contrôle postural et du mouvement 

 

1.1.1. Posture et équilibre statistique  

 

 La position érigée est la posture qui caractérise l’espèce humaine. Elle est 

fondamentale car essentielle pour réaliser la plupart de nos activités quotidiennes. La 

posture se définit classiquement comme la position dans l’espace des segments 

corporels les uns par rapport aux autres à un moment donné (Massion 1992). À chaque 

posture correspond un état d’équilibre au sens physique du terme.  

 D’un point de vue mécanique, l’équilibre statique d’un corps par rapport à un 

référentiel Galiléen est satisfait si et seulement si les deux conditions qui régissent le 

principe fondamental de la statique sont respectées. La première, issue de la seconde 

loi de Newton, implique que la résultante des forces extérieures appliquées au système 

soit nulle. La seconde, provenant de la loi d’Euler relative à la dynamique du 

mouvement en rotation, implique que la somme des moments résultants de ces 

mêmes forces soit nulle en tous points. 

 Lorsqu’un individu se tient en posture debout sans autre contact avec 

l’environnement que ses soles plantaires, il n’est soumis qu’à deux forces externes. La 

première, qui est liée à l’action de la gravité terrestre, correspond au poids. Cette force 

s’applique au niveau du centre des masses global du sujet (qui correspond au 

barycentre du poids de chacun des segments corporels) et tend à le plaquer au sol. La 

seconde, qui est liée au support sur lequel se tient le sujet, correspond à la force de 

réaction du sol. Cette force s’applique au niveau du centre des pressions, qui 

correspond au barycentre des forces de réaction du sol. Ainsi, pour que la posture 

debout puisse être maintenue, les conditions de l’équilibre énoncées ci-dessus 
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impliquent 1) que la résultante des forces de réaction du sol et le poids du sujet soient 

de même intensité et de sens opposé et 2) que le centre des pressions soit situé sur la 

verticale passant par le centre des masses (Figure 1). Par extension, il est généralement 

considéré que l’équilibre est maintenu lorsque que le centre des masses se projette 

dans la zone délimitée par la base de support. 

 

 

Figure 1 : Équilibre statique en position debout. Lorsque le sujet est debout au 
repos, il est soumis à la force de gravité (!"⃗ ) et aux forces de réaction du sol ($"⃗ ). La 
première s’applique au centre des masses (G0) et les autres au centre des pressions (I0). 
Le centre des pressions est le barycentre de toutes les forces de réaction qui 
s’appliquent sous les pieds du sujet ($"⃗ !). L’équilibre posturale est assuré car les deux 
vecteurs de force, !"⃗  et $"⃗ , sont alignés sur la verticale gravitaire (ligne pointillée). D’après 
Bouisset and Do (2008).  

 

 Toutefois, le corps est formé d’un ensemble de segments corporels (tête, tronc, 

bras, cuisses, jambes, pieds) qui se mobilisent autour des articulations. Il constitue donc 

un système déformable. Par conséquent, pour que l’équilibre soit maintenu, il faut, en 

plus des conditions précédentes, que le centre des masses de chacun de ces segments 

et leur centre de rotation soient alignés sur la verticale gravitaire ce qui, en pratique, 

n’est pas réalisable notamment du fait de la forme des os (Bouisset and Maton 1996). 

Notons par exemple, que la projection du centre des masses du corps se situe 

légèrement en avant de l’articulation de la cheville. Cet écart par rapport au pivot de 
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l’articulation crée un bras de levier et engendre mécaniquement un moment de force 

autour de la cheville qui tend à faire basculer le corps en avant sous l’effet de la gravité. 

Ce phénomène implique que le maintien de la posture debout n’est possible que si les 

moments des forces gravitaires sont compensés par les forces internes (musculaires et 

ligamentaires) qui agissent pour créer des moments de forces de sens opposés autour 

de l’articulation de la cheville (Figure 2). Encore une fois, l’équilibre n’est obtenu que si 

les moments de forces gravitaires et musculaires s’annulent.  

 

 

Figure 2 : Rétablissement de l’équilibre statique en position debout. Sur la position 
1, le centre des masses (CM) et le centre des pressions (CP) sont sur la même ligne 
gravitaire. Il n’y a aucun moment induit. Sur les positions 2 et 3, la projection du CM 
n’est plus confondue avec le CP. La distance entre le CM et le CP (e) induit un moment 
autour de la cheville sous l’effet du poids du corps (!"⃗ ). Le corps bascule vers l’arrière 
(2) ou vers l’avant (3) et les muscles du sujet vont devoir se contracter pour contrecarrer 
ces déséquilibres. Ces ajustements doivent être rapides car plus distance entre le CM 
et le CP (e) augmente, plus le CM est accéléré en dehors de la base de support. Les 
déplacements sont ici décrits d’avant en arrière (sur l’axe antéropostérieur) mais se 
retrouvent aussi sur les côtés, de gauche à droite (sur l’axe médiolatéral). D’après 
Winter et al. (1990).  
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 Il est aujourd’hui largement connu que l’être humain en posture debout n’est 

jamais dans un état d’équilibre statique parfait, en témoigne l’existence d’oscillations 

permanentes du centre des masses et du centre des pressions, ou « oscillations 

posturales » (e.g. Romberg 1953 ; Bouisset and Duchêne 1994). Ces oscillations ont 

pour origines, entre autres, l’activité des pompes cardiaques et respiratoires, le 

péristaltisme, les fluctuations de la commande motoneuronale etc. (e.g. Bouisset and 

Duchêne 1994 ; Hamaoui et al. 2002). Ces oscillations posturales reflètent un 

phénomène « global », i.e. résultant à la fois de la perturbation à la posture (induite 

par les phénomènes décrits ci-dessus) et de la contre-perturbation qui lui est associée. 

Nous reviendrons sur ces notions de « perturbation » et de « contre-perturbation » 

(partielle), qui sont au cœur du concept de « capacité posturo-cinétique », plus loin 

dans l’exposé.  

Les oscillations posturales sont classiquement utilisées dans la littérature pour 

quantifier le degré de stabilité des individus dans une posture donnée (e.g. Schieppati 

et al. 1994 ; Hamaoui et al. 2004 ; Vuillerme and Nafati 2007 ; Schniepp et al. 2013 ; 

Debove et al. 2017). Cette stabilité témoigne de l’efficacité de l’ensemble du système 

postural. De très nombreux paramètres de ces oscillations ont été considérés dans la 

littérature pour quantifier cette stabilité posturale. Un certain nombre d’entre eux sont 

présentés dans l’article de Hansen et al. (2017). 

  

1.1.2.  Équilibre dynamique  

 

 Comme il a été dit plus haut, dans le cas du maintien postural statique, 

l’équilibre est classiquement considéré comme « stable » lorsque la projection au sol 

du centre des masses reste à l’intérieur de la base de support (e.g. Borelli 1960 ; Kuo 

1995). En condition dynamique, Pai et collaborateurs (e.g. Pai and Patton 1997), ainsi 

que Hof et collaborateurs (e.g. Hof et al. 2005), ont montré que cette condition n’était 

plus suffisante pour qu’un état d’équilibre stable puisse être atteint. Ainsi, Hof et al. 

(2005), dans leur article intitulé « the condition for dynamic stability », ont élaboré le 
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concept de « centre des masses extrapolé » pour tenir compte du fait que la vitesse du 

centre des masses, négligeable en condition de maintien postural statique, intervenait 

de façon non négligeable en condition dynamique. Dans leur modèle, le centre des 

masses extrapolé est une variable qui dépend à la fois de la position du centre des 

masses et de sa vitesse de déplacement. Il s’agit donc d’une variable « synthétique ». 

Le terme « extrapolé » exprime le fait que la trajectoire du centre des masses est 

« extrapolée » dans la direction de sa vitesse. Dans ce modèle, le maintien de l’équilibre 

dynamique implique que le centre des masses extrapolé (et non plus le « centre des 

masses ») reste contenu dans la base de support. Dans le cas contraire, il faudra que le 

sujet entreprenne des mouvements de rattrapage pour ramener le centre des masses 

extrapolé à l’intérieur de la base de support et ne pas chuter. Cette condition peut être 

considérée comme une extension des conditions de stabilité décrites plus haut pour 

l’équilibre statique.  

 Au final, si posture et équilibre constituent deux aspects intimement liés d’un 

même phénomène, leurs relations ne sont toutefois pas biunivoques : du fait de la 

structure du corps humain, une même projection du centre des masses (ou du centre 

des masses extrapolé) à l’intérieur de la base de support peut résulter d’une infinité de 

configurations segmentaires (i.e. de postures). La position relative des segments 

corporels et le maintien de l’équilibre ne procèdent donc pas nécessairement des 

mêmes mécanismes, comme l’ont proposé Do et al. (1991). 

 

1.1.3.  Approche biomécanique du mouvement  

 

Pour se mouvoir et se déplacer, un individu doit nécessairement prendre appui 

sur un support du milieu extérieur afin de créer des forces de réaction qui permettront 

la rupture de l’équilibre postural initial. Cette nécessité résulte des lois de la mécanique 

newtonienne : la loi de la résultante dynamique (seconde loi de Newton) et la loi du 

moment cinétique (loi d’Euler). Ces lois permettent de relier à chaque instant forces et 
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mouvement. De ces deux lois découlent au moins deux principes fondamentaux qui 

sont le principe d’inertie et le principe de l’action et de la réaction. 

Selon le principe d’inertie, si le corps d’un individu est au repos par rapport au 

milieu extérieur, seule une force extérieure peut le mettre en mouvement (Gray 1968). 

Ces forces extérieures sont principalement la force de gravité et la force de réaction du 

sol (ainsi que les forces de frottements de l’air, de l’eau, etc., considérées ici comme 

négligeables). Pour se déplacer par ses propres efforts, un individu doit donc faire 

naître une force (ou un moment) de son environnement extérieur. Le système nerveux 

central ne pouvant agir directement sur la gravité, le déplacement du corps ne peut se 

réaliser que par une action sur les forces de réaction du sol. Lors d’un mouvement 

volontaire, l’activité musculaire permet de faire naître ces forces de réaction sur les 

surfaces d’appui offertes par l’environnement extérieure. Le système nerveux doit 

contrôler ces forces de façon à ce que le corps se déplace dans la direction voulue.  

Le fait qu’il y ait des réactions aux actions des muscles implique également que 

les mouvements segmentaires provoquent des forces de réaction autour des 

articulations mobilisées. Comme dit précédemment, le corps humain est composé d’un 

ensemble de solides liés entre eux, qui se déplacent les uns par rapport aux autres en 

formant des chaînes articulaires qui interagissent entre elles. Ainsi, chaque action 

mécanique qui s’exerce sur un point du corps est transmise sans délai à toutes les 

autres parties du corps. Les forces développées durant le mouvement sont transmises 

des segments mobilisés volontairement vers tous les autres, jusqu’aux surfaces de 

contact au sol d’où naissent les forces de réaction. En d’autres termes, là où les forces 

musculaires provoquent un mouvement segmentaire, le reste du corps aura tendance 

à se déplacer dans la direction opposée selon le principe d’action-réaction. Ce principe 

implique que tout mouvement a un effet déstabilisant sur l’ensemble du corps, et donc 

qu’une « contre-perturbation » doit nécessairement être développée pour que le corps 

puisse être maintenu en équilibre. Cette « contre-perturbation » revêt la forme de 

phénomènes dynamiques survenant au niveau des segments posturaux, et connus 

sous le terme d’« ajustements posturaux ». 
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Dans le cadre de cette thèse, c’est au mouvement volontaire que nous nous 

intéressons, et à la capacité du système nerveux central de s’opposer à la perturbation 

posturale induite par celui-ci. Aussi, dans le paragraphe suivant, nous aborderons le 

concept de « mouvement volontaire » et d’« ajustement postural ». 

 

1.1.4. Mouvement volontaire et perturbation de l’équilibre 

 

1.1.4.1. Le mouvement volontaire 

 
Le mouvement est dit « volontaire » lorsqu’il répond à l’intention de réaliser une 

tâche déterminée (Bouisset and Do 2008). On distingue la tâche prescrite, qui est celle 

que l’on désire réaliser, de la tâche que l’on réalise vraiment et qui est la tâche réelle 

(Figure 3). Entre les deux, le système nerveux central planifie des stratégies motrices 

adaptées et émet des ordres au muscles qui mobilisent les segments corporels autour 

des articulations. La tâche prescrite se caractérise par le type d’activité à laquelle elle 

appartient (pointer, lancer, courir, marcher etc.), par les paramètres spécifiques qui sont 

demandés (vitesse, amplitude, orientation, précision), et enfin par son environnement 

(stabilité du sol, résistances à l’avancement, de l’eau ou du vent, luminosité, bruits etc.). 

De ce point de vue, la tâche prescrite représente une source d’informations multiples 

pour les systèmes sensoriel et moteur. De son côté, la tâche réelle est le résultat de la 

capacité du sujet à mobiliser ses ressources physiques et mentales pour répondre au 

mieux aux contraintes de la tâche prescrite. L’efficacité de la tâche réelle est évaluée 

avec la performance. La performance est mesurée par des critères qui permettent 

d’apprécier l’adéquation de la tâche réalisée à la tâche souhaitée par rapport à la 

vitesse, précision, amplitude etc. Le fait que la tâche réalisée réponde aux impératifs 

prescris, c’est-à-dire que la tâche réelle soit conforme avec la tâche prescrite, constitue 

la preuve de l’efficacité du mouvement. En d’autres termes, l’exécution du mouvement 

et la réalisation de la tâche constituent deux aspects différents mais intiment liés du 

même phénomène, mais le mouvement n’est que le moyen de réaliser la tâche. La 
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réalisation du mouvement demande la mobilisation de certains segments corporels 

(correspondant aux segments focaux) et l’immobilisation d’autres segments 

(correspondant aux segments posturaux).  

 

 

Figure 3 : De la tâche prescrite à la tâche réelle. La tâche prescrite (task to perform) 
est la tâche que le sujet tente de réaliser. Elle se caractérise par 3 facteurs : sa catégorie, 
ses paramètres spécifiques et son contexte environnemental (category, specific 

parameters, environmental context). Ces facteurs sont pris en compte par le système 
nerveux central (central nervous system) lors de la programmation motrice, puis celui-
ci envoie des commandes pour activer les muscles (muscular system). Les muscles 
mobilisent les os et les articulations (muscular and joints systems), ce qui crée le 
mouvement. La tâche réelle est la tâche exécutée par le sujet (real task). L’activité 
musculaire peut être mesurée grâce à de l’électromyographie (EMG), les mouvements 
peuvent être quantifiés grâce aux lois de la dynamique (kinetics) et à la cinématique de 
leurs paramètres spatio-temporels (kinematics). L’efficacité du mouvement est évaluée 
au travers de la performance par la vitesse (speed), la précision (precision) etc… D’après 
Bouisset and Do (2008).  
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1.1.4.2. « Dualité » entre la posture et le mouvement 

 

Les travaux du neurologue André-thomas et du physiologiste Walter R Hess à 

la fin de la première moitié du XXe siècle ont montré que le système moteur s’organise 

autour d’une distinction entre la posture et le mouvement. Cette conception est 

aujourd’hui confortée par des études récentes montrant l’existence d’un contrôle 

distinct de la posture et du mouvement au niveau du cortex moteur primaire chez le 

singe (e.g. Kurtzer et al. 2005). 

Dans un modèle imagé (Figure 4), Hess (1943) distinguait dans l’organisation du 

mouvement volontaire trois composantes, symbolisées chacune par un personnage : 

un sauteur, qui se tient debout sur les épaules d’un porteur, et un pareur en support 

du porteur. Deux notions se dégagent de ce modèle : premièrement, le mouvement 

volontaire (symbolisé par le bond du sauteur) est perturbateur de l’équilibre (symbolisé 

par le porteur), l’action du sauteur risquant de faire basculer en arrière le porteur. 

Deuxièmement, il y a une dichotomie des réactions d’équilibration. On peut distinguer 

une composante « statique » incarnée par le porteur et une composante « dynamique 

» incarnée par le pareur qui s’oppose à la perturbation du mouvement volontaire (le 

sauteur). Ce modèle de l’organisation du mouvement volontaire illustre ainsi les 

notions de « support postural », de « mouvement focal » et d’« ajustement postural ». 

Il met également en avant la nécessité de coordonner ces différentes composantes du 

mouvement volontaire afin que la tâche puisse être réalisée efficacement. 

Au final, le mouvement volontaire est donc soumis à deux contraintes. Déplacer 

un ou plusieurs segments du corps vers un but (le mouvement focal) et stabiliser 

d’autres segments (la chaîne posturale) afin de maintenir la posture et l'équilibre. 

Comme souligné par Agid (1991), l'une des principales tâches du système nerveux 

central est de coordonner la posture et le mouvement.   
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Figure 4 : Le modèle de Hess. Ce modèle inclue trois composantes, chacune 
représentée par un personnage : la sauteur (1), qui se tient sur les épaules du porteur 
(2), et le pareur (3) qui sécurise le porteur au moment du saut. Le sauteur représente le 
mouvement volontaire, le porteur et le pareur représentent respectivement 
l’équilibration statique et dynamique. A gauche (images a, b et c), la tâche est exécutée 
efficacement. Grâce à un contrôle postural optimal, l’équilibre dynamique est 
maintenu, ainsi que la récupération de l’équilibre statique à la fin du saut. A droite 
(images d, e et f), la tâche n’est pas réalisée efficacement, le sujet tombe à la fin du 
saut. La stabilisation posturale n’est pas suffisamment efficace pour contrebalancer 
l’effet déstabilisateur du saut. D’après Bouisset and Do (2008).  
 

1.1.4.3. Mouvement volontaire et activité posturale  

 

Le modèle théorique de Hess décrit ci-dessus illustre le fait que le mouvement 

volontaire ne peut être effectué efficacement (la tâche réalisée correspondant alors à 

la tâche prescrite) sans une activité posturale adaptée. Cette activité posturale a depuis 
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été étudiée de façon expérimentale et observée au travers de la production de 

nombreux mouvements volontaires, tels que :  

- des mouvements segmentaires sans modification de la base de support, comme 

l’élévation antérieure du membre supérieur (e.g. Bouisset and Zattara 1981, 

1987 ; Dick et al. 1986 ; Lee et al. 1987), l’abduction du membre supérieur (e.g. 

Vernazza et al. 1996), la flexion du coude (e.g. Friedli et al. 1988 ; Benvenuti et 

al. 1995), la flexion des doigts (Bolzoni et al. 2018), des poussées et tirages d’une 

poignée (e.g. Cordo and Nashner 1982) et la flexion du tronc (e.g. Oddsson and 

Thorstensson 1987 ; Crenna et al. 1987 ; Pedotti et al. 1989) ; 

- Des mouvements segmentaires avec modification de la base de support, 

comme la flexion d’un membre inferieur en position debout avec passage en 

appui unipodal (Rogers and Pai 1990 ; Do et al. 1991 ; Nouillot et al. 1992 ; Yiou 

et al. 2012 a, b ; Gendre et al. 2016) ;  

- Des mouvements impliquant un déplacement de l’ensemble du corps avec 

réduction de la base de support comme la montée sur la pointe des pieds ou 

rouler sur les talons (Nardone and Schieppati 1988) ;  

- Et enfin, des mouvements locomoteurs impliquant une progression de 

l’ensemble du corps, comme la locomotion et l’initiation de la marche (Brenière 

et al. 1987 ; Caderby et al. 2014 ; Honeine et al. 2016 ; Lepers and Brenière 1995 

; Mann et al. 1979 ; Winter 1995 ; Yiou et al. 2016b).  

 

Selon les lois de la mécanique énoncées précédemment, chacun de ces 

mouvements constitue une perturbation transitoire de la posture et de l’équilibre pour 

deux raisons majeures. Tout d’abord, parce que l’accélération du segment focal génère, 

en vertu du principe de l’action et de la réaction, des forces internes qui sont appliquées 

au niveau de l’articulation proximale. Ces forces internes sont transmises quasi-

instantanément le long de la chaîne posturale jusqu’aux surfaces d’appui et sont 

responsables d’une variation des forces de réaction agissant au niveau de ces surfaces. 

Celles-ci étant des forces externes au corps, leur variation constitue une source de 
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perturbation de l’équilibre postural préétabli. Deuxièmement, tout mouvement 

segmentaire modifie la position du centre des masses de l’ensemble du corps, 

impliquant de nouvelles conditions posturales afin que le centre des masses puisse à 

nouveau être positionné au-dessus du centre des pressions.  

Pour reprendre le paradigme de l’élévation du membre supérieur classiquement 

étudié dans la littérature (e.g. Belen’kiĭ et al. 1967; Bouisset and Zattara 1981, 1987 ; 

Dick et al. 1986 ; Lee et al. 1987), l’analyse par modélisation des forces internes d’origine 

musculaire générées au niveau de l’épaule (segment proximal du membre focal) 

montre que celles-ci ont initialement une résultante dirigée vers l’arrière et vers le bas 

(Bouisset and Zattara 1981, 1987). Ces forces internes engendrent des forces de 

réaction au niveau de l’épaule et jusqu’au niveau des surfaces d’appui qui ont tendance 

à déséquilibrer le corps dans la même direction. Ces forces s’inversent lorsque le 

mouvement focal décélère et se stabilise. A ce moment-là, la nouvelle position du bras 

vers le haut et vers l’avant induit un déplacement de la position initiale du centre des 

masses vers l’avant. 

Dans le cas des tâches locomotrices comme l’initiation de la marche, le fait de 

lever le pied du sol entraîne une diminution drastique de la base de support, le sujet 

passant alors d’un appui bipodal à un appui unipodal (Figure 5). Sans action entreprise 

pour repositionner le centre des masses au-dessus de la nouvelle base de support, le 

sujet chuterait rapidement du côté de la jambe oscillante au cours de la phase 

d’exécution du pas (Brenière et al. 1987 ; Yiou et al. 2016b, 2017).  
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Figure 5 : représentation des déséquilibres lors de l’initiation de la marche. A 
gauche, le centre des masses (COM) est projeté dans la base de support (BOS), sur la 
même ligne que le centre des pression (COP), le corps est à l’équilibre. A droite, lorsque 
le sujet lève le pieds (Foot off), la base de support est considérablement réduite. Le 
centre des masses et le centre des pressions ne sont plus alignés, ce qui entraîne la 
chute du centre des masses vers la jambe oscillante. Un écart (Gap) entre le centre des 
masses et le centre des pressions se crée au fur et à mesure de la chute. Plus cet écart 
augmente, plus la vitesse du centre des masses (VCOM) s’accélère. D’après Yiou et al. 
(2017). 

 

Le maintien de l’équilibre postural nécessite donc le développement de 

phénomènes dynamiques qui vont s’opposer aux différentes sources de perturbations 

induites par le mouvement. On parle d’ « ajustements posturaux » pour faire référence 

à ces phénomènes dynamiques contre-perturbateurs. Les caractéristiques de ces 

ajustements posturaux sont décrites aux paragraphes suivants. 
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1.1.4.4. Les ajustements posturaux 

 

L’on sait aujourd’hui que les ajustements posturaux peuvent précéder, 

accompagner, et suivre le mouvement volontaire (Gahery 1987 ; Bouisset and Do 

2008).  

Les ajustements posturaux préparatoires permettent le positionnement du corps 

adapté à la tâche à réaliser. Ces ajustements apparaissent précocement avant le 

mouvement volontaire, sans modification de la posture initiale. Leur but est de placer 

le corps dans une position favorable à l’exécution de la tâche. Pour revenir aux 

exemples cités précédemment, lors de l’élévation du membre supérieur (Bouisset and 

Zattara 1981, 1987) ou de l’initiation d’un pas rapide (Lepers and Brenière 1995), le 

centre des masses est porté préalablement vers l’avant pour, respectivement, 

contrecarrer les forces de réactions orientées vers le l’arrière et permettre un départ 

rapide.  

Les ajustements posturaux d’accompagnement surviennent en même temps que 

la réalisation du mouvement focal ou peuvent précéder son initiation. Ils 

correspondent alors aux « ajustements posturaux anticipateurs » (APA), et aux 

« ajustements posturaux simultanés » (Fourcade et al. 2014, 2016 ; Fourcade and 

Memari 2015). Les APA font l’objet d’une attention particulière dans le chapitre 1.1.5.  

Les ajustements posturaux correcteurs, parfois nommés consécutifs, 

correspondent par définition aux phénomènes posturaux survenant après le 

mouvement volontaire. Ils ont été observés lors du maintien d’un équilibre instable 

(Day et al. 1993), lors du retour à l’équilibre après l’exécution du mouvement focal 

(Bouisset and Zattara 1987 ; Le Bozec et al. 2008 ; Memari et al. 2013), ou encore après 

la survenue d’un évènement extérieur venant perturber l’équilibre, tels que le choc 

induit par un pendule percutant de façon imprévisible les épaules du sujet, le 

déplacement brusque de la surface d’appui etc. (e.g. Horak and Nashner 1986 ; Aruin 

et al. 2015, 2017 ; Kanekar 2015). 
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Parmi ces différents types d’ajustements posturaux, ceux qui ont fait l’objet du 

plus grand nombre d’études sont incontestablement les APA. Ces APA ont en effet un 

statut particulier : survenant par définition avant la production du mouvement 

volontaire, ils ne peuvent pas être déclenchés de façon réflexive par celui-ci et résultent 

donc d’une programmation par le système nerveux central. Leur étude permet donc 

d’investiguer de façon indirecte la programmation de la commande posturale associée 

au mouvement volontaire. Le fait que des ajustements posturaux soient également 

contemporains du mouvement n’exclue pas le fait qu’ils soient également 

programmés, mais leur mise en évidence nécessite le développement de modèles 

biomécaniques permettant de distinguer la composante focale de la composante 

posturale dans les signaux recueillis à la périphérie, ce qui rend leur analyse plus 

complexe (cf. Memari et al. 2020). Les caractéristiques principales des différents types 

d’ajustements posturaux sont décrites dans les paragraphes suivants. 

 

1.1.5.  Ajustements posturaux anticipateurs (APA) 

 

Les APA ont initialement été mis en évidence par Belen’kiĭ et al. (1967) lors du 

mouvement désormais devenu classique d’élévation du membre supérieur en posture 

debout (e.g. Bouisset and Zattara 1981, 1987 ; Dick et al. 1986 ; Lee et al. 1987). Plus 

spécifiquement, ces auteurs ont montré que les premiers muscles activés lors de 

l’élévation du membre supérieur n’étaient pas ceux situés autour de l’épaule mais ceux 

des membres inférieurs. D’autres auteurs (en particulier Bouisset et collaborateurs ; e.g. 

Bouisset and Zattara 1981, 1987 ; Zattara and Bouisset 1988) ont repris le même 

paradigme afin de décrire de façon plus complète les patrons EMG et dynamiques 

associés aux APA. Ainsi, il a été montré que l’activation du deltoïde antérieure (muscle 

responsable du mouvement d’élévation du bras) était systématiquement précédée de 

l’inhibition du soléaire ipsilatéral, suivie d’une activation du tenseur du fascia lata et du 

droit fémoral controlatéraux, du grand fessier et du demi-tendineux ipsilatéraux, et 

enfin des muscles érecteurs du rachis controlatéraux. Cette séquence est reproductible 
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et spécifique du mouvement. A cette séquence EMG « ascendante », est associée une 

séquence cinématique anticipatrice (Bouisset and Zattara 1988) débutant par une 

accélération du membre inférieur controlatéral, puis ipsilatéral, et se terminant par 

l’accélération du membre focal. L’existence de ces accélérations segmentaires qui 

surviennent au niveau de la chaîne posturale (de même qu’au niveau du centre des 

masses du corps, comme décrit au paragraphe suivant) témoignent du caractère 

dynamique de ces APA.  

Les rôles fonctionnels de ces APA sont décrits dans les paragraphes suivants. 

 

1.1.5.1. Rôles fonctionnels des APA 

 

 Le rôle fonctionnel des APA a été argumenté sur une base biomécanique 

(Bouisset and Zattara 1981, 1987 ; Cordo and Nashner 1982 ; Friedli et al. 1988 ; 

Bouisset and Do 2008). Si l’on reprend la tâche d’élévation du membre supérieur, les 

forces nécessaires à la réalisation du mouvement focal sont transmises le long de la 

chaîne posturale jusqu’aux surfaces d’appuis, selon le principe d’action-réaction. En 

théorie, ces forces sont initialement dirigées vers l’arrière et le bas, i.e. dans le sens 

opposé à l’élévation du bras, ce qui tend à déstabiliser le corps dans cette même 

direction. Bouisset et al. (1981, 1987) ont montré que des phénomènes dynamiques 

survenaient au niveau du centre des masses avant-même que cette perturbation ne 

soit opérante, et que ceux-ci (les APA donc) se caractérisaient par une accélération du 

centre des masses global vers l’avant et vers le haut, soit dans des directions 

diamétralement opposées aux forces réactionnelles générées par le mouvement du 

bras au niveau de l’épaule. C’est sur cette base que les auteurs ont proposé que les 

APA avaient pour fonction de créer par avance des forces inertielles au niveau du 

support postural permettant de contrebalancer la perturbation induite par le 

mouvement volontaire. Cette contre-perturbation posturale n’est cependant que 

partielle, en témoigne l’existence d’ajustements posturaux simultanés et consécutifs. 
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Les études reportées ci-dessus portaient sur l’organisation posturale associée à 

un mouvement volontaire réalisé sur une base posturale fixe. Le rôle contre-

perturbateur des APA se retrouve également lors de mouvements induisant un 

changement de la base de support. Par exemple, il a été montré lors du mouvement 

de flexion de la cuisse à partir de la posture debout, que le décollement du pied était 

précédé par une dynamique posturale anticipatrice, caractérisée par un déplacement 

du centre des pressions vers la jambe oscillante (e.g. Rogers and Pai 1990 ; Do et al. 

1991 ; Yiou et al. 2011b). Ce déplacement anticipateur du centre des pressions 

permettait le déplacement du centre des masses en sens opposé, i.e. vers la future 

jambe portante. Cette dynamique posturale anticipatrice permettait ainsi de 

repositionner le centre des masses à l’intérieur de la nouvelle base de support, et ainsi 

de pouvoir conserver l’équilibre pendant et à la fin du mouvement (Rogers and Pai 

1990 ; Do et al. 1991 ; Yiou et al. 2011b). Nous retrouverons ce rôle stabilisateur des 

APA lors du processus d’initiation de la marche, qui sera décrit plus en détail dans la 

suite de l’exposé (chapitre 1.3). 

 Les APA n’ont cependant pas qu’un rôle exclusivement dévolu à la stabilisation 

posturale. Ils permettent également d’assister la performance motrice. En effet, dans 

les activités motrices nécessitant un déplacement du corps dans son ensemble, comme 

lors de l’initiation de la marche (Brenière et al. 1987), l’exécution d’un simple pas vers 

l’avant (Memari et al. 2013) ou encore la fente en escrime (Yiou and Do 2001), il a été 

montré que les APA permettaient de créer les conditions dynamiques nécessaires à la 

réalisation de l’objectif visé, e.g. atteindre une certaine longueur de pas/fente ou une 

vitesse de progression du corps. Ces APA se caractérisaient par un déplacement du 

centre des pressions vers l’arrière. Ce recul du centre des pressions permettait de créer 

un découplage avec le centre des masses dans le plan sagittal, et ainsi de propulser ce 

dernier vers l’avant. Ce type d’APA a également été mis en évidence lors du mouvement 

de se baisser pour ramasser un objet (ou « whole-body reaching » des anglo-saxons ; 

Stapley 1998, 1999). Là encore, nous reviendrons plus en détail sur ce processus lorsque 

nous aborderons l’initiation de la marche (chapitre 1.3). 
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1.1.5.2. Adaptabilité des APA 

 

Une caractéristique majeure des APA est leur adaptabilité. Cette caractéristique 

est importante car nous évoluons dans un environnement intérieur et extérieur en 

perpétuel changement (cf. Yiou et al. 2012a). Ainsi, il a été montré à de nombreuses 

reprises dans la littérature que l’activité posturale anticipatrice était programmée de 

façon adaptative en fonction des paramètres du mouvement (vitesse, précision, force, 

charge, pression temporelle etc.), des conditions posturales (e.g. la stabilité de la 

posture initiale/finale, l’ajout d’une charge, la fatigue de la musculature posturale etc.), 

des conditions environnementales (e.g. la présence d’un obstacle à enjamber, la 

glissance des surfaces etc.). Les quelques exemples reportés ci-dessous permettent 

d’illustrer cette caractéristique des APA. 

Lors du paradigme de l’élévation du membre supérieur, il a été montré que la 

vitesse maximale du mouvement focal, ainsi que l’inertie du bras, déterminaient les 

paramètres spatio-temporels des APA. A noter que plus la vitesse du mouvement et 

l’inertie du membre supérieur sont élevées, plus l’intensité de la perturbation posturale 

est importante. Dans ces conditions, il a été montré que la durée et l’amplitude des 

APA, et donc l’intensité de la contre-perturbation, augmentaient au prorata de ces deux 

paramètres du mouvement volontaire (Horak et al. 1984 ; Lee et al. 1987 ; Bouisset et 

al. 2000). Il est à noter que les APA ne sont présents qu’à partir d’un certain seuil de 

vitesse. D’autres auteurs ont mis en évidence l’effet de la précision sur les APA associés 

à une tâche de pointage vers une cible (e.g. Bonnetblanc et al. 2004 ; Caronni et al. 

2013 ; Bruttini et al. 2016). 

 L’influence de la stabilité posturale initiale sur l’organisation des APA a été mise 

en évidence lors de mouvements mobilisant les membres supérieurs et inférieurs. Ainsi, 

Cordo and Nashner (1982) ont montré que lorsqu’un individu se tient debout dans une 

posture rendue très stable par l’ajout d’un appui thoracique, les APA associés à des 

mouvements rapides du bras (pousser et tirer une poignée) étaient atténués voire 
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supprimés. Ces auteurs ont proposé que lorsque la posture se trouve initialement dans 

un état très stable, les APA ne plus nécessaires. Les APA étant « coûteux » sur le plan 

énergétique, le système nerveux central en ferait l’économie. Cet effet de la stabilité 

initiale sur les APA a également été mise en évidence lors d’autres types de tâches 

motrices, telles que le pointage (Yiou et al. 2007), le lâcher d’une masse bras tendus 

(Aruin et al. 1998), ou encore la flexion de la cuisse (Do et al. 1991 ; Nouillot et al. 1992). 

Les APA étant des phénomènes dynamiques à part entière, si la base de support est 

réduite, la possibilité de générer des APA l’est aussi. De plus, dans ces conditions de 

grande instabilité, il a été proposé que les APA pouvaient constituer eux-mêmes une 

source de déséquilibre supplémentaire et étaient donc atténués.  

Les effets d’une réduction de la base de support en posture initiale sur les APA 

ont également été étudiés lors de l’initiation de la marche (Couillandre et al. 2002 ; 

Couillandre and Brenière 2003). Dans ces études, les sujets étaient initialement 

positionnés sur la pointe des pieds, limitant ainsi la capacité de recul du centre des 

pressions au cours des APA. Couillandre et al. (2002) ont montré que, dans ces 

conditions, la diminution de l’amplitude du recul du centre des pressions était 

compensée par une augmentation de la durée des APA, permettant aux sujets 

d’atteindre un couple de déséquilibre entre le centre des pressions et le centre des 

masses au décollement du pied équivalent à celui obtenu en condition contrôle (pieds 

initialement entièrement en contact avec le sol). Il en résultait une performance motrice 

(vitesse maximale de progression du centre des masses et longueur de pas) inchangée. 

De même, il a été montré que le port d’une ceinture lestée de 15% du poids du 

corps (charge équitablement répartie à hauteur du centre des masses des sujets), 

entrainait des modifications adaptatives de l’amplitude des APA associés à l’initiation 

de la marche (Caderby et al. 2013). Plus spécifiquement, ces modifications permettaient 

aux sujets d’atteindre une vitesse de progression invariante et équivalente à celle 

obtenue lors de la situation de contrôle (initiation de la marche sans charge). Des 

résultats similaires ont par la suite été observés sur la stabilité posturale, estimée par 

le biais de la « marge de stabilité » (Hof et al. 2005), qui est restée inchangée malgré 
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une distribution asymétrique du poids du corps induite par le port d’une charge 

additionnelle sur un côté du corps ou de l’autre (Caderby et al. 2017). Cette invariance 

de la stabilité posturale, rendue possible grâce à la modulation adaptative des APA, a 

également été mise en évidence récemment lors d’un protocole d’initiation de la 

marche avec enjambement d’obstacles de taille et de hauteur changeantes (Yiou et al. 

2016a, b). 

 Enfin, un ensemble de travaux portant sur les mouvements d’élévation du 

membre supérieur (Nougier et al. 1999), de flexion de la cuisse (Yiou et al. 2012b) ou 

encore d’initiation de la marche (Delval et al. 2005 ; Yiou et al. 2016b), a montré que la 

contrainte temporelle modifiait également de façon adaptative les paramètres spatio-

temporels des APA. Plus spécifiquement, ces travaux ont montré de manière 

consistante que la durée des APA dans chacune de ces conditions était drastiquement 

réduite en situation de contrainte temporelle forte (les participants devaient alors 

exécuter le mouvement le plus rapidement possible après un signal de départ), 

comparativement à la situation contrôle (pas de contrainte temporelle). Cette 

réduction de durée était systématiquement compensée par une augmentation de 

l’amplitude des APA, permettant d’atteindre une performance motrice et une stabilité 

optimale.  

 

1.1.6.  Ajustements posturaux simultanés  

 

Bien que leur existence soit connue de longue date (Elftman 1939 ; Floyd et al. 

1955 ; Lundervold 1951), ce n’est que très récemment que l’étude des ajustements 

posturaux simultanés a fait l’objet de recherches expérimentales systématiques. Une 

des raisons à cela est sans doute la difficulté de leur mise en évidence sur le plan 

expérimental, en comparaison aux APA et aux ajustements posturaux correcteurs. En 

effet, comme il a été dit à plusieurs reprises dans ce document, l’exécution du 

mouvement focal induit des forces internes qui sont (quasi)instantanément transmises 

le long de la chaîne posturale jusqu’aux surfaces d’appui. Les signaux périphériques 
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issus des outils classiques de la biomécanique, et en particulier des plateformes de 

force, ne permettent pas de distinguer directement les forces réactives induites par le 

mouvement de la chaîne focale de celles induites par le mouvement de la chaîne 

posturale. En effet, les signaux recueillis sont « globaux », i.e. résultant de la sommation 

des deux composantes motrices de la tâche (posturale et focale). Ce problème 

expérimental ne se pose pas pour l’analyse des APA et des ajustements posturaux 

correcteurs, puisque celles-ci sont bien découplées temporellement. Pour résoudre ce 

problème expérimental, un modèle biomécanique original du corps humain basé sur 

la méthode des ellipses de Lissajous a été développé au sein du laboratoire CIAMS ; ce 

modèle a permis de dissocier la dynamique induite par les composantes focales et 

posturales de la tâche, et donc d’investiguer les caractéristiques biomécaniques des 

ajustements posturaux simultanés conjointement à celles des APA et ajustements 

posturaux correcteurs. Ce modèle a été appliqué lors de tâches de pointage réalisées 

en posture assise (Fourcade et al. 2014, 2015, 2016) et lors de l’initiation d’un pas rapide 

(Memari et al. 2020).  

Ainsi, lors du pointage avec le membre supérieur en position assise, Fourcade 

et al. (2014, 2016) ont montré que, comme pour les APA, les ajustements posturaux 

simultanés avaient une double fonction. Mais, contrairement aux APA, cette double 

fonction s’exerçait suivant le même axe (axe antéropostérieur, seul axe considéré dans 

cette étude). Selon l’instant considéré, les ajustements posturaux simultanés ont une 

fonction stabilisatrice, s’opposant alors aux effets perturbateurs du mouvement focal, 

ou une fonction d’assistance à la performance, en favorisant le développement des 

forces propulsives, notamment au début du mouvement volontaire (i.e. lors de 

l’accélération du bras vers l’avant). De plus, comme pour les APA, ces auteurs ont 

montré que l’amplitude des ajustements posturaux simultanés augmentait avec la 

vitesse du mouvement (Fourcade et al. 2016). Des résultats similaires ont été mis en 

évidence lors de l’exécution d’un pas rapide vers l’avant (Fourcade and Memari 2015 ; 

Memari et al. 2020). Sur la base de ces résultats, il a été proposé que les ajustements 
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posturaux simultanés sont programmés en fonction de la vitesse du mouvement 

volontaire et complètent les APA dans la réalisation du mouvement. 

 

1.1.7.  Ajustements posturaux correcteurs  

 

Les « ajustements posturaux correcteurs », ou consécutifs, désignent les 

phénomènes dynamiques posturaux ayant lieu après la fin du mouvement focal. 

Memari et al. (2013) ont analysé et comparé les caractéristiques des APA et des 

ajustements posturaux correcteurs lors de l’initiation d’un pas de longueur variable 

(petit et grand pas). Les résultats ont montré que la durée et l’amplitude des 

ajustements posturaux correcteurs sont plus importantes que celles des APA. De plus, 

avec l’augmentation de la longueur du pas et de la vitesse de progression, l’amplitude 

des ajustements posturaux correcteurs augmente, en parallèle de celle des APA. Sur la 

base de ces résultats, les auteurs ont proposé que ces deux types d’ajustements 

posturaux résultaient d’un même programme moteur.  

De même, Krishnan and Aruin (2011) ont montré, au moyen de leur paradigme 

de perturbation posturale appliquée au niveau des épaules en station debout, que le 

contrôle de l’équilibre, dans ces conditions, impliquait systématiquement le 

développement d’APA et d’ajustements posturaux correcteurs. Ces auteurs ont 

également montré que lorsque les participants étaient privés d’informations visuelles, 

ils ne développaient quasiment plus d’APA, car ne pouvant plus prédire le déséquilibre 

à venir. Pour maintenir leur équilibre, les participants développaient alors davantage 

d’ajustements posturaux correcteurs. Les auteurs ont ainsi pu mettre en évidence une 

corrélation négative entre l’amplitude des APA et celle des ajustements posturaux 

correcteurs, i.e. plus l’amplitude des APA était faible, plus celle des ajustements 

posturaux correcteurs était élevée. Les effets de l’avancée en âge sur la relation entre 

ces deux types d’ajustements posturaux ont été étudiés par la même équipe (e.g. 

Kanekar and Aruin 2014). En employant un paradigme assez similaire de perturbation 

posturale, Kanekar and Aruin (2014) ont montré que l’amplitude des APA était 
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diminuée et que les délais d’activation des muscles posturaux étaient augmentés chez 

les personnes âgées par rapport aux jeunes adultes. De plus, malgré un recours plus 

important aux ajustements posturaux correcteurs, les sujets âgés étaient 

significativement moins stables que les jeunes adultes après une perturbation similaire. 

De façon intéressante, la même équipe (Aruin et al. 2015; Aruin 2016) a par la suite 

montré que les capacités d’anticipation posturale des personnes âgées pouvaient être 

améliorées grâce à un entraînement spécifique de lancers de ballons lestés (medecine 

ball). Cette amélioration leur permettait de réduire la part des ajustements posturaux 

correcteurs dans le contrôle postural et ainsi, de se rapprocher du comportement 

postural des jeunes adultes. Cette modification du comportement postural s’est 

traduite par une amélioration de l’équilibre. L’amélioration des APA chez les personnes 

âgées grâce à l’entraînement sera discuté plus en détail dans la suite de l’exposé 

(chapitre 1.5). 

Pour résumer, les ajustements posturaux consécutifs permettraient ainsi de 

renforcer l’action contre-perturbatrice des APA, voire de remplacer cette action s’il n’y 

a pas suffisamment d’APA. De ce point de vue, les APA peuvent être perçus comme 

une première « ligne de défense » de l’équilibre postural, alors que les ajustements 

posturaux simultanés puis les ajustements posturaux correcteurs constituent la « 

seconde ligne de défense ». La capacité de notre système nerveux central à générer 

ces ajustements posturaux correspond à la « capacité posturo-cinétique ». Ce concept 

biomécanique de capacité posturo-cinétique est l’objet du chapitre suivant.  

 

1.1.8.  Concept de « Capacité posturo-cinétique » 

 

La capacité posturo-cinétique a été définie par Bouisset comme étant la capacité 

du système nerveux central à développer des phénomènes posturaux contre-

perturbateurs face à une perturbation posturale donnée, et ainsi d’en atténuer ses 

effets négatifs sur la stabilité du corps (Bouisset and Zattara 1981, 1987 ; Bouisset and 

Le Bozec 2002 ; Bouisset and Do 2008). Ce concept de capacité posturo-cinétique est 
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originellement lié aux perturbations posturales associées au mouvement volontaire, 

telle que celle induite lors de l’élévation du membre supérieur en posture debout 

(Bouisset and Zattara 1981, 1987). Ce concept a été étendu à la compensation de 

perturbations endogènes « non volontaires », telles que celles induites par la 

respiration, les battements cardiaques et les mouvements péristaltiques. Comme nous 

l’avons évoqué au début de ce manuscrit, ce type de perturbations endogènes, 

quoique très faibles, nécessite également le développement de phénomènes 

dynamiques contre-perturbateurs afin que l’équilibre postural soit maintenu (e.g. 

Hamaoui et al. 2002). Le concept moderne de « synergie » fait d’ailleurs référence 

historiquement à ces mouvements contre-perturbateurs de la chaîne posturale 

mobilisant la tête, le bassin et les genoux, qui sont associés aux perturbations cycliques 

induites par les mouvements d’ampliation de la cage thoracique et le refoulement des 

viscères au cours de la respiration (Gurfinkel 1971). 

Le concept de capacité posturo-cinétique met l’accent sur l’importance de 

déclencher les phénomènes posturaux avant même la survenue de la perturbation afin 

d’optimiser l’efficacité de la contre-perturbation posturale. Ce type d’adaptations 

correspond aux APA que nous avons décrits précédemment, et fait écho aux 

mécanismes d’« équilibration-action » décrits par André-Thomas (1940). Le concept de 

capacité posturo-cinétique met également l’accent sur le fait que tous les ajustements 

posturaux font partie d’un processus dynamique impliquant la mobilité de la chaîne 

posturale. Selon ce concept, tout facteur altérant la mobilité dynamique des segments 

posturaux (e.g. avec l’avancée en âge, Vandervoort et al. 1992, et, à un degré supérieur, 

la maladie de Parkinson, Halliday et al. 1998), aurait un impact négatif sur la stabilité 

posturale mais également sur la performance motrice elle-même (la vitesse maximale 

d’exécution ou la force maximale, par exemple). Autrement dit, la performance du 

mouvement focal ainsi que la stabilité posturale, dépendent de la capacité du système 

nerveux central à générer des ajustements posturaux, et en particulier des APA. Ce 

concept de capacité posturo-cinétique est en accord avec le modèle classique du 
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mouvement volontaire développé par Hess (1943) que nous avons décrit au chapitre 

1.1.4.  

De nombreux résultats expérimentaux témoignent de ce lien étroit entre 

mobilité dynamique de la chaîne posturale et performance motrice (e.g. Le Bozec and 

Bouisset 2004 ; Diakhaté et al. 2013 ; Delafontaine et al. 2015, 2017, 2018 ; Alamini-

Rodrigues and Hamaoui 2017 ; Hamaoui and Alamini-Rodrigues 2017). Par exemple, 

des expérimentations conduites en posture assise ont montré que lorsque la mobilité 

du bassin est augmentée grâce à une réduction de la surface de contact au niveau des 

cuisses (les participants sont assis au bord de l’assise), la vitesse maximale de pointage 

vers une cible avec le membre supérieur augmente (Lino et al. 1992 ; Teyssèdre et al. 

2000), de même que la force de poussée isométrique maximale d’une barre 

dynamométrique (Le Bozec and Bouisset 2004). Ces résultats ont été corroborés avec 

la tâche consistant à se lever à partir de la posture assise (sit-to-stand) et lors de la 

flexion du tronc à vitesse maximale (Diakhaté et al. 2013). Dans chacune de ces 

expérimentations, la plus grande mobilité de la chaîne posturale, celle du bassin en 

l’occurrence, était associée à une intensification de la dynamique posturale 

anticipatrice. 

A l’inverse, il a été montré que le blocage expérimental de certaines articulations 

de la chaîne posturale par le biais d’une attelle rigide, responsable d’une hypomobilité 

articulaire, entraînait une dégradation de la capacité posturo-cinétique. Par exemple, 

lors de la tâche de sit-to-stand, Hamaoui and Alamini-Rodriguez (2017) et Alamini-

Rodrigues and Hamaoui (2017) ont montré que la durée des APA était augmentée et 

la performance motrice réduite lorsque les sujets portaient une attèle au niveau 

lombaire ou cervical, comparativement à la situation contrôle sans port d’attèle. 

Autrement dit, la durée de la composante posturale était augmentée pour, au final, 

atteindre une performance motrice moindre, témoignant ainsi d’une diminution de 

l’efficacité des APA. A noter qu’Hamaoui et al. (2004) avaient déjà montré au préalable 

que la perturbation chronique de la mobilité du rachis lombaire chez les sujets 

lombalgiques, s’accompagnait d’une amplification des oscillations posturales lors du 
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maintien de la posture debout. Enfin, dans la même veine, les travaux récents de 

Delafontaine et al. (2015, 2017, 2018) ont montré que la restriction expérimentale de 

la mobilité de la cheville ou du genou de la jambe oscillante et/ou portante, 

s’accompagnaient d’une dégradation de l’organisation posturale et de la performance 

motrice lors de l’initiation de la marche.  

 

1.2. Organisation neurophysiologique des APA 

 

1.2.1. Origine centrale des APA 

 

Les structures nerveuses à l’origine des APA ne sont pas encore bien connues. 

Dans un article de revue, Massion (1992) soulignait que les neurones impliqués dans le 

contrôle des APA pourraient être localisés au niveau de la formation réticulée (structure 

située dans le tronc cérébral) et de la moelle épinière. Cette hypothèse s’appuie sur des 

travaux réalisés chez le chat par Luccarini et al. (1990), et repris plus tard par Schepens 

and Drew (2003, 2006). Ces derniers ont montré que des neurones réticulo-spinaux 

pourraient être impliqués dans la régulation du tonus antigravitaire et le contrôle des 

APA. Chez l’Homme, le tronc cérébral, le cervelet, l’aire motrice primaire, l’aire pré 

motrice, l’aire motrice supplémentaire et les réseaux neuronaux situés entre le cortex 

frontal et les ganglions de la base pourraient être impliqués dans l’organisation 

posturale lors de l’initiation de la marche, mais peu d’études se sont intéressées aux 

rôles spécifiques de chacune de ces régions (Richard et al. 2017 ; Takakusaki 2017).  

Richard et al. (2017) ont montré que la perturbation de l’aire motrice 

supplémentaire par stimulation transcrânienne entraînait une diminution de la durée 

des APA et une augmentation de l’activité du muscle soléaire du côté de la jambe 

oscillante et de celle du tibial antérieure du côté de la jambe portante. De plus, 

l’amplitude du déplacement latéral du centre des pressions lors des APA avait tendance 

à augmenter, tandis que les paramètres spatio-temporels de la phase d’exécution 

restaient inchangés. En employant la même technique, ces auteurs ont également 
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montré que la perturbation du cervelet ne modifiait pas la durée ou l’amplitude des 

APA mais perturbait la coordination des muscles posturaux en augmentant les co-

activations musculaires entre le soléaire et le tibial antérieur, notamment du côté de la 

jambe portante. De plus, la durée de la phase d’exécution a significativement diminué. 

Ces résultats suggèrent des rôles distincts de ces deux structures nerveuses sur les APA. 

D’une part, l’aire motrice supplémentaire serait impliquée dans la programmation de 

la durée et probablement de l’amplitude des APA et, d’autre part, le cervelet dans les 

coordinations musculaires et le couplage des APA avec la phase d’exécution. Ces 

résultats corroborent partiellement ceux de Jacobs et al. (2009a), qui ont également 

montré une diminution de la durée des APA lors de l’initiation de la marche chez des 

patients parkinsoniens suite à la perturbation de l’aire motrice supplémentaire par 

stimulation transcrânienne, témoignant de son implication dans la synchronisation 

temporelle des APA. Cependant, il est à noter que Jacobs et al. (2009a) n’ont observé 

aucun effet sur l’amplitude des APA, contrairement à Richard et al. (2017) et Bolzoni et 

al. (2015). Ces derniers ont aussi montré l’implication de l’aire motrice supplémentaire 

dans la régulation de l’amplitude des APA lors d’un mouvement volontaire de flexion 

du doigt. 

 

1.2.2. Organisation centrale des APA 

 

Bien que les structures nerveuses impliquées dans les APA ne soient pas encore 

bien identifiées, deux modes d’organisation centrale des APA ont été proposés dans la 

littérature : le mode « hiérarchique » et le mode « parallèle » (Massion 1992, 1994 ; 

Slijper 2002). Dans le mode hiérarchique, les APA et le mouvement focal sont les 

conséquences d’une seule commande motrice. Autrement dit, les composantes 

posturale et focale de la tâche sont exécutées de manière simultanée au niveau 

cérébral (Massion 1992 ; Slijper et al. 2002 ; Massion et al. 2004) et sous contrôle d’un 

seul programme moteur (Aruin and Latash 1995). Le modèle hiérarchique serait 

principalement utilisé en condition dite « réactive », i.e. lors de tâches réalisées avec un 
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temps de réaction (le sujet doit exécuter un mouvement en réponse à un signal sonore 

; Paillard 1990). Dans ces conditions, plusieurs études ont montré que les APA 

apparaissent presque simultanément avec le début du mouvement focal (Nougier et 

al. 1999 ; Slijper 2002 ; Ilmane and LaRue 2008, 2011).  

Dans le mode parallèle, les APA et le mouvement volontaire résultent de 

programmes moteurs distincts. Ce mode d’organisation expliquerait ainsi la présence 

des APA avant même le début du mouvement focal (Belen’kiĭ et al. 1967 ; Bouisset and 

Zattara 1981, 1987). De plus, ce mode de coordination entre la posture et le 

mouvement permettrait de moduler les APA sans affecter les paramètres du 

mouvement focal (Ilmane and Larue 2011 ; Slijper et al. 2002 ; Robert et al. 2007). Le 

mode parallèle correspondrait aux mouvements dits « auto-initiés » (i.e. réalisés sans 

contrainte temporelle ; Paillard 1990). En effet, pour une tâche exécutée en situation 

auto-initiée, les APA surviennent avant le début du mouvement focal. Le temps 

disponible pour la préparation du mouvement en situation auto-initiée permettrait 

cette dissociation en deux commandes motrices.  

 

1.3. Le paradigme de l’initiation de la marche 

 

1.3.1. Définition et enjeux  

 

L’initiation de la marche correspond à la phase de transition entre la position 

debout et une marche stable (Carlsöö 1966 ; Mann et al. 1979 ; Brenière et al. 1987 ; 

Jian et al. 1993 ; Yiou et al. 2017). Pour initier la marche, une jambe est décollée du sol 

et dirigée vers l’avant, c’est la jambe oscillante, tandis que la jambe opposée est la 

jambe portante. L’initiation de la marche se divise classiquement en 3 phases : une 

phase posturale qui précède le décollement du talon (qui correspond aux APA), suivie 

d’une phase de décollement du pied qui se termine au moment où les orteils du pied 

de la jambe oscillante quittent le sol (le poids du corps est transféré vers la jambe 
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portante à ce moment-là), et une phase d’exécution (en appui unipodal sur la jambe 

portante) qui se termine lorsque le pied de la jambe oscillante touche le sol (Figure 6).  

 

 

Figure 6 : Représentation des différentes phases de l’initiation de la marche. Body 

progression : déplacement du corps, QS : position initiale ; APA : ajustements posturaux 
anticipateurs, Foot lift : phase de décollement du pied de la jambe oscillante, Heel off : 
décollement du talon, Toe off : décollement des orteils, Execution : phase d’exécution 
du premier pas, foot contact : pose du pied de la jambe oscillante au sol. D’après Yiou 
et al. (2017). 

 

L’initiation de la marche est une tâche fonctionnelle classiquement utilisée dans 

la littérature pour étudier la façon dont le système nerveux central contrôle l’équilibre 

lors d’une tâche locomotrice impliquant le déplacement de l’ensemble du corps avec 

modification de la base de support. C’est une tâche complexe pour le système de 

contrôle postural car elle nécessite l’intégration de nombreuses informations 

provenant des systèmes proprioceptif (Ruget et al. 2008, 2010 ; Chastan et al. 2010 ; 

Vinti et al. 2010 ; Lin and Yang 2011 ; Mouchnino et al. 2012 ; Mouchnino and Blouin 

2013), vestibulaire (Sasaki et al. 2001 ; Henriksson et al. 2011) et visuel (Reynolds and 

Day 2005 ; Marigold 2008 ; Chapman et al. 2012), ainsi qu’une coordination complexe 

entre un ensemble de muscles répartis dans tout le corps (Bouisset and Do 2008 ; 

Honeine et al. 2013, 2014, 2016 ; Yiou et al. 2017). De ce point de vue, l’initiation de la 
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marche est une tâche locomotrice à risque de chute pour les personnes présentant des 

déficits sensoriels et moteurs (Robinovitch et al. 2003). Les différents mécanismes 

impliqués dans le contrôle de l’équilibre lors de l’initiation de la marche sont décrits 

dans les paragraphes suivants.  

 

1.3.2. Les mécanismes de contrôle de l’équilibre lors de l’initiation 

de la marche  

  

1.3.2.1. Les ajustements posturaux anticipateurs (APA)  

 

Comme il a été dit précédemment, le fait de décoller le pied du sol pour déplacer 

la jambe oscillante vers l’avant induit une diminution drastique de la base posturale 

dans le plan frontal (Figure 5). Pour s’opposer à cette source d’instabilité potentielle, le 

système nerveux développe des APA qui se manifestent par un déplacement latéral du 

centre des pressions vers la future jambe oscillante (Figure 7). Ce déplacement permet 

de propulser le centre de masses dans le sens opposé, i.e. vers la jambe portante (Yiou 

et al. 2016b, a ; Honeine et al. 2016), et  ainsi de réduire l’écart entre le centre des 

masses et le centre des pressions lors de la phase d’exécution. Ce déplacement 

médiolatéral du centre des pressions correspond à une mise en charge de la future 

jambe oscillante que l’on attribue à une activation des abducteurs de hanche du même 

côté. De plus, la hanche et le genou de la jambe portante sont légèrement fléchis lors 

des APA, ce qui facilite cette décharge et complète l’action des abducteurs de hanche 

de la jambe oscillante (Honeine et al. 2016). La flexion du genou de la jambe portante 

est favorisée par une inhibition bilatérale des soléaires et une plus forte activation du 

tibial antérieur ipsilatéral par rapport à la jambe oscillante. La flexion de la hanche est 

quant à elle favorisée par l’activation du droit fémoral de la future jambe de d’appui. 

Sur l’axe antéropostérieur, les APA se manifestent par à un déplacement du 

centre des pressions vers l’arrière (Figure 7). Ce recul permet de créer un décalage entre 

le centre des pressions et le centre des masses, et ainsi de générer les forces 
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propulsives nécessaires pour atteindre la longueur de pas et de vitesse de déplacement 

désirées (Brenière et al. 1987 ; Lepers and Brenière 1995). Ce déplacement vers l’arrière 

du centre des pressions est possible grâce à une inhibition bilatérale des fléchisseurs 

plantaires (principalement le muscle soléaire), suivie par une activation des fléchisseurs 

dorsaux (principalement le tibial antérieur) (Crenna and Frigo 1991 ; Brenière and Do 

1991). L’instabilité posturale au cours de l’initiation de la marche peut également être 

minimisée en réduisant l’amplitude des APA selon cette direction, avec pour effet une 

diminution de la longueur du pas. 
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Figure 7 : Exemple de tracés biomécaniques chez un jeune adulte initiant la 
marche à vitesse maximale. Sur l’axe antéropostérieur (x), x’M : vitesse du centre des 
masses, xP : déplacement du centre des pressions, F (forward) : vers l’avant, 
B (backward) : vers l’arrière. Sur l’axe médiolatéral (y), y’M : vitesse médiolatérale du 
centre des masses, yM : déplacement médiolatéral du centre des masses, yP : 
déplacement médiolatéral du centre des pressions, ST (stance limb) : vers la jambe 
portante, SW (swing limb) : vers la jambe oscillante. Sur les lignes pointillées, t0 : début 
des variations observables sur les tracés, HO (heel off) : décollement du talon de la 
jambe oscillante, FO (foot off) : décollement du pied de la jambe oscillante, FC (foot 
contact) : contact au sol du pied oscillant. Au niveau des flèches, APA : ajustement 
posturaux anticipateurs, FL (foot lift) : phase de décollement du pied, EXE : phase 
d’exécution. D’après Yiou et al. (2017). 
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1.3.2.2. La raideur de la jambe portante   

 

 Un autre mécanisme déterminant la stabilité posturale au cours de l’initiation de 

la marche est la régulation de la raideur de la jambe portante au cours de la phase 

d’exécution. Pour mettre en évidence ces liens entre raideur et stabilité posturale, un 

modèle mécanique original du corps, basé sur des études antérieures (MacKinnon and 

Winter 1993 ; Lyon and Day 1997, 2005), a été développé par Yiou et al. (2016a). Dans 

ce modèle, le corps humain est assimilé à un pendule inversé représenté sous forme 

d’un cône pivotant autour d’un point fixe (Figure 8).  

 

Figure 8 : modèle mécanique représentant le corps lors de la phase d’exécution 
de l’initiation de la marche. A : modèle mécanique du pendule inversé. Lors de la 
phase unipodale (phase d’exécution), le corps est représenté comme un cône inversé 
pivotant autour d’un point fixe 0. Il peut se déplacer selon 5 degrés de liberté (trois 
translations, deux rotations). Le centre des masses M chute latéralement sous 
l’influence de la force de gravité P et de la force de restitution T. B : Tracés 
biomécaniques du centre des masses. La ligne pointillée représente les données 
expérimentales recueillies lorsqu’un sujet initie la marche sur une plateforme de force.  
La ligne pleine représente les données théoriques obtenues à partir du modèle 
mécanique. Le modèle montre une excellente reproductibilité des données 
expérimentales. D’après Yiou et al. (2016a, 2017) 
 

Dans ce modèle, le centre des masses tombe latéralement sous l’effet de deux 

forces qui s’opposent lors de la phase d’exécution : d’un côté, la force de gravité (P), 

avec P = mg (où m est la masse du solide et g l’accélération de la gravité) et de l’autre, 

une force de restitution T correspondant à l’activité des muscles de la jambe portante, 
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avec T=k|yM|, où k représente la raideur des muscles de la jambe portante lors de la 

phase d’exécution et |yM| est la valeur absolue de yM, soit le déplacement du centre 

des masses sur l’axe médiolatéral, qui est systématiquement orienté vers la jambe 

oscillante lors de la phase d’exécution. La position et la vitesse initiale du cône 

correspondent à la position et à la vitesse du centre des masses du sujet au moment 

du décollement du pied (juste avant la phase unipodale). L’ajout de la force de 

restitution est nécessaire pour contrôler la vitesse initiale du centre des masses au 

décollement du pied. En effet, sans l’ajout de cette force, le cône chuterait 

systématiquement du côté de la jambe portante sous l’effet des APA médiolatéraux.  

La figure 8 montre que les tracés biomécaniques obtenus expérimentalement avec des 

sujets initiant la marche sur une plateforme de force se superposent à ceux obtenus 

avec le modèle mécanique. La meilleure correspondance entre les données 

expérimentales (ligne pointillée) et les données théoriques (ligne pleine) est obtenue 

pour une raideur k de la jambe portante autour de 1000 N/m. Ce qui correspond à une 

force de restitution d’environ T= 50N appliquée au centre des masses du participant.  

Grâce à ce modèle, il a été montré que la raideur de la jambe portante lors de 

la phase d’exécution pouvait influencer l’amplitude de la chute médiolatérale du centre 

des masses et donc la stabilité posturale (Yiou et al. 2016a). Cette raideur globale de la 

jambe portante peut théoriquement être ajustée par l’intermédiaire des co-activations 

musculaires entre les muscles agonistes et antagonistes qui mobilisent et stabilisent 

les articulations de la hanche, du genou ou de la cheville. De ce point de vue, un 

contrôle optimal de la raideur et donc du niveau de co-activation musculaire au niveau 

des articulations de la jambe portante permettrait de minimiser la chute latérale du 

centre des masses, et ainsi d’accompagner le développement des APA médiolatéraux. 

En ce sens, le contrôle de la raideur au cours de l’exécution du pas peut être assimilé à 

une forme d’ajustement postural simultané. 
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1.3.2.3. Positionnement du pied et stratégie latérale de cheville  

 

Bien que la modulation des APA sur l’axe médiolatéral et de la raideur de la 

jambe portante influencent l’amplitude de la chute médiolatérale du centre des masses 

vers la jambe oscillante lors de la phase d’exécution, ces mécanismes ne sont pas 

toujours suffisants pour obtenir une stabilité optimale lors de l’initiation de la marche 

(Jian et al. 1993 ; Lyon and Day 1997 ; McIlroy and Maki 1999 ; Yiou et al. 2016a). Dans 

ce cas, la stabilité médiolatérale doit être réajustée afin de poursuivre la progression 

de façon sécuritaire. 

Le première mécanisme de récupération de l’équilibre lors de la phase unipodale 

est le placement du pied oscillant au sol de façon à ajuster la taille de la base de support 

(Townsend 1985 ; MacKinnon and Winter 1993). Cette action permet d’élargir la base 

de support au moment de la pose du pied oscillant au sol et de déplacer le centre des 

pressions latéralement, au-delà du centre des masses. Ainsi, la chute latérale du corps 

peut être ralentie et le centre des masses accéléré dans le sens opposé, ver la jambe 

portante (Figure 9). 

Il a été montré que le placement du pied est activement régulé par le système 

nerveux central pour restaurer et contrôler l’équilibre dans le plan frontal (Bauby and 

Kuo 2000 ; Donelan et al. 2004 ; O’Connor and Kuo 2009 ; Collins and Kuo 2013). Le 

placement du pied est principalement ajusté par l’intermédiaire des abducteurs de 

hanche de la jambe oscillante en fonction de la position et de la vitesse du centre des 

masses (Rankin et al. 2014). Par exemple, lorsque les sujets initient la marche 

rapidement, le centre des masses a tendance à chuter davantage du côté de la jambe 

oscillante (Caderby et al. 2014). Néanmoins, chez des sujets en bonne santé, il est 

possible de compenser cette instabilité en augmentant la largeur du pas (et donc la 

base de support) de façon à ce que l’équilibre dynamique sur l’axe médiolatéral reste 

inchangé. Cette ajustement fin du placement du pied peut être altéré chez des patients 

souffrant de troubles sensoriels et/ou moteurs, par exemple chez des sujets amputés 

au-dessus du genou (Hof et al. 2007).  
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Un deuxième mécanisme peut intervenir après la pose du pied au sol (phase de 

double appui), dans le but de corriger d’éventuelles erreurs de placement du pied. Ce 

mécanisme est appelé « stratégie latérale de cheville ». Une fois le pied de la jambe 

oscillante au sol, il est encore possible de contrôler la position médiolatérale du centre 

des pressions sous le pied oscillant, en activant les muscles éverseurs et inverseurs du 

pied (King and Zatsiorsky 2002). Cette stratégie intervient aussi, et majoritairement, au 

niveau du pied de la jambe portante lors de la phase unipodale (Figure 9), cependant, 

la marge de correction de cette stratégie est faible car limitée par la largeur du pied. A 

nouveau, des troubles sensoriels ou moteurs peuvent altérer ce mécanisme (les 

altérations des mécanismes du contrôle postural seront détaillées dans le chapitre 1.4).  

 

Figure 9 : Tracés biomécaniques typiques sur l’axe médiolatéral lors de l’initiation 
de la marche. Ces tracés correspondent aux déplacements médiolatéraux du centre 
des masses (COM) et du centre des pressions (COP) chez un sujet initiant la marche à 
vitesse spontanée. SW : vers la jambe oscillante, ST : vers la jambe portante, t0 : début 
des variations des tracés, HO (heel off) : décollement du talon, FO (foot off) : 
décollement du pied, FC (foot contact) : contact du pied au sol, LAS (lateral ankle 

strategy) : stratégie latérale de cheville. Le niveau de correction par cette stratégie 
correspond à la différence entre la position latérale initiale du COP et sa position 
latérale maximale lors de la phase unipodale. Cette différence correspond à la distance 
qui sépare les lignes fines pointillées (entre les flèches). D’après Yiou et al. (2017).  
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 Pour résumer, le placement latéral du pied oscillant et la stratégie latérale de 

cheville sont deux mécanismes indépendants, mais qui sont couplés et coordonnés 

(Reimann et al. 2017). Ces mécanismes complètent les APA médiolatéraux et la raideur 

de la jambe portante pour le contrôle de l’équilibre du corps dans le plan frontal.  

 

1.3.2.4. Freinage vertical du centre des masses 

 

Chez les adultes en bonne santé, la vitesse verticale maximale du centre des 

masses (en valeur absolue) est atteinte avant le contact du pied au sol, environ à la 

moitié de la phase unipodale (phase d’exécution), puis elle est ralentie (Figure 10). 

Cette décélération de la chute verticale du centre des masses est liée à une 

augmentation de l’activité du triceps sural de la jambe portante lors de la deuxième 

moitié de la phase unipodale (Honeine et al. 2013). 

En contrecarrant les effets de la gravité, le triceps sural joue un rôle majeur dans 

la régulation de la chute verticale du centre des masses, la durée de la phase 

d’exécution et la longueur du pas (Honeine et al. 2014). D’une part, le freinage du 

centre des masses permet de limiter l’amplitude des forces de réaction du sol lors de 

l’impact du pied oscillant au sol (Welter et al. 2007). D’autre part, les forces produites 

par le triceps sural lors de la deuxième moitié de la phase unipodale permettent de 

réduire le coût énergétique de la marche, en facilitant le redressement du centre des 

masses lors de la phase de double appui suivante (Kuo 2007).  
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Figure 10 : Freinage vertical du centre des masses lors de l’initiation de la marche. 
Les trois premiers graphiques montrent les tracés biomécaniques avec, l’accélération 
verticale du centre des masses (z’’), la vitesse verticale du centre des masses (z’) et la 
position verticale du centre des masses (z). Les trois graphiques suivants montrent 
l’activité électromyographique du triceps sural de la jambe portante au niveau, des 
muscles soléaire (Sol), gastrocnémien médial (GM) et gastrocnémien latéral (GL). Les 
lignes pointillées indiquent le début de l’initiation de la marche (t0), le décollement du 
pied (FO), et le contact du pied oscillant au sol (FC). L’exécution du pas s’accompagne 
d’une accélération du centre des masses vers le bas. Vers la moitié de la phase 
d’exécution, les trois muscles composant le triceps sural s’activent, ce qui coïncide avec 
le début du freinage vertical du centre des masses (ligne rouge verticale). D’après Yiou 
et al. (2017) et Honeine et al. (2013). 
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1.3.2.5. Stratégies d’« attaque » du pied au sol 

 

Il est connu que lors de la locomotion (marche ou course à pieds), le contact du 

pied oscillant au sol peut se faire de trois façons : par l’arrière du pied (le talon attaque 

le sol en premier), avec le pied à plat (l’avant et l’arrière du pied touchent le sol en 

même temps), et par l’avant du pied (les orteils touchent le sol avant le talon) 

(Lieberman et al. 2010 ; Daoud et al. 2012). Le fait d’attaquer le sol avec l’avant du pied 

permet de réduire les forces de collisions avec le sol. Ceci est rendu possible grâce à 

une flexion plantaire plus importante et une meilleure compliance du pied lors du 

contact avec le sol. La masse de corps impactant le sol au même instant est alors moins 

importante. Cependant, dans la plupart des études s’intéressant à l’initiation de la 

marche, les sujets qui se déplacent souvent pieds nus sur une plateforme de force 

rigide, adoptent spontanément une stratégie d’attaque par le talon quelle que soit la 

vitesse de progression. La stratégie d’attaque par l’avant du pied est davantage choisie 

lorsque la longueur de pas imposée augmente, avec un obstacle à franchir par exemple 

(Yiou et al. 2016a), ou lors de la descente d’une marche (van Dieën et al. 2008). Comme 

pour le freinage actif du centre des masses, la pose du pied joue donc un rôle 

d’amortissement des chocs, atténuant ainsi les effets potentiellement déstabilisants 

des forces de réaction du sol au moment du contact du pied oscillant au sol.  

Les différents mécanismes du contrôle postural lors de l’initiation de la marche 

sont résumés dans la figure 11.  
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Figure 11 : résumé des mécanismes de contrôle postural lors de l’initiation de la 
marche. Modifié, d’après Yiou et al. (2017). 
 

1.3.3. Évaluation de l’équilibre dynamique lors de l’initiation de la 

marche 

 

Comme vu précédemment (chapitre 1.1.1), pour que l’équilibre soit maintenu 

en position debout statique, il faut que le centre des masses soit contenu dans la base 

de support. Cette condition de stabilité est maintenue tant qu’il y a très peu 

d’accélération du centre des masses. Cependant, lors de tâches locomotrices comme 

l’initiation de la marche, la vitesse de déplacement du centre des masses ne peut être 

négligée et elle est prise en considération pour évaluer la stabilité posturale (Pai and 

Patton 1997 ; Hof et al. 2005). Ainsi, même lorsque le centre des masses est au-dessus 

de la base de support, l’équilibre postural est en danger s’il est accéléré en dehors. A 

l’inverse, si le centre des masses est en dehors de la base de support , il est toujours 
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possible de récupérer l’équilibre en accélérant le centre des masses vers la base de 

support (Hof et al. 2005). Par exemple, lors de l’initiation de la marche, le centre des 

masses est accéléré vers l’avant, en dehors de la base de support, avant d’être 

repositionné dans la nouvelle base de support au moment de la pose du pied oscillant 

(Yiou et al. 2017).  

Jusqu’à récemment, la stabilité lors de l’initiation de la marche était mesurée en 

fonction du déplacement médiolatéral du centre des masses, de sa vitesse et de la 

largeur du pas au moment du contact du pied oscillant au sol. Plus les valeurs de la 

cinématique du centre des masses étaient faibles et plus la largeur du pas était 

importante, plus la situation était considérée comme étant stable. Cependant, la prise 

en compte de ces paramètres séparément rend parfois les interprétations difficiles. Par 

exemple, lorsque la base de support augmente en même temps que le déplacement 

ou la vitesse médiolatéraux du centre des masses, il devient impossible de déterminer 

si la stabilité est altérée ou non.  

 Hof et ses collègues (Hof et al. 2005) ont donc proposé un outil d’évaluation de 

l’équilibre dynamique nommé « marge de stabilité » regroupant les paramètres cités 

précédemment. Il se définit par la distance minimale entre la limite médiolatérale de la 

base de support et la position médiolatérale du « centre des masses extrapolé » lors 

du contact du pied oscillant au sol. « Le centre des masses extrapolé » correspond à 

une extrapolation de la trajectoire du centre des masses à partir de son déplacement 

et de sa vitesse. La marge de stabilité prend ainsi en considération à la fois la position 

du centre des masses, sa vitesse et la base de support. L’équilibre dynamique est acquis 

si le centre des masses extrapolé est positionné dans la base de support, ce qui 

correspond à une valeur de marge de stabilité positive. Une valeur négative de la marge 

de stabilité signifie une instabilité latérale, ce qui nécessite un pas de côté 

supplémentaire pour rattraper le déséquilibre.  
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1.3.4. Conclusion sur le paradigme de l’initiation de la marche 

 

La stabilité de l’équilibre est mise à l’épreuve lors de l’initiation de la marche. Le 

système nerveux central est donc amené à développer un ensemble de mécanismes 

pour assurer une progression sécuritaire du corps. En accord avec le concept de 

capacité posturo-cinétique, chacun de ces mécanismes implique la mobilité de la 

chaîne posturale et en particulier celle de la cheville. Par conséquent, l’altération de 

cette mobilité, e.g. avec l’avancée en âge aussi bien physiologique que pathologique 

(en particulier avec la maladie de Parkinson), peut potentiellement être responsable 

d’une instabilité et de la survenue d’une chute au cours de l’initiation de la marche.  

 

1.4. Effets de l’avancée en âge et de la maladie de Parkinson 

sur les mécanismes du contrôle postural lors de 

l’initiation de la marche  

 

Il est admis que le vieillissement physiologique est associé à une dégradation 

progressive du contrôle postural et de la marche (Muyinat et al. 2019). Ces 

changements liés à l’âge sont multifactoriels. On constate notamment une altération 

structurelle et fonctionnelle du système proprioceptif (Skinner et al. 1984 ; Madhavan 

and Shields 2005 ; Kararizou et al. 2005 , Shaffer and Harrison 2007), une baisse de la 

sensibilité cutanée au niveau de la voûte plantaire (Liu et al. 2005 ; Peters et al. 2016 ; 

Korchi et al. 2019), une diminution de l'acuité visuelle (Muyinat et al. 2019) et une 

dégradation du système vestibulaire (Woollacott and Tang 1997). De plus, la capacité 

d’intégration des signaux multi sensoriels est diminuée au niveau du cerveau, altérant 

la sélection adéquate des informations (Woollacott et al. 1986). En fin, il est à noter que 

la diminution de la vitesse de conduction nerveuse retarde les temps de conduction 

des afférences visuelles (Woollacott and Tang 1997) et des réflexes posturaux (Dorfman 

and Bosley 1979). Ces changements peuvent altérer l'équilibre et augmentent les 
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amplitudes des oscillations posturales (Horak et al. 1989 ; Alexander et al. 1992), 

davantage en cas de privation de la vue car la visio-dépendance augmente avec l’âge 

(Muyinat et al. 2019). 

Pour les tâches locomotrices, la réduction de la vitesse de marche est le principal 

changement observé lors du vieillissement et un indicateur de l’autonomie 

fonctionnelle des patients (Perera et al. 2016 ; Cruz-Jimenez 2017). D’un point de vue 

biomécanique, on observe chez les personnes avancées en âge une diminution des 

amplitudes articulaires lors de la marche autour de la cheville et de la hanche, ainsi 

qu’une baisse des forces de propulsion autour de la cheville accompagnée d’une 

diminution des forces de réaction du sol (Boyer et al. 2017). Ces changements liés à 

l’âge jouent un rôle important dans les limitations fonctionnelles des personnes âgées 

et peuvent impacter le contrôle postural lors de l’initiation de la marche, comme dit 

précédemment.  

La maladie de Parkinson est une maladie neurodégénérative liée à l’âge qui se 

manifeste principalement autour de 65-70 ans (Tysnes and Storstein 2017). Les 

symptômes typiques sont le ralentissement moteur, la difficulté à déclencher des 

mouvements volontaires, une augmentation du tonus musculaire responsable de la 

raideur des membres, des tremblements de repos et une instabilité posturale. De 

nombreux patients souffrent aussi de troubles cognitifs associés (Lee and Gilbert 2016; 

Tysnes and Storstein 2017). La maladie de Parkinson est une affection 

neurodégénérative principalement caractérisée par une perte progressive des 

neurones dopaminergiques au niveau de la substance noire (Chaumette et al. 2009, 

Corrêa et al. 2019). L’objectif principal des traitements est donc de promouvoir l’action 

de la dopamine déficiente par l’administration de L-DOPA, un précurseur de la 

dopamine. La L-DOPA favorise la synthèse de dopamine et améliore l’état des patients 

(Burleigh-Jacobs et al. 1997 ; Schaafsma et al. 2003 ; Bryant et al. 2011 ; Caliandro et al. 

2011). Certains patients sont aussi traités par stimulations intracérébrales et d’autres 

traitements sont en cours de développement (Bear et al. 2015).  
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Il est actuellement bien reconnu que le processus d’initiation de la marche est 

d’un intérêt particulier pour l’étude des effets du vieillissement et de la maladie de 

Parkinson sur le contrôle postural (e.g. Delval et al. 2014). Aussi, les effets du 

vieillissement physiologique et de la maladie de Parkinson sur les mécanismes de 

contrôle de l’équilibre au cours de l’initiation de la marche (décrits aux paragraphes 

précédents) sont abordés aux chapitres suivants. 

 

1.4.1. Effets du vieillissement et de la maladie de Parkinson sur les 

APA  

 

Nous avons vu que les déplacements du centre des pressions et du centre des 

masses lors des APA dépendent de synergies musculaires impliquant une part étendue 

de la musculature striée squelettique. Ces synergies anticipatrices, dynamiques et 

musculaires, sont altérées chez les personnes âgées saines, à risque de chute et 

atteintes de la maladie de Parkinson.  

 Une étude récente a montré que les paramètres spatio-temporaux des APA lors 

de l’initiation de la marche en terrain plat et à vitesse auto initiée ne varient pas 

significativement avec l’avancée en âge (Lu et al. 2017). Ce résultat contraste avec 

l’étude de Khanmohammadi et al. (2015) qui a montré une diminution de l’amplitude 

et de la vitesse de déplacement du centre des pressions lors des APA sur l’axe 

antéropostérieur chez des personnes âgées en bonne santé, ainsi qu’un délai plus 

important d’activation des muscles tibial antérieur et moyen fessier. Cette différence 

pourrait en partie s’expliquer par les consignes données aux sujets. En effet, dans 

l’étude de Khanmohammadi et al. (2015), les sujets devaient initier la marche le plus 

rapidement possible après un signal auditif, alors qu’aucune pression temporelle n’a 

été appliquée dans l’étude de Lu et al. (2017). Or, nous avons vu que la contrainte 

temporelle impactait les paramètres spatio-temporels des APA lors de l’initiation de la 

marche (chapitre 1.1.5, Delval et al. 2005 ; Yiou et al. 2016b). Pour rappel, chez les sujets 

jeunes, la durée des APA était réduite mais compensée par une augmentation 
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d’amplitude des APA, afin de maintenir une performance motrice optimale. Chez les 

personnes âgées en bonne santé, cette compensation n’apparaît pas, probablement 

du fait de l’altération de la réponse musculaire (Khanmohammadi et al. 2015). 

En comparant des sujets âgés sains et des sujets présentant un risque de chute 

important, Uemura et al. (2011) ont montré qu’il n’y avait pas de différences 

significatives entre ces deux populations lors de la phase posturale de l’initiation de la 

marche en terrain plat. En revanche, la durée des APA était plus longue chez les sujets 

chuteurs lors de l’initiation de la marche avec obstacle (Uemura et al. 2011). Dans la 

même veine, ces auteurs ont montré une augmentation de la durée des APA lors de 

l’initiation de la marche réalisée en situation de double tâche (i.e. compter à rebours 

en attendant le signal de départ) chez des patients âgés ayant peur de chuter par 

rapport à des personnes autonomes du même âge. Cependant, aucune différence 

significative entre les deux groupes lors de l’initiation de la marche en situation de 

simple tâche n’a été observée (Uemura et al. 2012a). Il est à noter que même chez des 

sujets jeunes en bonne santé, la peur de tomber peut impacter la capacité à générer 

des APA lors de tâche motrices (Adkin et al. 2002 ; Yiou et al. 2011a).  

Chez les patients âgées présentant des déficits de hauteur et de longueur de 

pas, Patchay et al. (1997, 2002) ont aussi montré une diminution des forces verticales, 

ce qui expliquerait en partie les difficultés à décoller le pied oscillant. Ces auteurs ont 

proposé que ces perturbations sont susceptibles de refléter une altération des 

synergies musculaires au niveau des membres inférieurs. Cette hypothèse a été 

corroborée par les travaux de Wang et al. (2013, 2015) lors de l’initiation du pas sous 

pression temporelle et avec obstacle chez des personnes âgées en bonne santé. 

L’altération de ces synergies musculaires anticipatrices pourrait être aggravée chez 

patients atteints de pathologies neurodégénératives.  

 

Une altération des APA spécifiques à la maladie de Parkinson a été mise en 

évidence dans la littérature de façon consistante. Ainsi, au moment de faire le premier 

pas, les patients parkinsoniens hésitent parfois, voire se bloquent. Ce phénomène est 



Cadre théorique  

 61 

plus fréquent lorsque la maladie est à un stade avancé. Ce symptôme de « freezing » 

se traduit par une incapacité du patient à décoller le pied du sol et s’accompagne de 

tremblements des genoux (Schaafsma et al. 2003 ; Hausdorff et al. 2003). Il a été montré 

que ces tremblements se caractérisent par de « multiples » APA qui sont observables 

par des mises en charge et décharges successives des jambes droite et gauche (Jacobs 

et al. 2009b). Ces cycles de mises en charge et décharges des jambes s’accompagnent 

d’activations et désactivations alternées des muscles fléchisseurs dorsaux de cheville 

(le tibial antérieur par exemple) et des abducteurs de hanches (le tenseur du fascia lata 

par exemple). Les tremblements des genoux rendent inefficaces le déplacement du 

centre des masses vers la jambe portante, ce qui complique le couplage des APA au 

déclenchement du pas. De plus, les hésitations lors de l’initiation de la marche chez les 

patients parkinsoniens qui sont sujets au « freezing » s’accompagnent d’une plus 

grande variabilité de la jambe oscillante, contrairement à des sujets en bonne santé qui 

ont tendance à toujours initier la marche avec la même jambe (Okada et al. 2011a). Les 

dysfonctionnements lors de la phase posturale de l’initiation de la marche sont 

généralement améliorés par les traitements à base de Levodopa (Rocchi et al. 2012). 

Cependant, malgré le traitement, Okada et al. (2011a, b) ont montré que le 

déplacement du centre des pressions sur l’axe antéropostérieur lors des APA pouvait 

demeurer significativement plus faible par rapport à des sujets jeunes en bonne santé. 

Ceci entraîne une diminution de la longueur du pas et de la vitesse de marche, alors 

que la durée des APA augmente. Dans ce cas, la phase posturale des patients 

parkinsoniens est moins efficace, ce qui traduit une dégradation de la capacité posturo-

cinétique. Ce ralentissement moteur lors de l’initiation de la marche est connu depuis 

longtemps maintenant. Il s’aggrave avec l’avancée en âge et davantage avec la 

progression de la maladie de Parkinson (Halliday et al. 1998). Chez les patients qui ne 

sont pas sous traitement, d’autres auteurs ont montré que les déplacements 

médiolatéraux du centre des pressions pouvaient également être altérés (Mancini et al. 

2009 ; Bonora et al. 2017). 
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1.4.2. Effets du vieillissement et de la maladie de Parkinson sur la 

raideur de la jambe portante 

 

Nous avons vu au travers du modèle mécanique développé par Yiou et al. 

(2016a) que la raideur de la jambe portante a une influence sur la vitesse de la chute 

médiolatérale du centre des masses lors de la phase d’exécution, et donc sur la stabilité 

posturale (paragraphe 1.3.3). Or, une augmentation de la raideur au niveau des 

membres inférieurs est couramment observée chez les personnes âgées (Vandervoort 

et al. 1992), et celle-ci est exacerbée chez les patients atteints de la maladie de 

Parkinson (augmentation de la résistance lors de la mobilisation passive des segments 

corporels, Raza et al. 2019). Selon le modèle mécanique décrit précédemment, une 

partie des troubles de l’équilibre au cours de l’initiation de la marche chez ces 

personnes pourrait ainsi être attribuée à une raideur accrue des membres inférieurs. 

Certains auteurs ont reproduit cette raideur chez des sujets sains avec des attelles plus 

ou moins rigides au niveau des membres inférieurs pour étudier les effets de 

l’hypomobilité sur le contrôle postural chez les jeunes adultes. Par exemple, il a été 

montré que le port d’une attelle rigide au niveau de la cheville de la jambe portante 

entraîne une augmentation de la chute latérale du centre des masses (Delafontaine et 

al. 2017). Cependant, ce résultat ne se retrouve pas lorsque l’on entrave la mobilité du 

genou avec une attelle (Delafontaine et al. 2018). Dans ce cas, seule la performance 

motrice (mesurée par la longueur de pas et la vitesse de marche) a été altérée, mais la 

stabilité posturale a été préservée. Ces résultats suggèrent que la sensibilité du système 

postural à l’hypomobilité du membre inférieur n’est pas identique selon l’articulation 

concernée. La perte de mobilité autour de la cheville semble affecter davantage le 

contrôle postural dans le plan frontal.   
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1.4.3. Effets du vieillissement et de la maladie de Parkinson sur le 

placement latéral du pied et la stratégie latérale de cheville 

 

 Comme vu précédemment (paragraphe 1.3.3), le placement latéral du pied et la 

stratégie latérale de cheville sont deux mécanismes coordonnés qui complètent les 

APA et le contrôle de la raideur de la jambe portante dans le contrôle postural sur l’axe 

médiolatéral. Les jeunes adultes en bonne santé sont capables d’ajuster finement la 

largeur du pas, de façon à maintenir une stabilité latérale inchangée même lorsque 

celle-ci est potentiellement modifiée, comme c’est le cas par exemple avec 

l’augmentation de vitesse de marche (Caderby et al. 2014). La régulation du placement 

latéral du pied est sous contrôle du système nerveux central et s’effectue grâce au 

recrutement les muscles abducteurs de hanche de la jambe oscillante, en réponse à la 

position et à la vitesse du centre des masses sur l’axe médiolatéral (Hof et al. 2007 ; 

Rankin et al. 2014). Ceci implique que ce mécanisme du contrôle postural peut être 

altéré chez les personnes présentant des déficits sensoriels ou moteurs. Par exemple, 

chez les patients amputés au-dessus du genou ou les patients ayant subi un accident 

vasculaire cérébral (AVC), le contrôle du placement latéral du pied est dégradé, ce qui 

entraîne une plus grande instabilité dans le plan frontal (Hof et al. 2007 ; Dean and 

Kautz 2015). De même, les personnes âgées présentent une plus grande variabilité de 

largeur de pas lors de l’initiation de la marche (Muir et al. 2014) et sont moins aptes 

que des jeunes adultes à déclencher des pas sur le côté pour rattraper les déséquilibres 

latéraux (Maki et al. 2000 ; Maki and McIlroy 2006). En cas de déséquilibre médiolatéral, 

les personnes âgées ont tendance à produire plusieurs petits pas, ou avoir recours aux 

membres supérieurs pour se rattraper. Cependant ces mécanismes restent moins 

efficaces par rapport aux jeunes adultes qui contrôlent mieux la largeur du pas en 

fonction du déséquilibre.  

 Chez les patients parkinsoniens, le premier contact du pied oscillant au sol a 

tendance à être dévié du coté de de jambe oscillante et vers l’arrière (Okada et al. 
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2011b). Autrement dit, le premier pas est plus large et plus petit que des sujets en 

bonne santé (Figure 12).  

 

 

Figure 12 : Déplacement moyen du centre des pressions et contact du pied au sol 
lors de l’initiation de la marche chez un patient parkinsonien et un sujet contrôle. 
La ligne avec les ronds noirs correspond au trajet du centre des pressions (COP) du 
sujet contrôle (healthy (COP)), la ligne avec les ronds blancs correspond au trajet du 
centre des pressions du sujet parkinsonien (PD(COP)). Les triangles correspondent aux 
premier (1), deuxième (2) et troisième (3) contacts du pied avec le sol (healthy (heel 

contact) et PD (heel contact)). Le placement du premier pied oscillant (1) est 
significativement dévié du côté de la jambe oscillante sur l’axe médiolatéral. D’après 
Okada et al. (2011b) 

 

 Le vieillissement est également à l’origine de modifications des mécanismes 

d’équilibration lors de la phase unipodale et de la pose du pied au sol. Il a été́ montré 

que la stratégie de cheville est moins sollicitée avec l’avancée en âge et chez des 

patients souffrant de pathologies neurologiques (Gatev et al. 1999 ; Coquisart 2012). 

Certains auteurs ont proposé que cette adaptation serait due à une diminution de la 

force des muscles autour de la cheville (Gatev et al. 1999 ; Onambele et al. 2006). 

Coquisart (2012) quant à lui, a proposé que les mécanorécepteurs périphériques du 

système somatique sensoriel impliqués dans le réflexe myotatique et les vitesses 

élevées de conduction de l’information nerveuse permettent aux sujets jeunes de 

s’organiser autour d’une stratégie latérale de cheville en sollicitant les éverseurs et 
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inverseurs de la cheville. A l’inverse, les sujets âgés sont quant à eux contraints 

d’adopter une stratégie de hanche pour compenser l’augmentation des latences de 

l’information nerveuse (Dorfman and Bosley 1979). Le contrôle de l’équilibre autour 

d’un pivot proximal permet ainsi aux personnes âgées de réduire la distance entre 

l’origine des informations et les centres chargés de les traiter (Coquisart 2012). 

 

1.4.4. Effets du vieillissement et de la maladie de Parkinson sur le 

freinage vertical du centre des masses 

 

 Comme nous l’avons vu précédemment (Chapitre 1.3.3), la chute du centre des 

masses lors de la phase d’exécution de l’initiation de la marche est activement freinée 

sous l’action du triceps sural de la jambe portante. Des difficultés à produire ce freinage 

actif ont été observées chez les personnes âgées (Chong et al. 2009) et, à un degré plus 

important, chez les patients parkinsoniens (Chastan et al. 2009a) (Figure 13). 

Avec l’avancée en âge, Chong et al. (2009) ont montré que le freinage actif du 

centre des masses est préservé pour une longueur de pas peu élevée (<0.4m). Pour 

une longueur de pas plus importante (>0.4m), ce mécanisme du contrôle postural est 

toujours observable mais est moins efficace. Ainsi, pour une même longueur de pas 

(>0.4m), la vitesse verticale du centre des masses est plus élevée au moment du contact 

du pied oscillant sur le sol chez les personnes âgées par rapport à des sujets jeunes. 

Les réductions de longueur du pas et de vitesse de marche observées chez les 

personnes âgées lors de l’initiation de la marche (Muir et al. 2014) pourraient 

représenter des stratégies pour compenser ce déficit de contrôle du centre des masses 

(Chong et al. 2009). 

Chastan et al. (2009a) ont montré que ce mécanisme du contrôle postural est 

aussi altéré chez des patients parkinsoniens, principalement à un âge avancé de la 

maladie et sans traitement dopaminergique. Ces auteurs ont aussi observé un lien 

entre l’altération du freinage vertical du centre des masses et la dégradation des 

capacités fonctionnelles des patients. Ce déficit de contrôle du centre des masses 
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pourrait être associé à une atrophie du mésencéphale (Chong et al. 2008 ; Demain et 

al. 2014). Il a aussi été proposé que les ganglions de la base, le cervelet et les afférences 

du système somatique sensoriel pourraient être impliqués dans la génération de ce 

mécanisme (Chastan et al. 2006, 2009a, b). 

 

 

Figure 13 : Exemples de tracés biomécaniques représentant la dynamique du 
centre des masses chez des sujets jeunes et âgés. Tracés de gauche et du milieu 
(Young) : initiation de la marche chez un sujet jeune réalisant, respectivement, un pas 
court (0.33m) et long (0.63m). Tracés de droite (Older): initiation de la marche chez une 
personne âgée avec un pas long (0.63m). TO (toe off) : décollement du pied oscillant, 
FC (foot contact) : contact du pied oscillant au sol. Vx : vitesse du centre des masses sur 
l’axe antéropostérieur, Vz : vitesse du centre des masses sur l’axe vertical, xP : 
déplacement du centre des pressions sur l’axe antéropostérieur. F (forward) : vers 
l’avant, B (backward) : vers l’arrière, + : vers le haut, - : vers le bas. V1 : vitesse maximale 
du centre des masses sur l’axe vertical lors de la phase d’exécution, V2 : vitesse du 
centre des masses sur l’axe vertical au moment du contact du pied oscillant sur le sol. 
Malgré une cinématique comparable, les sujets âgés ont une vitesse verticale du centre 
des masses plus élevée au moment du contact du pied oscillant sur le sol (V2) lorsque 
la longueur de pas et la vitesse de marche augmentent (tracés du milieu et de droite). 
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Leur capacité de freinage actif est plus faible que chez les jeunes. D’après Chong et al. 
(2009). 

 

De façon intéressante, l’hypomobilité de la cheville induite par un port d’orthèse 

rigide peut aussi influencer la capacité de freinage vertical du centre des masses chez 

des jeunes adultes en bonne santé (Delafontaine et al. 2017). La modification des 

informations proprioceptives et l’incapacité à recruter correctement le triceps sural à 

cause de l’hypomobilité de la cheville ont probablement participé à la dégradation de 

ce freinage. Ces hypothèses pourraient s’appliquer aux personnes âgées ou aux 

patients parkinsoniens qui présentent des altérations des informations proprioceptives 

en distale (Gatev et al. 1999 ; Coquisart 2012) et une diminution des amplitudes 

articulaires de la cheville (Vandervoort et al. 1992 ; Halliday et al. 1998 ; Wu et al. 2020).  

Enfin, il est à noter que le freinage actif du centre des masses lors de la phase 

d’exécution n’ apparaît pas avant l’âge de 4 ans, ce qui suggère que ce mécanisme de 

contrôle de la force gravitationnelle nécessite un apprentissage par le système nerveux 

des contraintes posturales lors de la marche (Bril and Brenière 1992).  

 

1.4.5. Conclusion sur les effets de l’avancée en âge et de la maladie 

de Parkinson  

 

La prévalence des troubles de l’équilibre et de la marche augmente 

particulièrement avec l’avancée en âge (Pirker and Katzenschlager 2017). Ces 

problèmes accentuent le risque de chutes, qui ont parfois de graves conséquences 

pour la santé physique et mentale des personnes âgées. Les causes des troubles de la 

marche sont multiples. Elles peuvent être neurologiques (dysfonctionnements 

sensoriels ou moteurs, maladie de Parkinson etc.), orthopédiques (arthrose, arthrite, 

déformations osseuses etc.), médicales (insuffisances cardiaques, respiratoires, obésité 

etc.), psychologiques (peur de tomber, démence etc.) et enfin multifactorielles (surtout 

chez les personnes les plus âgées). Plus précisément, on retrouve chez la personne 
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vieillissante des altérations de la proprioception, une baisse de la vision, fréquemment 

de l’arthrose des hanches ou des genoux, une diminution des amplitudes articulaires 

et de la force musculaire, voire des lésions ou dysfonctionnements des structures 

cérébrales et spinales. Autrement dit, tous les systèmes qui interagissent pour le 

contrôle postural lors de l’initiation de la marche sont touchés par le vieillissement.  

Chez les personnes âgées et les patients atteints de la maladie de Parkinson, les 

APA lors de l’initiation de la marche sont toujours présents. Toutefois, on observe 

souvent une baisse des déplacements habituels du centre des pressions, une 

augmentation de la durée de la phase posturale, voire des blocages chez les patients 

parkinsoniens. L’augmentation de la raideur chez ces populations pourrait aussi être 

responsable d’une dégradation du contrôle postural lors de la phase d’exécution. Cette 

instabilité dans le plan frontal lors de la phase unipodale, oblige les patients à effectuer 

un premier pas plus large, avec un moins bon contrôle de la pose du pied et des 

stratégies latérales de cheville. Enfin, il a été montré que les personnes âgées et les 

patients parkinsoniens pouvaient présenter un moins bon contrôle de la chute verticale 

du centre des masses lors de la phase d’exécution.  

Dans la maladie de Parkinson, ces altérations peuvent en partie être 

contrecarrées par des traitements médicamenteux, notamment la Levodopa (Bryant et 

al. 2011). Néanmoins, ce traitement doit être utilisé à des doses minimales car il peut 

entraîner des complications à long terme, telles que des fluctuations de la réponse 

motrice et des dyskinésies, pouvant impacter la qualité de vie des patients (Simuni and 

Stern 1999 ; Tambasco et al. 2018). D’autres interventions non médicamenteuses 

peuvent avoir des actions préventives et thérapeutiques, comme les programmes 

d’activité physique par exemple (Ninot 2019). Certaines de ces interventions ont fait la 

preuve de leurs bénéfices sur la santé, la qualité de vie des patients, leur innocuité et 

viennent compléter les traitements conventionnels.  
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1.5. Effets de différents types d’exercices physiques sur la 

capacité à générer des APA  

 

De nombreux auteurs suggèrent que la perte de capacité à générer et à utiliser 

des APA constitue une cause majeure des troubles de l’équilibre (Mancini et al. 2009 ; 

Okada et al. 2011a, b ; Kanekar and Aruin 2014 ; Bonora et al. 2017). Il a été montré 

que les APA pouvaient être améliorés avec l’entraînement. Nous citerons ici différents 

exemples pour illustrer ce point.  

 Chez les patients parkinsoniens, un programme de renforcement des muscles 

des membres inférieurs et du tronc d’une durée de 10 semaines a permis d’améliorer 

le déplacement postérieur du centre des pressions lors des APA ainsi que la vitesse et 

la longueur de la foulée initiale (Hass et al. 2012). Ces résultats suggèrent qu’un 

programme adapté de musculation permet d’améliorer l’efficacité des APA et la 

performance motrice lors de l’initiation de la marche.  

 Les travaux de Marinho-Buzelli et al. (2017a, b) ont montré que lors de séances 

d’entraînement à la marche en balnéothérapie, la longueur et la vitesse de 

déplacement antéro-postérieur du centre des pressions lors des APA augmente par 

rapport à l’initiation de la marche sur le sol en surface. A l’inverse, la vitesse du centre 

des pressions est réduite lors de la phase d’exécution du premier pas. De plus, les forces 

de propulsion augmentent dans l’eau (afin de contrer les résistances à l’avancement) et 

l’amplitude active de la cheville augmente sans modification de la mobilité du genou 

(Marinho-Buzelli et al. 2017a, b). Ceci suggère que l’environnement aquatique pourrait 

faciliter l’entraînement à l’initiation de la marche pour les patients nécessitant une plus 

grande durée d’exécution (personnes âgées et patients parkinsoniens par exemple, 

Halliday et al. 1998) et ayant des difficultés à supporter ou transférer le poids du corps 

(après un AVC par exemple, Delafontaine et al. 2019b). Dans la même idée, l’ajout 

d’obstacles dans l’eau lors de rééducation en balnéothérapie chez des patients 
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parkinsoniens a permis d’améliorer encore plus significativement l’initiation de la 

marche, en diminuant notamment la fréquence des blocages (Zhu et al. 2018). 

Vieira et al. (2015) ont montré que le chaussage et les propriétés physiques du 

sol affectent les déplacements du centre des pressions, notamment lors des APA sur 

l’axe médiolatéral. Sur une surface instable, le déplacement du centre des pressions sur 

l’axe médiolatéral (vers la jambe oscillante) est réduit, ce qui limite la propulsion du 

centre des masses du côté opposé. Autrement dit, il est plus difficile de transférer le 

poids du corps vers la future jambe portante. Ceci pourrait être lié au fait que les APA 

dépendent en grande partie de coordinations musculaires précises autour de 

l’articulation de la cheville (Crenna et al. 1991) et de la sensibilité plantaire (Lin et al. 

2011). L’activité musculaire et les afférences sensorielles pourraient être affectées par 

la sensation d’instabilité sous les pieds (Vieira et al. 2015). Cet effet devrait être pris en 

compte et questionner l’utilisation des matériels instables en rééducation de la marche, 

notamment en début de progression. 

 Chez des personnes âgées, un entraînement régulier de 24 semaines 

comprenant des exercices d’initiation de la marche réalisés en double tâche (compter 

à rebours ou réciter l’alphabet) a permis d’améliorer le temps de réaction et le 

déplacement anticipateur vers l’arrière du centre des pressions lors de l’initiation de la 

marche en double tâche (Uemura et al. 2012b). Les difficultés à réaliser des activités en 

double tâche chez les personnes âgés et les patients parkinsoniens sont connues et 

certains auteurs suggèrent que les exercices en double tâche devrait être intégrés aux 

programmes de rééducation (Rochester et al. 2014).  

 Des entraînements prolongés en Tai Chi (48 semaines) chez des personnes 

âgées ont amélioré la génération des forces propulsives vers l’avant en augmentant le 

déplacement vers l’arrière du centre des pressions ainsi que la distance entre le centre 

des pressions et le centre des masses sur l’axe antéropostérieur lors des APA 

(Vallabhajosula et al. 2014). De plus, la coordination lors de l’initiation de la marche a 

aussi progressé après l’entraînement, ce qui suggère un meilleur contrôle postural 

(Hass et al. 2004).  
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Enfin, il a été montré qu’une session d’entraînement de lancers de medecine ball 

permet d’améliorer les APA lors de l’élévation bilatérale des membres supérieurs ou 

lors d’une perturbation externe prévisible chez des sujets jeunes (Kanekar and Aruin 

2015) , âgés (Aruin et al. 2015) ou atteints de sclérose en plaque (Aruin et al. 2017). 

Autrement dit, les muscles posturaux du tronc et des membres inférieurs étaient activés 

plus rapidement avant la perturbation, interne ou externe (Aruin et al. 2015). Ces 

résultats suggèrent que ce type d’entraînement qui se concentre sur les APA permet 

des adaptations transférables à d’autres activités et pourrait être efficace pour 

améliorer le contrôle postural, l’équilibre, la mobilité et la qualité de vie des sujets âgés. 

Néanmoins, les éventuels transferts des progrès sur le contrôle postural lors de la 

marche ou l’initiation de la marche n’ont pas encore été étudiés.  

 L’ensemble de ces travaux montre l’impact positif de programmes de 

rééducation sur la capacité des patients à générer des APA. Ces effets sont parfois 

méconnus des rééducateurs eux-mêmes. En effet, la plupart des programmes sont 

conçus de façon à améliorer les capacités de rattrapage des déséquilibres (ajustements 

posturaux correcteurs), alors que l’amélioration des capacités prédictives des patients 

peut s’avérer plus intéressante (Aruin et al. 2015 ; Aruin 2016) 
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2. Problématique 

 

Comme il a été souligné au cours de l’exposé du cadre théorique de cette thèse, 

la stabilité de l’équilibre est mise à l’épreuve lors de la marche et de l’initiation de la 

marche. Le système nerveux central est donc amené à développer un ensemble de 

mécanismes posturaux pour assurer une progression sécuritaire du corps dans la 

direction désirée et assurer la performance motrice (en terme de vitesse et/ou de 

longueur de pas). En accord avec le concept de capacité posturo-cinétique, chacun de 

ces mécanismes implique la mobilité de la chaîne posturale et en particulier celle de la 

cheville. Par conséquent, l’altération aigue ou chronique de cette mobilité, e.g. avec 

l’avancée en âge, aussi bien physiologique que pathologique (en particulier avec la 

maladie de Parkinson), peut potentiellement être source d’instabilité et/ou d’une 

diminution de la performance motrice. A l’inverse, une augmentation de cette mobilité, 

grâce à la pratique d’exercices physiques adaptés, pourrait permettre d’améliorer ces 

paramètres moteurs. C’est dans cette optique que l’effet sur la marche et l’initiation de 

la marche des VCE et d’étirements ciblés sur les muscles de la cheville ont été 

investigués dans différents types de population, saines ou pathologiques. 

 

Les VCE sont de plus en plus répandues en rééducation auprès des personnes 

âgées avec des effets bénéfiques sur la force, l’endurance, la masse musculaire et 

l’équilibre (Orr 2015 ; Park et al. 2015 ; Rogan et al. 2017 ; Lam et al. 2018). Or, 

l’application des VCE est susceptible d’augmenter la raideur des membres inférieurs 

via un « réflexe tonique vibratoire » induit par une stimulation des fuseaux 

neuromusculaires (Hagbarth and Eklund 1966 ; Burke et al. 1976). Cette augmentation 

de la raideur, si elle était avérée dans notre étude, constituerait alors un facteur pouvant 

altérer la performance motrice et/ou la stabilité posturale, et ainsi exposer les sujets à 

un risque de chute accru (Yiou et al. 2016a). L’exposition aux VCE peut également 

entraîner des effets immédiats susceptibles d’altérer le développement des APA et le 

contrôle du positionnement du pied oscillant au sol. Ces mécanismes dépendent en 
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effet des informations sensorielles somatiques en provenance des membres inférieurs 

(Ruget et al. 2008, 2010 ; Saradjian et al. 2013 ; Roden-Reynolds et al. 2015). Or, il a été 

montré que celles-ci étaient altérées par l’exposition aux VCE (Pollock et al. 2010, 2011 ; 

Alfuth et al. 2012 ; Schlee et al. 2012). La dégradation de ces informations sensorielles, 

amorcée avec l’avancée en âge, pourrait donc être exacerbée par l’application des VCE, 

et ainsi avoir un effet négatif sur la stabilité et la performance motrice lors de la marche 

et l’initiation de la marche. Ainsi, la question de cette apparente contradiction entre 

ces effets potentiellement négatifs des VCE, et les effets positifs observés dans la 

littérature clinique reste posée. 

 

A l’inverse des VCE, les étirements musculaires sont connus pour avoir des effets 

bénéfiques sur l’amplitude des mouvements articulaires, notamment autour de la 

cheville (Radford et al. 2006), et ce, après un programme de plusieurs semaines ou 

même une seule séance. En améliorant la mobilité de la chaîne posturale, les étirements 

musculaires sont donc susceptibles d’améliorer la capacité posturo-cinétique, et ainsi 

d’avoir un effet bénéfique sur la marche et l’initiation de la marche. Cet effet serait 

particulièrement profitable aux patients atteints de la maladie de Parkinson, chez qui 

la raideur des membres, associée à une hypertonie des muscles, constitue un 

symptôme très fréquent (Lee and Gilbert 2016 ; Tysnes and Storstein 2017 Raza et al. 

2019 ; Wu et al. 2020).  

 

L’objectif général de cette thèse est l’analyse systématique et expérimentale des 

effets d’une modification de la capacité posturo-cinétique induite par des VCE et des étirements 

musculaires sur l’organisation biomécanique de la marche et de l’initiation de la marche. Pour 

réaliser cet objectif, deux études expérimentales et deux revues systématiques de la 

littérature avec méta-analyses ont été réalisées.  

Dans la première étude expérimentale, les effets immédiats des VCE sur 

l’organisation biomécanique de l’initiation de la marche ont été investigués chez des jeunes 

adultes et des personnes âgées saines. Dans la seconde étude expérimentale, les effets 
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immédiats d’une séance d’étirements ciblant spécifiquement le triceps sural sur 

l’organisation biomécanique de l’initiation de la marche ont été investigués chez des 

patients atteints de la maladie de Parkinson. Les hypothèses spécifiques à chacune de 

ces deux études sont détaillées dans les articles de la partie suivante (chapitre 3, 

présentation des travaux ).  

En parallèle de ces deux études expérimentales, deux revues systématiques de 

la littérature avec méta-analyses ont été réalisées : l’une portant sur les effets à long 

terme des VCE sur la marche et l’équilibre, et l’autre portant sur les effets à long terme 

des étirements sur la marche et l’équilibre, dans différents types de populations (saines 

et pathologiques).  

Dans la suite du document, les effets des VCE et des étirements sont traités dans 

deux parties distinctes (« 3.1. Effets des vibrations corps entier sur la marche et 

l’initiation de la marche », et « 3.2. Effets des étirements musculaires sur la marche et 

l’initiation de la marche »). Les résultats principaux sont synthétisés dans le dernier 

chapitre du document, où nous nous proposerons des applications pratiques et des 

perspectives de recherche. Enfin, nous présentons en annexe un article (revue 

systématique) qui ouvre les perspectives de nos travaux vers le domaine des patients 

hémiplégiques.  
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3. Présentation des travaux  

 

3.1. Effets des vibrations corps entier sur la marche et 

l’initiation de la marche 

 

3.1.1. Effets à long terme des vibrations corps entier sur la marche : 

revue systématique de la littérature et méta-analyse 

 

 Cette étude a donné lieu à la publication suivante :  

Fischer M, Vialleron T, Laffaye G, Fourcade P, Hussein T, Chèze L, Deleu PA, Honeine 

JL, Yiou E, Delafontaine A (2019). Long-Term Effects of Whole-Body Vibration on 

Human Gait: A Systematic Review and Meta-Analysis. Front Neurol 10: 627. Doi: 

10.3389/fneur.2019.00627. 
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Background: Whole-body vibration is commonly used in physical medicine and

neuro-rehabilitation as a clinical prevention and rehabilitation tool. The goal of this

systematic review is to assess the long-term effects of whole-body vibration training on

gait in different populations of patients.

Methods: We conducted a literature search in PubMed, Science Direct, Springer, Sage

and in study references for articles published prior to 7 December 2018. We used

the keywords “vibration,” “gait” and “walk” in combination with their Medical Subject

Headings (MeSH) terms. The Preferred Reporting Items for Systematic Reviews and

Meta-Analyses (PRISMA) methodology was used. Only randomized controlled trials

(RCT) published in English peer-reviewed journals were included. All patient categories

were selected. The duration of Whole-Body Vibration (WBV) training had to be at least

4 weeks. The outcomes accepted could be clinical or biomechanical analysis. The

selection procedure was conducted by two rehabilitation experts and disagreements

were resolved by a third expert. Descriptive data regarding subjects, interventions, types

of vibration, training parameters and main results on gait variables were collected and

summarized in a descriptive table. The quality of selected studies was assessed using the

PEDro scale. Statistical analysis was conducted to evaluate intergroup differences and

changes after the WBV intervention compared to the pre-intervention status. The level of

evidence was determined based on the results of meta-analysis (effect size), statistical

heterogeneity (I2) and methodological quality (PEDro scale).

Results: A total of 859 studies were initially identified through databases with 46

articles meeting all of the inclusion criteria and thus selected for qualitative assessment.

Twenty-five studies were included in meta-analysis for quantitative synthesis. In elderly

subjects, small but significant improvements in the TUG test (SMD = −0.18; 95% CI:

−0.32,−0.04) and the 10MWT (SMD=−0.28; 95%CI:−0.56,−0.01) were found in the

WBV groups with a strong level of evidence (I2 = 7%, p = 0.38 and I2 = 22%, p = 0.28,

respectively; PEDro scores ≥5/10). However, WBV failed to improve the 6MWT (SMD =

0.37; 95%CI:−0.03, 0.78) and the Tinetti gait scores (SMD= 0.04; 95%CI:−0.23, 0.31)
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in older adults. In stroke patients, significant improvement in the 6MWT (SMD = 0.33;

95% CI: 0.06, 0.59) was found after WBV interventions, with a strong level of evidence

(I2 = 0%, p = 0.58; PEDro score ≥5/10). On the other hand, there was no significant

change in the TUG test despite a tendency toward improvement (SMD=−0.29; 95% CI:

−0.60, 0.01). Results were inconsistent in COPD patients (I2 = 66%, p = 0.03), leading

to a conflicting level of evidence despite a significant improvement with a large effect size

(SMD = 0.92; 95% CI: 0.32, 1.51) after WBV treatment. Similarly, the heterogeneous

results in the TUG test (I2 = 97%, p < 0.00001) in patients with knee osteoarthrosis

make it impossible to draw a conclusion. Still, adding WBV treatment was effective in

significantly improving the 6 MWT (SMD = 1.28; 95% CI: 0.57, 1.99), with a strong level

of evidence (I2 = 64%, p= 0.06; PEDro score≥5/10). As in stroke, WBV failed to improve

the results of the TUG test in multiple sclerosis patients (SMD = −0.11; 95% CI: −0.64,

0.43). Other outcomes presented moderate or even limited levels of evidence due to the

lack of data in some studies or because only one RCT was identified in the review.

Conclusions: WBV training can be effective for improving balance and gait speed in

the elderly. The intervention is also effective in improving walking performance following

stroke and in patients with knee osteoarthrosis. However, no effect was found on gait

quality in the elderly or on balance in stroke andmultiple sclerosis patients. The results are

too heterogenous in COPD to conclude on the effect of the treatment. The results must

be taken with caution due to the lack of data in some studies and the methodological

heterogeneity in the interventions. Further research is needed to explore the possibility of

establishing a standardized protocol targeting gait ability in a wide range of populations.

Keywords: whole-body vibration, long-term effects, gait, biomechanics, randomized controlled trials, meta-

analysis

HIGHLIGHTS

- WBV is currently used in locomotor rehabilitation.
- WBV presents strong evidence for improving performance in
the timed-up-and-go test in the elderly, but not in stroke or
multiple sclerosis patients.

- WBV presents strong evidence for improving performance in
the 10-meter walk test for elderly, in the 6-min walk test for
stroke and knee OA patients but results are conflicting in
COPD patients.

- Other outcomes present moderate or limited levels of evidence
due to the lack of data or because only one RCT was identified
in other pathologies.

INTRODUCTION

Whole-body vibration (WBV) is a therapeutic method that
exposes the entire body to mechanical oscillations while the
patient stands or sits on a vibrating platform. This method was
first used in the late nineteenth century by Charcot to treat
gait disorders in neurological patients, especially in patients
with Parkinson’s disease (1). It is now commonly used in the
physical medicine/neuro-rehabilitation fields as a prevention and
rehabilitation tool for sarcopenia (2), osteoporosis (3), chronic
low back pain (4), and fibromyalgia (5), among other conditions.

WBV is also used in rehabilitation to improve muscle function
(strength, power, and endurance) (6), muscle soreness (7), joint
stability (8) and to reduce the risk of falling (9).

Several spinal and supraspinal mechanisms have been
proposed to explain increased muscle activity during exposure to
WBV.While there is currently no consensus, the most frequently
cited mechanism is a reflex muscular contraction called tonic
vibration reflex (TVR). This phenomenon has been shown to

occur during direct and indirect vibratory musculo-tendinous
stimulations that excite muscle spindles and enhance activation
of Ia afferents, resulting in a higher recruitment of motor units

and gradual development of muscle activity (10). In addition to
these spinal reflexes, neuromuscular changes (11, 12), increased
intramuscular temperature (10) and peripheral blood flow (13)
may contribute at different levels to the increased muscular
performance observed after WBV.

A recent review (14) reported a beneficial effect of

long-term WBV training on balance control under static
postural conditions. Since the literature appears to suggest a

neuroanatomic (15) and a biomechanical continuum between

standing posture and gait (16–18), Rogan et al. suggested that

this beneficial effect could be extended to dynamic motor tasks
such as gait (14). Such a continuum has been analyzed in stroke

patients (19), for example. The most recent literature review
focusing on the effect of WBV on gait, however, provided
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only mitigated support for this assumption (20). Based on the
screening of 10 randomized controlled trials (RCT), Lindberg
and Carlsson concluded there was low-quality evidence for the
beneficial use of long-term WBV on gait, and acknowledged
there were major limitations (20), the most important being that
only one of the authors reviewed the literature. Thus, no group
discussions were conducted with experts to resolve possible
disagreements and reach a mutual consensus. In addition, the
low number of RCT included (n = 10) and the absence of
meta-analysis may have limited the relevance of Lindberg and
Carlsson’s review. Since that review was published,WBV training
has been used increasingly in physiotherapy to prevent and/or
treat gait disorders. Consequently, more and more experimental
studies have been conducted in this area with both healthy and
pathological participants.

Hence, the aim of this article is to provide an up-to-date
literature review of RCT studies on the effects of long-term
WBV training on gait in both healthy subjects and pathological
patients. It will contribute to provide evidence-based practice for
a promising non-pharmacological rehabilitative method that is
both safe and cheap, and that can be used by patients at home as
part of an auto-rehabilitation program.

MATERIALS AND METHODS

Design and Literature Screening
The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) methodology was employed in this
systematic review (Figure 1).

The PubMed, Science Direct, Springer and Sage databases
were used for a comprehensive systematic literature search
for articles published prior to 7 December 2018 with no
time limit. The keywords used were: “vibration” AND (gait
OR walk). More specifically, the search details specified in
PubMed were: (“vibration”[MeSH Terms] OR “vibration”[All
Fields]) AND ((“gait”[MeSH Terms] OR “gait”[All Fields])
OR (“walking”[MeSH Terms] OR “walking”[All Fields] OR
“walk”[All Fields])).

The selection procedure was conducted by two experts in
rehabilitation. Disagreements were discussed with a third expert
in a group until a mutual consensus was reached. First, a
review was performed on all available titles obtained from
the literature search with the selected keywords. All relevant
or potentially relevant titles were included in the subsequent
phase. Then, the abstracts were reviewed with all relevant
or potential articles included in the following phase. Finally,
full-text articles were reviewed to ensure that only relevant
studies were included. In the same way, reference lists of all
included articles were reviewed to possibly include articles
through cross-referencing.

Inclusion and Exclusion Criteria
To be included, the studies had to meet all of the following
inclusion criteria: all patient categories were selected if: gait
ability was measured before and after at least 4 weeks of WBV
training performed on a vibration platform; the results were
based on biomechanical analyses or were clinically relevant;

the control group had no intervention or performed the same
physical rehabilitation, resistance, balance or endurance training
as the intervention group. In addition, only RCT, articles
in English, and articles published in peer-reviewed journals
were included. Studies were excluded if they measured only
short-term effects (< 4 weeks) and if WBV was combined
with non-physical training or with any intervention not
provided to the control group (i.e., not only WBV effects
are measured).

Data Extraction and Main Measurements

Examined
Data were extracted from the selected articles by one of the
authors. The extracted data were checked by another author and
disagreements were resolved with a third.

The following data were extracted for each selected article:
(1) the names of the authors and the date of publication; (2)
the number of subjects involved in the experiment with their
characteristics and breakdown in each group; (3) WBV training
details (in the following order: name of theWBV device, duration
of the intervention, number of sessions, types of exercises,
number of vibration sets, exposure duration per set, rest period
between sets, frequency, amplitude and type of vibration) and
control group details; and (4) the main outcomes related to gait
with the main results (e.g., timed up-and-go test, 6-min walk test,
walking speed, etc). When information could not be provided, it
was indicated by a “?”.

Quality and Risk of Bias Assessment
The PEDro scale was used to assess the risk of bias, and thus
the methodological quality of the selected studies (21). The scale
was chosen for its ability to provide an overview of the external
(criterion 1), internal (criteria 2–9) and statistical (criteria 9 and
10) validity of RCT. The scale is divided in 11 criteria, but the
first criterion is not calculated in the total score. The output
of each criterion could be either “yes” (y), “no” (n) or “do not
know” (?). A “y” was given a score of one point, while a “n”
or “?” was assigned zero points. Studies with a total score of 5–
10/10 (≥ 50%) were considered to be of high quality, and scores
of 0–4/10 (<50%) as low quality (20). Two evaluators assessed
the quality of the included studies independently. In the event of
disagreements, a group discussion was held with a third expert to
reach a mutual consensus.

Statistical Analysis
To estimate the effect of WBV training on human gait, a meta-
analysis compared the intervention groups with the control
groups. Within group comparisons were added (i.e., pre vs.
post intervention) when the groups were not comparable (e.g.,
statistical difference in outcomes at baseline or additional
training in control group not provided in the intervention
group). Estimations were calculated using the methodology
described by Wan et al. (22) when mean and standard
deviations were not reported by the authors and medians and
interquartile ranges were used. The authors were contacted to
request additional data when an estimation was not possible.
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FIGURE 1 | PRISMA flow chart of study selection process.

If no response was received, the variables were excluded
from meta-analysis.

Statistical analysis and figures (i.e., forest plot to facilitate the
visualization of values) were produced using a random-effect
model in Review Manager software (RevMan, v 5.3, Cochrane
Collaboration, Oxford UK) (23). A random-effect model was
used to take into account the heterogeneity between the study
effects. The effect size of the interventions was reported by
standard mean difference (SMD) and their respective 95%
Confidence Interval (CI). In this way, the magnitude of the
overall effect can be quantified as very small (<0.2) small (0.2–
0.49), moderate (0.5–0.79) or large (≥0.8) (24, 25). Statistical
heterogeneity was calculated using the I2 and Cochrane Q
statistic tests (25). Statistical significance was set at p < 0.05.

Level of Evidence
The strength of evidence of primary outcomes was established as
described by Van Tulder et al. (26) based on the results of meta-
analysis (effect size), statistical heterogeneity (I2) and risk of bias
(PEDro scale). The level of evidence was considered strong with
multiple high-quality RCT (at least two studies with a PEDro
score ≥5/10) that were statistically homogenous (I2 p ≥ 0.05).
The level of evidence was considered moderate with multiple
low-quality studies (two studies with a PEDro score <5/10) that
were statistically homogenous and/or one high quality RCT. The
level of evidence was considered limited when only one low
quality RCT was identified. The level of evidence was conflicting
when there were multiple statistically heterogenous studies
(I2 p < 0.05).
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RESULTS

Included Studies
A total of 816 titles were screened in the first search stage, 43
more were included through cross-referencing, and 692 were
excluded because they did not concern our research question.
The main reasons for exclusion were: absence of WBV treatment
(e.g., studies using local vibrations were excluded), measurement
of acute effects, no value for dynamic balance, case studies and
reviews. Following exclusion, 167 studies were considered for an
abstract review. A further 104 were excluded in this second stage
because they did not meet the inclusion criteria. Finally, 63 full-
text articles were assessed for eligibility with 17 not accepted: five
because training lasted< 4 weeks, six because they were not RCT,
four because there were no walking outcomes, one because it
combined WBV training with non-physical therapy and one for
comparing WBV training combined with another intervention
not provided in the control group (meaning that not only WBV
effects weremeasured). Thus, 46 articles were ultimately included
in this systematic review (9, 27–69, 71, 72). A summary of the
study selection is provided in Table 1.

Characteristics of the Populations
A total of 2 029 patients took part in the 46 studies selected in
this review (see Table 1). The sample size ranged from 14 to 159
participants, with a mean age of 60.9 ± 20.0 years, varying from
7.9 years to 83.2 years. With regard to the adult population, 16
studies evaluated the effects of WBV in the elderly (n = 59.8 ±

35.4 subjects) (9, 30–32, 36, 40, 44, 45, 50, 53, 55, 56, 59, 62,
64, 69), four in patients with Chronic Obstructive Pulmonary
Disease (COPD) (n= 42.5± 16.7 subjects) (57, 61, 65, 71), seven
in patients with stroke (n = 46.1 ± 27.2 subjects) (28, 35, 38, 51,
54, 67, 72), four in patients with osteoarthritis (OA) (n = 32.2 ±
11.9 subjects) (29, 33, 63, 68), three in postmenopausal women (n
= 40.3± 12.5 subjects) (48, 58, 66), two in patients with multiple
sclerosis (n = 29.5 ± 6.3 subjects) (34, 39) and one in patients
with the following pathologies: incomplete cervical spinal injury
(47), pulmonary arterial hypertension (42), lung transplantation
(43), idiopathic Parkinson’s disease (41), total knee arthroplasty
(49) and cerebral palsy (27) (n = 30.0 ± 26.4 subjects). With
regard to the child population, two studies evaluated the effects of
WBV in cerebral palsy (37, 60), one in patients with osteogenesis
imperfect (46) and one in patients with spastic diplegia or
quadriplegia forms of cerebral palsy (52) (n= 22.5±5.9 subjects).
Most of the studies included both males and females, except
for nine studies that either did not mention the participants’
gender or selected only males or females (including the three
studies on post-menopausal women). Most of the studies clearly
explained their eligibility criteria and had similar baselines (no
significant differences between groups in any outcomes before
the intervention) in their groups, except in 10 articles.

Training Protocols
The duration of the WBV training interventions ranged from
four to 32 weeks, with between two and five sessions per
week, with a mean of 3.1 ± 0.8 (three sessions per week in
31 of the 46 selected articles). The frequency and amplitude

used in the training sessions ranged from 2 to 45Hz and
from 0.44 to 20mm, respectively. The intensity of the training
sessions, by frequency and/or amplitude, was progressively
increased in 30 studies, and remained unchanged in the other
selected studies. Some WBV platforms delivered the vibrations
alternating between the right and the left foot, while the right
and left foot moved up and down at the same time in other
vibration plates (70). Synchronous vibrations were delivered in
20 studies, side-alternating vibrations were used in 11 studies,
while 15 studies did not mention the type of vibration in their
intervention method.

For the groups that were exposed to WBV training
(interventions groups), vibrations were delivered while
participants stood in static positions (e.g., squat or lunge
positions) in 27 studies and dynamic exercises were provided
in 11 studies. In the remaining eight studies, both static and
dynamic exercises were combined during the WBV training
sessions. The number of WBV sets per training session ranged
between 1 and 135. The duration of the vibration sets ranged
from 10 s to 3min, with a between-sets resting time ranging
between 3 s and 5min. For the groups not exposed to WBV
training interventions (control groups), participants performed
strengthening and balance exercises without WBV in fourteen
studies, had no intervention and were asked to maintain
their habitual lifestyle in sixteen studies, were exposed to a
sham intervention in six studies, continued to follow their
conventional physiotherapy in four studies, received relaxation
exercises in four studies and performed walking training sessions
in two studies.

Gait Motor Outcomes
The “Timed Up-and-Go” (TUG) test and the “six-minute
walking test” (6MWT) were the clinical outcomes most
frequently used to assess gait (in 29 and 18 studies, respectively).
The “ten-meter walking test” (10MWT) was used in 10 studies
to assess gait velocity. Walking speed was also evaluated using
biomechanical and kinematic assessments (e.g., walking on a
platform or camera motion analysis) in six studies. Other
temporal and spatial parameters such as time of swing phase and
stance phase, stride length and step length were presented in only
two studies. Gait quality was assessed using the gait score of the
Tinetti test in five studies. Finally, other outcomes were used once
in all 46 studies: the “functional ambulation categories test” with
stroke patients, the “50-foot walking test” with knee OA patients,
the “25-foot walking test” with multiple sclerosis patients, the
“two-minute walking test” with knee OA patients, and the time
to walk four meters in postmenopausal women. A summary of
the primary outcomes related to gait is provided in Table 1.

Quality Assessment
The results from the quality assessments for each of the
studies for respective quality indexes are provided in Table 2.
According to the PEDro Scale, 40 studies obtained a high-quality
methodology score while six studies were rated as low quality.

The mean score was 5.8± 1.4 with a median of 5.5 and a range
of scores from 3 to 9. The highest-quality methodology scores
were found in the articles concerning stroke patients, with amean
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TABLE 1 | Descriptive checklist of the included studies.

Article Subjects Interventions Outcomes (only intergroup differences

are presented)

OLDER ADULTS

Lam et al. (50) 73 older adults, 40 women, mean age:

82.3 ± 7.3 years.

WBV + exercise (WBV+E): n = 25, 12

men, 13 women, mean age 84 years

Exercise: n = 24, 10 men, 14 women,

mean age 82.4 years.

Control: n = 24, 11 men, 13 women,

mean age 80.3 years.

8weeks, 3 times per week.

WBV + E: Fitvibe medical WBV system

(GymnaUniphy NV, Bilzen, Belgium),

dynamic exercises, 4 × 1min/1–2min,

30Hz (weeks 1–4) and 40Hz (weeks 5–8),

0.9mm, vertical displacements.

Exercise: identical exercise program

without WBV.

Control: social and recreational activities

that only involved the upper limbs.

WBV + E vs. Exercise: No significant

effect for TUG (SMD = −0.18, 95% CI:

−0.74, 0.38) and the 6MWT (SMD = 0.21,

95% CI: −0.35, 0.78).

Wei et al. (69) 80 community dwelling seniors with

sarcopenia.

Low frequency group: n = 20, 7 men, 13

women, mean age 78 years

Medium frequency group: n = 20, 7 men,

13 women, mean age 75 years

High frequency group: n = 20, 5 men, 15

women, mean age 74 years

Control group: n = 20, 5 men, 15 women,

mean age 76 years

3 days/week over a 12-week period,

WBV: 4mm for all training groups, knee

joint flexed at 60◦, Fitvibe excel,

GymnaUniphy NV, Bilzen, Belgium, vertical

vibrations.

Low frequency group: 20Hz × 720s

Medium frequency group: 40Hz × 360s

High frequency group: 60Hz × 240s

Control group: no extra training

Low frequency group vs. control: no

significant difference for the TUG test

(SMD = −0.22, 95% CI: −0.84, 0.41)

Medium frequency group vs. control: no

significant difference for the TUG test

(SMD = −0.40, 95% CI: −1.03, 0.22)

High frequency group vs. control: no

significant difference for the TUG test

(SMD = −0.30, 95% CI: −0.92, 0.33)

Goudarzian et al. (45) 42 healthy old men.

WBV: n = 11, mean age 66, 58 years.

MT: n = 12, mean age 69, 20 years.

WBV+MT: n = 10, mean age 67, 80

years.

Control: n = 9, mean age 68, 90 years.

3 times a week, 8 weeks

WBV: Novotec, Pfor- zheim, Germany,

static and dynamic exercises, 6 ×

45–85s/45–85s, 30–35Hz, 5–8mm, n

MT: relaxation techniques.

WBV+MT: combination of vibration and

MT that was the half-time of each

protocol.

Control: Daily routine.

WBV vs. Control: no difference between

group for the TUG test (SMD = −0.60,

95% CI: −1.50, 0.31).

Significant improvement of the 10MWT in

favor of the WBV (SMD = −1.32, 95% CI:

−2.32, −0.33).

Sitjà-Rabert et al. (64) 159 older people, 107 women, 52 men,

with a mean age of 82 years.

WBV + exercise group: n = 81, n

Exercise group: n = 78, n

6 weeks, 3 sessions per week.

WBV + exercise group: Pro5 Airdaptive

Model; PowerPlate, Amsterdam, The

Netherlands, static/dynamic exercises, n,

30–35Hz, 2–4mm, n

Exercise group: same static/dynamic

exercises without vibration platform.

WBV + exercise group vs. exercise group:

No difference between group for the TUG

test (SMD = −0.02, 95% CI: −0.39, 0.34)

No difference between group for the

Tinetti gait score (SMD = −0.08, 95% CI:

−0.44, 0.27)

Santin-Medeiros et al.

(62)

37 elderly women, mean age 82.4 years.

WBV group: n = 25.

Control group: n = 18.

8-month, 2 sessions per week

WBV: Fitvibe Excel Pro; GymnaUniphy NV

Bilzen, Belgium,18 exercises, 6/session,

1–2 sets/exercise, 30–35/exercise, 6

min-6 min50 s/ session, 20Hz, 2mm.

Control: maintain their habitual lifestyle

WBV vs. control: Groups were statistically

different at baseline for the TUG test.

WBV: No significant improvement of the

TUG test post WBV (SMD = 0.15, 95%

CI: −0.49, 0.78).

Buckinx et al. (36) 62 nursing home residents.

WBV group: n = 31, 11 men, 20 women,

mean age 82.2 years.

Control group: n = 31, 3 men, 27 women,

mean age 84.2 years.

6 months, 3 training sessions every week.

WBV group: Vibrosphère,

knees flexed, 5 × 15 s/30 s, 30Hz, 2mm,

vertical vibrations.

Control group: normal daily life.

Lack of data post WBV.

WBV vs. control: authors reported no

significant inter group difference for the

TUG test, Tinetti gait score and for the

parameters recorded by the Locometrix (p

> 0.05).

Lee et al. (53) 55 Elderly Patients with Diabetic

Neuropathy

WBV + BE group: n = 19, 9 men, 10

women, mean age 76.31 years.

Balance exercise group (BE): n = 18,

men:7, women:11, mean age: 74.05

years.

Control group: n = 18, 8men, 10 women,

mean age 75.77 years.

6 weeks, twice per week, same physical

therapy.

WBV + BE group: Galileo 2000, Novotec

Medical GmBH, Germany, 3/week,

squatting position, 3× 3min/1-min,

15-30Hz, 1–3mm, n

BE group: strength, balance, and

functional mobility training.

Control group: n

WBV + BE group vs. BE group:

Significant improvement of the TUG test in

favor of the WBV group (SMD = −0.72,

95% CI: −1.39, −0.06).

(Continued)
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TABLE 1 | Continued

Article Subjects Interventions Outcomes (only intergroup differences

are presented)

Beaudart et al. (31) 62 nursing home residents.

WBV group: n = 31, 11 men, 20 women,

mean age 82.2 years.

Control group: n = 31, 4 men, 27 women,

mean age 84.2 years.

3 months, 3 training sessions every week.

WBV: Vibrosphere, static position with a

knee flexion, 5 × 15/30 s, 30Hz, 2mm,

vertical vibrations.

Control group: requested neither to

change their lifestyle during the study nor

to get involved in any new type of

physical activity.

WBV vs. control:

No significant difference between groups

for the TUG test (SMD = −0.10, 94% CI:

−0.59, 0.40) and the Tinetti test (SMD =

0.30, 95% CI: −0.20, 0.80).

Lack of data post WBV for the Locometrix

system.

The authors reported no significant inter

group difference for the parameters

recorded by the Locometrix (p > 0.05).

Gómez-Cabello et al.

(44)

49 non-institutionalized elderly (20 men

and 29 women; aged 75.0 ± 4.7 years).

WBV: n = 24, n

Control: n = 25, n

11 weeks, 3 times per week.

WBV: Pro5 Power plate, London, UK,

squat position, 10 × 45/60s, 40Hz, 2mm.

Control: not participate in any training.

Asked not to change their lifestyle.

WBV vs. control: No difference between

group for the 6MWT (SMD = 0.54, 95%

CI: −0.03, 1.11).

Bogaerts et al. (32) 111 elderly women over 70 years of age

WBV group: n = 54

Control group: n = 57

6 mouths, 3 sessions per week;

WBV group: Powerplate, 2–5 dynamic

exercises. 4 × 15s/60s (start of the study),

12 × 60s//5s (6mouths). 30-40HZ,

1,6–2,2g, n

Control group: no training program.

WBV vs. control group: No significant

difference for the TUG test (SMD = −0.18,

95% CI: −0.55, 0.20) and the 10MWT

(SMD= −0.26, 95% CI : −0.63, 0.12) at

preferred speed.

No significant difference for the TUG test

(SMD = −0.31, 95% CI: −0.68, 0.07) and

the 10MWT

(SMD = −0.10, 95% CI: −0.47, 0.27) at

maximum speed.

Mikhael et al. (56) 19 older adults mean age 64, 4 years

(range 50–80).

WBV with flexed knees (FK): n = 6, 4 men,

2 women, mean age 63.3 years

WBV with locked knees (LK): n = 5, 3

men, 2 women, mean age 69 years

Sham: n = 8, 4 men, 4 women, mean age

62.3 years

20min, 3 days per week, 3 months, static

exercises, 39 × 1min/1min, 12Hz, 1mm

WBV with FK: vibration platform

engineered by Australian Catholic

University (2004), knee angle at 20

WBV with LK: lock knees

Sham: The amplitude was set to 0mm,

giving 0 g magnitude.

Lack of data post WBV.

The authors reported no between groups

difference after WBV for the 6MWT (p =

0.61), habitual and maximal gait velocities

(p = 0.80 and p = 0.58, respectively).

Machado et al. (55) 26 community-dwelling elderly women

WBV: n = 13, mean age 79.3 years

Control: n = 13, mean age 76.2 years

3–5 times a week, 10 weeks

WBV: Fitvibe, GymnaUniphy NV, Bilzen,

Belgium, half squat, deep squat, wide

stance squat, calves, 1–2 sets/exercise,

30–60 s/120–180 s, 2–4mm, 20–40Hz,

increased progressively, n

Control: requested to do not change their

lifestyle during the study

Lack of data post WBV. The authors

reported a significant improvement of the

TUG test post WBV(p < 0.05) but no

significant difference between groups (p

> 0.05).

Furness and

Maschette. (40)

73 older adults, 38 females and 35 males,

mean age 72 ± 8 years

1 WBV session per week: n

2 WBV sessions per week: n

3 WBV sessions per week: n

Control group: n

0, 1, 2, or 3 times a week, 6 weeks.

WBV interventions: n, static, knees flexes

at 110◦, 5 × 1min/1min, 15–25Hz,

0,5mm, vertical vibrations.

Control group: The zero group did not

participate in any WBV sessions.

1 WBV vs. control: No significant between

group difference for the TUG test (SMD =

0.57, 95% CI : −0.10, 1.24)

2 WBV vs. control: No significant between

group difference for the TUG test (SMD =

0.57, 95% CI: −0.10, 1.24)

3 WBV vs. control: No significant between

group difference for the TUG test (SMD =

−0.45, 95% CI: −1.11, 0.20)

Rees et al. (59) 43 older adults, untrained, 23 men and 20

women

WBV group: n = 15, mean age 74.5 years

Exercise group: n = 13, mean age 73.1

years

Control group: n = 15, mean age

73.1 year

3 sessions a week, 8weeks, low- intensity

walking at least 3 times a week

WBV group: Novotec, Pforzheim,

Germany, static and dynamic exercises, 6

× 45–80s/45–80s, 26Hz, 5–8mm,

increased progressively, vertical

displacements.

Exercise group: same exercises without

WBV.

Control group: low intensity walking

WBV vs. exercise group:

No significant difference between groups

for the TUG test (SMD = −0.35, 95% CI:

−1.10, 0.40) and the 10MWT (SMD =

−0.25 95% CI: −0.99, 0.50).

WBV vs. control: no significant difference

between group for the TUG test (SMD =

−0.22, 95% CI: −0.75, 0.31) and the

10MWT test (SMD = −0.29, 95% CI:

−1.01, 0.43).

(Continued)
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TABLE 1 | Continued

Article Subjects Interventions Outcomes (only intergroup differences

are presented)

Bautmans et al. (30) 24 older adults, nursing home residents.

WBV: n = 13, 5 men, 8 women, mean age

76.6 years.

Sham: n = 11, 4 men, 7 women, mean

age 78.6 years.

3 times weekly, 6 weeks

WBV: Power- Plate, Badhoevedorp, The

Netherlands, 2–4 static lower limb

exercises/sessions, 1–3 ×

30–60s/30–60s, 35–40Hz, 2–5mm,

increased progressively, vertical vibrations.

Sham: same exercise program on the

vibration plate, but without

vertical vibrations.

WBV vs. sham: No significant difference

between groups for the TUG test (SMD =

−0.38, 95% CI: −1.25, 0.48) and the

Tinetti test (SMD = 0.00, 95%

CI:−0.86, 0.86).

Bruyere et al. (9) 42 older adults, nursing home residents

WBV + Physical therapy: n = 22, 4 men,

18 women, mean age 84.5 years

Physical therapy: n = 20, 7 men, 13

women, mean age 78.9 years

3 times a week, 6 weeks, same PT 10min

WBV + Physical therapy: n static exercise,

4 × 60 s/90 s, 10–26Hz, 3–7mm, vertical

vibrations.

Physical therapy: PT only.

Lack of data post WBV. Groups were

statistically different at baseline for the

TUG test (p = 0.04).

The authors reported a significant

decrease of 11.0 ± 8.6 s post WBV for the

TUG test and an increase of 3.5 ± 2.1

points post WBV for the Tinetti gait score.

PATIENTS WITH CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD)

Spielmanns et al. (71) 28 subjects with COPD stage II-IV.

WBVT group: n = 12, 8 men, 4 women,

mean age 62.4 years.

Conventional training group (CTG): n = 16,

9 men, 7 women, mean age 68 years.

3 months, 2 sessions/week, same

resistance, and endurance training.

WBVT group: Galileo vibration platform

(No- votec Medical, Pforzheim, Germany),

3 × 20 squat repetitions, 24–26Hz, 3mm,

side-alternating vibration.

CTG: same of squat exercises but

without WBVT.

WBV vs. control: no significant difference

between groups for the 6MWT (SMD =

0.72, 95% CI:−0.05, 1.50).

Spielmanns et al. (65) 29 subjects with stable COPD in stage I to

III

WB group: n = 14, 7 men, 7 women,

mean age 69 years.

Calisthenics group: n = 14, 7 men, 7

women mean age 70 years.

3 months, twice per week.

WBV group: Galileo, Novotec Medical,

Pforzheim, Germany, isometric squat

position, 3 × 2 min/2min, 6 −10Hz,

4–6mm, side-alternating vibration.

Calisthenics group: relaxation, breathing

retraining, calisthenics exercises.

WBV vs. Calistenic: no significant

difference between groups for the 6MWT

(SMD = 0.54, 95% CI:−0.23, 1.32).

Salhi et al. (61) 62 patients with COPD

WBV-group: n = 31, 21 men, 10 women,

mean age 58 years.

Conventional resistance training (RT): n =

31, 23 men, 8 women, mean age

63 years.

12 weeks, 3 times a week, same

pulmonary rehabilitation program.

WBV-group: FITVIBE, Gymna, Belgium, 8

upper and lower body exercises, 1–3

sets/exercise, 30–60s/n 27Hz, 2mm,

vertical vibrations.

RT: lower and upper body exercises, 3

× 10repetitions

WBV vs. RT: no significant difference

between groups for the 6MWT (SMD =

−0.24, 95% CI: −0.79, 0.31)

Pleguezuelos et al. (57) 51 stable male patients with COPD

Whole Body Vibration Training Group: n =

26, mean age 68.4 years.

Control group: n = 25, mean age

71.3 years.

6 weeks, 3 sessions per week, regular

prescribed medical treatment.

WBVTG: Gymnauni phy. Nv. Pasweg 6a

3740 Bilzen, Belgium, squatting position,

6 × 30s/60s, 35Hz and 2mm, vertical

vibrations.

Control Group: general recommendations

about physical activity and lifestyle.

WBV vs. control: no significant difference

between groups for the 6MWT (SMD =

2.59, 95% CI 1.83, 3.35).

STROKE

Alp et al. (28) 21 post stroke patients

WBV: (n = 10), 10 men, 0 women, mean

age 61.20 ± 11.043 years.

Control group: (n = 11) 9 men, 2 women,

mean age 62.9 ± 8 years

4 weeks, 3 days a week, stretching and

active range of motion exercises on the

hemiplegic lower extremity for 15min.

WBV: Compex Winplate by Uniphy

Elektromedizin GmbH and CoKG, tiptoes,

3 × 10s/3–20 s, 5min, 40Hz, 4mm,n

Control group: same exercises,

no vibration.

Lack of data post WBV. The groups were

statistically different at baseline for the

10MWT (p < 0.001).

The authors reported a significant

improvement of the 10MWT in favor of the

WBV group (p < 0.001).

(Continued)
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Choi et al. (72) 30 individuals who presented with a gait

deviation after a first stroke (>6 months).

WBV-Treadmill Training (TT): n = 15, 8

men, 7 women, mean age 51.93 years.

TT group: n = 15, 11 men, 4 women,

mean age 53.67 years.

6 weeks, 3 times a week, 20min of TT for

both groups.

WBV- TT: Galileo 2000, (Novotec,

Germany, 2011), dynamic exercises, 6 ×

45s/1min20-30HZ, 3mm, side-

alternating vibration.

TT group: same exercises on the platform

without vibration.

No significant difference between group

for the Walking speed (SMD = 0.32, 95%

CI: −0.40, 1.04) and stride length (SMD =

0.50, 95% CI: −0.23, 1.23).

Choi et al. (38) 22 individuals who were diagnosed with

strokes at least 6 months prior to the

study.

WBV group: n = 11, 8 males, 3 females,

mean age 50.9 years.

Control group: n = 11, 7 males, 4 females,

mean age 52.2 years.

4 weeks, 5 times per week.

WBV group: Galileo tilt table (Novotec

Medical, Germany), squat posture, 10

min/session, 25Hz, 5mm,n

Control group: 30min of

Neuro-developmental treatment as the

experimental group.

WBV vs. control group: no significant

difference between group for the TUG test

(SMD = −0.50, 95% CI : −1.35, 0.35).

Liao et al. (54) 84 individuals with hemispheric stroke

persisting for more than 6 months before

the time of enrolment

low-intensity WBV group (LWBV): n = 28,

20 men, 8 women, mean age 60.9 years

High-intensity WBV group (HWBV): n =

28, 18 men, 10 women, mean age 62.9

years

Control (CON): n = 28, 24 men, 4 women,

mean age 59.8 years.

3 times a week, 30 sessions, same

dynamic and static exercises, Gymna

Fitvibe Medical System, Gymna Uniphy

Pasweg, Bilzen, Belgium, synchronous

vibrations.

LWBV: 20Hz, 1mm

HWBV: 30Hz, 1mm

Control (CON): standing on the same WBV

platform turned off.

LWBV vs. control: no significant difference

between group for the 6MWT (SMD =

0.05 95% CI:−0.47, 0.58) and for TUG

test

(SMD = −0.10 95% CI: −0.62, 0.43).

HWBV vs. Control: no significant difference

between group for the 6MWT (SMD =

−0.03, 95% CI−0.55, 0.50) and for TUG

test (SMD = −0.25, 95% CI: −0.77, 0.28).

Lau et al. (51) 82 chronic stroke patients.

WBV group: n = 41, 26 men, 15 women,

mean age 57.3 years.

Control group: n = 41, 32 men, 9 women,

mean age 57.4 years.

8 weeks, 3 times a week.

WBV: Jet-Vibe System (Danil SMC Co.

Ltd., Seoul, South Korea), dynamic leg

exercises, 6 exercises, 9–15 × 1,5-2,

5min/n, 20–30Hz, 0.44–0.60mm, vertical

vibrations.

Control group: same exercises

without vibration.

WBV vs. control: no significant

improvement of the 6MWT

(SMD = −0.22 95% CI = −0.66, 0.21)

and the 10MWT (SMD = 0.39 95% CI:

−0.05, 0.83).

Brogårdh et al. (35) 31 individuals with chronic stroke.

WBV: n = 16, 13 men, 3 women, mean

age 61.3 years.

Control group: n = 15, 12 men, 3 women,

mean age 63.9 years.

6 weeks, 2 sessions/week.

WBV training: Xrsize, static position knee

flexed, 4–12 × 40–60s/1min, 25Hz,

3.75mm, vertical vibrations.

Control group: placebo vibrating platform

(25Hz, 0.2mm amplitude).

WBV vs. control group: groups were

different at baseline for the TUG test and

the 6MWT.

The authors reported significant

improvements in both outcomes after

WBV (p < 0.05)

van Nes Ilse et al. (67) 53 post-stoke patients

WBV group: n = 27, 16 males, 11

females, mean age of 59.7 years.

Exercise therapy on music group: n = 26,

14 males, 12 females, mean age of

62.6 years.

6 weeks, 5 days per week, physical

therapy

WBV group: Galileo 900, Galileo 2000,

Enschede, The Netherlands, squat

position hips and knees slightly flexed, 4 ×

45 s/60 s, 30Hz, 3mm, Side-alternating

vibration.

Exercise therapy on music group: same

standing position, exercises

and relaxation.

WBV vs. exercise therapy on music group:

no significant difference between groups

(SMD = 0.00, 95% CI: −0.54, 0.54).

KNEE OSTEOARTHRITIS

Bokaeian et al. (33) 28 patients with knee osteoarthritis.

WBV + Strength Training (ST): n = 15, 0

men, mean age 51.8 years

Strength Training: n = 13, 2 men, 11

women, mean age 54 years.

8 weeks, 3 times a week, both groups

received same PT and strengthening

exercises protocol.

WBV + ST group: Fitvibe device (Italy),

bent knees, 6–9 × 30–70 s/30–70 s,

25–30HZ, 2mm, progressively increased,

vertical vibrations.

Strength Training: flexion and extension

exercise of knee joint, 3 sets, 10 RM,

progressive load.

Lack of data post WBV. The authors

reported significant improvements for the

2MWT, 50FWT and TUGT in favor of the

WBV + ST group (p = 0.009).

(Continued)
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TABLE 1 | Continued

Article Subjects Interventions Outcomes (only intergroup differences

are presented)

Wang et al. (68) 49 patients with knee osteoarthritis.

Whole Body Vibration Exercise +

Quadriceps Resistance Exercise group: n

= 49, 13 men, 36 women, mean age 61.2

years.

Quadriceps Resistance Exercise only

group: n = 50, 15 men, 35, women, mean

age 61.5 years.

24 weeks, 5 days/week.

WBV + QRE: My7TM model Personal

Plate, Power Plate, USA, knees slightly

flexed, 30 × 60 s/60 s, 35Hz, 4–6mm,n

Quadriceps Resistance Exercise: static

and dynamic exercises.

WBV + QRE vs. QRT: significant

improvement in favor of the WBV+QRE

group for the TUG test (SMD = −3.11

95% CI: −3.71, −2.52) and the 6MWT

(SMD = 1.68, 95% CI : 1.22, 2.14)

Simão et al. (63) 31 elderly subjects with knee

osteoarthritis.

WBV group: n = 10, mean age 75 years.

Squat group: n = 10, mean age 73.4

years.

Control group: n = 11, mean age 71 years.

12 weeks, 3 times per week.

WBV group: FitVibe, squat exercise, 6–8

× 20–40 s/20–40 s, 35–40HZ, 4mm,

vertical vibrations.

Squat group: 3s of isometric contraction.

Control group: without intervention. No

change their lifestyle.

WBV vs. Control group: no significant

difference between groups for the 6MWT

(SMD= 0.56, 95% CI: −0.26, 1.37) and

gait speed (SMD= 0.39, 95%

CI−0.42, 1.20).

Avelar et al. (29) 21 elderly patients with knee osteoarthritis.

WBV group: n = 11, mean age 75 years.

Control group: n = 10, mean age 71 years.

12 weeks, 3 times per week.

WBV: FitVibe, GymnaUniphy NV, Bilzen,

Belgium, squat training with WBV, 6–8 ×

20–40 s/20–40 s, 35 Hz−40Hz, 4mm, n

Control: squat training without vibration.

WBV vs. control group: no significant

difference between groups for the TUG

test (SMD = 0.06, 95% CI: −0.80, 0.91).

Significant improvement of the 6MWT in

favor of the WBV group (SMD = 1.49,

95% CI: 0.49, 2.48).

POSTMENOPAUSAL WOMEN

Sucuoglu et al. (66) 42 postmenopausal women patients

WBV- Balance Coordination Exercise

(BCE) group: n = 21, mean age 56 years.

BCE group: n = 26, mean age

58.76 years.

4 weeks, 10 sessions per week, identical

BCE programs.

WBV-BCE group: Power Plate

(Performance Health Systems UK Ltd,

London, UK), 3 static positions, 2 × 30

s/60 s 30–35Hz. 5 sessions per week,

vertical vibrations.

BCE group: 20-min exercise sessions at

home, twice per day.

Significant difference at baseline between

groups for the TUG test.

The authors reported significant

improvement compared with pretreatment

values in both groups (p < 0.005).

Iwamoto et al. (48) 52 ambulatory postmenopausal women

with osteoporosis.

WBV group: n = 26, mean age 72.4

years.

Control group: n = 26, mean age 76 years.

6 months, n

WBV group: Galileo machine (G- 900;

Novotec, Pforzheim, Germany), bent

knees, 4min, 20HZ, n, side to side

alternating vibrations.

Control group: no exercise.

Lack of data post WBV.

The authors reported no significant

difference between groups for the TUG

test (p > 0.05) but significant improvement

in favor of the WBV group for the 10MWT

(p < 0.05).

Raimundo et al. (58) 27 postmenopausal women

WBV: n = 14, mean age 66 years

Walk based program: n = 13, mean age

66 years.

3 times a week, 8 months

WBV: Galileo 154 2000, Novotec GmbH,

Pforzheim, Germany, static knees flexed at

120◦, 3–6 × 1 min/1min, 12,6Hz, 6mm,

increased each week, side-alternating

oscillations.

Walk based program: 2 × 25min of walk,

70–75% HRmax

Lack of data post WBV. The authors

reported a significant improvement of the

10MWT post WBV (p = 0.006).

MULTIPLE SCLEROSIS

Ebrahimi et al. (39) 34 multiple sclerosis patients with mild to

moderate disability

WBV group: n = 17, 5 men, 12 women,

mean age 37.06 years.

Control group: n = 17 4 men, 13 women,

mean age 40.75 years.

10 weeks, 3 times a week.

WBV group: n, static positions, 15 ×

30s−2 min/30 s−5min, 2–20Hz, 2mm, n

Control group: continued their normal life

WBV vs. control group: no significant

difference between groups for the TUG

test (SMD = −0.47, 95% CI: −1.20, 0.26).

Significant improvement in favor of the

WBV group for the 10MWT (SMD =

−1.05, 95% CI: −1.82, −0.28) and the

6MWT (SMD = 1.22, 95% CI: 0.43, 2.01).

Broekmans et al. (34) 25 ambulatory community- based patients

with multiple sclerosis.

WBV: n = 11, 7 men, 4 women, mean age

46.1 years

Control: n = 14, 11 men, 3 women, mean

age 49.7 years

5 sessions per 2-week cycle, 20 weeks

WBV: Alpha Vibe Nijverdal, The

Netherlands, 2–5 static and dynamic leg

squats and lunges, 1–3 × 30–60

s/30–120 s, 20–45Hz, 2.5mm, increased

progressively, vertical vibrations.

Control: maintain their usual lifestyle

Groups were statistically different at

baseline for the TUG test and 2MWT.

The authors reported no significant effects

in both groups for the TUG test (p = 0.26)

and the 2MWT (p = 0.25).

(Continued)
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TABLE 1 | Continued

Article Subjects Interventions Outcomes (only intergroup differences

are presented)

OTHER PATHOLOGIES IN ADULTS

In et al. (47) 28 patients who were diagnosed with

incomplete cervical spinal injury

WBV group: n = 14, 9 men, 5 women,

mean age 46.1 ± 9.8 years

Control group: n = 14, 10 men, 4 women,

mean age 49.9 ± 9.3 years

8 weeks, 5 days a week, twice a day,

conventional physical therapy

WBV group: TT2590X7, TurboSonic Co.,

South Korea, semi-squat with slight flexion

(140◦) at hips, knees and ankles, 4 × 45

s/1min, 30Hz, 2–4mm, vertical vibrations.

Control group: 16min of placebo WBV

and 30min of physical therapy.

WBV vs. Control group: No significant

difference between groups for the TUG

test (SMD = −0.64, 95 CI: −1.40, 0.13)

and the 10MWT (SMD = −0.23, 95%

CI:-0.97, 0.52).

Gerhardt et al. (42) 22 adult patients with stable, symptomatic

pulmonary arterial hypertension (PAH).

WBV group: n = 11, 7 men, 4 women,

mean age 65.1 years.

Control group: n = 11, 6 men, 5 women,

46 years.

4 weeks, 16 sessions.

WBV group: Galileo MedM plat- form

(Novotec Medical GmbH, Pforzheim,

Germany), specific coordination exercises,

n, 20Hz, 20mm, side alternating

vibrations.

Control group: received WBV in a

second phase.

Lack of data post WBV. The authors

indicated that WBV was associated with a

significant improvement of the 6MWD

versus baseline of +38.6 ±6.6m (p

< 0.001)

Gloeckl et al. (43) 83 patients after lung transplantation.

WBVT group: n = 34, 16 men, 18 women,

mean age 56 years.

Control group: n = 36, 22 men, 14

women, mean age 56 years.

4 weeks, 3 times per week, same

pulmonary rehabilitation program.

WBVT group: GALILEO, Novotec Medical

GmbH, Pforzheim, Germany, squat

exercises, 4 × 2min/4min, 24–26Hz,

6mm, side alternating vibrations.

Control group: same squat training on

the floor.

lack of data post WBV

The authors reported a between group

difference of 28m (95%CI: 3m to 54m, p

= 0.029) significantly different in favor

of WBVT.

Gaßner et al. (41) 17 participants diagnosed with idiopathic

Parkinson’s disease.

WBV group: n = 8, 6 men, 2 women,

mean age 71.4 years.

Placebo group: n = 9, 7 men, 2 women,

mean age 68.2 years.

5 weeks, 2–3 times a week.

WBV group: SRT Zeptor Medical plus

noise, static position, 5 × 60 s/60 s, knees

slightly bents, 6Hz, 3mm, n

Placebo group: stood on the vibration

platform in the same basic position.

WBV vs. placebo group: no significant

difference between group for the TUG test

(SMD = −0.37, 95% CI: −1.34, 0.59),

velocity (SMD = −0.21, 95% CI: −1.17,

0.74) and step length (SMD = 0.14, 95%

CI: −0.81, 1.09).

Johnson et al. (49) 16 individuals, 3–6 weeks post total knee

arthroplasty

WBV: n = 8, 6 men, 2 women, mean age

67 years

Traditional Progressive Resistance

Exercise (TPRT): n = 8, 4 men, 4 women,

mean age 68.5 years

3 session a week, 4 weeks

WBV: Power Plate, Badhoevendorp, The

Nertherlands, static and dynamic

exercises, 4–6 exercises/session, 1–3

set/exercise, 30–60 s/n,35Hz, 2–5mm, n

TPRE: 1–3 SET of 10 REP for

strengthening exercises for lower limbs,

exercises were progressed once the

patient could complete the exercise

WBV vs. TRPE: no significant difference

for the TUG test (SMD = −0.59, 95% CI:

−1.59, 0.42).

Ahlborg et al. (27) 14 persons with cerebral palsy, spastic

diplegia

WBV: n = 7, 4 men, 3 women, mean age

32 years

Resistance training: n = 7, 4 men, 3

women, mean age 30 years

Three times weekly, 8 weeks, same

warming up and stretching

WBV: NEMES-LSC (Nemesis BV, Hengelo,

The Netherlands), standing position, hips

and knees in 50◦ of flexion, 1–4 × 30–110

s/15–120 s, increased progressively, 11

levels of intensity, 25–40Hz, 7/10 on the

Borg Scale, n

Resistance training: leg press, 3 SET of

10–15 REP, progressive load.

WBV vs. RT: no significant difference

between groups for the TUG test (SMD =

0.28, 95% CI: −0.77, 1.34).

OTHER PATHOLOGIES IN CHILDREN

Högler et al. (46) 24 children (5–16 years) with clinically mild

to moderate osteogenesis imperfecta.

WBV training: n = 12, 6 men, 6 women,

mean age 9.38 years.

Control group: n = 12, 6 men, 6 women,

mean age 6.49 years.

5 months, twice-daily, home use

WBV training: Galileo MTM, Novotec

Medical, Pforzheim, Germany), static and

dynamic exercises, 3 × 3 min/3min,

20–25Hz, side alternating vibrations.

Control group: continued to receive

regular care.

Lack of data post WBV. The authors

reported no significant difference between

groups for the 6MWT (p = 0.278)

(Continued)
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TABLE 1 | Continued

Article Subjects Interventions Outcomes (only intergroup differences

are presented)

Cheng et al. (37) 16 children with cerebral palsy, 8 boys and

8 girls, mean age 9.2 years.

WBV group: n = 8, n

Control group: n = 8, n

8-week WMV intervention followed by an

8-week control condition, with a 4-week

rest (crossover study).

WBV: AV-001A, Body Green, Taipei,

Taiwan, static position, 10min, 20Hz,

2mm, vertical vibrations.

Control: same procedure with the machine

turned off.

Lack of data post WBV. The authors

reported a significant difference between

the treatment and control condition for the

6MWT (p = 0.005).

Lee and Chon. (52) 30 patients with either the spastic diplegia

or quadriplegia forms of cerebral palsy

WBV group: n = 15, 6 men, 9 women,

mean age 10 years.

Control group: n = 15, 9 men, 6 women,

mean age 9.66.

8 weeks, 3 days per week, conventional

PT.

WBV: Galileo system (Novotec Medical

GmbH, Pforzheim, Germany), squat

position, 6 × 3 min/3min, 5–25Hz,

1–9mm, side alternating vibrations.

Control group: conventional physical

therapy training.

WBV vs. control group:

Significant improvement in favor of the

WBV group for the gait speed (SMD =

1.41, 95% CI: 0.60, 2.22) and stride

length (SMD = 0.91, 95% CI: 0.15, 1.67)

Ruck et al. (60) 20 children with cerebral palsy

WBV: n = 10, 8 boys, 2 girls mean age 8.3

years

Control: n = 10, 6 boys, 4 girls, mean age

8.1 years

Physiotherapy according to the

established school program, 6 months, 5

days per week

WBV: Vibraflex Home Edition II,

Orthometrix Inc, White Plains, NY. Outside

of North America, Galileo Basic, knees and

hips flexed 10–45◦, dynamic exercises, 3

× 3 min/3min, 12–18Hz, 2–6mm, side to

side alternating vertical vibrations.

Control: Physiotherapy only

Lack of data post WBV. The authors

reported a significant improvement of the

10MWT in favor of the WBV (p = 0.03).

WBV, Whole body vibration; TUG, Timed up and go test ; 6MWT, 6-minute walk test; 2MWT, 2-minute walk test; 50FWT, 50-feet walk test; 10MWT, 10-meter walk test.

score of 7.2± 1.7. The poorest methodological quality was found
for postmenopausal women with a mean score of 4.7± 1.1.

Studies Included for Meta-Analysis
A total of 25 studies were included in statistical analysis. Eleven
studies were included for meta-analysis in the elderly (30–32, 40,
44, 45, 50, 53, 59, 64, 69), four studies for COPD patients(57,
61, 65, 71), four studies for stroke patients (35, 38, 51, 54), four
studies for patients with knee OA (29, 33, 63, 68) and two studies
for patients with Multiple Sclerosis (MS) (3, 34).

Results Ranked According to Aging and
Pathology
Elderly Subjects
Sixteen studies examined the effect of WBV on elderly subjects(9,
30–32, 36, 40, 44, 45, 50, 53, 55, 56, 59, 62, 64, 69). The studies
had an average PEDro score of 5.5 ± 1.0. The sample size
ranged from 19 to 159 participants with a mean age of 76.5 ±

5.8 years. Most of the studies included both men and women
except for three with women only (32, 55, 62) and one with
only men (45). Only one study failed to mention the eligibility
criteria (44) and seven studies exhibited heterogeneity in their
baselines (9, 36, 40, 44, 55, 62, 64). Training duration varied
from 6 weeks to 8 months. Fifteen studies had a frequency
of three sessions per week (9, 30–32, 36, 40, 44, 45, 50, 53,
55, 56, 59, 64, 69) while one study involved two sessions per
week (62). The frequency and amplitude of platform vibrations
varied from 10 to 40Hz and 0.5 to 8mm, respectively. Intensity

was progressively increased in 11 studies (9, 30, 32, 40, 45, 50,
53, 55, 59, 62, 64). Eight studies used synchronous vibrations
(9, 30, 31, 36, 40, 50, 59, 69) while the other eight studies
(32, 44, 45, 53, 55, 56, 62, 64) did not mention the type of
vibrations delivered by their devices. The number of vibration
bouts delivered per session varied from two to 39 sets with a
period lasting between 15 sand 3min each. Resting time was
between 5 s and 5min. In nine protocols (9, 30, 31, 36, 40, 44,
53, 56, 69), the subjects maintained a static position, while they
performed dynamic exercises in three studies (32, 50, 55), or
both in four studies (45, 59, 62, 64). The most frequently used
outcome was TUG, found in 14 studies (9, 30–32, 36, 40, 45,
50, 53, 55, 59, 62, 64, 69). Six studies combined TUG with the
Tinetti gait score (9, 30, 31, 36, 40, 64). Four studies assessed
gait speed using the 10MWT (32, 45, 59, 69). Three studies
assessed functional performance with the 6MWT (44, 50, 56).
Two studies used the Locometrix system for biomechanical
analysis (31, 36).

Comparisons to control groups
Four meta analyses (9, 31, 36, 55) were conducted for the
following outcomes: TUG test, 10MWT, Tinetti test and 6MWT.

For the TUG test (Figure 2A), 10 studies were included in
meta-analysis and four studies were excluded due to a lack of
data despite requests to the authors (9, 31, 36, 55). Meta-analysis
showed a significant decrease in time in favor of theWBV groups
(SMD = −0.18; 95% CI: −0.33, −0.04), with consistent results
(I2 = 7%, p = 0.38). The included studies were of high quality
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TABLE 2 | Quality assessment with the PEDro scale.

Article Items by number on the PEDro scale Total score Subjects

1 2 3 4 5 6 7 8 9 10 11

Lam et al. (50) y y y y n n y n n y y 6 Older adults

Wei et al. (69) y y n y n n n y y y y 6

Goudarzian et al. (45) y y n y n n n y n y y 5

Sitjà-Rabert et al. (64) y y y n n n y n y y y 6

Santin-Medeiros et al. (62) y y n n n n n n y y y 4

Buckinx et al. (36) y y n n n n y n y y y 5

Lee et al. (53) y y n y n n n y n y y 5

Beaudart et al. (31) y y n y n n y y y y y 7

Gómez-Cabello et al. (44) n y n n n n n y y y y 5

Bogaerts, et al. (32) y y y y n n n y n y y 6

Machado et al. (55) y y n n n n y y n y y 5

Mikhael et al. (56) y y y y y n y n n y y 7

Furness and Maschette (40) y y n n n n n y y y y 5

Rees et al. (59) y y n y n n n y n y y 5

Bautmans et al. (30) y y y y y n y y n y y 8

Bruyere et al. (9) y y n n n n n y y y y 5

Spielmanns et al. (71) y y y y n n n n n y y 5 COPD

Spielmanns et al. (65) y y n y n n n y n y y 5

Salhi et al. (61) y y y y n n n n n y y 6

Pleguezuelos et al. (57) y y n y n n y n n y y 5

Alp et al. (28) y y y n n n y y n y y 6 Stroke

Choi et al. (72) y y y y n n y y y y y 8

Choi et al. (38) y y n y n n n n n y y 4

Liao et al. (54) y y y y n n y y y y y 8

Lau et al. (51) y y y y n n y y y y y 8

Brogårdh et al. (35) y y y y y n y y y y y 9

van Nes Ilse et al. (67) y y y n y n y y y y y 8

Bokaeian et al. (33) y y y y n n n y n y y 6 Knee OA

Wang et al. (68) y y y y n n y y y y y 8

Simão et al. (63) y y y y n n y y n y y 7

Avelar et al. (29) y y n y n n n y n y y 5

Sucuoglu al. (66) y y n y n n n n n y y 4 Postmenauposal women

Iwamoto et al. (48) y y n y n n n y y y y 6

Raimundo et al. (58) y y n y n n n n n y y 4

Ebrahimi et al. (39) y y n y n n n y n y y 5 Multiple sclerosis

Broekmans et al. (34) y y y y n n y y n y y 7

In et al. (47) y y y y y n y y n y y 8 Other pathologies in adults

Gerhardt et al. (42) y y n y n n n n n y y 4

Gloeckl et al. (43) y y y y n n y n n y y 6

Gaßner et al. (41) y y n y n n n y n y y 5

Johnson et al. (49) y y n n n n n n n y y 3

Ahlborg et al. (27) y y n y n n n y y y y 6

Högler et al. (46) y y y y n n n n n y y 5 Other pathologies in children

Cheng et al. (37) y y n y n n n y y y y 6

Lee et al. (53) y y y y n n y y y y y 8

Ruck et al. (60) y y y y n n n n n y y 5

n, criterion not fulfilled; y, criterion fulfilled; 1, eligibility criteria were specified; 2, subjects were randomly allocated to groups or to a treatment order; 3, allocation was concealed; 4, the

groups were similar at baseline; 5, there was blinding of all subjects; 6, there was blinding of all therapists; 7, there was blinding of all assessors; 8, measures of at least one key outcome

were obtained from more than 85% of the subjects who were initially allocated to groups; 9, intention-to-treat analysis was performed on all subjects who received the treatment or

control condition as allocated; 10, the results of between-group statistical comparisons are reported for at least one key outcome; 11, the study provides both point measures and

measures of variability for at least one key outcome; total score, each satisfied item (except the first) contributes 1 point to the total score, yielding a PEDro scale score that can range

from 0 to 10. B, the level of evidence was B (randomized control trials that lacked double-blinding).
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FIGURE 2 | Comparison between WBV interventions and control groups in elderly subjects for the TUG test (A), 10MWT (B), 6MWT (C) and Tinetti gait score (D).

(mean PEDro score = 5.8 ± 1.0), so a strong level of evidence
supports the positive effect of WBV training on the TUG test.

For the 10MWT (Figure 2B), three studies were included in
meta-analysis and one study was excluded because it used a
different unit of measure (i.e., m/s instead of seconds in the
other studies) (69). Meta-analysis showed a significant decrease

in time on the 10MWT in WBV groups (SMD = −0.28; 95%
CI: −0.56, −0.01), with consistent results (I2 = 22%, p = 0.28).
The overall quality of the included studies was high (PEDro
score = 5.0 ± 0.0). Thus, a strong level of evidence supports
the positive effect of WBV training in improving gait speed
on the 10MWT.
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For the 6MWT (Figure 2C), two studies were included and
one was excluded due to a lack of data despite requests to
the authors (56). Meta-analysis showed no significant difference
between groups (SMD = 0.37; 95% CI: −0.03, 0.78), despite a
tendency toward an improvement in distance in WBV groups.
Results were consistent (I2 = 0%, p = 0.43) and the quality of
the included studies was high (PEDro score= 5.5± 0.7). Thus, a
strong level of evidence supports the lack of a beneficial effect of
WBV training for improving performance in the 6MWT.

For the Tinetti gait score (Figure 2D), three studies were
included in meta-analysis and three were excluded due to a lack
of data despite requests to the authors (9, 31, 36). Meta-analysis
showed no significant difference between groups (SMD = 0.04;
95% CI:−0.23, 0.31), with consistent results (I2 = 0%, p= 0.46).
The quality of the included studies was high (mean PEDro score
= 7.0± 1.0). Thus, a strong level of evidence supports the absence
of a positive effect of WBV training on the Tinetti gait score.

For biomechanical data recorded using the Locometrix
system (gait speed, stride frequency, stride length, stride
symmetry, stride regularity, cranio-caudal mechanic power,
antero-posterior mechanic power, medio-lateral mechanic
power, and counting speed), no comparison between groups
could be performed due to a lack of data despite requests to the
authors (31, 36). Both Beaudart et al. (31) and Buckinx et al. (36)
reported no significant inter-group difference for parameters
recorded by the Locometrix (p > 0.05).

Chronic COPD Patients

Four studies examined the effect of WBV on chronic COPD
patients (57, 61, 65, 71) with an average PEDro score of 5.2 ±

0.5. The sample size ranged from 28 to 62 participants with a
mean age of 66.2 ± 4.3 years. Three studies included both men
and women (61, 65, 71) and one included only male patients
(57). All of the studies specified the eligibility criteria and had
similar baselines. The training duration varied from 6 weeks
to 3 months. In two studies (57, 61), subjects performed three
WBV sessions per week, while patients had only two sessions
per week in the other two studies (65, 71). The frequency
and amplitude of the platform vibrations varied from 6 to
35Hz and 2 to 6mm, respectively. Intensity was progressively
increased in two studies (65, 71). Half of the studies used side-
alternating vibrations (65, 71) while the two other studies used
synchronous vibrations (57, 61). The number of vibration bouts
delivered per session varied from three to eight sets with a period
lasting between 30 s and 2min for each. Resting time was 60 s
to 2min. In two protocols (57, 71), the subjects maintained
a static position, while they performed dynamic exercises in
the other studies (61, 65). Only the 6MWT methodology was
used to test gait.

Comparisons to control groups (Figure 3A)
For the meta-analysis, two studies were included and two were
excluded because the control groups were intervention groups
with additional exercises not provided in the WBV group (i.e.,
not only WBV effects are measured) (61, 65). Meta-analysis
showed no significant difference between groups (SMD = 1.66;
95% CI: −0.17, 3.49) with heterogeneous results (I2 = 91%,

p = 0.0008). Thus, the level of evidence was conflicting for the
6MWT outcome in COPD.

For the excluded studies, Salhi et al. (61) showed that
there was no significant difference between WBV training and
conventional resistance training for improving 6MWT scores
(SMD =−0.24; 95% CI:−0.79, 0.31). Similar results were found
by Spielmanns et al. (65), where no significant difference was
shown between theWBV intervention and the calisthenics group
(SMD= 0.54; 95% CI:−0.23, 1.32).

Comparison to pre-intervention (Figure 3B)
A second meta-analysis was conducted to include the four
studies. Meta-analysis demonstrated a significant improvement
in the distance walked during the 6MWT after WBV treatment
(SMD = 0.92; 95% CI: 0.32, 1.51). Again, because there were
heterogeneous results (I2 = 66%, p = 0.03), the level of evidence
was conflicting for the 6MWT outcome.

Stroke Patients

Seven studies examined the effect of WBV on stroke patients
(28, 35, 38, 51, 54, 67, 72) with an average PEDro score of 7.2
± 1.7. The sample size ranged from 21 to 84 participants with
a mean age of 58.3 ± 4.5 years. All of the studies included both
men andwomen. All explained the eligibility criteria. Two studies
(35, 38, 51, 72) found significant differences between groups for
some outcomes at baseline. The training duration varied from
4 to 8 weeks. In four studies, subjects performed three sessions
per week (28, 51, 54, 72), while patients had five sessions per
week in two studies (38, 67), and two sessions per week in one
study (35). The frequency and amplitude of platform vibrations
varied from 20 to 40Hz and 0.44 to 5mm, respectively. The
intensity was progressively increased in two studies (51, 72).
Three studies used side-alternating vibrations (38, 67, 72), three
synchronous vibrations (35, 51, 54), while one did not mention
the type of vibrations (28). The number of vibration bouts
delivered per session varied from 2 to 135 sets with a period
lasting from 10 to 150 s each. Resting time was between 3 and 60 s.
In four protocols (28, 35, 38, 67), the subjects maintained a static
position, performed dynamic exercises in two studies (51, 72)
and both types of exercises in one study (54). The TUG test was
assessed in three studies (35, 38, 54), the 6MWT in three studies
(35, 51, 54) and the 10MWT in two (28, 51). Only one study
used a biomechanical methodology to assess gait function (72)
and one study used the Functional Ambulation Categories (FAC)
scale (67).

Comparisons to control groups (Figures 4A and 4C)
Two meta-analyses were conducted for the TUG test and
the 6MWT.

For the TUG test, two studies were included and one study
was excluded because the groups were statistically different
at baseline (35). Meta-analysis demonstrated no significant
difference between groups (SMD=−0.21; 95% CI:−0.55, 0.13),
with consistent results (I2 = 0%, p = 0.83). The quality of the
study was high (mean PEDro score = 8.0 ± 0.0). Thus, a strong
level of evidence supports the absence of effect of WBV training
on the TUG test in stroke patients.
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FIGURE 3 | Comparisons between WBV interventions and control groups in COPD for the 6MWT (A). Illustrates the change in the 6MWT following WBV intervention

compared to the pre-intervention status (B).

For the 6MWT, two studies were included and one study
was excluded because the groups were statistically different
at baseline (35). Meta-analysis demonstrated no significant
difference between the groups (SMD = −0.09; 95% CI: −0.37,
0.19), with consistent results (I2 = 0%, p = 0.70). The quality
of the study was high (mean PEDro score = 6.0 ± 2.8). Thus, a
strong level of evidence supports the absence of effect of WBV
training on the 6MWT test in stroke patients.

For biomechanical data, Choi et al. (72) demonstrated no
significant difference between groups for stride length (SMD =

0.50; 95% CI: −0.23, 1.23) and walking speed (SMD = 0.32; 95%
CI:−0.40, 1.04). Similarly, walking speed assessed by the 10MWT
(51) was not different between groups (SMD = 0.39; 95% CI:
−0.05, 0.83). Finally, the Functional Ambulation categories scale
(67) was not different between groups (SMD = 0.00; 95% CI:
−0.54, 0.54) after the interventions. All studies were of high
quality RCT (Perdro scores ≥ 5/10). Thus, the level of evidence
for each outcome was considered moderate.

Comparisons to pre-intervention (Figures 4B and 4D)
Two additional meta-analyses were conducted to include the two
studies excluded for group comparisons for the TUG test and the
6MWT outcomes.

For the TUG test, meta-analysis showed a tendency but no
significant improvement after the WBV treatment (SMD =

−0.29; 95% CI: −0.60, 0.01) with consistent results (I2 = 0%,
p = 0.89). The overall quality of the included studies was high
(mean PEDro score= 7.0± 2.6). Thus, a strong level of evidence
supports the absence of effect of WBV treatment on the TUG test
in stoke patients.

For the 6MWT, meta-analysis showed a significant
improvement after WBV treatment (SMD = −0.33; 95%
CI: 0.06, 0.59) with consistent results (I2 = 0%, p = 0.58). The
overall quality of the included studies was high (mean PEDro

score = 8.3 ± 0.5). Thus, a strong level of evidence supports the
positive effect of WBV treatment to improve the distance walked
during the 6MWT test in stroke patients.

Knee Osteoarthritis

Four studies examined the effect of WBV on patients suffering
from knee osteoarthritis (29, 33, 63, 68). The studies had an
average PEDro score of 6.5 ± 1.2. The sample size ranged from
21 to 49 subjects with a mean age of 65.1 ± 9.2 years. Two
studies included both men and women (33, 68), while two studies
did not mention the gender of the patients (29, 63). All of the
studies specified the eligibility criteria and had similar baselines.
The training duration ranged from 8 to 24 weeks. Three studies
had a frequency of three sessions per week (29, 33, 63) while the
other had five (68). The frequency and amplitude of the platform
vibrations varied from 25 to 40Hz and 2 to 6mm, respectively.
The intensity was progressively increased in all studies. Two
studies used synchronous vibrations (33, 63) while two did not
mention the type of vibrations of the devices (29, 68). The
number of vibration bouts delivered per session varied from six to
30 sets with a period lasting 20 to 70 s. Resting time was between
20 and 70 seconds. In three protocols (29, 33, 68), the subjects
maintained a static position, but performed static and dynamic
exercises in the other study (63). Three studies used the TUG test
(29, 33, 68), three used the 6MWT (29, 63, 68) and one combined
the 2MWT and the 50FWT with the TUG (33).

Comparisons to control groups
For the TUG test (Figure 5B), two studies were included and one
was excluded due to a lack of data (33). Meta-analysis showed no
significant difference between groups (SMD = −1.54; 95% CI:
−4.65, 1.56) with heterogeneous results (I2 = 97%, p < 0.00001).
Thus, the level of evidence was conflicting.

For the 6MWT (Figure 5A), meta-analysis showed a
significant difference in favor of the WBV group (SMD = 1.28;
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FIGURE 4 | Comparisons between WBV interventions and control groups in stroke patients for the 6MWT (A) and the TUG test (C). Illustrates the changes in the

6MWT (B) and the TUG test (D) following WBV intervention compared to the pre-intervention status.

95% CI: 0.57, 1.99), with consistent results (I2 = 64%, p = 0.06).
The quality of the studies was high (mean PEDro score = 6.6 ±
1.5). Thus, a strong level of evidence supports the positive effect
of addingWBV to improve the 6MWT in patients with knee OA.

Postmenopausal Women

Three studies examined the effect of WBV on postmenopausal
patients (48, 58, 66). These studies had an average PEDro score
of 4.6 ± 1.1. The sample size ranged from 27 to 52 participants
with a mean age of 65.8±8.4 years. All of the studies specified
eligibility and had similar baselines. The training durations
ranged from 4 weeks to 8 months. One study had a frequency
of five sessions per week (66), another of three sessions per week

(58), while the last one did not specify the number of sessions per
week (48). The frequency of the platform vibrations varied from
6 to 35Hz and the amplitude was indicated in only one study
(6mm). The intensity of the sessions was progressively increased
in two studies during training duration (58, 66). One study used
synchronous vibrations (66) and the other two studies did not
mention the type of vibrations (48, 58). The vibration bouts were
delivered from 30 to 60 s with two to six sets. Resting time was
60 s in two studies (58, 66) and was not indicated in the third
(48). In all protocols, the subjects maintained a static standing
position. Two studies used the TUG (48, 66) and one combined
it with a 10MWT (48). The third study measured walking speed
along a four-meter pathway (58). Meta-analysis could not be
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FIGURE 5 | Comparison between WBV interventions and control groups in patients with knee OA for the 6MWT (A) and the TUG test (B).

performed for the TUG test due to a lack of post-intervention
data in all three studies, despite requests to the authors. Two
studies reported significant improvement of the 10MWT after
WBV training (p < 0.05 and p = 0.006) (48, 58). Sucuoglu et al.
(66) showed a significant improvement of the TUG test post
treatment (p < 0.005), whereas Iwamoto et al. (48) found no
significant difference between groups (p > 0.05).

Multiples Sclerosis
Two studies examined the effect of WBV on patients with
multiple sclerosis (34, 39). The studies had an average PEDro
score of 6.0 ± 1.4. The sample size ranged from 25 to 34
participants with a mean age of 43.4 ± 6.3 years. Both studies
included both men and women, specified the eligibility criteria
and had similar baselines. The training duration was 10 and 20
weeks. In one study, patients underwent three sessions per week
(39), while in the other they performed an average of 2.5 sessions
per week (34). The frequency and amplitude of the platform
vibrations varied from 2 to 45Hz and 2 to 2.5mm, respectively.
The intensity was progressively increased in both studies. One
study used synchronous vibrations (34) while the other did not
mention the type of vibrations (39). The number of vibration
bouts delivered per session varied from 2 to 15 sets with a period
lasting 30 to 120 s. Resting time was between 30 and 120 s. In
one protocol (39), the subjects maintained a static position, while
they performed static and dynamic exercises in the other (34).
Both studies used the TUG test. One study combined it with the
10MWT and the 6MWT (39), while the other used the TUG with
the 2MWT and the 25-foot walk test (34).

Comparisons to control groups
In one study, no meta-analysis was conducted for between-group
comparisons because the groups were statistically different at
baseline for the TUG test and 2MWT (34).

Ebrahimi et al. (39) found no significant difference between
groups for the TUG test (SMD = −0.47; 95% CI: −1.20, 0.26).

However, they did observe significant improvement in the WBV
group for the 10MWT (SMD = −1.05; 95% CI: −1.82, −0.28)
and the 6MWT (SMD = 1.22; 95% CI: 0.43, 2.01). The level
of evidence was high (PEDro score = 5/10). Thus, the level of
evidence was considered moderate for each outcome.

Comparison to pre-intervention
Meta-analysis (Figure 6) showed no significant improvement in
the TUG test after WBV training (SMD = −0.11; 95% CI−0.64,
0.43) with consistent results (I2 = 0%, p = 0.71). The overall
quality of the included studies was high (mean PEDro score =

6.0 ± 1.4). Thus, there is a strong level of evidence to conclude
that WBV treatment had no impact on the TUG test in patients
with multiple sclerosis.

Other Pathologies in Adults
Six studies reported results on different pathologies in adult
patients(27, 41–43, 47, 49): incomplete cervical spinal injury
(47), pulmonary arterial hypertension (42), lung transplantation
(43), idiopathic Parkinson’s disease (41), total knee arthroplasty
(49) and cerebral palsy (27). The average PEDro score was 5.3
± 1.7. The sample size ranged from 14 to 83 subjects with
a mean age of 54.6 ± 14.1 years. All of the studies included
both men and women. All specified the eligibility criteria and
had similar baselines except for one study where patients were
statically different at baseline for certain outcomes (49). Training
duration varied from 4 to 8 weeks. In four studies, subjects
performed three WBV sessions per week (27, 41, 43, 49), while
in one study they had four sessions per week (42), and five
in another (47). The frequency and amplitude of the platform
vibrations varied from 6 to 40Hz and 2 to 20mm, respectively.
The frequency or amplitude of the vibrations was progressively
increased in four studies (27, 43, 47, 49). Two studies used
side-alternating vibrations (42, 43), one study used synchronous
vibrations (47) and the other three studies did not mention the
type of vibrations (27, 41, 49). The number of vibration bouts
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FIGURE 6 | Changes in the TUG test following WBV intervention compared to the pre-intervention status in patients with multiple sclerosis.

delivered per session varied from 1 to 18 sets with a period lasting
30 to 120 s. Resting time was between 15 and 240 s. In three
protocols (27, 41, 47), the subjects maintained a static position,
while they performed dynamic exercises in two others (42, 43)
and combined both in the last study (49). Four studies used the
TUG test (27, 41, 47, 49) and three used the 6MWT (27, 42,
43) (one study combined both). One study used biomechanical
analysis combined with the clinical TUG test (41). No meta-
analysis was conducted due to the heterogeneity of patients in
this subgroup.

Comparisons to control groups
In patients with incomplete cervical spinal injury, In et al. (47)
found no significant difference between the WBV group and
control group for the TUG test (SMD = −0.64; 95 CI: −1.40,
0.13) and the 10MWT (SMD=−0.23; 95% CI:−0.97, 0.52). The
quality of the study was high (PEDro score = 8/10). Thus, the
level of evidence was moderate.

In patients diagnosed with idiopathic Parkinson’s disease,
Gaßner et al. (41) observed no significant difference between the
WBV group and the placebo group for the TUG test (SMD =

−0.37; 95% CI: −1.34, 0.59), gait velocity (SMD = −0.21; 95%
CI: −1.17, 0.74) and step length (SMD = 0.14; 95% CI: −0.81,
1.09). The quality of the study was high (PEDro score = 5/10).
Thus, the level of evidence was moderate.

After total knee arthroplasty, Johnson et al. (49) reported no
significant difference for the TUG test between aWBV group and
a resistance training group (SMD=−0.59; 95% CI:−1.59, 0.42).
The quality of the study was low (PEDro score=3/10). Thus, the
level of evidence was limited.

In patients with cerebral palsy, Ahlborg et al. (27) found no
significant difference between a WBV group and a resistance
training group for the TUG test (SMD = 0.28; 95% CI: −0.77,
1.34). The quality of the study was high (PEDro score=6/10).
Thus, the level of evidence was moderate.

SMD could not be reported in the study of Gerhardt et al.
(42) and Gloeckl et al. (43) due to the lack of post-intervention
data despite a request to the authors. The authors of the first
study indicated that WBV was associated with a significant
improvement of the 6MWD vs. baseline of +38.6 ± 6.6m (p <

0.001) (42). The authors of the second study reported a significant
between-group difference of 28m (95% CI: 3, 54; p = 0.029) in
favor of WBV (73).

Comparisons to pre-intervention
Ahlborg et al. (27) reported no significant difference after WBV
(SMD = 0.14; 95% CI: −0.91, 1.19) in patients with cerebral

palsy, with a level of evidence considered moderate (PEDro score
= 6/10). Similarly, Johnson et al. (49) observed no significant
improvement of the TUG test after WBV (SMD = 1.02; 95%
CI: −0.04, 2.09) in patients with total knee arthroplasty, with a
limited level of evidence (PEDro score= 3/10).

Other Pathologies in Children
Four studies examined the effect of WBV in children(37, 46, 52,
60): two evaluated the effects of WBV in cerebral palsy (37, 60),
one in patients with osteogenesis imperfect (46) and one in
patients with spastic diplegia or quadriplegia forms of cerebral
palsy (52). The studies had an average PEDro score of 6.0 ± 1.4.
The sample size ranged from 16 to 30 participants with a mean
age of 8.7 ± 0.8 years. All of the studies included both boys and
girls, specified the eligibility criteria and had similar baselines.
The training duration varied between 8 and 24 weeks. One study
had a frequency of two sessions per week (46), one had three
sessions per week (52), one had five sessions per week (60), while
the number of sessions was not specified in the last study (37).
The frequency and amplitude of the platform vibrations varied
from 5 to 25Hz and 1 to 9mm, respectively. The frequency or
amplitude of the vibrations was progressively increased in three
studies (46, 52, 60). Two studies used synchronous vibrations
(37, 60) and the other two studies used side-alternating vibrations
(46, 52). The number of vibration bouts delivered per session
varied from three to six sets with periods lasting 3min each.
Resting time was also 3min. In two protocols (37, 52), the
subjects maintained a static position, while they performed
static and dynamic exercises in the other studies(46, 60). Two
studies used the 6MWT (37, 46), and one study combined it
with the TUG test (37). One study used biomechanical analysis
including gait speed, stride length and cycle time (52). One
study used the 10MWT (for gait speed) (60). Three studies
reported significant improvement in gait parameters following
WBV treatment (37, 52, 60), whereas one study reported that
the 6MWT remained unchanged (46). No meta-analysis was
conducted due to the heterogeneity of patients in this subgroup.
Additionally, data post interventions were not reported in three
studies (37, 46, 60).

Comparisons to control groups
In children with clinically mild to moderate osteogenesis
imperfecta, Högler et al. reported no significant difference
between groups for the 6MWT (p= 0.278) (46).

In children with cerebral palsy, Cheng et al. reported
a significant difference between the treatment and control
conditions for the 6MWT (p = 0.005) (37). Ruck et al. reported
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a significant improvement in the 10MWT in favor of WBV
(p= 0.03) (60).

Finally, in patients with either spastic diplegia or quadriplegia
forms of cerebral palsy, Lee and Chon found significant
improvement in favor of the WBV group for gait speed (SMD
= 1.41; 95% CI: 0.60, 2.22) and stride length (SMD = 0.91; 95%
CI: 0.15, 1.67) (52), with a level of evidence considered moderate
(PEDro score= 8/10).

DISCUSSION

The aim of this systematic review was to determine the changes in
gait outcomes after WBV training in healthy adults and various
patient categories. We found a strong level of evidence for a
positive effect of WBV training on the TUG test and the 10MWT
in the elderly. The same level of evidence was found in favor
of a significant improvement of the 6MWT in stroke patients
and patients with knee OA. In contrast, there is no change
in the 6MWT and the Tinetti gait score in the elderly, and
the TUG test was not improved in stroke or multiple sclerosis
patients. Conflicting results were found in COPD patients despite
significant improvements in the 6MWT. Other outcomes showed
a moderate or limited level of evidence, due to a lack of data or
because only one RCT was identified.

As mentioned in a prior review (20), the major obstacle
in conducting meta-analysis and establishing strong evidence
on the effects of WBV on gait is the heterogeneity in
study methodologies. Intervention regimes, settings, combined
interventions and control groups varied greatly. As in any
training protocol, numerous factors can affect the results of the
program (e.g., the duration of the intervention; the frequency or
volume of the sessions; the type, frequency and amplitude of the
vibrations and the exercises performed on the platform). Because
the studies used different protocols, a random-effects model was
used. In the presence of heterogeneity, a random-effects meta-
analysis weights the studies relatively more equally than a fixed-
effect analysis (25). Because control groups varied a great deal
in terms of interventions (i.e., exercises, physical therapy, sham,
no interventions etc.), intergroup comparisons were not always
possible, so we added within group comparisons (i.e., pre vs.
post WB) to estimate the effect of the treatment. Additionally,
some groups were statistically different at baseline for certain
outcomes (35, 40, 62), making between groups comparisons
impossible after intervention. The results of each patient category
are discussed below.

On the one hand, the results in the elderly showed significant
improvements in the TUG test and the 10MWT after WBV
intervention. These results are in favor of better dynamic stability
and gait performance as both outcomes are related to balance and
gait speed, respectively (45, 59).

However, the effect sizes were small (−0.18 and−0.28,
respectively) and the 6MWT was not significantly modified by
treatment despite a tendency toward improvement in favor of
WBV (SMD = 0.37; 95% CI: −0.03, 0.78). Our findings on
physical improvements partially corroborate earlier reports. In
a recent scoping review, Park et al. (74) concluded that WBV

training could be effective in increasing lean mass, muscular
strength and cardiovascular health (74). Positive changes in
body composition and fitness induced by WBV training may
explain the improvement in gait performance. After the age of
50, muscle mass decreases approximately 2% every year and
muscle strength decreases 15% every 10 years (75). These age-
related changes impact functional mobility, including gait speed,
static dynamic balance, and the risk of falling. As a resistance
training exercise, WBV appears efficient in attenuating the loss of
muscle mass and muscle strength. In order to combat the effects
of aging, it should be recommended that older adults perform
WBV 2 or 3 days per week, as suggested for resistance training
(76, 77). In addition, because both offer numerous benefits, these
interventions could be combined, depending on feasibility and
patient motivation. These recommendations are also valuable for
patients with reduced mobility and who need to improve their
autonomy at home, as only the TUG test and 10MWT (short-
distance walking tests) were improved but not the 6MWT (a
long-distance walking test).

On the other hand, the results support that gait performance
can be improved with no improvement in qualitative aspects
of the locomotion pattern. In fact, the quality of gait, assessed
by the Tinetti test, was not changed. The outcome is classically
divided in two parts. One assesses static balance, while the
second asses dynamic balance (78, 89). Because gait was the main
outcome of the present research, we did not include the total
score in meta-analysis. All 28 points are necessary to assess the
whole balance score, and thus, the risk of falling. Additionally,
the Tinetti total score has been recently demonstrated as being
related tomusclemass and strength (79). As previously discussed,
improvements in muscle mass, strength, and performance are
demonstrated after WBV training. Thus, changes in the Tinetti
total score can be expected and further investigation on this
outcome is warranted.

The results in stroke patients are more mitigated. On
the one hand, between-group comparisons showed that the
6MWT was not modified by WBV training. However, two
studies had to be excluded from this analysis and a second
analysis was performed to include them in a pre vs. post
comparison. This time, the results showed a significant increase
in distance after a WBV intervention. On the other hand,
no significant changes were found for the TUG test in both
comparisons, despite a tendency toward an improvement.
The 6MWT is commonly used to assess aspects of walking
performance in stroke survivor studies (80). It evaluates the
global responses of all the systems involved during exercise,
including the pulmonary and cardiovascular systems, systemic
circulation, peripheral circulation, blood, neuromuscular units,
and muscle metabolism (90). The results concerning the
6MWT confirm the findings discussed previously in favor of
functional improvements in elderly and disease populations
(74). Conflicting results emerged from the TUG test. Balance,
assessed by the TUG test, appeared less modified by the WBV
treatment in the treatment of neuropathologic subjects than in
the elderly population. This was confirmed by the poor results in
multiple sclerosis patients included in meta-analysis for the TUG
outcome (34, 39).
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Conflicting results were also found for the 6MWT in
COPD patients. The pooled studies demonstrated a significant
improvement of the distance walked but with inconsistent
results. The size of the overall effect was large (SMD = 0.92;
95% CI:0.32, 1.51) and seems to corroborate the functional
improvement observed after WBV. However, the results must be
taken with caution because of their heterogeneity and the small
sample of high quality studies revealed by the present review (i.e.,
four studies) (57, 61, 65, 71). Heterogeneity was found in both
intergroup comparison and comparison with pre intervention,
and was difficult to explain as the studies had similar populations
(i.e., older adults with COPD) and settings (i.e., frequency and
amplitude of the vibrations).

In patients with knee OA, a strong level of evidence supports
the beneficial effect of WBV training in improving the 6MWT,
with a large effect size (SMD=1.28; 95% CI: 0.57, 1.99).
Interestingly,Wang et al. showed that addingWBV to quadriceps
resistance training was more efficient that resistance training
alone (SMD = 1.68; 95% CI: 1.22, 2.14) (68). A recent review
showed that, in patients with knee OA, a resistance training
program is effective for improving knee extensor strength but
has limited effect on pain and disability if the gains are <30%
(81). WBV interventions combined with strength training may
help achieve this gain necessary for beneficial effects on pain and
functional performance. Again, for the TUG test, Wang et al.
(68) demonstrated the value of combining WBV and resistance
training to improve gait performance (SMD = −3.11; 95% CI:
−3.71, −2.52). However, because of the absence of effect in
the second study (29), the level of evidence was conflicting.
Heterogeneity might be explained by the two major differences
between the studies, which were the addition of quadriceps
resistance training and the doubled duration of the training (i.e.,
24 vs. 12 weeks) in Wang et al. (68).

Although some significant gait improvements after WBV
were reported, it is important to stress that significant
statistical changes are not always linked to significant clinical
improvements for patients. For example, in elderly patients,
Bogaerts et al. (32) reported a significant improvement of the
time required to perform the TUG test after WBV intervention.
While the time was decreased from 13.1 s to 11.19 s (SMD =

−0.71; 95%CI: −1.10, −0.32) with an effect size considered
moderate, this differencemay not correspond tomajor changes in
the patients’ daily activities. Thus, the benefit of a non-functional
intervention such as WBV should always be questioned with
regard to each patient’s goals.

However, WBV appears to be a time-efficient and easy-to-
use intervention that is both relatively inexpensive and safe
for patients with balance deficits. Vibration plates are readily
available at all rehabilitation hospitals/centers.Moreover, it might
be interesting to complete certain conventional rehabilitation
programs like resistance or balance training with WBV training
that may offer the same results. For example, for COPD patients,
it has been found that both the WBV and resistance training
groups significantly improved in the 6MWT (61, 65, 71) with
no significant difference between the groups. Additionally, no
control group including any form of training was significantly
superior to WBV training in improving gait.

Most of the studies included in this review (27/43 articles)
reported a drop-out rate of <15% during their interventions.
Considering that most of the subjects were patients with diseases
or physical disorders, it is logical to assume that they would have
stopped treatment had they experienced any harmful or adverse
side effect. This might support the hypothesis that the patients
tolerated vibration training well. Moreover, WBV training has
been reported to be appreciated and considered a safe training
method. The fact that participants could perform either dynamic
or static exercises while holding a bar increases safety and would
be beneficial for the weakest populations such as elderly persons
with balance impairments.

The vibration type may impact the training response. side-
alternating WBV has been shown to increase heart rate higher
than synchronous vibrations in young sedentary women during
20-min sessions (82). This illustrates the potential of WBV to
improve fitness capacity, particularly in less active populations.
Additionally, higher electromyography of knee extensor and
plantar flexor activities were observed with a side-alternating
vibration platform compared to synchronous vibrations (83).
Although these results are in favor of side-alternating vibrations,
our review showed heterogeneous results regarding the vibration
type when it was mentioned. Significant improvements in gait
parameters were found in 13 studies that used synchronous
vibrations (9, 30, 33, 37, 40, 47, 51, 57, 59–61, 63, 66) and in seven
studies that used side-alternating vibrations (38, 42, 43, 48, 52,
65, 72). Again, because of the lack of consistency in the protocols
and results, it is difficult to reach a consensus on specific WBV
training to improve human locomotion.

We chose to select only studies on long-term effects because
they are better correlated to conventional physiotherapies that
often last many weeks. Moreover, long-term effects have been
studied more than short-term or even immediate effects. We
found that a wide range of protocols lasted 6 weeks or more and
a few lasted 4 weeks. However, we can add that only a few RCT
focused on the acute effects of WBV training on gait parameters
(84–86). In the future, it might be interesting to compare different
WBV protocols (i.e., with different WBV frequencies) in order to
evaluate the effect of high vs. lowWBV frequency on balance and
gait within a single session.

Finally, most studies used clinical assessments instead of
biomechanical analysis (41, 52, 72). Since it might be a
more objective measure, future studies should integrate this
kind of outcome more often in order to compare it with
functional assessments.

LIMITATIONS OF THE STUDY

Results of meta-analysis must be taken with caution as some
studies could not be included in the comparisons due to a lack
of complete data, notably for the TUG test and Tinetti gait score
in the elderly, despite requests to the authors.

The Cochrane Qualitative and Implementation
Methods Group recommends the application of Grades of
Recommendation, Assessment, Development, and Evaluation
(GRADE) in the Evidence from Qualitative Reviews to assess
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confidence in qualitative synthesized findings (87). However, the
GRADE necessitates assessing the risk of publication bias with a
funnel plot, determining its asymmetry, which can be performed
with at least ten studies (88). Because most of the statistical
analyses were conducted on few RCT, we decided to implement
other guidelines described by a Cochrane collaboration group to
assess the level of evidence (26). Because this method includes
fewer criteria, our confidence in the results must be taken
with caution.

CONCLUSION

While WBV training appears to be a useful and relatively
successful tool in improving gait and walking abilities, it remains
unclear whether the treatment could be generalized to all
patients. Some populations have been studied more than others
with varying degrees of consistency. In the elderly, there is
a strong level of evidence that WBV can improve mobility
by improving the TUG test, and gait speed by improving the
10MWT. The results also showed significant improvements to
functional performance in stroke patients and patients with
knee OA by improving the 6MWT. However, the treatment

was inefficient in changing the TUG test in stroke and multiple
sclerosis patients, and conflicting results were obtained for the
6MWT in COPD. Finally, other outcomes were studied less and
the level of evidence was moderate or even limited depending of
the quality of the study. The transferability of this kind of training
to daily activities remains unclear and the use of vibration
training to replace functional rehabilitation must always be
questioned. Further research is needed to explore the possibility
of finding a standardized protocol targeting gait ability in a wide
range of populations.
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Whole-body vibration (WBV) is a training method that exposes the entire body to

mechanical oscillations while standing erect or seated on a vibrating platform. This

method is nowadays commonly used by clinicians to improve specific motor outcomes

in various sub-populations such as elderly and young healthy adults, either sedentary or

well-trained. The present study investigated the effects of acute WBV application on the

balance control mechanisms during gait initiation (GI) in young healthy adults and elderly.

It was hypothesized that the balance control mechanisms at play during gait initiationmay

compensate each other in case one or several components are perturbed following acute

WBV application, so that postural stability and/or motor performance can be maintained

or even improved. It is further hypothesized that this capacity of adaptation is altered

with aging. Main results showed that the effects of acute WBV application on the GI

postural organization depended on the age of participants. Specifically, a positive effect

was observed on dynamic stability in the young adults, while no effect was observed

in the elderly. An increased stance leg stiffness was also observed in the young adults

only. The positive effect of WBV on dynamic stability was ascribed to an increase in the

mediolateral amplitude of “anticipatory postural adjustments” following WBV application,

which did overcompensate the potentially destabilizing effect of the increased stance leg

stiffness. In elderly, no such anticipatory (nor corrective) postural adaptation was required

since acute WBV application did not elicit any change in the stance leg stiffness. These

results suggest that WBV application may be effective in improving dynamic stability but

at the condition that participants are able to develop adaptive changes in balance control

mechanisms, as did the young adults. Globally, these findings are thus in agreement with

the hypothesis that balance control mechanisms are interdependent within the postural

system, i.e., they may compensate each other in case one component (here the leg

stiffness) is perturbed.

Keywords: whole-body vibration (WBV), gait initiation, elderly, young adults, anticipatory postural adjustment

(APA)
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INTRODUCTION

Whole-body vibration (WBV) is a training method that exposes
the entire body to mechanical oscillations while standing erect
or seated on a vibrating platform. This method is nowadays
commonly used by clinicians to improve specificmotor outcomes
in various sub-populations such as elderly and young healthy
adults, either sedentary or well-trained. Specifically, it has been
shown that WBV application might be beneficial to numerous
lower limbsmotor outcomes, such as endurance, power, strength,
neuromuscular activity, flexibility, and knee stability [for young
healthy subjects, see for example (1–7); for elderly, see for
example (8–13), for review see (14)].

Balance and locomotion might also be improved by WBV
application, as quantified (i) with center of pressure (COP)
measures in static upright condition [for young healthy adults,
see for example (3, 15, 16); for elderly, see for example (17–20)],
and (ii) with commonly-used clinical tests such as the single-
leg-stance test, the Tinetti test, the Timed-Up-and-Go test, the
Berg Balance Scale, and the Limits of stability. However, it is
well-recognized that these classical clinical tests are subjective,
show ceiling effects, and are usually not responsive enough
to measure small progresses or deteriorations in a subject’s
ability to balance (21, 22). Mancini and Horak (22) further
stressed that the greatest limitation of this clinical approach to
rating balance is that it cannot specify what type of balance
problem a subject suffers in order to direct a treatment. Upright
balance maintenance during locomotor tasks is indeed a highly
complex task since it necessitates the coordination between
many complementary postural mechanisms, including dynamic
postural phenomena before the swing foot clearance (23–25), the
regulation of stance leg stiffness (26), the swing foot placement on
the support surface (27), the braking of center of mass fall (28–
30) etc. The investigation of these mechanisms [cf. description
below; see also (31) for a recent review] requires an in-depth
biomechanical analysis with force plate recordings. Such analysis
is not provided in the classical clinical tests reported above.
In fact, the classical clinical test, as Timed Up and Go test
for example, could be limited to determined individual risk
of falls in elderly (32). Furthermore, Topper et al. (33) show

that falls happened most frequently in elderly subjects scoring
poorly on clinical tests emphasizing transfer of quasi-static to
dynamic situations.

Gait initiation is a functional task that is classically used
in the literature as an experimental paradigm to investigate
how the central nervous system (CNS) controls balance in

dynamical conditions in both healthy adults [e.g., (31–35) for
recent articles] and pathological patients [e.g., (36–40) for recent

articles]. Gait initiation appears to be the major biomechanical

model, complementary to the classical clinical test, in order to
predict postural disorders in elderly fallers and non-fallers (41–
44). Therefore, it seems highly appropriate for an investigation
on the effects of WBV on dynamic balance. Gait initiation
corresponds to the transient period between static erect posture
and steady state walking (23–25). It can be divided into two
successive phases: a postural phase that precedes the onset of the
swing heel off (the so called “anticipatory postural adjustments”,

APA) followed by an execution phase that ends at the time of
swing foot contact (FC) with the ground.

During APA, the COP is shifted backward, creating the initial
forward propulsive forces that are necessary to reach the intended
center of mass (COM) velocity and step length (23, 25, 45). At
the same time, the COP is shifted laterally toward the swing
leg, which acts to propel the COM toward the stance leg (23,
26, 35, 46, 47). This anticipatory mediolateral postural dynamic
acts to attenuate the COM fall toward the swing leg during the
execution phase under gravity (26, 48, 49). It has therefore a
stabilizing function. In case mediolateral APA are not sufficient
to ensure stabilization, a strategy of lateral swing foot placement
that enlarges the base of support size has been documented
(27, 46, 47, 50, 51). The development of APA and the lateral
swing foot placement during locomotor tasks are known to be
dependent on somatosensory inputs from the lower limbs (52–
55). The perturbation of these inputs by the applications of WBV
might thus alter these two mechanisms and increase instability
and/or reduce motor performance.

In addition to mediolateral APA and lateral swing foot
placement, recent modeling study showed that increasing the
stance leg stiffness along the mediolateral direction would result
in a larger COM fall toward the swing leg side, thus leading
to an increased mediolateral instability. The application of
WBV may trigger a “tonic vibration reflex” (TVR) via the
activation of muscle spindles of the lower limbs (56, 57).
Although controversial (8, 58–60), this TVRmight potentially be
responsible for an increase in lower limbs stiffness and may thus
have a negative impact on stability.

Globally, this brief literature review suggests that WBV may
potentially perturb the balance control mechanisms involved
in gait initiation and may therefore induce instability. This
statement thus markedly contrasts with the results of the above-
reported clinical tests, which rather suggest that WBV may
be effective in improving relatively basic balance ability and
locomotion. Thus, the purpose of this study is to clarify the effects
of acute WBV application on the balance control mechanisms
during gait initiation in young healthy adults and elderly. It
is hypothesized that the balance control mechanisms at play
during gait initiation may compensate each other in case one
or several components are perturbed following acute WBV
application, so that postural stability and/or motor performance
can be maintained (or even improved). It is further hypothesized
that this capacity of adaptation is altered with aging, with a
consequent increased instability following WBV application.

METHODS

Participants
The study is a randomized investigation that includes 81 healthy
adults (i.e., 41 young and 40 elderly). The non-probability
convenience method is used, i.e., participants were randomly
assigned to one of the four following treatment groups using
the “envelope method” (see below): (1) 20 young adults (11
men and 9 women, mean age 25.3 ± 3.5 years, height 1.71 ±

0.05m and body-mass 71.4± 5.3 kg) were assigned to the Young
WBV training group (YWBV); (2) 21 matched young adults
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were assigned to the Young Sham Group (YSG) (11 men and
10 women, mean age 26.6 ± 4.2 years, height 1.74 ± 0.04m and
body-mass 72.1 ± 4.9 kg); (3) 20 elderly (9 men and 11 women,
mean age 83.5 ± 2.8 years, height 1.69 ± 0.06m and body-mass
70.4 ± 4.3 kg) were assigned to the Elderly WBV training group
(EWBV) and (4) 20matched elderly (9 men and 11 women, mean
age 84.2 ± 3.7 years, height 1.71 ± 0.07m and body-mass 71.7
± 3.9 kg) were assigned to the Elderly Sham Group (ESG; see
Table 1). In the “envelope method,” each participant chooses a
closed envelope in which his/her treatment group is indicated in
a code form. The participant does not have access to this code but
the experimenters do (single blinded condition).

The two WBV groups (young adults and elderly) received
a single WBV training and the two sham groups received a
placebo treatment (cf. below for description). As stated above,
participants were blinded to their allocation group. Participants
had no recent history of trauma, known metabolic disorders,
inflammatory infectious arthropathies, bone malignancies or
neurological disease. In addition, participants were all naïve
about WBV treatment. They all gave written consent after having
been informed of the nature and purpose of the experiment
which was approved by local ethics committees from the
CIAMS Research Unit, Equipe d’Accueil (EA) 4532. The study
complied with the standards established by the Declaration
of Helsinki and was assigned the following trial registration
number: 2017-002539-40.

Experimental Task and Conditions
Experiments took place in the Biomechanics laboratory of
the Paris-Saclay University located within the Kremlin-Bicêtre
Hospital (Paris, France). Physical conditions (room temperature
and time of the day) were common to all treatment groups, and
the same before/after the WBV treatment.

Participants initially stood barefoot in a natural upright
posture on a force plate (0.9 × 1.80m, AMTI, Watertown, USA)
embedded at the beginning of a 6m walkway track. The feet

TABLE 1 | Anthropometric data of subjects in both WBV and sham groups (young

adults and elderly).

Group Variables WBV group Sham group P-values

Young adults

(n = 41)

Women (n) 9 10 NS

Men (n) 11 11 NS

Age (years) 25.30 ± 3.50 26.6 ± 4.2 NS

Height (m) 1.71 ± 0.05 1.74 ± 0.04 NS

Body mass (kg) 71.40 ± 5.30 72.10 ± 4.90 NS

Elderly

(n = 40)

Women (n) 11 11 NS

Men (n) 9 9 NS

Age (years) 83.50 ± 2.80 84.20 ± 3.70 NS

Height (m) 1.69 ± 0.06 1.71 ± 0.07 NS

Body mass (kg) 70.40±4.30 71.70±3.90 NS

Reported values are means ± standard deviation.

NS, non-significant difference.

were shoulder-width apart, with the arms alongside the trunk
and the gaze directed forward to a small target at eye level (2 cm
diameter, 5m distant). The locations of the heel and big toe
of each foot in the initial posture were marked with sections
of adhesive tape placed on the force plate and were used as
a visual reference on which participants positioned themselves
under the supervision of the experimenters. From this initial
posture, participants performed two series of 10 gait initiation
trials: one series just before, and a second series immediately
after a specific treatment (pre- and post-treatment conditions,
respectively) depending on their group (WBV or sham). In both
pre- and post-treatment conditions, participants initiated gait
at a spontaneous velocity and at their own initiative following
an auditory signal delivered by the experimenter, and then
continued walking straight until the end of the track. Participants
initiated gait with their preferred leg in all trials. One blank trial
was provided in the pre-manipulation condition (not recorded)
to ensure that the instructions were well-understood by the
participant and that the material was operational. The rest time
was∼10 s between trials.

WBV and Placebo Treatment
For both the WBV group and the sham group, participants stood
upright on a vibration platform (referee Power Fitness Double
D R©) with knees flexed∼30◦ and barefoot. During the treatment,
knee angle was monitored on-line by both the subject him/herself
and the experimenters thanks to a visual feedback provided by the
signal of a monoaxial electrogoniometer (Biometrics R©) fixed on
the right leg. Participants were instructed to maintain the signal
within a 25–35 range degrees.

For both young adults and elderly, the WBV application
included four 45 s bouts of vibration, intercalated by 1min of
seated rest without vibration between bouts (61–63). Vibrations
were delivered by the vibration platform at a frequency of
50Hz [this frequency is known to enhance locomotor task and
intralimb coordination (61)] with a vertical displacement of
2mm and a 2 g acceleration.

The sham group received a treatment that followed exactly
the same procedure as the WBV group except that no “real”
vibrations were applied to participants. In order to maintain the
most realistic placebo conditions as possible, participants were
instructed by an experimenter that they could not physically feel
the vibrations because they were too small to be sensed.

Mechanical Model
The same mechanical model as in a previous study was used to
determine the stance leg stiffness along themediolateral direction
during the execution phase of gait initiation [for details on this
model and the related equations of motion, see (26)]. In brief, the
human body was modeled as a single conic inverted pendulum
which rotates around a fixed point corresponding to the stance
ankle. It was considered that the COM falls laterally under the
influence of two forces: the gravity force P =mg (where m is the
mass of the whole body, and g is the gravitational acceleration)
and an elastic restoring mediolateral force T (in Newtons) that
reflects active muscular control of the movement (64, 65), with
T = k|yM| where k is the stance leg stiffness (Newtons/meter)
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and |yM| is the absolute value of the mediolateral COM shift (in
meters), systematically oriented toward the swing leg (positive
values) during the execution phase. The initial position and
velocity of the cone corresponded to the position and velocity of
the participant’s COM at toe off.

Raw Data
Force-plate data were low-pass filtered using a second order
Butterworth filter with a 10Hz (30) cut-off frequency. The
mediolateral (yp) and anteroposterior (xp) coordinates of the
COP (in meters) were computed from force-plate data as follows:

yp =
Mx+ Fy× dz

Fz
(1)

xp =
−My+ Fx× dz

Fz
(2)

where Mx and My are the moments (in Newtons.meters)
around the anteroposterior and mediolateral axes (at the force-
plate origin), respectively; Fx, Fy, and Fz (in Newtons) are
the mediolateral, anteroposterior, and vertical ground reaction
forces, respectively; and dz (in meters) is the distance between
the surface of the force-plate and its origin which is located below
this surface.

Instantaneous COM acceleration along the anteroposterior
and mediolateral axes was determined from the ground reaction
forces according to the Newton’s second law. COM velocity
and displacement were computed by successive numerical
integrations of COM acceleration using the rectangles method
(66) and integration constants equal to zero, i.e., initial velocity
and displacement null (23).

Experimental Dependent Variables
The biomechanical traces and the representations of the main
experimental variables obtained for one representative young
subject of the WBV group initiating gait (one trial) in the pre-
treatment condition and post-treatment condition are presented
in the Figure 2. The following instants were determined from
the biomechanical traces: gait initiation onset (t0), swing heel-
off, swing toe-off, swing foot-contact, and rear foot-off. These
instants were determined from force-plate data (23, 67, 68). Two
t0 times were estimated, one for the mediolateral axis and one
for the anteroposterior axis. The t0 times corresponded to the
instants when the mediolateral or anteroposterior COP trace
deviated 2.5 standard deviations from its baseline value.

The mediolateral and anteroposterior COM position in the
initial upright static posture were estimated by averaging the
COP position during the 250ms period preceding the “all set”
signal. Gait initiation was divided into APA (from t0 to heel-off),
swing foot-lift (from heel-off to toe-off), and execution phase
(from toe-off to foot-contact). The duration of APA along the
mediolateral and anteroposterior axes were computed separately,
because the t0 times for these two axes do not necessarily occur
simultaneously. The amplitude of APA was characterized by the
peaks of the backward and mediolateral COP shift obtained
during the APA time window. COM velocity and displacement
along the mediolateral and anteroposterior axes were quantified
at heel-off and foot-contact.

The spatiotemporal features of gait performance during
the execution phase included: the swing phase duration, the
anteroposterior COM velocity at foot-contact (progression
velocity), and the step length. Step length corresponds to the
difference between the most backward COP position during gait
initiation and the COP position at the time of rear foot-off (69).
Rear foot off time was marked with the mediolateral COP trace.

The spatiotemporal features of postural stability during the
execution phase included: the step width, the ML COM position
at FC, the ML COM velocity at FC and the margin of stability
(MOS). An adaptation of the MOS introduced by Hof et al.
(70) was used to quantify the mediolateral dynamic stability
at foot-contact (thereafter referred to as “stability”). The MOS
corresponds to the difference between the mediolateral boundary
of the base of support (BOSymax, in meters) and the mediolateral
position of the “extrapolated COM” at swing foot-contact
(yCOMFC, in meters). Thus:

MOS = BOSymax−y COMFC (3)

Participants systematically landed on the force-plate with the
swing heel first, then the toe. Under such foot landing strategy, it
is known that BOSymax could be estimated with the mediolateral
COP position at the time of rear foot-off (69, 71). Based on the
study by Hof et al. (70) and the results from our previous studies
(26, 27, 69, 71, 72) the mediolateral position of the extrapolated
COM at foot-contact (yCOMFC) was calculated as follows:

yCOMFC = yMFC +
y′MFC

ω0
(4)

where yMFC and y’MFC are respectively the mediolateral
COM position (in meters) and velocity at foot-contact (in
meters/second), and ω0 is the eigenfrequency of the body (Hz),
modeled as an inverted pendulum and calculated as follows:

ω0 =

√

g

l
(5)

where g = 9.81 m/s2 is the gravitational acceleration and
l is the length of the inverted pendulum, which in this
study corresponded to 57.5% of body height (73). Mediolateral
dynamic stability at foot-contact is preserved on the condition
that yCOMFC is within BOSymax, which corresponds to
a positive MOS. A negative MOS indicates a mediolateral
instability and implies that a corrective action is required to
maintain balance. Hence, variables related to the mediolateral
stability included the MOS and its components, i.e., step width,
mediolateral COM velocity and position at swing foot-contact.
Step width corresponds to the difference between the most lateral
position of the mediolateral COP trace obtained during the first
plateau of the trace and themediolateral COP position at the time
of rear foot-off (69).

Statistics
Mean values and standard deviations were calculated for each
variable in each condition. The normality of data was checked
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using the Kolmogorov–Smirnov test and the homogeneity of
variances was checked using the Bartlett test. Repeated measures
(RM) ANOVAs with the treatment (pre-treatment condition
vs. post-treatment condition) as within subject factor and the
group (sham group vs. WBV group) as between subjects’ factor
were used on each experimental variable. Because this research
focuses on the effect of WBV application on gait initiation
in young and elderly adults, merely than on the effects of
age on gait initiation, the RM ANOVAs were conducted for
young and elderly adults taken separately. When necessary, a
significant outcome was followed-up with the Tukey post-hoc

test. Finally, linear correlation between variables was assessed
with the Pearson coefficient r. The threshold of significance was
set at p < 0.05.

RESULTS

Biomechanical Traces
The time course of the biomechanical traces was globally similar
in the two groups (young adults and elderly) and in the different
treatment conditions (WBV and sham). The traces obtained in
a representative young adult subject, before and after the WBV
treatment, are reported in the Figure 1.

As can be seen from this figure, swing heel off was
systematically preceded by postural dynamics that corresponded
to APA. During these APA, the COP displacement reached a
peak value in a backward direction (see the negative variation of
the xP trace) and toward the swing leg side (negative variation
of the yP trace), while the COM velocity was directed forwards
(positive variation of the x’M trace) and toward the stance leg
side (positive variation of the y’M trace). The mediolateral COM
velocity trace reached a first peak value toward the stance leg
side at around heel off. This trace, then fell toward the swing
leg side and a second peak value toward this side was reached
a few milliseconds after foot contact. The anteroposterior COM
velocity increased progressively until it reached a peak value a
fewmilliseconds after swing foot contact. The mediolateral COM
shift trace was bell-shaped and reached a peak value toward
the stance leg side at the beginning of the swing phase, while
the anteroposterior COM was continuously shifted forward (see
Figure 2). Differences across the conditions are reported in the
paragraphs below.

Initial Posture, Anticipatory Postural
Adjustments, and Foot-Lift Phase
In both the young adults and the elderly, no baseline differences
were found between the WBV and sham groups (p > 0.05) for all
the variables (see Table 2).

In both the young adults and the elderly, statistical analysis
showed that there was no significant effect of the group (sham
group vs. WBV group) or treatment (pre-treatment condition
vs. post-treatment condition) nor any significant interaction
between these two factors on the initial COM position along the
mediolateral or anteroposterior direction.

In the elderly, there was also no significant effect of the
group or treatment nor any significant interaction between these
two factors on the spatiotemporal parameters of APA along

FIGURE 1 | Typical biomechanical traces and representation of the main

experimental variables obtained in one young adult of the WBV group initiating

gait in the pre and post treatment condition. Anteroposterior (AP) direction (x

axis): x′M: center of mass (COM) velocity; x′MTO and x′MFC: COM velocity at

toe off and foot contact. xM: COM displacement; xMTO and xMFC: COM

displacement at toe off and foot contact; xP: center of pressure (COP)

displacement; xPmax: peak of COP displacement during the anticipatory

postural adjustments; F: forward; B: backward. Mediolateral (ML) direction (x

axis): y′M: COM velocity; y′MTO and y′MFC: COM velocity at toe off and foot

contact; yM: COM displacement; yMTO and yMFC: COM displacement at toe

off and foot contact; yP: COP displacement; yPmax: peak of COP

displacement during the APA; ST: stance limb; SW: swing limb. Vertical

dashed lines t0: onset variation of biomechanical traces; HO: swing heel off;

TO: swing toe off; FC: swing foot contact. Horizontal arrows: APA: anticipatory

postural adjustments phase; FL: foot lift phase; swing: execution phase.

the mediolateral or anteroposterior direction (APA duration,
peak COP shift, COM shift, and velocity at heel-off), nor on
the swing foot-lift phase duration. In contrast, in the young
adults, there was a significant effect of the treatment [F(1, 39)
= 17.94, p < 0.001] on the mediolateral peak of anticipatory
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COP shift, along with a significant group X treatment interaction
[F(1, 39) = 8.83, p < 0.01]. Similarly, there was a significant
effect of the treatment [F(1, 39) = 8.89, p < 0.01], along with
a significant group X treatment interaction [F(1, 39) = 4.38,
p = 0.04] on the mediolateral COM velocity at heel-off.
Post-hoc analysis further revealed that these two interactions
could be ascribed to the result that none of these two APA
related-parameters were significantly different between the pre
and post-treatment condition for the sham group, while both
were significantly larger in the post-treatment condition than
in the pre-treatment condition for the WBV group (p <

0.001 for the mediolateral peak of anticipatory COP shift

FIGURE 2 | Linear regression between normalized medio-lateral peak

anticipatory center-of-pressure (COP) shift and the normalized medio-lateral

stance leg stiffness in the WBV condition. Each point represents the average

value of subjects in the WBV condition (r = 0.61, p < 0.01).

and p < 0.05 for the mediolateral COM velocity at heel-off;
cf. Table 2).

Motor Performance
In both the young adults and the elderly, no baseline differences
were found between the WBV and sham groups (p > 0.05) for all
the variables (see Table 3).

In both the young adults and the elderly, statistical analysis
showed that there was no significant main effect of the group or
treatment nor significant interaction between these two factors
on the execution phase duration, step length, and progression
velocity at foot contact.

Stability
In both the young adults and the elderly, no baseline differences
were found between the WBV and sham groups (p > 0.05) for all
the variables (cf. Table 3).

In the elderly, statistical analysis showed that there was no
significant effect of the group or treatment nor any significant
interaction between these two factors on the MOS and related
components (i.e., step width, mediolateral COM position, and
velocity at foot-contact). In contrast, in the young adults,
there was a significant effect of the treatment, along with
a significant group X treatment interaction on the following
variables: MOS [F(1, 39) = 5.14, p = 0.03; F(1, 39) = 5.62, p
= 0.02, respectively], mediolateral COM position [F(1, 39) =

7.32, p = 0.01, F(1, 39) = 5.19, p = 0.03, respectively], and
mediolateral COM velocity at foot-contact [F(1, 39) = 10.14,
p < 0.01, F(1, 39) = 4.51, p = 0.04; respectively]. Post-hoc

analysis further revealed that these interactions could be ascribed
to the result that none of these variables were significantly
different between the pre and the post-treatment condition for

TABLE 2 | Comparison of APA and foot lift parameters between the pre- and post-treatment condition in the WBV and sham group (young adults and elderly).

APA and Foot lift phase WBV group Sham group Group X treatment interaction

Variables Pre-treatment Post-treatment Pre-treatment Post-treatment P-values

Young adults AP COP shift (cm) 4.94 ± 1.51 5.29 ± 1.23 5.44 ± 1.37 5.52 ± 1.41 NS

ML COP shift(cm) 4.61 ± 2.17 5.35 ± 2.09*** 4.99 ± 1.27 5.12 ± 1.43 <0.001

AP APA duration (s) 0.05 ± 0.11 0.47 ± 0.01 0.51 ± 0.10 0.50 ± 0.09 NS

ML APA duration (s) 0.45 ± 0.08 0.47 ± 0.09 0.49 ± 0.01 0.45 ± 0.07 NS

Foot lift duration (s) 0.12 ± 0.02 0.12 ± 0.03 0.14 ± 0.04 0.13 ± 0.04 NS

AP COM velocity at HO (m/s) 0.21 ± 0.04 0.22 ± 0.05 0.23 ± 0.04 0.22 ± 0.04 NS

ML COM velocity at HO (m/s) 0.14 ± 0.04 0.15 ± 0.04** 0.15 ± 0.02 0.15 ± 0.03 0.04

Elderly AP COP shift (cm) 4.53 ± 1.23 5.03 ± 1.32 4.69 ± 0.64 4.95 ± 1.27 NS

ML COP shift(cm) 4.21 ± 1.55 4.48 ± 1.63 4.85 ± 1.53 5.05 ± 1.88 NS

AP APA duration (s) 0.40 ± 0.09 0.36 ± 0.06 0.38 ± 0.06 0.36 ± 0.05 NS

ML APA duration (s) 0.39 ± 0.09 0.37 ± 0.05 0.36 ± 0.05 0.37 ± 0.05 NS

Foot lift duration (s) 0.14 ± 0.02 0.14 ± 0.02 0.14 ± 0.02 0.14 ± 0.04 NS

AP COM velocity at HO (m/s) 0.15 ± 0.05 0.16 ± 0.05 0.14 ± 0.03 0.15 ± 0.05 NS

ML COM velocity at HO (m/s) 0.11 ± 0.04 0.11 ± 0.03 0.12 ± 0.04 0.12 ± 0.04 NS

Reported values are means ± standard deviation. APA, anticipatory postural adjustments; COM, center of mass; COP, center of pressure; AP, anteroposterior; ML, mediolateral; HO,

heel off; NS, non-significant interaction. *, **, ***Significant difference between the pre and post-treatment condition as revealed with the Tukey post-hoc test, with P < 0.05, P < 0.01,

and P < 0.001, respectively.
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TABLE 3 | Comparison of motor performance, stability and stiffness parameters between the pre- and post-treatment condition in the WBV and sham group (young

adults and elderly).

Motor performance,

stability and stiffness

WBV group Sham group Group X treatment

interaction

Variables Before After Before After P-values

Young adults Swing phase duration (s) 0.12 ± 0.02 0.13 ± 0.03 0.14 ± 0.04 0.14 ± 0.04 NS

Step length (cm) 67.94 ± 6.43 67.89 ± 6.74 70.32 ± 8.61 70.68 ± 7.45 NS

AP COM velocity at FC (m/s) 0.96 ± 0.01 0.98 ± 0.09 1.01 ± 0.12 1.02 ± 0.11 NS

Step width (cm) 17.11 ± 4.03 17.07 ± 4.09 18.12 ± 4.57 17.52 ± 4.19 NS

ML COM position at FC (cm) 3.56 ± 2.80 4.52 ± 2.11** 3.85 ± 2.27 3.93 ± 2.31 0.03

ML COM velocity at FC (m/s) −0.14 ± 0.05 −0.12 ± 0.04** −0.15 ± 0.03 −0.14 ± 0.03 0.04

Margin of stability (cm) 4.74 ± 3.43 5.76 ± 2.56* 5.79 ± 2.65 5.77 ± 2.48 0.02

Stiffness 835.10 ± 355.40 975.62 ± 290.11* 973.32 ± 293.83 972.98 ± 328.87 0.04

Elderly Swing phase duration (s) 0.14 ± 0.02 0.14 ± 0.04 0.14 ± 0.02 0.14 ± 0.04 NS

Step length (cm) 52.74 ± 10.19 53.89 ± 8.35 52.74 ± 10.32 54.39 ± 9.20 NS

AP COM velocity at FC (m/s) 0.74 ± 0.17 0.78 ± 0.11 0.76 ± 0.14 0.79 ± 0.11 NS

Step width (cm) 16.84 ± 2.44 17.17 ± 2.77 17.49 ± 4.42 18.10 ± 4.96 NS

ML COM position at FC (cm) 6.32 ± 5.19 5.98 ± 4.84 6.38 ± 6.34 6.11 ± 5.66 NS

ML COM velocity at HC (m/s) −0.13 ± 0.03 −0.14 ± 0.03 −0.14 ± 0.04 −0.15 ± 0.05 NS

Margin of stability (cm) 5.98 ± 1.72 5.18 ± 2.21 6.38 ± 2.24 5.59 ± 2.58 NS

Stiffness 1061.90 ± 145.99 1006.45 ± 221.21 1208.88 ± 389.14 1208.33 ± 508.51 NS

Reported values are means± standard deviation. COM, center of mass; COP, center of pressure; AP, anteroposterior; ML, mediolateral; FC, foot contact; NS, non-significant interaction.

*, **, ***Significant difference between the pre and post-treatment condition as revealed with the Tukey post-hoc test, with P < 0.05, P < 0.01, and P < 0.001, respectively.

the sham group, while they were statistically different for the
WBV group. Specifically, the mediolateral COM position (p
< 0.01) and the mediolateral COM velocity at foot-contact (p
< 0.01) were both significantly smaller in the post-treatment
condition than in the pre-treatment condition for the WBV
group, while the MOS was significantly larger (p < 0.05;
cf. Table 3).

Stance Leg Stiffness
In both the young adults and the elderly, no baseline difference
was found between the WBV and sham groups (p > 0.05; cf.
Table 3). In the elderly, statistical analysis showed that there
was no significant effect of the group or treatment nor any
significant interaction between these two factors on the leg
stiffness. In contrast, in the young adults, there was a significant
effect of the treatment [F(1, 39) = 4.15, p < 0.05) along with
a significant group X treatment interaction [F(1, 39) = 4.19, p
= 0.04] on this variable. Post-hoc analysis further revealed that
this interaction could be ascribed to the result that leg stiffness
was not significantly different between the pre and the post-
treatment condition for the sham group, while it was statistically
larger for the WBV group (p < 0.05). In addition, results
showed that, in the WBV group post-treatment condition, the
stance leg stiffness in young adults was significantly correlated
with the amplitude of mediolateral APA (r = 0.61, p <

0.01), i.e., the larger the leg stiffness, the larger the COP
shift (Figure 2).

DISCUSSION

In the paragraph that follows, the coherence of biomechanical
data and their implication in terms of advanced postural control
knowledge in young adults and elderly are discussed.

Effect of Acute WBV Application on APA in
Young Adults
In young adults, results showed that the amplitude of the
mediolateral APA, expressed in terms of peak COP shift, was
increased in the WBV group post-treatment. The difference
between the pre- and the post-treatment condition reached up
to 16.1%, which may be considered as clinically significant.
The result that no difference was observed between the pre-
treatment and the post-treatment condition in the sham group
discards a placebo or a practice effect due to the repetition
of the task. The increased mediolateral APA could neither
be ascribed to an increase in the progression velocity (27)
or to an increase in the duration of the execution phase of
gait initiation (26, 46, 47, 72). Results indeed showed that
there was no significant effect of the WBV application on
these two parameters. In contrast to the mediolateral APA
amplitude, the mediolateral APA duration did not change in
the WBV group post-treatment. Participants were therefore
able to generate larger APA within the same duration, i.e., the
APA efficacy was increased post-treatment. In line with this
statement, results showed that the mediolateral COM velocity
at the time of swing foot-off, which is known to depend on
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the spatiotemporal parameters of APA (27, 72), was larger
following the WBV application. As this initial COM velocity
is directed toward the stance leg, it acts to minimize the
COM fall in the opposite direction (i.e., toward the swing leg)
during the execution phase under the gravity effect (26, 49).
The stabilizing function of APA was thus improved by acute
WBV application.

The spatiotemporal parameters of APA are also known to
be dependent on the somatosensory inputs arising from the
lower limbs and trunk (52–55, 74–78). One can therefore wonder
whether the positive effect on APA amplitude reported in this
study could be ascribed to a change in the somatosensory
inputs induced by the WBV application. While the current
literature on healthy subjects repeatedly reported a detrimental
effect of acute WBV application on the cutaneous lower limbs
sensitivity (16, 79–81), it seems that acute WBV application
does not influence lower limbs and trunk proprioception (17,
80–83); note that a detrimental effect on trunk proprioception
was reported by Li et al. (84). Now, plantar sensitivity and
limb proprioception were not investigated in the present study.
However, an alteration of these inputs in the WBV group post-
treatment (if any) may likely not be responsible for the changes
in the mediolateral APA amplitude reported in the present study.
For example, Lin and Yang (85) showed that the amplitude
and the duration of mediolateral APA for gait initiation were
both reduced (and not increased or unchanged, respectively, as
in the present study) following plantar desensitization induced
by cold water immersion. A decrease in the mediolateral
APA for stepping was also reported when the ankle muscles
acting in the mediolateral direction were vibrated to induce
alteration of the proprioceptive afferent inflow from Ia fibers
(53). In the present study, participants were exposed to WBV
but, because of the standing posture with the feet on the
vibrating force-plate, the ankle muscles were strongly submitted
to the vibrations as in this latter study. The authors proposed
that the proprioceptive information induced by vibration and
afferent inflow related to body movement exaggerated sense
of movement at the ankle. This biased perception led to a
decrease in the APA spatiotemporal features. Similarly, a decrease
in the postural response during balance recovery following
cutaneous and muscular deafferentation experimentally induced
by foot anesthesia and leg ischemia, respectively, was reported
by Thoumie and Do (77). Finally, proprioceptive perturbation
induced by experimental pain applied to the tibialis anterior
(86) or acute fatigue of the same ankle muscles (78) were
both shown to induce a decrease in the APA amplitude for
gait initiation.

Globally, the above mentioned studies suggest that the
increased mediolateral APA observed in the present research
could probably not be ascribed to an (eventual) alteration of
the somatosensory inputs induced by acute WBV application.
Although not measured in these latter studies, it is possible
that a major difference between these studies and the present
one lays in the changes in the leg stiffness post-treatment.
The stance leg stiffness was indeed increased by 16.8% during
the execution phase of gait initiation following the WBV
application, which may not be the case in the above mentioned

studies due to the different treatments. In the following
paragraph, it is argued that this change in the mechanical
feature of the stance leg might be responsible for the increased
mediolateral APA.

Effect of Acute WBV Application on Stance

Leg Stiffness and Relationship With APA

and Stability in Young Adults
As for APA, the increased stance leg stiffness observed in
the WBV group post-treatment could not be ascribed to a
placebo or a practice effect since no change in this parameter
could be detected in the sham group pre-treatment vs. post-
treatment. This increased leg stiffness might possibly be
related to a “TVR” induced by the activation of leg muscle
spindles sensitive to vibrations (56, 57). The effect of WBV
on limb stiffness is however controversial in the literature.
In human, no effect of acute WBV on stiffness has been
reported on patellar tendon (87), hamstring, quadriceps (88),
and triceps surae (89) and in lower limbs during hoping
(90). In contrast, WBV has been shown to increase area and
stiffness of the flexor carpi ulnaris tendon in rats (91) and
in the Achille tendon of older women (8). Colson and Petit
(90) concluded that further studies should be undertaken to
ascertain the effectiveness of WBV on lower limbs stiffness.
It is possible that the effect of acute WBV application on
muscle stiffness depends on the task to be done and the
muscle tested (and particularly its content in spindles), but
also on the mechanical features of the vibrations (amplitude,
frequency, duration).

Whatever its origin, previous modeling study showed that
increasing stance leg stiffness has the potential to induce
instability during gait initiation (26). The current results showed
that acute WBV application induced two opposite effects on
postural stabilization: a stabilizing effect via an increase in the
mediolateral APA amplitude, and a destabilizing effect via an
increase in stance leg stiffness. Results showed that the combined
action of these two opposite effects resulted in an increased
stability during gait initiation, as assessed with the larger
mediolateral margin of stability post-treatment. This increase
reached 21.4%, which can be considered as clinically relevant.
This finding suggests that the negative effect of WBV application
on leg stiffness and on related-stability was (over)compensated
by the larger mediolateral APA. Furthermore, results showed that
these two balance control parameters were positively correlated,
i.e., the larger the stance leg stiffness, the larger the mediolateral
APA amplitude. Based on these findings, the authors propose
that the increased stance leg stiffness induced by the WBV
application was taken into account in the programming of the
mediolateral APA. In this hypothesis, WBV application would
induce a postural constraint in the form of an increased stance
leg stiffness requiring motor adaptation to maintain stability.
This interpretation is in agreement with the hypothesis that
balance control mechanisms are interdependent within the
postural system, i.e., they may compensate each other in case
one component (here the leg stiffness) is perturbed (31, 92–
94). This interdependence would be necessary to maintain an
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optimal control of stability in situations where a constraint is
applied to the postural system. This statement is supported by
recent studies. For example, during stepping over an obstacle in
reaction to sudden force-plate translation, Zettel et al. (46, 47)
reported that the drastic reduction of the mediolateral APA
amplitude due to the urgency to clear the swing foot from the
support surface did not result in a greater instability because
it was compensated by larger step width, which corresponds to
another form of balance control mechanism. In the same vein,
Artico et al. (94) reported that the amplitude of mediolateral
APA for gait initiation with the goal to clear an obstacle
depended on whether participants had to strike the ground with
a “rear foot strategy” (where the swing heel strikes first, RFS)
or a “forefoot strategy” (where the toe strikes first, FFS). More
specifically, it was found that the amplitude of the mediolateral
APA was lower in the FFS than in the RFS condition. Striking
the support surface with the toe first mechanically enlarged by
a few centimeters the mediolateral base of support compared
to striking with the heel first, thus making the control of
stability in the final posture easier. As a consequence, the
need to develop large mediolateral APA was lessened in the
FFS condition as compared to the RFS condition to maintain
stability. Because APA has an energy cost (46, 47, 95, 96),
it was proposed that the CNS would reduce them in the
former condition for economical purpose. Similar statement
was proposed to explain why APA for upper limb task are
depressed when the postural stability is made higher by an
additional thoracic support (97). The mediolateral APA would
be programmed according to the swing foot strike strategy
and related-stability, thus revealing an interdependence between
these two mechanisms. Globally, the current results thus add to
the growing evidence that dynamic stability during gait initiation
may share a principle of homeostatic-like regulation similar to
most physiological variables, where separate mechanisms need
to be coordinated to ensure stabilization of vital variables, here
postural stability (31).

Effects of Acute WBV on Postural

Organization of Gait Initiation in the Elderly
In contrast to young adults, no significant effects of acute WBV
application for any of the biomechanical variables recorded was
observed in the elderly. This finding may a priori contrast with
current literature that instead tends to show a beneficial effect
of WBV application on postural control in static position and
on various clinical locomotor tests [for review (98)]. Now, it
is noteworthy that these latter studies used long-term WBV
treatments and not single bout as in the present study. It is
therefore not excluded that long-term WBV application would
result in dynamic stability improvement in the elderly. The
result that no increase in stance leg stiffness was observed in
the WBV group post-treatment may possibly be ascribed to
the progressive alteration with aging in the central structures
(e.g., spinal motoneurons) (99, 100), somatosensory receptors
of the lower limbs (e.g., spindles and mechanoreceptors of the

plantar foot sole) (101, 102), and/or sensory-motor pathways
involved in the TVR reflex (103). This alteration would
make elderly’s stance leg stiffness less sensitive to acute WBV
application than young adults. As a consequence, no motor
adaptation e.g., in the form of larger APA or larger step
width would be required to maintain stability since it was no
further challenged by the WBV application. The current results
however suggest that studies focusing on the effects of long-term
WBV application in elderly should take into consideration the
possibility that leg stiffness may be increased by this treatment.
In case participants are not able to develop motor adaptation,
instability may occur during locomotor tasks with increasing
risks of falls.

CONCLUSION

The present results showed that the effects of acute WBV
application on the postural organization of gait initiation depend
on the age of participants. In young healthy adults, a positive
effect was observed on dynamic stability, while no effect was
observed in the elderly. The positive effect was ascribed to an
increase in the mediolateral APA following WBV application
which overcompensated the potentially destabilizing effect of
the increased stance leg stiffness. WBV application may thus
be efficient to improve dynamic stability but at the condition
that participants are able to develop adaptive changes in balance
control mechanisms. In elderly, no anticipatory (nor corrective)
postural adaptation was required since acute WBV application
did not elicit change in the stance leg stiffness. Globally, the
present finding is therefore in agreement with the hypothesis
that balance control mechanisms are interdependent within the
postural system, i.e., they may compensate each other in case one
component (here the leg stiffness) is perturbed.
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3.2. Effets des étirements musculaires sur la marche et 

l’initiation de la marche 

 

3.2.1. Effets à long terme des étirements musculaires sur la marche : 

revue systématique de la littérature et méta-analyse 

 

Cette étude a donné lieu à la publication ci-dessous :  

Vialleron T, Delafontaine A, Ditcharles S, Fourcade P, Yiou E (2020). Effects of stretching 

exercises on human gait: a systematic review and meta-analysis. F1000Res 13; 9: 984 

Doi: 10.12688/f1000research.25570.2. 
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Abstract 
Background: Stretching is commonly used in physical therapy as a 
rehabilitation tool to improve range of motion and motor function. 
However, is stretching an efficient method to improve gait, and if so, 
for which patient category? 
Methods: A systematic review of randomized and non-randomized 
controlled trials with meta-analysis was conducted using relevant 
databases. Every patient category and every type of stretching 
programs were included without multicomponent programs. Data 
were meta-analysed where possible. Estimates of effect sizes 
(reported as standard mean difference (SMD)) with their respective 
95% confidence interval (95% CI) were reported for each outcome. The 
PEDro scale was used for the quality assessment. 
Results: Twelve studies were included in the analysis. Stretching 
improved gait performance as assessed by walking speed and stride 
length only in a study with a frail elderly population, with small effect 
sizes (both SMD= 0.49; 95% CI: 0.03, 0.96; PEDro score: 3/10). The total 
distance and the continuous walking distance of the six-minute 
walking test were also improved only in a study in an elderly 
population who had symptomatic peripheral artery disease, with large 
effect sizes (SMD= 1.56; 95% CI: 0.66, 2.45 and SMD= 3.05; 95% CI: 
1.86, 4.23, respectively; PEDro score: 5/10). The results were 
conflicting in healthy older adults or no benefit was found for most of 
the performance, spatiotemporal, kinetic and angular related 
variables. Only one study (PEDro score: 6/10) showed improvements 
in stance phase duration (SMD=-1.92; 95% CI: -3.04, -0.81), swing 
phase duration (SMD=1.92; 95 CI: 0.81, 3.04), double support phase 
duration (SMD= -1.69; 95% CI: -2.76, -0.62) and step length (SMD=1.37; 
95% CI: 0.36, 2.38) with large effect sizes. 
Conclusions: There is no strong evidence supporting the beneficial 
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Introduction
Gait is the medical term used to describe the human whole 

body movement of walking1. Gait involves internal and external 

forces that act on the body to move the center of mass (COM) 

across a given distance2. It depends on many biomechanical 

features that can be observed during gait analysis such as center 

of mass shift, joint range of motion (ROM), forces, muscle  

activity, joint moments, and joint powers3. Spatiotempo-

ral features (e.g. velocity, step length, stride length, step with, 

step variability) and kinematics parameters (ROM) can be 

observed subjectively with functional evaluations by clinicians  

(e.g. the Tinetti test4 or the timed up and go test5), but, it 

can be further objectified with biomechanical analysis in a  

laboratory2. Kinetics variables (the forces that cause the body 

to move) must be collected in a laboratory environment with  

force plates (e.g. 6–9 for recent studies that used this technic).

Gait is a highly complex motor skill that is classically consid-

ered as an integrative measure and a predictor of health in older 

adults (e.g. 10; cf. 11 and also 12 for recent research topics on this 

matter). The loss of gait or its alteration with pathological condi-

tions are known to be related to mortality, especially in the elderly  

(e.g. 13,14), stressing the importance of addressing gait disor-

ders in physiotherapy. Gait requires body propulsion and balance  

control for safe progression, two “subtasks” that require the  

coordination of multiple skeletal muscles and the integration 

of sensory information arising from the vestibular, visual and  

somatosensory systems15–17. As such, gait may expose populations 

with sensory or motor deficits to the risk of falling with  

serious consequences for health and autonomy. For these rea-

sons, improving gait is a major aim in rehabilitation for most  

neurological/orthopaedic disorders, such as stroke or Parkinson’s 

disease, and for frail older adults. Various therapeutic methods  

have been used to improve gait, such as resistance training18,  

endurance training19, balance training20, whole body vibrations  

(for a complete review, see Fischer et al., 201921), multi- 

component exercise programs22 and stretching23.

The successful completion of numerous daily life activi-

ties is conditioned by the ability to move efficiently through 

a sufficient ROM24. Recent studies on gait initiation25–27 and  

seat-to-stand task28,29 showed that the experimental restric-

tion of postural chain ROM induced by orthosis wear in young 

healthy adults led to instability and lower motor performance. 

It is well established that ROM significantly decreases with  

aging30–35 and more generally with reduced functional demand 

(e.g. sedentarity, immobilization, disease etc.)24. Consequently, 

stretching has become an important part of many sport and 

rehabilitation programs to maintain or improve ROM, reduce 

stiffness and promote physical activity. This method has been 

applied in older adults36,37, patients with stroke38, Parkinson’s 

disease39, multiple sclerosis40, plantar fasciitis41 and spastic  

paraplegia42, for example. In sport programs, the influence of 

stretching on motor performance remains an issue of debate, 

although recent reviews conclude that maximal muscle per-

formance (e.g. force, power, jump height, reaction time, etc.) is 

impaired primarily immediately after long durations of stretch  

(>90 seconds)43,44. To date, no review has collected results on 

the relationship between  stretching and locomotor performance  

in rehabilitation programs.

Hence, the purpose of this article is to analyse the effects 

of a stretching program on gait in each patient category by 

means of a systematic literature review and meta-analysis,  

comparing the gait outcomes of the intervention groups with 

the control groups. It will contribute to provide evidence-based 

practice from scientific data in order to integrate stretching in  

rehabilitation programs in a reasoned manner.

Methods
Design and literature screening
The Preferred Reporting Items for Systematic Reviews and 

Meta-Analyses (PRISMA) methodology was employed in this  

systematic review45. A completed PRISMA checklist was  

submitted to an online repository (Reporting guidelines).

PubMed, Science Direct, Springer and Sage databases were 

used for a comprehensive systematic literature search for  

articles published prior to 28 April 2020 with no time limit.  

In addition, a manual search was conducted using the reference  

list of selected studies. The keywords used for the search  

strategy in PubMed were: “stretching” AND (gait OR walk).  

We included only articles published in English or French.

The selection procedure was conducted by two experts in reha-

bilitation (TV and AD). Disagreements were discussed with 

a third expert in a group until a mutual consensus was reached.  

First, a review was performed on all available titles obtained 

from the literature search with the selected keywords. All  

relevant or potentially relevant titles were included in the subse-

quent phase. Then, the abstracts were reviewed with all relevant  

or potential articles included in the following phase. Finally,  

full-text articles were reviewed to ensure that only relevant 

studies were included. In the same way, reference lists of all  

included articles were reviewed to possibly include articles  

through cross-referencing.

Inclusion and exclusion criteria
We included randomized controlled trials (RCT) and control-

led clinical trials (CCT) published in peer-reviewed journals that 

aimed to explore the effects of stretching on gait parameters.  

      Amendments from Version 1

We have added a whole paragraph at the beginning of the 
introduction section to specify how gait can be related to the 
different variables seen in the review.

No article in children with cerebral palsy fitted our inclusion 
criteria during the systematic search of the literature.  We have 
added a whole paragraph in a specific section “limitations of the 
study” for explain it.

We have added some precisions in the discussion section 
(healthy older adults paragraph) to specify how we have limited 
the risk of bias.

We have added some precisions in the discussion section (young 
adults paragraph) to specify why stretching is less interesting to 
improve gait parameters in young healthy adults.

 Any further responses from the reviewers can be found at 
the end of the article

REVISED
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We included all categories of subjects, all stretching techniques 

and different durations of treatment since standardized proto-

cols are lacking in the purpose of the present study. Gait could  

be evaluated by functional tests, electromyographic (EMG) or 

biomechanical analysis. The following exclusion criteria were 

used: lack of gait assessment, non-application of muscle stretch-

ing, multimodal exercise programs, no control group, case  

report and review.

Data extraction and main measurements examined
Data were extracted from the selected articles by one of the 

authors (TV). The extracted data were checked by another author  

(AD) and disagreements were resolved with a third (EY).

The following data were extracted for each selected arti-

cle: (1) the names of the authors and the date of publication;  

(2) the number of subjects involved in the experiment with their  

characteristics and breakdown in each group; (3) stretching 

training details (in the following order: number of participants, 

stretching technique, muscle groups stretched, number of sets, 

duration of stretch, frequency, protocol duration); (4) control  

group details; and (5) the main outcomes related to gait with 

the main results. When information could not be provided, it  

was indicated by a “?”.

Quality and risk of bias assessment
The PEDro scale was used to assess the risk of bias, and thus 

the methodological quality of the selected studies46. This scale 

was chosen for its ability to provide an overview of the external  

(criterion 1), internal (criteria 2–9) and statistical (criteria 9  

and 10) validity of clinical trials. The scale is divided into 11  

criteria, but the first is not calculated in the total score. The  

output of each criterion could be either “yes” (y), “no” (n) or 

“do not know” (?). A “y” was given a score of one point, while 

an “n” or “?” was assigned zero points. Studies with a total  

score of 5–10/10 (  50%) were considered to be of high quality, 

and scores of 0–4/10 (<50%) of low quality47. Two evaluators  

independently assessed the quality of the included studies. In 

the event of disagreement, a group discussion was held with  

a third expert to reach a consensus.

Statistical analysis
Estimates of effect sizes (comparing the intervention group 

and the control group) accompanied with a measure of sta-

tistical uncertainty (95% confidence interval [95% CI]) were  

calculated for each outcome when sufficient data were reported. 

Estimates of effect sizes were reported by standard mean  

difference (SMD) and their respective 95% CI. In this way, 

the magnitude of the overall effect can be quantified as trivial  

(<0.2), small (0.2–0.49), moderate (0.5–0.79) or large ( 0.8)48,49. 

When data were lacking to calculate estimates of effect  

sizes, exact p values were reported.

When at least two studies used the same outcome, meta-analysis  

was performed, comparing the intervention groups with the 

control groups. When outcomes were identified in only one 

study, no meta-analysis could be performed but the effect  

of intervention was still calculated, reporting the estimate of  

effect size and its 95% confidence interval. Statistical analysis 

and figures (i.e. forest plot to facilitate the visualization of  

values) were produced using a random-effect model in Review  

Manager software (RevMan, v 5.3, Cochrane Collaboration, 

Oxford UK). A random-effect model was used to take into  

account heterogeneity between study effects. Statistical  

heterogeneity was calculated using the I2 and Cochrane Q  

statistic tests48. Statistical significance was set at p<0.05.

Level of evidence
The strength of evidence of primary outcomes was established 

as described by Van Tulder et al. 200350 based on effect size esti-

mates with a measure of statistical uncertainty (SMD; 95% CI),  

statistical heterogeneity (I2) when applicable (multiple studies)  

and risk of bias (PEDro scale). The level of evidence was 

considered strong with consistent findings among multiple  

high-quality RCT (at least two RCT with a PEDro score 5/10 

that were statistically homogenous: I2 p 0.05). The level of  

evidence was considered moderate with consistent findings 

among multiple low-quality RCT and/or CCT (two trials with 

a PEDro score <5/10 that were statistically homogenous) and/or  

one high quality RCT. The level of evidence was consid-

ered limited when only one low quality RCT and/or CCT was  

identified. The level of evidence was conflicting when there  

was inconsistency among multiple trials (I2 p < 0.05).

Results

Included studies
A total of 821 titles were screened in the first search stage, one 

more was included through cross-referencing, and 671 were 

excluded because they did not concern our research question.  

Following exclusion, 150 studies were considered for an abstract 

review. A further 105 were excluded in this second stage 

because they did not meet the inclusion criteria. Finally, 45  

full-text articles were assessed for eligibility with 33 not  

accepted (Figure 1).

Thus, 12 articles were ultimately included in this systematic  

review. Six studies evaluated the effects of stretching in healthy 

older adults23,51–55, one in a frail elderly population56, one study  

in an elderly population with stable symptomatic peripheral  

artery disease57, one in stroke patients58, one study in 

adults with limited ankle ROM associated with a history 

of lower limb overuses injury59, one study in healthy adults 

with limited ankle dorsiflexion60 and one in healthy young 

adults61. A summary of the studies selected is provided in   

Table 1, and their quality assessment is reported in Table 2.  

The results in different patient categories are reported below.

Results in different patient categories
Healthy older adults

Description of the studies and quality assessment

Six studies examined the effects of stretching on healthy  

elderly subjects23,51–55. Regarding the characteristics of the sub-

jects, the average sample size was 46.6±33.9 subjects (ranging  

from 1923 to 96 subjects53) and the mean age was 70.1±3.6 years 

(ranging from 65.4052 to 75.30 years23). Regarding the char-

acteristics of the training programs, the average training dura-

tion was 8.6±2.7 weeks (ranging from 452 to 12 weeks54), with 

an average frequency of 8.3±6.2 sessions per week (ranging  

from 254 to 14 sessions51,53,55). The average number of sets per 
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session was 4.5±2.8 sets (ranging from 255 to 10 sets23), with an 

average stretching time of 45.0±18.9 seconds (ranging from 1523  

to 60 seconds52,54,55). Static stretching was provided in all stud-

ies. The muscle groups stretched were the hip flexors51–55, ankle 

plantar flexors23,51,52,54, ankle dorsiflexors54, hip extensors52,  

knee extensors and flexors54. There was great heterogeneity in 

gait outcomes. Angular variables during gait included peak hip  

extension51,53,55, ankle plantar flexion during gait53, ankle ROM 

during gait52, anterior pelvis tilt52,55, knee ROM, pelvic rotation,  

lateral pelvic tilt and hip ROM52. Spatiotemporal variables  

were: gait speed51,52,55, stance and swing duration, double sup-

port phases, step length52 and stride length52,55. Kinetic vari-

ables were hip torque and ankle plantar flexion power53. 

Finally, two functional tests were used: the 10-meter walk test  

(10MWT)23 and the 6-minute walk test (6MWT)54. Regarding 

the quality of the studies, the average PEDro score was 4.6±1.6 

and one study was identified as a non-randomized trial54. The  

range of score varied from 354,55 to 723.

Figure 1. PRISMA flow chart of study selection process. 
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Table 1. Summary of the included studies.

Studies Population Stretching group Control group Outcomes and main results

Kerrigan et al., 200353 96 healthy older 
adults, ? ( 65 years)

n= 47, static stretching, 
hip flexors, 4 sets, 30 
seconds, twice daily, 10 
weeks

n=49, static shoulder 
deltoid-stretching, 
same protocol

No significant difference between groups for hip extension (SMD= 0.22; 
95% CI: -0.18, 0.62), hip torque (SMD= 0.35; 95% CI: -0.06, 0.75), anterior 
pelvic tilt (SMD= -0.35 ; 95% CI : -0.76, 0.05), ankle plantar flexion ROM 
(SMD= -0.05, 95% CI : -0.45, 0.35), ankle plantar flexion power (SMD= 
0.00 ; 95% CI : -0.40, 0.40), hip extension (SMD= 0.22 ; 95% CI : -0.19, 
0.62) and hip torque (SMD= 0.35; 95% CI: -0.06, 0.75)

Gajdosik et al., 200523 19 community dwelling 
older women, ? (65–89 
years)

n=10, static stretching, 
ankle plantar flexors, 
10 sets, 15 seconds, 

3 times per week, 8 
weeks

n=9, no exercise. No significant difference between groups for 10MWT (SMD= -0.76; 95% 
CI: -1.70, 0.18)

Christiansen, 200851 40 healthy older 
adults, 72.10±4.70 
years

N= 20, static 
stretching, hip flexors, 
3 sets, 45 seconds, 
twice daily, 8 weeks

n=20, maintain their 
current level of 
physical activity

No significant difference between groups for gait speed (SMD= -0.32; 
95% CI: -0.97, 0.33), hip extension (SMD= 0.22; 95% CI: -0.43, 0.86), stride 
length (SMD= - 0.14 ; 95% CI : -0.79, 0.50), ankle dorsiflexion (SMD= 0.29 
; 95% CI : -0.36, 0.94)

Cristopoliski et al., 200952 20 healthy elderly 
women, 65.90±4.20 
years

n=12, static stretching, 
hip flexors and 
extensors, ankle 
plantar flexors, 4 sets, 
60 seconds, 3 sessions 
per week, 

12 sessions

n=8, no specific 
activity in this period

Significant improvement in favor of stretching group for gait speed 
(SMD= 1.32 ; 95% CI : 0.32, 2.32), anterior pelvic tilt (SMD= -2.52 ; 95% CI 
: -3.77, -1.27), stand phase duration (SMD= -1.92; 95% CI: -3.04, -0.81), 
swing phase duration (SMD= 1.92 ; 95% CI : 0.81, 3.04), double support 
phase duration (SMD= -1.69; 95% CI: -2.76, -0.62), step length (SMD= 
1.37 ; 95% CI : 0.36, 2.38) and pelvic rotation (SMD= 1.37 ; 95% CI : 0.36, 
2.38) 
No significant difference between groups for cycle duration (SMD= - 0.24 
; 95% CI : -1.14, 0.66), heel-contact velocity (SMD= -0.46 ; 95% CI : -1.37, 
0.45), toe clearance (SMD= 0.91 ; 95% CI : -0.04, 1.86), lateral pelvic tilt 
(SMD= 0.93 ; 95% CI : -0.02, 1.88) and knee ROM (SMD= 0.23 ; 95% CI : 
-0.67, 1.12)

Watt et al., 201155 82 healthy elderly 
subjects, 72,6±6 years

n= 43, static stretching, 
hip flexors, 2 sets, 60 
seconds, 2 sessions 
daily stretching, 10 
weeks

N= 39, shoulder 
abductor static 
stretching, same 
protocol

Significant improvement in favor of stretching group for gait speed 
(SMD= 0.47; 95% CI: 0.03, 0.91) 
No significant difference between groups for hip extension (SMD= 0.18; 
95% CI: -0.25, 0.62), anterior pelvic tilt (SMD=0.07 ; 95% CI : -0.36, 0.51), 
stride length (SMD= 0.54 ; 95% CI : -0.01, 1.08)

Locks et al., 201254 23 healthy older 
individuals, 67.5±2.12 
years

n=10, static stretching, 
knee extensors, ankle 
dorsiflexor, knee 
flexors, ankle plantar 
flexors, 4 sets, 60 
seconds, twice a week 
,12 weeks

n=13 a one-hour 
seminar on healthy 
living every four 
weeks and did not 
perform any physical 
or therapeutic 
exercise.

No significant difference between groups for 6MWT (SMD= -0.04; 95% CI 
: -0.86, 0.79)

Watt et al., 201156 74 frail elderly 
subjects, 77.00±8.00 
years

n=33, static stretching, 
hip flexors, 2 sets, 60 
seconds, 2 sessions 
per day, 10 weeks

n=41, shoulder 
abductor stretching 
program, same 
protocol

No significant difference between groups in peak hip extension, (SMD= 
0.22; 95% CI: -0.24, 0.68), anterior pelvic tilt (SMD= -0.05; 95% CI: 
-0.51, 0.41) and cadence (SMD= 0.13; 95% CI: -0.33, 0.59) Significant 
improvements in favor of the stretching group in walking speed and 
stride length (both SMD= 0.49; 95% CI: 0.03, 0.96)
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Studies Population Stretching group Control group Outcomes and main results

Hotta et al., 201957 13 elderly patients 
with symptomatic 
peripheral artery 
disease, ?

n= 13, static stretching, 
ankle plantar flexor 
stretching, 1 set, 30 
minutes, 5 sessions 
per week, 4 weeks

n= 13, no stretching 
intervention (cross-
over intervention)

Significant improvements in favor of the stretching group for both total 
walking distance and continuous walking distance with large effect 
sizes (SMD= 1.56; 95% CI: 0.66, 2.45 and SMD= 3.05; 95% CI: 1.86, 4.23 
respectively)

Kim et al., 201358 24 patients with stroke, 
53.30±3.16 years

n=12, static stretching, 
ankle plantar flexors, 
1 set, 20 minutes, 4 
times a week, 4 times a 
week, 6 weeks

n= 12, conventional 
physical therapy as 
in in the stretching 
group

No significant difference between groups in sway of the center of 
pressure (SMD=0.75; 95% CI: -0.09, 1.58)

Johanson et al., 200659 19 adults with limited 
passive ankle-
dorsiflexion ROM (less 
than 8 degrees) and a 
history of lower limb 
overuse injury, 30.30± 
9.80 years

n=11, static stretching, 
ankle plantar flexors, 
5 sets, 30 seconds, 2 
times daily, 3 weeks

n= 8, continue all of 
their usual activities

No significant difference between groups in ankle dorsiflexion during 
gait in both right and left ankle (SMD= 0.50; 95% CI: -0.42, 1.43 and 
SMD= 0.41; 95% CI: -0.52, 1.33 respectively) and for time-to-heel-off 
during the stance phase of gait in both right and left ankle (SMD= -0.50; 
95% CI: -1.43, 0.43 and SMD= -0.48; 95% CI: -1.41, 0.45 respectively)

Johanson et al., 200960 16 healthy adults 
with limited passive 
ankle-dorsiflexion ROM 
(less than 5 degrees), 
27.40±8.20 years

n=8, static stretching, 
ankle plantar flexors, 4 
sets, 30 seconds, 
2 times daily, 3 weeks

n=8, no physical 
activity or stretching 
programs involving 
the lower extremities 
for 3 weeks

No significant difference between groups in ankle dorsiflexion (SMD= 
0.53; 95% CI: -0.48, 1.53), maximum knee extension (SMD= -0.07; 95% CI: 
-1.05, 0.91), medial and lateral gastrocnemius activities (SMD= 0.37; 95% 
CI: -0.62, 1.36 and SMD= 0.00; 95% CI=: -0.98, 0.98 respectively)

Godges et al., 199361 16 healthy, athletic, 
male college students, 
21.00±l.00 years

n=9, static stretching, 
hip flexors, 3 sets, 2 
minutes, 2 sessions 
per week, 3 weeks

n=7, continue their 
current activity levels

No significant difference between groups in gait economy (SMD= 0.83; 
95% CI: -0.21, 1.87)

SMD: standard mean difference, CI: confidence interval, 10MWT: 10-meter walk test, 6MWT: 6-minute walk test, ROM: ROM, ?: information not provided. 
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Table 2. Quality assessment of the included studies.

Study
Eligibility 
criteria 

specified
Random 

allocation
Concealed 
allocation

Groups 
similar 

at 
baseline

Participant 
blinding

Therapist 
blinding

Assessor 
blinding

<15% 
dropouts

Intention- 
to-treat 
analysis

Between- 
group 

difference 
reported

Point 
estimate 

and 
variability 
reported

Total 
score

Patient 
category

Kerrigan et al., 
2003

y y n y n n y y n y y 6

Healthy 
older 
adults

Gajdosik et al., 
2005

y y y y n n n y y y y 7

Christiansen, 
2008 y y n y n n n y n y y 5

Cristopoliski 
et al.,, 2009

y y n y n n n y y y y 6

Watt et al., 
2011

y y n n n n y n n n y 3

Locks et al., 
2012

y n n y n n n n n y y 3

Watt et al., 
2011

y y n ? n n y n n n y 3
Frail older 

adults

Hotta et al., 
2009 y y n y n n n y n y y 5

Peripheral 
artery 

disease

Kim et al., 
2013

n n n y n n n n n y y 3 Stroke

Johanson et al., 
2006 y y n n n n n y y y y 5

Lower limb 
overuse 

injury

Johanson et al., 
2009

y y n y n n n y y y y 6
Limited 

ankle ROM

Godges et al., 
1993

y y n ? n n n y y y y 5
Healthy 
adults

n: criterion not fulfilled; y: criterion fulfilled; ?: criterion not mentioned; total score: each item (except the first) contributes 1 point to the total score, yielding a PEDro scale score that can range from 0 to 10.Page 8 of 23
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Meta-analyses

Four meta-analysis were conducted for the following  

outcomes (Figure 2): gait speed, stride length, hip extension  

during gait and anterior pelvic tilt.

Gait speed: For gait speed (Figure 2A), two studies were included 

in the meta-analysis51,52. One study was excluded because inter-

vention and control groups were not similar at baseline55.  

Statistical analysis showed no significant difference between  

groups (SMD= 0.45; 95% CI: -1.15, 2.06), with heterogeneous  

results (I2=86%, p=0.007). Thus, the level of evidence was  

conflicting.

Stride length: For stride length (Figure 2B), two studies were 

included in the meta-analysis51,55. Statistical analysis showed 

no significant difference between groups (SMD= 0.22;  

95% CI: -0.44, 0.88), with consistent results (I2=59%, p=0.12). 

Only one study was of high quality51, thus a moderate level of 

evidence supports the lack of beneficial effect of stretching to  

improve stride length in the elderly.

Hip extension: For hip extension during gait (kinematic 

data) (Figure 2C), three studies were included in the  

meta-analysis51,53,55. Statistical analysis showed no significant 

difference between groups (SMD= 0.20; 95% CI: -0.06, 0.47), 

with consistent results (I2=0%, p=0.99). Two studies were of  

high quality51,53, thus a strong level of evidence supports the 

lack of beneficial effect of stretching to improve hip ROM  

during gait in the elderly.

Anterior pelvic tilt: For anterior pelvic tilt (Figure 2D), three 

studies were included in the meta-analysis52,53,55. Statistical  

analysis showed no significant difference between groups 

(SMD= -0.70; 95% CI: -1.60, 0.21), with heterogeneous  

results (I2=87%, p<0.01). Thus, the level of evidence was  

conflicting.

Figure 2. Comparisons between intervention and control groups for gait speed (A), stride length (B), hip extension (C) and anterior pelvic 
tilt (D) in healthy older adults. 
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Effects of interventions in other outcomes

For the outcomes below, no meta-analysis could be per-

formed because only one study was identified. Nevertheless,  

for each outcome, effect size estimates with a measure of  

statistical uncertainty (95% CI) were provided.

Angular variables during gait initiation: The study of  

Christiansen et al. (2008) showed no significant difference  

between stretching and control groups for ankle dorsiflexion  

during gait (SMD=0.29; 95% CI: -0.36, 0.94) with a moderate 

level of confidence (PEDro score: 5/10). The study of Kerrigan  

et al. (2003) showed no significant difference between  

groups for ankle plantar flexion (SMD=-0.05; 95% CI: -0.45, 

0.35), with a moderate level of confidence (PEDro score: 6/10).  

The study of Cristopoliski et al. (2009) showed no significant  

difference between groups for lateral pelvic tilt (SMD= 0.93;  

95% CI: -0.02, 1.88) and knee ROM (SMD= 0.23;  

95% CI: -0.67, 1.12), with a moderate level of confidence  

(PEDro score: 6/10).

Kinetic variables: The study of Kerrigan et al. (2003)  

showed no significant difference between groups for hip torque  

(SMD= 0.35; 95% CI: -0.06, 0.75) and ankle plantar flexion 

power (SMD=0.00; 95% CI: -0.40, 0.40), with a moderate level  

of confidence (PEDro score: 6/10).

Spatiotemporal variables: The study of Cristopoliski et al.  

(2009) showed no significant difference between groups for 

cycle duration (SMD= -0.24; 95% CI: -1.14, 0.66), heel contact 

velocity (SMD= -0.46; 95% CI: -1.37, 0.45) and toe clearance  

(SMD= 0.91; 95% CI: -0.04, 1.86). However, the study showed 

significant decreases with large effect sizes in stance phase 

duration (SMD=-1.92; 95% CI: -3.04, -0.81), double support  

phase duration (SMD= -1.69; 95% CI: -2.76, -0.62) in favour 

of the stretching group as compared to the control group.  

Additionally, the authors found significant increases with 

large effect sizes of swing phase duration (SMD=1.92; 95  

CI: 0.81, 3.04) and step length (SMD=1.37; 95% CI: 0.36, 2.38) 

in favour of the stretching group as compared to the control  

group. The study obtained a PEDro score of 6/10, thus, the level  

of evidence for these outcomes was moderate.

Functional tests: The study of Gajdosik et al. (2005) showed 

no significant difference between groups for the 10MWT  

(SMD= -0.76; 95% CI= -1.70, 0.18), with a moderate level 

of confidence (PEDro score: 7/10). The study of Locks et al.  

(2012)  showed no significant improvement of the 6MWT in 

favour of the stretching group as compared to the control group  

(SMD= -0.04; 95% CI:-0.86, 0.79) with a limited level of  

confidence (low quality CCT with a PEDro score of 3/10).

Frail elderly

Description of the study and quality assessment

The study of Watt et al. 2011 examined the effects of stretch-

ing on frail elderly subjects56. Regarding the characteristics 

of the subjects, 74 subjects were included, and the mean age  

was 77.0±8.0 years. Regarding the characteristics of the training 

programs, the stretching program lasted ten weeks, with a fre-

quency of 14 sessions per week (two sessions per day). Par-

ticipants performed two sets per session, holding the stretch for  

60 seconds (static stretching), alternating the right and left 

limb (four minutes in total). The muscle group stretched was  

the hip flexors. The outcomes were cadence (steps/minute), 

walking speed (meters/second), stride length (meters) peak hip 

extension (degree) and peak anterior pelvic tilt (degree). Regard-

ing the quality assessment, the study was identified as RCT  

and had an average PEDro score of 3 (low level of evidence).

Effects of intervention

The study of Watt et al. (2011) showed no significant differ-

ence between groups in angular variables, i.e. peak hip extension  

and anterior pelvic tilt (SMD= 0.22; 95% CI: -0.24, 0.68  

and SMD= -0.05; 95% CI: -0.51, 0.41 respectively). There 

was also no significant difference for cadence (SMD= 0.13; 

95% CI: -0.33, 0.59). However, the study showed significant  

improvements in favour of the stretching group with small 

effect sizes in some performance-related variables, i.e. walking  

speed and stride length (both SMD= 0.49; 95% CI: 0.03, 0.96).

Elderly with symptomatic peripheral artery disease

Description of the study and quality assessment

The study of Hotta et al. (2019) examined the effects of stretch-

ing in elderly with symptomatic peripheral artery disease57.  

Regarding the characteristics of the subjects, 13 subjects were 

included and the mean age was not mentioned. Regarding the 

characteristics of the training programs, the stretching program 

lasted four weeks, with a frequency of five sessions per week.  

Participants performed one set daily, holding the stretch for  

30 minutes (static stretching with splints). The muscle group 

stretched was ankle plantar flexors. The gait outcome was  

6MWT. Regarding the quality assessment, the study was identi-

fied as RCT and had an average PEDro score of 5 (moderate level  

of evidence).

Effects of intervention

The study of Hotta et al. (2019) showed significant improve-

ments in favour of the stretching group for both total walking 

distance and continuous walking distance with large effect sizes  

(SMD= 1.56; 95% CI: 0.66, 2.45 and SMD= 3.05; 95% CI: 1.86, 

4.23 respectively).

Stroke

Description of the study and quality assessment

The study of Kim et al. (2013) examined the effects of  

stretching on stroke patients58. Only a static muscle stretching 

training group and control group were included in the analysis. 

Regarding the characteristics of the subjects, 24 subjects were 

included, and the mean age was 53.3±3.1 years. Regarding 

the characteristics of the training programs, the stretching 

program lasted six weeks, with a frequency of four sessions 

per week. Participants performed one set per session, holding 

the stretch for 20 minutes (static stretching). The muscle 

group stretched was ankle plantar flexors. The outcome  

was the sway of the centre of pressure during the stance phase. 
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Regarding the quality assessment, the study was identified  

as CCT and had an average PEDro score of 3 (low level of  

evidence).

Effects of intervention

The study of Kim et al. (2013) showed no significant  

difference between groups in the sway of the centre of pressure  

(SMD=0.75; 95% CI: -0.09, 1.58).

Young adults with limited ankle ROM and a history of lower limb 

overuse injury

Description of the study and quality assessment

The study of Johanson et al. (2006) examined the effects 

of stretching on healthy adults with limited passive ankle- 

dorsiflexion ROM (less than eight degrees) and a  

history of lower limb overuse injury59. Regarding the charac-

teristics of the subjects, 19 subjects were included and the mean  

age was 30.3±9.8 years. Regarding the characteristics of the  

training programs, the stretching program lasted three weeks, 

with a frequency of two sessions per day. Participants performed 

five sets per session, holding the stretch for 30 seconds (static 

stretching). The muscle group stretched was ankle plantar flexors. 

The outcomes were ankle dorsiflexion and time-to-heel-off  

during the stance phase of gait. Regarding the quality assessment, 

the study was identified as RCT and had an average PEDro  

score of 5 (moderate level of evidence).

Effects of intervention

The study of Johanson et al. (2006) showed no significant  

difference between groups in ankle dorsiflexion during gait in  

both the right and left ankle (SMD= 0.50; 95% CI: -0.42, 1.43 

and SMD= 0.41; 95% CI: -0.52, 1.33 respectively). There was 

also no significant difference between groups for time-to-heel-off 

during the stance phase of gait in both the right and left ankle  

(SMD= -0.50; 95% CI: -1.43, 0.43 and SMD= -0.48; 95%  

CI: -1.41, 0.45 respectively).

Young adults with limited ankle ROM

Description of the study and quality assessment

The study of Johanson et al. (2009) examined the effects of  

stretching on young adults with limited passive ankle-dorsiflexion 

ROM (less than 5 degrees)60. It is worth noticed that 

these participants were not the same than in the study of  

Johanson et al. (2006). In contrast,  the characteristics of the 

training programs were the same as in Johanson et al. (2006).  

In the current study, 16 subjects were included, and the mean 

age was 27.4±8.2 years. The muscle group stretched was the 

ankle plantar flexors. The outcomes were maximum ankle  

dorsiflexion, maximum knee extension and EMG amplitude of 

the gastrocnemius during the stance phase of gait. Regarding 

the quality assessment, the study was identified as RCT and  

had an average PEDro score of 6 (moderate level of evidence).

Effects of intervention

The study of Johanson et al. (2009) showed no significant  

difference between groups in angular variables during gait,  

i.e. maximum ankle dorsiflexion and maximum knee extension  

(SMD= 0.53; 95% CI: -0.48, 1.53 and SMD= -0.07; 95%  

CI: -1.05, 0.91 respectively). There was also no significant  

difference between groups for EMG variables, i.e. medial and  

lateral gastrocnemius activity (SMD= 0.37; 95% CI: -0.62, 1.36 

and SMD= 0.00; 95% CI=: -0.98, 0.98 respectively).

Healthy young adults

Description of the study and quality assessment

The study of Godges et al. (1993) examined the effects of  

stretching on healthy young adults61. Only a static hip extension 

stretching group and control group were included in the analy-

sis. Regarding the characteristics of the subjects, 16 subjects 

were included, and the mean age was 21.0±1.0 years. Regarding 

the characteristics of the training programs, the stretching  

program lasted three weeks, with a frequency of two sessions 

per week. Participants performed three sets per session, holding 

the stretch for two minutes (static stretching). The muscle group  

stretched was the hip flexors. The outcome was walking  

economy (ml/kg/min). Regarding the quality assessment, the 

study was identified as RCT and had an average PEDro score of  

5 (moderate level of evidence).

Effects of intervention

The study of Godges et al. (1993) showed no significant  

difference between groups in gait economy in terms of oxygen  

consumption (SMD= 0.83; 95% CI: -0.21, 1.87).

Discussion

The aim of this systematic review was to determine the 

effects of a stretching program on human gait by means of a  

systematic literature review and meta-analysis. Twelves studies  

were identified in six different patient categories. Statistical 

analyses showed no strong level of evidence supporting the  

beneficial effect of a stretching program to improve any gait  

outcome. The major issue in conducting meta-analyses and  

establishing strong level of evidences was the great hetero-

geneity in gait variables. The results obtained in the different  

patient categories are discussed in detail below.

Healthy older adults
The healthy older adult population was the most studied.  

Two muscle groups were systematically stretched in the 

six identified studies: hip flexors23,51–53,55 and ankle plantar  

flexors23,51–53. Hip flexor stiffness, associated with reduced hip 

extension during gait has been demonstrated in the elderly and  

may alter gait62,63. In the same way, decreased calf muscle 

length associated with restricted dorsiflexion ROM is well 

documented in older adults35,64. A decreased ankle dorsiflexion  

ROM has been correlated with poorer balance test scores in 

the elderly65 and may contribute to an increased risk of falls66.  

All the studies included in the present analysis showed that  

specific stretching programs were efficient to improve passive  

ROM of the targeted joints, but results are more heteroge-

neous regarding gait performance and dynamic ROM. This 

led to inconsistency in the results or the impossibility to  

conclude with a strong level of evidence that a stretching  

program improves gait in healthy older adults. Moreover, 

when improvement in ROM or gait performance occurred, 

it was not associated with a significant increase in dynamic 

hip extension or ankle dorsiflexion. Only trends toward 

increased dynamic ROM after stretching interventions were 
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observed51,53,55. This observation was consistent in young  

adults.

When data were meta-analyzed, we ensured that the groups  

and the training characteristics were similar to limit the risk 

of bias. This explains that a limited number of studies was 

included in the meta-analysis. It is worth noticed that the 

stretching technic was the same (i.e. static stretching), but that 

details of interventions varied across these studies. For exam-

ple, both studies selected for the meta-analysis of gait speed 

included hip flexors and plantar flexors stretching, but, one study 

included hip extensor stretching52 whereas the other did not51.  

This difference may partially explain the heterogenous results 

in the meta-analysis (I2=86%, p=0.007). In the same way, 

the heterogenous results observed in the meta-analysis of  

anterior pelvic tilt (I2=87%, p<0.01) may be explained by 

the stretching of additional muscle groups (hip extensors and 

plantar flexors) in the study of Cristopoliski et al. (2009) com-

pared to the other studies (in which only hip flexors were  

stretched)53,55. Nevertheless, heterogeneity in the results was 

not systematically observed between studies that used slight 

different protocols, as showed by the consistent results int 

the meta-analyses of stride length (I2=59%, p=0.12) and hip  

extension (I2=0%, p=0.99). Thus, we assume that we have  

limited the risk of bias in the meta-analyses.

Stroke patients
In stroke patients, ankle plantar flexor stretching has been 

successfully used to improve ankle stiffness67–70. Decreased  

plantar flexors stiffness may have a beneficial effect on postural 

control during gait because triceps surae is known to play an  

important role during gait71–73 and an increase in muscle stiff-

ness might alter synergistic muscle activities during human 

gait. However, only one non-randomized study58 was identified 

and included in the current systematic review. Other studies 

that used stretching in multicomponent programs74–76 or in  

control groups77,78 were identified but excluded because of the 

addition of resistance training or the lack of a control group.  

Nevertheless, it should be noted that some studies showed  

improvements between pre- and post-stretching conditions.  

Forrester et al. (2014) showed that both robotic ankle  

mobilizations and manual ankle stretching improved gait 

velocity in stroke patients at hospital discharge compared to  

baseline. Similarly, Park et al. (2018) showed that both  

static ankle stretching and ankle mobilizations improved gait  

speed after four weeks of treatment compared to baseline.  

Other authors showed that one week of immobilization in  

dorsiflexed position (casting) followed by one week of plantar 

flexor stretching and gait training improved gait performances 

in 10MWT and 6MWT74. Hence, these encouraging results  

suggest that further randomized controlled trials of good  

quality are needed to explore the ability of ankle stretching 

to improve gait parameters in stroke or in other neurological 

diseases exposing patients to joint stiffness, e.g. Parkinson’s  

disease79.

Young adults
In healthy adults, the interest of practicing stretching to  

improve gait seems limited as they are assumed to have suf-

ficient mobility for walking. Moreover, the included study 

involved athletic males61, a population that is known to be more  

flexible than inactive persons80. Stretching should be more 

indicated when ROM is limited24. However, even in young 

adults with limited ankle ROM, stretching did not improve 

dynamic dorsiflexion during gait59,60. Stretching programs in  

apparently healthy adults should be more indicated after a  

prolonged period of reduced functional demand (e.g. immo-

bilization, sedentarity), when ROM is insufficient to practice 

a specific activity or when high levels of flexibility are required 

for sport performance (e.g. gymnastics or dance) and in 

sports that involve stretch-shortening cycles (e.g. basketball,  

volleyball)24.

Limitations of the study
Some patient categories were not included in the present 

review, although muscle stretching is commonly indicated in  

their clinical care to reduce spasticity81. This is for example 

the case for children with cerebral palsy82. In fact, we were able 

to identify studies in the literature focusing on the effects of  

stretching on gait in this population during the first phase of 

the present review, but the protocol of these studies combined 

stretching with another form of training (e.g. 83,84) or there  

was no control group (e.g. 85). These studies therefore did not 

fit with the inclusion criteria of the present systematic review 

and were consequently excluded. Now, it should be stressed 

that the effectiveness of static stretching to improve motor  

function in children with cerebral palsy is still controversial86, 

although some authors showed that functional stretching exer-

cises may be effective to improve gait85. Further randomized 

controlled trials are needed to explore the impact of stretching  

on gait in this population.

To reduce the risk of bias, data were meta-analyzed when  

at least 2 studies with similar populations and training char-

acteristics were found. Considering these constraints and the  

great heterogeneity in the gait outcomes, we only performed meta-

analyses in healthy older adults for 4 outcomes. The Cochrane 

Qualitative and Implementation Methods Group recommends 

the application of Grades of Recommendation, Assessment,  

Development, and Evaluation (GRADE) in the Evidence from 

Qualitative Reviews to assess the level of confidence in sys-

tematic review with meta-analyses87. However, the GRADE  

necessitates assessing the risk of publication bias with a funnel 

plot, determining its asymmetry, which can be performed with  

at least 10 studies88. In the present study, the meta-analyses 

included less that 10 randomized controlled trials, so, we 

chose to implement other guidelines described by a Cochrane  

collaboration group to assess the level of evidence50. Because  

this method includes fewer criteria, our confidence in the  

results must be taken with caution

Conclusion

Twelve studies were identified, involving a total of 442  

subjects. Despite some improvements in isolated studies,  

statistical analyses showed no strong level of evidence support-

ing the beneficial effect of using stretching alone to improve  

gait outcomes in rehabilitation programs. The major obstacle 

in conducting meta-analyses and establishing strong levels of  

evidence were the great heterogeneity in gait variables and the low 

quality of the included studies. Because the effects of stretching 

are not clear, further randomized controlled trials of good  
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3.2.2. Effets immédiats des étirements du triceps sural sur la 

mobilité de la cheville et l’organisation posturale lors de 

l’initiation de la marche chez des patients atteints de la 

maladie de Parkinson : étude randomisée contrôlée 

 

Cette étude a donné lieu à la publication ci-dessous :  

Vialleron T, Delafontaine A, Millerioux I, Memari S, Fourcade P, Yiou E (2021). Acute 

effects of short-term stretching of the triceps surae on ankle mobility and gait initiation 

in patients with Parkinson’s disease. Clinical Biomechanics 89: 105449. 
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Acute effects of short-term stretching of the triceps surae on ankle mobility 
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A B S T R A C T   

Background: Ankle mobility is known to be of uttermost importance to generate propulsive forces and control 
balance during gait initiation. Impaired mobility of the postural chain occurs with normal ageing and is exac-
erbated in patients with Parkinson’s disease. This study questions whether short-term stretching session applied 
to the triceps surae improves ankle mobility and, consequently, dynamical postural control in patients with 
Parkinson’s disease performing gait initiation. 
Method: Nineteen patients with Parkinson’s disease participated in this study and were randomly assigned to an 
“intervention group” or a “sham group”. In the intervention group, patients were exposed to a 4 × 60 seconds 
triceps surae stretching. In the sham group, they were exposed to forearm stretching. Additionally, ten age- 
matched healthy elderly, who were not exposed to any stretching-treatment, were assigned to a “control 
group”. Participants performed series of gait initiation on a force-plate before and after their treatment. 
Findings: Ankle mobility was improved in the intervention group after triceps surae stretching. The forward ve-
locity of the center-of-mass at heel-off and motor performance related-parameters (progression velocity, center- 
of-mass velocity at foot-contact and swing phase duration) were also improved in the intervention group, with 
large effect sizes (d ≥ 0.8). None of the stability parameters were modified by the treatments. 
Interpretation: Short-term triceps surae stretching is an efficient method to increase ankle mobility and improve 
the capacity to generate forward propulsive forces in patients with Parkinson’s disease. These findings are 
congruent with the “posturo-kinetics capacity” theory according to which dynamical postural control depends on 
postural chain mobility.   

1. Introduction 

Gait initiation (GI), the transient period between quiet standing 
posture and steady-state walking (Brenière and Do, 1986), is a loco-
motor task that is widely used in the literature to investigate postural 
control in patients with Parkinson’s disease (e.g. Bonora et al., 2017; 
Carpinella et al., 2007; Chastan et al., 2009; Halliday et al., 1998; 
Mancini et al., 2009; Okada et al., 2011a, 2011b). GI can be divided in 
two successive phases: a postural phase preceding the swing heel-off, 
where dynamic phenomena corresponding to the so-called “anticipa-
tory postural adjustments” (APA) are generated, followed by the 
execution phase (Brenière and Do, 1986). Along the anteroposterior 
axis, APA include a backward center-of-pressure (COP) displacement 
which promotes the initial forward propulsive forces required to reach 

the intended step length and walking speed (Brenière et al., 1987; Lepers 
and Brenière, 1995). This postural dynamics is due to bilateral inhibition 
of ankle plantar-flexors activity, followed by strong bilateral activation 
of ankle dorsi-flexors (Crenna and Frigo, 1991). Along the mediolateral 
axis, APA include COP displacement towards the swing leg which pro-
motes center-of-mass (COM) displacement in the opposite direction, i.e., 
towards the stance leg. This postural dynamic acts to attenuate the COM 
fall towards the swing leg during the execution phase and therefore 
contributes to stability maintenance (Yiou et al., 2016a). This antici-
patory mediolateral COP shift has been classically attributed to the 
loading of the swing leg associated with the activation of swing leg hip 
abductors (Carlsöö, 1966; Winter, 1995). Recent study further reported 
that, the stance knee and hip are slightly flexed during APA (Honeine 
et al., 2016) which acts to unload the ipsilateral leg and therefore 
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complement the action of swing hip abductors. EMG analysis revealed 
that the flexion of the stance knee is favored by bilateral soleus silencing 
and a greater ipsilateral tibialis anterior activity with respect to contra-
lateral activity, while stance hip flexion is associated with activation of 
the stance rectus femoris. Finally, during GI execution phase, the acti-
vation of the TS of the stance leg has been shown to brake the vertical 
COM fall under gravity, which facilitates stability maintenance after 
foot-contact (Honeine et al., 2013; Honeine et al., 2014). This brief 
literature review on the postural organization of GI thus stresses the key 
role of the ankle musculature for balance control and motor perfor-
mance (for a complete review, see (Yiou et al., 2017)). 

This postural organization of GI is known to be altered in patients 
with Parkinson’s disease (PD). There is however no clear consensus on 
the effect of PD on GI at its early stage. For example, Mancini et al. 
(2009) found that the amplitude of APA was altered in the mediolateral 
direction, but not in the anteroposterior direction. Carpinella et al. 
(2007) did not investigate the mediolateral APA but found that that the 
anteroposterior component of APA was altered in early PD patients. 
Differences in the initial posture and/or inclusion criteria may have 
explained these discrepancies (Mancini et al., 2009). Later in the dis-
ease, it seems clear from the literature that the amplitude of both 
mediolateral and anteroposterior APA becomes bradykinetic (Halliday 
et al., 1998). In addition, advanced PD patients exhibit altered capacity 
to actively brake the COM fall (Chastan et al., 2009). These motor im-
pairments contribute to gait disorders in this population and are exac-
erbated in patients with the freezing of gait or without medication 
(Mancini et al., 2020). 

These deficits in postural control in PD patients can be envisaged 
from the point of view of the biomechanical concept of “Posturo-kinetics 
Capacity” (PKC) (e.g. (Bazalgette et al., 1987); for a complete review on 
the PKC concept, see (Bouisset and Do, 2008). According to this concept, 
any factor that alters the dynamic mobility of the postural chain, would 
negatively impact APA, and would therefore alter motor performance 
and/or stability. This dynamic mobility would indeed be essential to 
generate the external forces required to accelerate the COM during APA 
and brake the COM fall during the GI execution phase. This concept was 
substantiated by recent experimental studies which investigated the 
relationship between lower limb mobility, APA, motor performance and 
stability in young healthy adults who are performing GI under experi-
mental joint hypomobility induced by orthosis wore (Delafontaine et al., 
2017, 2015; Delafontaine et al., 2018). 

Chronical joint hypomobility or rigidity is a recurring symptom of PD 
(Halliday et al., 1998). This rigidity is characterized by an excessive and 
continuous muscle tone which produces stiffness and resistance to 
movement in joints (Raza and Anjum, 2019). Given the above consid-
erations on the PKC concept and the brief literature review provided 
above, such increased joint rigidity - especially of the ankle – would 
hinder APA development and/or COM braking, and may contribute to 
stability impairments and slowness of movement performance, which 
are typical motor symptoms of PD patients. In line, recent study showed 
that the wear of a rigid ankle foot orthosis in healthy young adults 
induced an alteration of both APA and COM braking during GI (Dela-
fontaine et al., 2017). According to the PKC concept, it can thus be ex-
pected that improving ankle mobility with specific treatments would 
facilitate APA development and/or COM braking, with a consequent 
positive effect on motor performance and/or stability. Ankle muscle 
stretching, an intervention known to increase ankle mobility in healthy 
elderly (Gajdosik et al., 2005) and that can easily be applied by patients 
themselves, may represent such a treatment. The present study was thus 
designed to test the hypothesis that a short-term stretching session 
applied to the Triceps surae (TS) improves ankle mobility and, conse-
quently, the postural organization of GI in PD patients. 

2. Method 

2.1. Participants 

Nineteen PD patients participated in this study (see Table 1 for de-
tails on demographic data of participants). They were randomly 
assigned to an “intervention group” or a “sham group”. Ten age-matched 
healthy older adults additionally participated in this study and were 
assigned to the “control group”. They were community dwelling seniors, 
free of any known neuromuscular disorders and able to walk without 
assistance. They were included in the experiment to provide normative 
values of dependent variables. PD patients were examined in their OFF- 
medication state (i.e., after 12-h withdrawal from antiparkinson’s 
medications, as defined by Defer et al., 1999) by an experienced neuro- 
physiotherapist. The examination was based on the Movement Disorder 
Society Clinical Diagnostic Criteria for Parkinson’s disease (Postuma 
et al., 2015). PD patients had no history of falling, were physically in-
dependent, were able to walk without assistance, and did not experience 
freezing. All participants gave written informed consent after being 
instructed about the nature and purpose of the experiment, which was 
approved by the local ethics committee of the University of Paris-Saclay. 
This study complied with the standards established by the Declaration of 
Helsinki and was assigned the following trial registration number: 2018- 
A00162–53. 

2.2. Ankle range of motion (ROM) assessment 

An experienced physical therapist, who was blinded to the group 
assignment, measured each participant’s maximum passive ankle dor-
siflexion in supine position, with the foot in subtalar neutral position and 
the knee straight. This measure was made with a manual goniometer 
(Merz Pharma, France) as it is known to be reliable for assessing ankle 
dorsiflexion ROM (Konor et al., 2012; Martin and McPoil, 2005). The 
axis of the goniometer was aligned with the lateral malleolus of the 
ankle. The proximal arm was aligned with the head of the fibula. The 
distal arm was aligned with the lateral border of the fifth metatarsal 
(Webber and Porter, 2010). A right angle between these two arms cor-
responded to 0◦ dorsiflexion. The final position of dorsiflexion corre-
sponded to the point at which subjects felt pain or discomfort, or the 
experimenter perceived resistance to stretch. Two measurements were 
taken for each leg and then averaged to determine the passive dorsi-
flexion of each ankle (Webber and Porter, 2010). The ankle dorsiflexion 
of both legs was assessed for each participant in the intervention and 
sham group before and immediately after a stretching treatment (cf. 
below). Statistical analysis revealed that the ankle dorsiflexion of the 
most affected side (cf. Table 1) was not significantly different to that of 
the least affected side. For clarity’s sake in the report of data, values of 
both legs were therefore pooled. 

2.3. Treatment 

In the intervention group, patients stood upright with both hands 
against a wall, and with both feet on a wedge (20◦ tilt) in order to stretch 
their TS. They were instructed to slightly lean forward while keeping 
their heels in contact with the wedge and their body aligned until they 
felt the stretch of the calf without pain. They were then asked to 
maintain their posture. In the sham group, patients were instructed to 
position their arm outstretched, palm facing the front, extending their 
wrist and fingers by using their other hand (both arms were out-
stretched). In both groups, series of four stretches lasting 60 s each were 
performed (Shrier and Gossal, 2000). In the control group, no stretching 
was carried out. Participants simply stood upright for the same duration 
as for the stretching treatments (Fig. 1). 
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2.4. Experimental task 

Participants initially stood barefoot in a natural upright posture on a 
force-plate (0.9 × 1.80 m, AMTI, Watertown, USA) embedded at the 
beginning of a 6-m walkway track. They performed two series of ten GI: 
one series just before, and a second series immediately after the treat-
ment (pre-treatment and post-treatment condition, respectively; Fig. 1). 
They were instructed to initiate gait at a spontaneous velocity when they 
felt ready, after receiving an “all set” signal, and continue walking until 
the end of the track. The rest time was ~10 s between trials. 

2.5. Raw data 

Force-plate data were low-pass filtered using a second order But-
terworth filter with a 10 Hz cut-off frequency (Honeine et al., 2014). The 
mediolateral and anteroposterior coordinates of the COP were computed 
from force-plate data. The instantaneous COM acceleration was 

determined from the ground reaction forces according to the Newton’s 
second law. COM velocity and displacement were computed by suc-
cessive numerical integrations of COM acceleration. Data were collected 
at a rate of 500 Hz. Data acquisition was controlled by a custom-made 
program written in Matlab™ (Version 5.3 (R11), The MathWorks Inc., 
USA). 

2.6. GI variables 

2.6.1. Time-events 
The following time-events were determined from the biomechanical 

traces (Fig. 2): GI onset (t0), swing heel-off and swing foot-contact (cf. 
(Caderby et al., 2013), for the determination of these instants; cf. Fig. 2). 

2.6.2. Initial posture, APA and execution phase 
The COM position in the initial posture was estimated by averaging 

the COP position values during the 250 ms period preceding the “all set” 

Table 1 
Demographic data of patients with Parkinson’s disease. M, male; F, female; R, right; L, left; MDS-UPDRS, Movement Disorder Society–Unified Parkinson’s Disease 
Rating Scale; SD, standard deviation.   

Subjects Genre Age 
(years) 

Height 
(meters) 

Body mass 
(kilograms) 

Disease Durations 
(years) 

Most disabled 
side 

Hoehn and Yahr 
state 

MDS-UPDRS 
(part 3) 

Intervention 
group 

1 M 77 1.58 62 2 R 2 18 
2 F 70 1.74 70 8 L 3 28 
3 M 76 1.70 62 5 R 2 14 
4 F 63 1.69 76 7 R 2 10 
5 M 71 1.70 76 13 L 2 16 
6 M 67 1.70 70 6 L 2 14 
7 M 66 1.58 45 5 L 2 36 
8 F 77 1.73 82 5 R 2 14 
9 F 69 1.76 87 2 R 2 35 
10 M 57 1.60 66 9 L 2 26 

Mean (SD) – – 69.30 
(6.45) 

1.68 (0.07) 69.60 (11.89) 6.20 (3.29) – 2.10 (0.32) 21.10 (9.41) 

Sham group 1 M 68 1.60 52 4 R 2 17 
2 M 57 1.55 48 2 L 2 35 
3 M 63 1.57 40 4 L 2 21 
4 F 71 1.80 90 6 R 3 50 
5 M 69 1.70 82 2 L 2 32 
6 M 74 1.59 51 12 R 3 20 
7 F 70 1.75 74 8 L 2 20 
8 F 56 1.78 90 3 L 2 43 
9 F 74 1.65 65 14 L 2 36 

Mean (SD) – – 66.89 
(6.75) 

1.67 (0.10) 65.78 (19.02) 6.11 (4.37) – 2.22 (0.44) 30.44 (11.63) 

Control group 1 F 70 1.71 52 – – – – 

2 F 78 1.55 65 
3 F 69 1.64 55 
4 M 79 1.78 67 
5 F 67 1.60 86 
6 F 65 1.62 71 
7 F 74 1.60 54 
8 F 761 1.62 56 
9 F 69 1.75 68 
10 M 69 1.78 74 

Mean (SD) – – 71.10 
(4.56) 

1.67 (8.30) 64.90 (10.86) – – – –  

Pre-treatment GI 

(10 trials) 

Ankle ROM assessment 

(2 measures per leg)

Triceps surae stretching 

(4x60 seconds)

Ankle ROM assessment 

(2 measures per leg)

Post-treatment GI 

(10 trials) 
A

Pre-treatment GI 

(10 trials) 

Forearm stretching 

(4x60 seconds)B

Pre-treatment GI 

(10 trials) 

Upright standing

(4 minutes)

Post-treatment GI 

(10 trials) 
C

Ankle ROM assessment

(2 measures per leg)

Ankle ROM assessment

(2 measures per leg) 

Ankle ROM assessment 

(2 measures per leg)

Post-treatment GI 

(10 trials) 

Fig. 1. Study protocol. A, intervention group; B, sham group; C, control group; GI, gait initiation; ROM, range of motion.  
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signal. GI was divided into APA (from t0 to heel-off) and execution phase 
(from heel-off to foot-contact, (Brenière et al., 1987)). APA amplitude 
was characterized with the peak COP displacement obtained during the 
APA time-window and the COM velocity at swing heel-off. 

2.6.3. Motor performance 
Motor performance was quantified with the anteroposterior COM 

velocity at foot-contact, the mean progression velocity (v), with v =
[step length] / [duration of the execution phase] (Brenière and Do, 
1986), step length and execution phase duration. 

2.6.4. Mediolateral stability 
An adaptation of the “margin of stability” (MOS) introduced by Hoff 

et al. (Hof et al., 2005) was used to quantify mediolateral dynamic 

Fig. 2. Example of typical biomechanical 
traces of gait initiation obtained in one 
representative subject of the intervention 
group, and representation of the main 
experimental variables. AP, ML, Vert: ante-
roposterior, mediolateral and vertical; xP, 
yP: AP and ML center of pressure (COP) shift; 
yM: ML center of mass (COM) shift; x’M, 
y’M, z’M: AP, ML and vertical COM velocity; 
F, B: forward and backward; ST, SW: stance 
and swing leg side; Vertical lines: t0, onset 
variation of biomechanical traces; HO, heel- 
off; FC, foot-contact. Horizontal arrows: QS, 
quiet standing; APA, anticipatory postural 
adjustments; EXE, execution phase.   
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stability at foot-contact. The MOS corresponded to the difference be-
tween the mediolateral boundary of the base of support (BOSymax) and 
the mediolateral position of the “extrapolated COM” at swing foot- 
contact (YCOMFC). Thus: 
MOS = BOSymax −YCOMFC 

BOSymax was estimated with the mediolateral COP position at the 
time of rear foot-off (Caderby et al., 2017; Yiou et al., 2016b). The 
mediolateral position of the extrapolated COM at foot-contact (yCOMFC) 
was calculated as follows: 

yCOMFC = yMFC +
y′MFC

ω0  

where yMFC and y’MFC are respectively the mediolateral COM position 
and velocity at foot-contact, and ω0 is the eigenfrequency of the body, 
modeled as an inverted pendulum and calculated as follows: 

ω0 =

̅̅̅

g

l

√

where g = 9.81 m/s2 is the gravitational acceleration and l is the length 
of the inverted pendulum, which in this study corresponded to 57.5% of 
body height (Winter et al., 1990). Mediolateral dynamic stability at foot- 
contact is preserved on the condition that yCOMFC is within BOSymax, 
which corresponds to a positive MOS. A negative MOS indicates a 
mediolateral instability and implies that a corrective action is required 
to maintain balance. 

2.6.5. Vertical COM braking 
The “braking index” introduced by Do and colleagues (e.g. (Chastan 

et al., 2009)) provides evidence that the central nervous system prepares 
for foot-contact by decreasing the COM vertical velocity to achieve a soft 
landing (Honeine et al., 2013; Honeine et al., 2014). It was calculated as: 

Braking index =
(Vmin − VFC)

Vmin 

where Vmin is the minimal vertical COM velocity and VFC is the 
vertical COM velocity at foot-contact. 

2.7. Statistics 

Mean values and standard deviations were calculated for each 
dependent variable. For ankle dorsiflexion, a repeated-measures 
ANOVA model with one within-subject factor and one between-subject 
factor was used. The within-subject factor was the time of the treat-
ment (or “time” factor; 2 levels: pre-treatment, post-treatment) and the 
between-subject factor was the group (2 levels: sham, intervention). 
Additionally, a simple t-test was used to compare ankle dorsiflexion 
between PD patients and healthy participants in the pre-treatment 
condition. For GI parameters, a repeated-measures ANOVA model was 
also used. The within-subject factor was the time (2 levels: pre- 
treatment, post-treatment) and the between-subject factor was the 
group (3 levels: control, sham, intervention). The Tukey post hoc test 
was used when required. The threshold of significance was set at P <
0.05. The Cohen’s d was used to assess the effect sizes when repeated- 
measures ANOVA showed a significant time X group interaction. The 
effect sizes were classified as trivial (<0.2), small (0.2–0.49), medium 
(0.5–0.79), and large (≥0.8). 

3. Results 

3.1. Biomechanical traces 

The time course of the biomechanical traces was globally similar in 
the different groups and time conditions. The traces obtained in a 
representative patient of the intervention group are reported in Fig. 2. 

3.2. Ankle ROM 

There was a significant effect of time (F(1,17) = 8.54, P < 0.05) and a 
significant time X group interaction (F(1,17) = 8.54, P < 0.05) on the 
ankle dorsiflexion ROM. Post hoc analysis revealed that it was signifi-
cantly larger in the post-treatment than in the pre-treatment condition 
for the intervention group only (P < 0.01, d = 0.97). In the pre- 
treatment condition, PD patients had a significantly lower ankle ROM 
compared to healthy participants (P < 0.05, d = 0.74). 

3.3. Initial posture and APA 

There was no significant effect of time and group, nor any significant 
time X group interaction on the following variables: initial COM posi-
tion, APA duration, anteroposterior peak COP displacement and 
mediolateral COM velocity at heel-off. In contrast, there was a signifi-
cant effect of time (F(2,26) = 15.28, P < 0.001) and a significant time X 
group interaction (F(2,26) = 5.64, P < 0.01) on the anteroposterior COM 
velocity at heel-off. Post hoc analysis revealed that it was significantly 
larger in the post-treatment than in the pre-treatment condition for the 
intervention group only (P < 0.001, d = 1.17, Fig. 3). Post hoc analysis 
further showed that it was significantly larger for the intervention group 
in the post-treatment condition than for the control group in both the 
pre- and post-treatment conditions (P < 0.05, d = 1.27 and d = 1.33, 
respectively). Finally, there was a significant effect of group on the 
mediolateral peak of COP displacement (F(2,26) = 4.62, P < 0.05), with 
a larger value obtained for the control than for both PD groups. 

3.4. Motor performance 

There was no significant effect of group on the anteroposterior COM 
velocity at foot-contact, but a significant effect of time (F(1,26) = 19.58, 
P < 0.001) and a significant time X group interaction (F(2,26) = 5.40, P 
< 0.05). This interaction could be ascribed to a significantly larger COM 
velocity in the post-treatment than in the pre-treatment condition for the 
intervention (P < 0.01) and the sham group (P < 0.05, d = 0.78 and d =
0.59, respectively; Fig. 4). Similarly, there was no significant effect of 
group on the mean progression velocity, but a significant effect of time 
(F(1,26) = 14.05, P < 0.001) and a significant time X group interaction 
(F(2,26) = 4.03, P < 0.05). This variable was significantly larger in the 
post-treatment than in the pre-treatment condition for the intervention 
group only (P < 0.01, d = 1.07). There was also a significant effect of 
time (F(1,26) = 8.00, P < 0.05) and a time X group interaction (F(2,26) 
= 5.01, P < 0.05) on the execution phase duration. The interaction could 
be ascribed to a significantly lower execution phase duration in the post- 
treatment than in the pre-treatment condition for the intervention group 
only (P < 0.01, d = 1.27). Finally, there was no significant effect of time, 
group nor any time X group interaction on step length. 

3.5. Mediolateral stability and vertical COM braking 

There was a significant effect of group on the mediolateral COM 
position at foot-contact (F(2,26) = 30.10, P < 0.001) and the MOS (F 
(2,26) = 13.78, P < 0.001), but no significant effect of time nor time X 
group interaction on these variables. The COM position at foot-contact 
was larger for the control than for both PD groups, indicating that the 
COM fall towards the swing leg during the execution phase was smaller 
for the control group. This resulted in a larger MOS for the control group 
than for both PD groups (Fig. 5). Finally, there was no significant effect 
of time, group nor any significant time X group interaction on step 
width, mediolateral COM velocity at foot-contact and vertical COM 
braking. 

4. Discussion 

Impaired joint mobility is known to occur with normal ageing 
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(Vandervoort et al., 1992) and is exacerbated in PD patients (Halliday 
et al., 1998). Previous reports showed that short-term TS stretching is an 
efficient training method to increase the ankle mobility in both young 
adults and healthy elderly (Nakamura et al., 2017). Results of the pre-
sent study show that it is also efficient to improve ankle mobility in PD 
patients. The increase reached 44%. 

Results further showed that several components of dynamical 
postural control were improved following TS stretching. Specifically, the 
anteroposterior COM velocity at heel-off was increased in the inter-
vention group only, and this increase reached 32%. Previous reports 
showed that larger anteroposterior COM velocity at heel-off can be 
reached at the expense of a lengthened APA duration (Brenière et al., 
1987). However, in the present experiment, APA duration remained 
unchanged between the pre- and post-treatment conditions. PD patients 
in the intervention group were therefore able to develop a larger 
quantity of initial forward propulsive forces during an equivalent time, 
which indicates that their capacity to generate forward APA was 
enhanced following the stretching. The improvement of motor perfor-
mance reported in this group (in terms of increased mean progression 
velocity, increased COM velocity at foot-contact and reduced execution 
phase duration) can be seen as a consequence of this enhanced capacity 
to generate APA (Brenière et al., 1987). 

Now, results further showed that, in contrast to all the other GI 
variables, the anteroposterior COM velocity at foot-contact was also 
increased in the sham group following the treatment. This finding sug-
gests that part of the increase in this variable observed in the inter-
vention group could probably be assigned to a placebo effect. Such 

confounding effect was expected since it is known that PD patients are 
particularly influenced by the belief of improvement (Lidstone et al., 
2010). However, this placebo effect only concerned the COM velocity at 
the time of foot-contact, and this increase was smaller in the sham than 
in the intervention group (12% vs. 8%), and so the effect size (0.78 vs. 
0.59). The improvement in the postural organization of GI following TS 
stretching can therefore be considered as consistent. 

Interestingly, PD patients who were exposed to the TS stretching 
reached an even larger anteroposterior COM velocity at heel-off than 
participants within the control group (healthy older adults). This finding 
can be ascribed to the relatively low-level of motor impairment of the PD 
patients included in the present study. All were able to walk without 
assistance, did not experience freezing, and had relatively low motor 
disorders according to the MDS-UPDRS and Hoehn & Yahr scale (cf. 
Table 1). Their locomotor function was therefore not much different 
from the healthy age-matched participants, as could also be reflected in 
the equivalent anteroposterior APA spatiotemporal parameters in the 
pre-treatment condition. As a consequence, increasing the initial COM 
velocity in these patients resulted in a significant difference with the 
control group in the post-treatment condition. 

In fact, the effects of PD on the postural organization of GI only 
manifested as changes in the mediolateral stability-related parameters. 
Specifically, the amplitude of the mediolateral APA was lower in PD 
patients than in healthy participants. Previous study in healthy partici-
pants showed that the amplitude of these APA was predictive of the MOS 
value at foot-contact (Yiou et al., 2016a). In the present study, the lower 
MOS value in the PD patients could therefore be ascribed to a lower 

Fig. 3. Effects of group and time on selected parameters of anticipatory postural adjustments (APA). COP, COM: center of pressure, center of mass; AP, ML: 
anteroposterior, mediolateral; HO: heel-off; vertical bars denote 0.95 confidence interval; ◆ indicates a significant effect of the group as revealed with the ANOVA; * 
indicates a significant difference between the pre- and post-treatment condition within one group as revealed with the Tukey post-hoc test. 
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capacity of PD patients to generate mediolateral APA. 
Our findings regarding the effect of PD on APA are in accordance 

with Mancini et al. (2009) who reported that, in early and untreated PD 
patients, the mediolateral component of the COP displacement during 
APA was altered, but not its anteroposterior component. Hypometric 
mediolateral APA may lead to an excessive weight shift towards the 
swing leg during the first step, as observed in PD by some authors 
(Okada et al., 2011a, 2011b), which increases the risk of imbalance in 
the frontal plane (Yiou et al., 2016a). Mancini et al. (2009) suggested 
that the pathology of PD may have a specific effect on loading/ 
unloading of the legs early in the disease, consistent with abnormal 
mediolateral, but not anteroposterior, sway during quiet stance in PD 
patients (Mitchell et al., 1995). However, this assumption contrasts with 
the study of Carpinella et al. (2007) which reported a reduced backward 
COP displacement in early PD patients (phases 1 and 2 of Hoehn and 
Yahr scale). Differences in the initial posture and/or inclusion criteria 
may have explained this discrepancy (Mancini et al., 2009). For 
example, inclusion criteria for PD subjects were different, since all 
subjects in the study of Mancini et al. (2009) were untreated, whereas 
several subjects in the Carpinella’s study were tested on dopaminergic 
medication. Despite this contradiction in early stage, it seems admitted 
that later in the disease, the magnitude of both mediolateral and ante-
roposterior APA becomes bradykinetic in PD (Halliday et al., 1998). 

Similar to the anteroposterior APA, results of the present study 
showed that the capacity to actively brake the COM fall during GI was 
unaltered in PD patients. This finding contrasts with the study of Cha-
stan et al. (2009) which reported that this capacity was altered in 

advanced PD patients. Once again, a difference in the PD clinical stage 
may probably explain this discrepancy. Globally, these findings suggest 
that, in PD patients, the progressive decline in the control of medio-
lateral stability, vertical COM braking and forward propulsive forces 
may not follow the same evolution, maybe due to distinct systems within 
the basal ganglia circuitry. Short-term TS stretching did not improve the 
control of mediolateral stability, nor the capacity to brake the vertical 
COM fall. It is not excluded that more advanced PD patients than in our 
study, with more severe muscle rigidity, may beneficiate from TS 
stretching to improve these two parameters. 

The present study has several limitations: 1) the PD patients involved 
in the experiment had relatively low-level of motor impairment. It is not 
known whether short-term stretching may also be beneficial to PD pa-
tients with more severe symptoms; 2) the sample sizes were small. We 
were however confident on the reliability of our results because of the 
large size effects found for most variables and the biomechanical 
coherence of data; 3) only short-term stretching effects were considered. 
To what extent PD patient might beneficiate from long-term stretching is 
unknown; 4) the carry-over effects were not evaluated. 

In conclusion, the present results showed that short-term TS 
stretching substantially improved ankle mobility in PD patients. The 
capacity to generate forward propulsive forces during APA was also 
increased, with consequent improvement in motor performance. Now, it 
is obvious that PD motor impairment goes far beyond a simple alteration 
in ankle mobility. However, our results suggest that TS stretching might 
beneficially be integrated in multicomponent exercise programs, e.g. 
including strength, balance and gait, mental training (Shen et al., 2016), 

Fig. 4. Effects of group and time on selected parameters of motor performance. COM: center of mass; AP: anteroposterior; FC: foot contact; vertical bars denote 0.95 
confidence interval; * indicates a significant difference between the pre- and post-treatment condition within one group as revealed with the Tukey post-hoc test. 
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or video game-based exercise program (Maillot et al., 2014) to further 
improve postural control in PD patients. 
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4.  Conclusions et perspectives  

 

4.1. Effets des vibrations corps entier et des étirements 

musculaires sur la capacité posturo-cinétique 

 

L’objectif général de cette thèse était l’analyse des effets d’une modification de la 

capacité posturo-cinétique induite par des VCE et des étirements musculaires sur l’organisation 

biomécanique de la marche et de l’initiation de la marche. Pour réaliser cet objectif, deux études 

expérimentales et deux revues systématiques de la littérature avec méta-analyses ont 

été réalisées. 

Dans notre première étude expérimentale, nous avons montré qu’une séance 

unique d’application de VCE entraînait une augmentation de la raideur des membres 

inférieurs au cours de l’initiation de la marche chez les jeunes adultes. Or, cette 

augmentation de raideur est connue pour être un facteur négatif de la capacité 

posturo-cinétique (e.g. Hamaoui et al. 2007 ; Bouisset and Lebozec 2002), pouvant 

impacter négativement la stabilité lors de l’initiation de la marche (Yiou et al. 2016a). 

Dans notre étude, cette augmentation expérimentale de raideur était cependant 

surcompensée par une augmentation de l’amplitude des APA sur l’axe médiolatéral, 

comme en témoignait l’amélioration de la stabilité mesurée par la marge de stabilité. 

A noter que cette augmentation de la stabilité ne s’accompagnait pas d’une réduction 

de la performance motrice (mesurée par la vitesse de progression et la longueur du 

pas), comme il avait pu par ailleurs être montré suite à une hypomobilité expérimentale 

du membre portant induite par un port d’attelle (Delafontaine et al. 2017). A noter 

également que la durée des APA n’était pas modifiée par les VCE. Autrement dit, les 

sujets étaient capables de générer davantage d’APA en un laps de temps équivalent à 

la condition contrôle. Ces résultats vont donc dans le sens d’une amélioration de 

l’efficacité de la phase posturale des sujets jeunes après une séance de VCE. A l’inverse, 

chez les sujets âgés en bonne santé, les VCE n’ont eu d’effet immédiat sur aucune des 
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variables biomécaniques analysées. La raideur du membre portant n’ayant pas 

augmenté dans cette population après les VCE, on peut penser qu’aucune adaptation 

posturale n’ait été nécessaire pour assurer la stabilité posturale. 

Sur la base de ces observations, nous avons proposé que l’augmentation de 

raideur du membre portant est prise en compte par le système nerveux central lors de 

la programmation des APA. La raideur étant perçue comme une menace pour 

l’équilibre, cette contrainte est anticipée par le système nerveux central. Ce dernier met 

alors en place une adaptation posturale contre-perturbatrice pour préserver la stabilité 

du corps. Ce résultat est en accord avec un corpus d’études récentes montrant que, 

chez le jeune adulte, le système nerveux central adapte systématiquement les 

mécanismes de contrôle de l’équilibre (en particulier les APA, la largeur du pas et/ou 

la vitesse de progression) en situation de contrainte posturale de façon à maintenir une 

stabilité optimale. C’est ce qui a été montré, par exemple, lorsque le contrôle de la 

stabilité posturale est rendu plus difficile par l’ajout d’une contrainte externe, telle que 

la présence d’un obstacle à enjamber (Yiou et al. 2016a), l’augmentation de la vitesse 

de progression (Caderby et al. 2014),  l’augmentation du niveau de pression temporelle 

imposé par l’expérimentateur (Yiou et al. 2016b), ou encore l’ajout d’une masse au 

niveau des hanches des participants (Caderby et al. 2014, 2017). Nos résultats 

permettent ainsi d’élargir nos connaissances sur la capacité d’adaptation du système 

nerveux en présence d’une contrainte posturale interne.  

Cette modulation adaptative des mécanismes du contrôle postural partage des 

caractéristiques semblables à la régulation de l’homéostasie que l’on retrouve dans les 

mécanismes physiologiques (Yiou et al. 2017). En effet, l’homéostasie correspond à « la 

stabilisation active des variables du corps (température, glycémie, pression artérielle 

etc…), en réponse à tout stimulus qui tendrait à perturber son état ou sa fonction 

normale » (Cooper 2008). Appliqué au cas de l’initiation de la marche, le système 

nerveux central adapterait les mécanismes de contrôle de la stabilité posturale de façon 

à maintenir celle-ci inchangée, voire à l’améliorer dans le cas de la présente étude. Ce 

dernier pourrait ainsi avoir internalisé des valeurs de référence de stabilité et 
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s’efforcerait de les maintenir inchangées afin de préserver l’intégrité physique du corps 

malgré les différentes sources de perturbation. La marge de stabilité pourrait 

correspondre à un tel type de variable régulée. 

 

Dans notre seconde étude expérimentale, la capacité posturo-cinétique était 

manipulée par le biais d’étirements musculaires supposés améliorer la mobilité de la 

chaîne posturale (la mobilité des chevilles en l’occurrence) chez le sujet atteint de la 

maladie de Parkinson. Cette population est en effet connue pour avoir une mobilité 

réduite de la chaîne posturale, ce qui pourrait constituer un frein à leur performance 

posturale. Comme pour la raideur, la mobilité de la chaîne posturale est en effet 

également connue pour être un facteur clef de la capacité posturo-cinétique (Le Bozec 

and Bouisset 2004 ; Diakhaté et al. 2013 ; Delafontaine et al. 2015, 2017, 2018 ; Alamini-

Rodrigues and Hamaoui 2017 ; Hamaoui and Alamini-Rodrigues 2017). Nos résultats 

ont montré que, chez ces patients, une seule séance d’étirements des triceps suraux 

permettait d’augmenter de façon substantielle la mobilité des chevilles. Ce gain de 

mobilité n’avait cependant aucun effet sur la stabilité posturale au cours de l’initiation 

de la marche. En revanche, la vitesse de progression antéropostérieure du centre des 

masses au décollement du talon (i.e. pendant la phase des APA) était augmentée. 

Comme pour les VCE, la durée des APA restait inchangée après l’application du 

traitement. Il semblerait donc que l’amplitude des APA soit plus sensible que la durée 

des APA à ces deux types d’entraînement. 

Les patients ayant reçu le traitement d’étirements du triceps sural à court terme 

ont donc, au final, développé davantage de forces propulsives vers l’avant durant la 

phase posturale, avec une durée équivalente. A nouveau, ce résultat montre une 

amélioration de l’efficacité de la phase posturale des sujets qui ont reçu le traitement. 

En conséquence directe, la vitesse de marche moyenne et le pic de vitesse à la fin du 

premier pas, c’est-à-dire la performance motrice, ont significativement augmenté. Ce 

résultat nous semble important car la difficulté à générer des APA d’intensité 

convenable ainsi que la lenteur des mouvements font partie des symptômes majeurs 
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de ces patients (Bazalgette et al. 1987 ; Halliday et al. 1998 ; Mancini et al. 2009 ; Okada 

et al. 2011a, b ; Bonora et al. 2017). 

 

Au final, il ressort de ces deux études expérimentales que le concept de capacité 

posturo-cinétique fournit un cadre théorique pertinent pour investiguer la 

problématique de l’adaptabilité du système nerveux à des contraintes posturales, mais 

également pour cibler des protocoles d’amélioration de la fonction posturale 

dynamique, notamment chez le sujet atteint de la maladie de Parkinson. Combinés à 

nos deux études systématiques, l’ensemble de nos travaux permettent d’envisager des 

applications cliniques que nous développons dans le paragraphe ci-dessous. 

 

4.2. Applications pratiques  

 

Maintenir une activité physique régulière est essentielle pour la santé. Elle réduit 

l’ensemble des risques de mortalité toutes causes confondues, notamment le risque 

de chute chez les personnes âgées. L'inactivité physique reste malgré tout trop 

répandue dans cette population, encore plus chez les patients atteints de maladies 

chroniques, et les personnes âgées devraient être aussi actives que leurs capacités 

fonctionnelles le permettent (Chodzko-Zajko et al. 2009 ; Lee et al. 2017 ; Mora and 

Valencia 2018). La planification des exercices physiques et les recommandations aux 

patients doivent tenir compte des besoins et des possibilités physiques et mentales 

des personnes, de façon que les bénéfices soient perceptibles et supérieurs aux efforts 

nécessaires pour s’exercer. Les VCE et les étirements permettent de répondre à ces 

problématiques en améliorant les capacités fonctionnelles des patients selon certaines 

conditions. L’intégration de ces méthodes d’entraînement peut se faire de manière 

raisonnée, à partir des travaux de cette thèse.  

Notre étude expérimentale suggère que les VCE peuvent améliorer l’équilibre 

lors de l’initiation de la marche à court terme, à condition que les participants soient 

en mesure de développer des stratégies adaptatives par le biais des différents 
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mécanismes du contrôle postural afin de compenser l’augmentation de la raideur 

lorsqu’elle survient. Dans notre étude, cela a été observé chez les jeunes adultes sains, 

mais pas chez les personnes âgées en bonnes santé. Dans cette population, les VCE ne 

semblent pas avoir d’effets immédiats sur les paramètres biomécaniques de l’initiation 

de la marche. Cette méthode est donc davantage indiquée pour les programmes de 

rééducation de plusieurs semaines pour lesquels il a été montré qu’elle permet 

d’améliorer la force, l’endurance, la masse musculaire et l’équilibre (Orr 2015 ; Park et 

al. 2015 ; Rogan et al. 2017 ; Lam et al. 2018). Notre méta-analyse a montré que la 

performance au Timed up and go test et au 10-meter walk test s’améliore également 

avec ce type d’entraînement (Fischer al. 2019), ce qui en fait un outil de rééducation 

important dans le maintien de l’autonomie de ces patients. De plus, il est à noter que 

Les VCE sont bien tolérées par l’ensemble des patients (moins de 15% d’abandon dans 

la majorité des études, Fischer et al. 2019).  

Nous avons également montré qu’une session de VCE avec les paramètres 

d’entraînement de notre étude expérimentale (4 séries de 45s, 1 minute de repos entre 

les séries, fréquence de 50Hz, 2mm de déplacement vertical) n’altère pas l’équilibre des 

personnes âgées en bonne santé. Il s’agit donc à priori d’une méthode d’entraînement 

sécuritaire, d’autant que les plateformes vibrantes offrent généralement des points 

d’appui et permettent de travailler en position statique et/ou assise. Cependant, notre 

étude expérimentale a aussi mis en évidence que les VCE peuvent potentiellement 

augmenter la raideur de la jambe portante lors de l’initiation de la marche (e.g. chez 

les sujets jeunes). Chez les personnes âgées, cette raideur pourrait survenir avec des 

paramètres différents ou des durées d’exposition plus longues (Han et al. 2017). Une 

possible augmentation de la raideur est donc à surveiller après une séance de VCE, car 

elle pourrait augmenter le risque de chute chez des sujets incapables de mettre en 

place les adaptations posturales contre-perturbatrices nécessaires au maintien de 

l’équilibre.  

Les étirements améliorent l’amplitude des mouvements immédiatement après 

une séance et après plusieurs semaines d’entraînement (Radford et al. 2006). Ils sont 
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donc indiqués, d’une part, en sport lorsque la performance de l’activité exige des 

mouvements de grande amplitude et, d’autre part, en rééducation dans toute situation 

où la raideur augmente (vieillissement, peur de tomber, sédentarité, maladies 

neuromusculaires etc., Portero et al. 2015). Or, nous avons montré dans notre étude 

expérimentale que les patients parkinsoniens ont une raideur plus importante autour 

de la cheville par rapport à des sujets sains du même âge. Ce résultat est en adéquation 

avec la littérature scientifique où l’on retrouve régulièrement la rigidité comme 

symptôme principal de la maladie (Lee and Gilbert 2016 ; Tysnes and Storstein 2017; 

Raza et al. 2019), notamment autour de la cheville (Wu et al. 2020). Immédiatement 

après une séance, les étirements du triceps sural améliorent non seulement l’amplitude 

passive en dorsiflexion, mais aussi la vitesse de marche des patients. Ce traitement 

semble donc efficace pour faciliter le déclenchement du premier pas de ces patients, 

sans altération de la stabilité, même si l’effet placebo n’est pas à exclure. D’autres 

études sont nécessaires pour confirmer ces résultats, notamment chez des patients qui 

sont sujets au « freezing », et pour évaluer les effets à long terme des étirements 

musculaires. Notre revue de littérature avec méta-analyse montre qu’il n’est pour le 

moment pas possible d’affirmer que les étirements à eux seuls suffisent à améliorer les 

capacités de marche des patients sur le long terme, malgré quelques résultats positifs 

isolés (Gajdosik et al. 2005 ; Cristopoliski et al. 2009 ; Hotta et al. 2019). A partir de ces 

données, nous recommandons donc d’intégrer les étirements dans des programmes 

d’exercices physiques complets, avec notamment du renforcement musculaire, du 

travail de l’endurance et de l’équilibre (Lee et al. 2017 ; Mora and Valencia 2018). Dans 

cette optique, rappelons que l’ entraînement par VCE apparaît aussi comme un outil 

complémentaire intéressant car il permet d’améliorer l’ensemble de ces capacités 

physiques (Smith et al. 2016), même si des activités plus fonctionnelles et en charge (la 

marche, la monté et descente des escaliers, se lever d’une chaise etc.) sont à préconiser 

pour maintenir l’autonomie des patients sur le plan locomoteur. 

Enfin, notons aussi que la prise en charge précoce et pluridisciplinaire des 

patients en rééducation pourrait permettre de ralentir la progression de la maladie de 
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Parkinson et limiter le recours aux traitement médicamenteux (Frazzitta et al. 2015). 

Proposer des activités physiques adaptées aux capacités des patients dès le début de 

la prise en charge permettrait ainsi d’améliorer les capacités fonctionnelles des patients 

à court et long termes (Martínez-Velilla et al. 2016). Améliorer précocement 

l’autonomie des patients apparaît évidement important pour la santé des patients, mais 

aussi pour soulager le travail des équipes soignantes et réduire les coûts liés aux 

hospitalisations de longue durée. L’amélioration des capacités physiques des patients 

est un moyen de favoriser leur participation aux soins et inversement de réduire la 

dépendance aux soignants ou aux aides matérielles parfois coûteuses (Martínez-Velilla 

et al. 2016). Les exercices étudiés ici, VCE et étirements, permettent de répondre à ces 

problématiques. Ils sont peu coûteux, bien tolérés et réalisables précocement, même 

chez des patients avec des incapacités physiques importantes.  

 

4.3. Perspectives de recherche 

 

Les résultats de notre étude expérimentale sur les VCE ont montré que cet 

exercice est susceptible de modifier la capacité posturo-cinétique des sujets en 

augmentant la raideur des membres inférieurs. Notre programme n’a cependant eu 

aucun impact sur la raideur des sujets âgés, mais il est possible que la modification de 

certains paramètres de l’entraînement apporte de nouveaux résultats. En effet, il a été 

montré que le type de vibrations (i.e. synchrone ou asynchrone), la fréquence ou la 

position des sujets peuvent modifier l’activité électromyographique lors d’une session 

de VCE (Ritzmann et al. 2013). En augmentant la fréquence des vibrations par exemple, 

il est possible que la raideur des membres inférieurs augmente aussi chez des sujets 

âgés. Il serait alors intéressant d’observer si ces derniers sont capables de moduler les 

APA afin de maintenir une stabilité optimale lors de l’initiation de la marche.  

Les étirements du triceps sural ont permis d’améliorer l’amplitude en 

dorsiflexion de la cheville et d’améliorer la capacité posturo-cinétique des patients 

parkinsoniens à court terme. Un effet placebo n’étant pas à exclure, une étude 
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randomisée est actuellement en cours pour étudier les effets d’un programme 

d’étirements du triceps sural sur 4 semaines, afin de vérifier si ces effets perdurent à 

long terme. Les résultats de cette étude permettront de clarifier l’intérêt des étirements 

dans les programmes de rééducation de ces patients, car à ce jour aucune donnée n’a 

été retrouvée dans la littérature pour cette population (Vialleron et al. 2020), bien que 

les étirements soient recommandés pour lutter contre la raideur (Abbruzzese et al. 

2016).  

Enfin, l’entraînement de la marche avec enjambement d’obstacles nous apparaît 

aussi comme une piste de recherche à explorer pour améliorer les capacités posturales 

des patients hémiplégiques ou parkinsoniens. En effet, des exercices d’enjambement 

d’obstacles sont régulièrement utilisés en rééducation pour provoquer un allongement 

du temps d’appui unipodal chez les patients présentant une diminution de la phase 

portante unipodale lors de la marche, associée à un déficit de hauteur et de longueur 

du pas (Coquisart 2012). Lors de l’initiation de la marche avec obstacle, la durée de la 

phase oscillante augmente avec l’augmentation de la hauteur de l’obstacle, 

prolongeant ainsi  la phase portante (Chou et al. 2001 ; Hahn and Chou 2004 ; Yiou et 

al. 2016a). Il a été montré que l’augmentation de la hauteur de l’obstacle favorise aussi 

l’augmentation de l’amplitude des APA sur l’axe médiolatéral (Yiou et al. 2016b). Des 

résultats similaires ont été observés chez les jeunes adultes comme chez les personnes 

âgées (Chou et al. 2001 ; Hahn and Chou 2004). Les patients pourraient ainsi apprendre 

à générer de nouveau des APA efficaces sur l’axe médiolatéral afin de mieux transférer 

le poids du corps vers la jambe portante et maintenir un équilibre dynamique 

satisfaisant lors de la phase d’exécution. Ce type d’entraînement peut avoir son 

importance chez des patients présentant une diminution des APA médiolatéraux et 

une dégradation de la stabilité latérale, comme nous l’avons montré chez les patients 

parkinsoniens. Cet exercice pourrait aussi être utilisé chez les patients hémiplégiques 

qui ont des difficultés à transférer latéralement le poids du corps vers la jambe portante 

(Delafontaine et al. 2019b).  
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 Nous avons montré au travers d’une revue systématique de la littérature 

(Annexe 1, Delafontaine et al. 2019b) que les patients hémiplégiques présentent une 

diminution de l’amplitude des APA sur les deux axes, antéropostérieur et médiolatéral, 

ainsi qu’une augmentation de la durée de la phase posturale. De plus, les patients ont 

plus de difficultés à initier la marche avec la jambe saine comme jambe oscillante, car 

la faiblesse musculaire du côté atteint entraîne des difficultés à supporter le poids du 

corps lors de la phase unipodale. Dans cette optique, des programmes de 

renforcement musculaire spécifiques du membre inférieur atteint pourraient améliorer 

certaines composantes de l’initiation de la marche. Il serait par exemple intéressant 

d’étudier si le renforcement des abducteurs de hanches permet d’améliorer les 

déplacements médiolatéraux du centre des pressions et du centre des masses lors des 

APA. Le renforcement des muscles extenseurs (e.g. grand fessier, quadriceps, triceps 

sural) pourrait améliorer les forces propulsives mais aussi le temps d’appui unipodal. 

Enfin, le renforcement du tibial antérieur est susceptible d’améliorer l’amplitude des 

APA dans le plan sagittal. 

 L’ensemble de ces perspectives de recherche, dans la lignée des travaux de cette 

thèse, permettront de mieux adapter les programmes de rééducation dont les objectifs 

sont de réduire le risque de chute et améliorer l’autonomie des patients sur le plan 

locomoteur.  
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Annexe 1 : Ajustements posturaux anticipateurs lors 

de l’initiation de la marche chez les patients 

hémiplégiques   
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Prior to gait initiation (GI), anticipatory postural adjustments (GI-APA) are activated in

order to reorganize posture, favorably for gait. In healthy subjects, the center of pressure

(CoP) is displaced backward during GI-APA, bilaterally by reducing soleus activities and

activating the tibialis anterior (TA) muscles, and laterally in the direction of the leading

leg, by activating hip abductors. In post-stroke hemiparetic patients, TA, soleus and hip

abductor activities are impaired on the paretic side. Reduction in non-affected triceps

surae activity can also be observed. These may result in a decreased ability to execute

GI-APA and to generate propulsion forces during step execution. A systematic review

was conducted to provide an overview of the reorganization which occurs in GI-APA

following stroke as well as of the most effective strategies for tailoring gait-rehabilitation

to these patients. Sixteen articles were included, providing gait data from a total of 220

patients. Stroke patients show a decrease in the TA activity associated with difficulties in

silencing soleus muscle activity of the paretic leg, a decreased CoP shift, lower propulsive

anterior forces and a longer preparatory phase. Regarding possible gait-rehabilitation

strategies, the selected studies show that initiating gait with the paretic leg provides

poor balance. The use of the non-paretic as the leading leg can be a useful exercise to

stimulate the paretic postural muscles.

Keywords: anticipatory postural adjustments, gait initiation, stroke, rehabilitation, balance

INTRODUCTION

Gait initiation (GI) is a functional task classically used in the literature to investigate balance control
mechanisms in healthy and pathological individuals (1, 2). GI may be a challenging task for balance
control in stroke patients because of their sensory and motor impairments (3–5). Better knowledge
of the altered balance control mechanisms in these patients is important to allow clinicians to target
rehabilitation programs directed at minimizing the risk of falling. However, to date there is no
review involving the changes in balance control mechanisms during GI in stroke patients.

GI is composed of a postural phase (i.e., “anticipatory postural adjustments,” APA) where the
dynamic phenomena necessary for a stable whole-body progression are generated, followed by the
foot lift phase that ends at the time of swing toe clearance (i.e., body mass is transferred to the
stance leg during this phase), and an execution phase that ends at the time of foot contact (2)
(see Figures 1A,B).
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FIGURE 1 | (A) Example of biomechanical traces obtained for one

representative normal subject initiating gait at a spontaneous velocity (one

trial). Anteroposterior direction x”G: anteroposterior center of mass velocity;

z”G: vertical center of mass velocity; peak vGRF: the maximal moment of

vertical Ground Reaction Force; xP, Center of pressure (COP) displacement;

xPmax: maximal backward shift of CoP. Mediolateral direction yP, mediolateral

COP displacement; yPmax, maximal mediolateral shift of COP. Vertical lines, t0

onset variation of biomechanical traces; FO, Swing foot off; FC, Swing foot

contact. FL, Foot lift. Horizontal dashed line: dGI-APA, duration of Gait

Initiation-Anticipatory Postural Adjustments; d-EXE, duration of execution

phase. SOL-SW, Soleus electromyographical activity of swing leg; SOL-ST,

Soleus electromyographical activity of stance leg; TA-ST, Tibialis Anterior

electromyographical activity of stance leg; TA-SW, Tibialis Anterior

electromyographical activity of swing leg. (B) Stick representation of the

different phases and temporal events of gait initiation in a normal subject. QS,

quiet standing; GI-APA, gait initiation-anticipatory postural adjustments; EXE,

execution phase.

Current literature describes gait initiation APA (GI-APA)
components in the sagittal and frontal planes. In the sagittal
plane, GI-APA are characterized by a backward center of pressure
(CoP) shift with respect to the center of mass (CoM) position,
providing the initial propulsive forces to progress forward (6, 7).

This CoP shift is caused mainly by a bilateral reduction in
soleus tonic activity and an increase in tibialis anterior (TA)
tonic activity (8). In the frontal plane, the CoP is displaced
toward the leading leg during GI-APA, which serves to move
the CoM in the contralateral direction. This CoM shift helps
disengage the leading leg for step execution and is crucial for
maintaining stability (9). This mediolateral CoP shift is thought
to be caused by leading leg abduction, accompanied by trailing
leg ankle dorsiflexion and knee flexion (10). In post-stroke
hemiparetic patients, damage to central structures results in a
reorganization of GI-APA. The goal of this systematic review
was to provide an overview of the characteristics of GI-APA in
this population.

METHODS

Methodology
The Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) methodology was employed for this
systematic review. A bibliographical search was conducted in
PubMed and Google Scholar using the following keywords: (“gait
initiation” OR “step initiation”) AND (“stroke” OR “hemiparesis”
OR “hemiplegia”). Only articles available in English or French
and published before 31 August 2018 were selected. Additionally,
manual searches were conducted from the reference list of each
article found in the database until no further citations could be
identified. To be included, the studies had to meet all of the
following inclusion criteria: (1) anticipatory postural adjustments
were explored during the paradigm of gait initiation with a force
platform or electromyographical (EMG) activity (6, 8); for review
see (2), (2) at least one stroke patent group was studied, (3) all
types of studies (i.e., randomized and non-randomized control
trials), (4) only articles in English or French, and (5) articles
published in peer-reviewed journals.

GI-APA were retained as a main inclusion criteria because
it plays a major role in postural stability and GI performance
[for review see (2)], notably for stroke patients which are able
to develop different motor strategies regarding the leg which
initiates the gait [i.e., paretic or non-paretic leg; (3–5, 11, 12)].

On the contrary, studies were excluded if they observed gait
without the study of anticipatory postural adjustments or if no
stroke patients were included in the protocol.

Study Selection
Study selection was conducted in three steps (13, 14). First,
two reviewers independently applied the inclusion and exclusion
criteria to all the citations. Then, abstracts were screened to
identify the titles representing a “best fit” with the aim of the
present study. Finally, the reviewers read the full articles to
reach a final decision on whether they should be included in the
systematic review. When the relevance of a study was unclear
from the abstract, the full article was read, and disagreements
were resolved through group discussions with a third expert
until a mutual consensus was reached. The reviewers met
at the beginning, midpoint and final stages of the review
process to discuss challenges and uncertainties related to study
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FIGURE 2 | Study selection procedures and results reported in a flow-chart, as suggested by Moher et al. (15) and according to CONSORT statement.

selection, and to go back and refine the search strategy if
needed (Figure 2).

Quality Assessment
The Downs and Black scale was used to assess the risk of bias and
the methodological quality in the selected studies. The scale was
used for its ability to provide an overview of the study quality of
not only randomized controlled trials but also non-randomized
studies (16). Additionally, this tool has been demonstrated to
have a significant correlation with the valid PEDro scale (17, 18).
The Downs and Black scale are divided into 27 questions and
the answer to each can be “yes” (one point), “no” or “unable to
determine” (zero point). Only the last item was modified from
the original scale, as described previously by Trac et al. (16). The
maximum score is 28: one point for each question, except for
question five (two points).

After all of the articles were assessed and total quality scores
were calculated, the level of evidence appraisal was conducted
using Grades of Recommendation, Assessment, Development,
and Evaluation-Confidence (GRADE) as recommended by The
Cochrane Qualitative and Implementation Methods Group (19).

The GRADE system classifies the quality of evidence in one
of four levels: high, moderate, low, and very low. Evidence
based on RCT begins as “high-quality,” whereas observational
studies start with a “low quality” rating. Grading upwards may be
warranted if the magnitude of the treatment effect is very large,
if there is evidence of a dose-response relation or if all plausible
biases would decrease the magnitude of an apparent treatment
effect (20).

Data Collection
Key items were charted from the selected articles by one of the
authors. Item extraction was then checked by another author and
disagreements were resolved by a third. The following data were
noted for each selected article (Table 1):

- Author(s) and year of publication
- Study design
- Time elapsed between stroke onset and participation in
the study

- Number of patients
- Mean age of patients
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TABLE 1 | Clinical characteristics of the population in the selected studies.

References Post-stroke

interval

Neurological lesion site Symptoms Symptoms severity Treatment hints

Gama et al. (21) 6 months NS Hemiparetic gait NS NS

Rajachandrakumar et

al. (12)

43 days NS Hemiparesis
CMSA leg: 4.9 ± 1.3

CMSA foot: 4.6 ± 1.3

NS

Sharma et al. (22) NS NS Hemiparesis FMA: score NS NS

Sousa et al. (23) 26 ± 11.3 months Middle cerebral artery Hemiparesis FMA: score NS NS

Sousa et al. (24) 24.9 ± 11.5

months

internal capsule Hemiparesis FMA: score NS NS

Martinez et al. (25) 2.9 ± 1.1 yo NS Hemiparesis NS Use of stepping for balance

rehabilitation

Ko et al. (26) 5.2 ± 3.1 yo Cerebrum for 11 patients

and brainstem for 1 patient

Hemiparesis FMA: score NS NS

Chang et al. (27) NS 8 PMC lesions, 7 PMC

spared

Hemiplegia
FMA motor part: 30.1 ± 2.5

for PMC group;

32.4 ± 1.1 for PMC

spared group.

NS

Melzer et al. (28) 6.7 ± 4.1 yo NS Hemiparesis BBS scale: 46 ± 4.5 for

stroke patients

NS

Melzer et al. (29) 7.3 yo Middle cerebral artery

territory

Hemiparesis BBS scale: 47.9 ± 6.1 on

paretic side and 50.8 ± 4.3

on non-paretic side

NS

Bensoussan et al. (5) 7,66 yo (min 4,

max 11)

Thalamic, internal capsule,

sylvian area

Hemiplegia and

equinus foot FIM: 119–124

Barthel index: 95–100

Ashworth: 3–4

NS

Tokuno and Eng (30) NS (i.e. minimum

of 6 months

post-stroke)

NS Hemiparesis CMSA: 8/14 Improve the propulsive force of

the paretic leg when used as the

trailing leg

Bensoussan et al. (4) 11 yo Thalamic Hemiplegia and

equinus foot Ashworth: 3/5

Barthel index: 95/100

FIM: 124–126

Functional ambulatory

classification: 5/6

NS

Kirker et al. (31) 17 months NS Hemiparesis NS NS

Hesse et al. (11) 3.7 months First ischemic stroke in

middle cerebral artery

Hemiparesis NS NS

Brunt et al. (3) 11 weeks (min 4,

max 23)

NS Hemiplegia NS Improve symmetry in leg loading

during quiet stance, or leg

loading characteristics that are

specific for gait initiation

CMSA, Chedoke–McMaster Stroke Assessment; FMA, Fugl-Meyer motor Assessment; FIM, Functional Independence measure; NS, Non-Specified; PMC, PreMotor Cortex; vs., versus.

- Lesion sites
- Symptoms and signs (extent and severity)
- Gait initiation paradigm
- APA measurement methods (force platform and/or EMG)
- APA features.

RESULTS

Selected Articles
Thirty-three articles emerged from the PubMed search. Five
additional articles were identified through manual searching, for
a total of 38 articles, 16 of which met the inclusion criteria
(3–5, 11, 12, 21–23, 25–31). A total of 220 patients were
included (Table 2).

Patient Characteristics
The patients’ age ranged between 21 and 86 years. In 11
of the 15 selected articles, GI was compared in healthy
adults vs. stroke patients (5, 11, 21–24, 27–31). In the five
remaining articles, only stroke patients were included (3, 4,

22, 25, 26). In 11 articles, participants had experienced stroke
at least six months prior to GI recording (4, 5, 21, 23–
26, 28–31). In one study, patients had experienced stroke
3.7 months prior to GI recording (11). In the remaining
four studies, the post-stroke interval was not indicated (3,
12, 22, 27). The symptoms always consisted in hemiparesis,
although its degree was rarely specified (4, 5, 25, 27–29). The
presence and degree of spasticity was acknowledged only in
Bensoussan et al. (4).
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TABLE 2 | Methods and main results of the selected studies.

Authors Study design:

(1) Main objectives

(2) Study population

(3) Outcomes

(4) Methodology

Main results (only results related to GI-APA are reported)

Gama et al. (21) (1) First experiment: to compare gait initiation of individuals with stroke to age-matched

non-disabled controls. Second experiment: to investigate how different amounts of partial body

weight support (BWS) would influence the gait initiation of individuals with stroke.

(2) 12 individuals with stroke (mean age 62 ± 4.6 years, 3 women and 9 men) and 12

non-disabled controls (mean age 62 ± 5years, 9 women, 3 men).

(3) Initial weight loading on swing and stance limbs and ML distance between heels,

displacement and velocity in ML and AP directions of the CoP trajectories, step length and

velocity of swing limb. With a force plate (model 9286BA, Kistler) and a computerized gait

analysis system (VICON, Inc.) with 7 infrared cameras.

(4) First experiment: after a verbal command, the participants were instructed to walk barefoot

toward the end of a 7-m walkway at a comfortable speed with no interruption. Individuals with

stroke started walking with the paretic limb, and individuals without disabilities started walking

with the right limb. Second experiment: same instructions but 3 different conditions of body

weight unloading were employed (0, 15, and 30%) in a randomized order, only with

stroke patients.

Experiment 1: individuals with stroke presented shorter ML and AP CoP

displacements backward and toward the swing limb during the anticipatory phase.

Individuals with stroke presented slower velocity of the CoP in both ML and AP

directions during the anticipatory phase.

Experiment 2: no effect of the partial body support on the anticipatory phase.

Rajachandrakumar

et al. (12)

(1) To determine the prevalence, clinical correlates, and consequences of atypical GI-APA

(absent and multiple GI-APA) post-stroke when initiating gait with the paretic and

non-paretic legs.

(2) 40 individuals with sub-acute stroke able to initiate gait without using a gait aid (mean age

67.8 years; 19 men, and 21 women).

(3) Temporal and spatial characteristics of the GI-APA (ML COP and CoM shifts) with a

force plate.

(4) 6 trials of gait initiation. Participants were instructed to step with a specific leg prior to the

trial, and to initiate forward gait at a self-selected speed when ready after a verbal “go” signal.

35% of all trials had atypical GI-APA and most participants had at least one trial with

an atypical GI-APA.

Prevalence of atypical GI-APA in individuals with stroke was significantly related to

motor impairment.

Absent or multiple GI-APA when starting with the non-paretic leg.

Sharma et al. (22) (1) To characterize ground reaction forces (GRF) acting on the legs during GI after stroke to

begin to build an understanding of how hemiparesis might affect GI.

(2) 18 chronic stroke patients (9 men, 3 women; mean age 67.6 years, range 45–86). 9

patients left paretic and 9 patients right paretic. Twenty eight age similar healthy subjects (mean

age 67.6, range 49–82).14 men and 14 women.

(3) GRF was recorded from a Dual-Top Accusway force plate (AMTI, USA).

(4) Subjects were instructed to initiate gait at the sound of an auditory cue. They self-selected

their preferred speed. Left and right trials were collected in a random order and six trials were

collected with each leg as the starting leg.

The legs of stroke patients generated lower anterior forces regardless of whether

the trailing leg was paretic or non-paretic. Healthy subjects generated greater

medial forces with their left leg than their right, but medial forces were equivalent for

paretic and non-paretic legs. Patients with left hemisphere lesions generated

greater lateral GRF with the non-paretic trailing leg than the paretic leg, and these

non-paretic left leg lateral forces were also greater than the lateral forces generated

by the left leg of healthy subjects. This left foot lateral GRF bias was not evident for

patients with right hemisphere lesions.

Sousa et al. (23) (1) To evaluate ankle GI-APA during gait initiation in chronic post-stroke subjects with lesion in

the territory of middle cerebral artery (MCA).

(2) 11 patients who had suffered a stroke at least 6 months earlier (mean age 53.10 years; 6

females, 5 males) and 12 healthy subjects (mean age 44.8 years; 5 females, 7 males).

(3) Vertical, ML an AP ground reaction force with a force plate. The activity of Gastrocnemius

Medialis (GM), Soleus (SOL) and Tibialis Anterior (TA) of both lower legs was assessed

with EMG.

(4) Subjects were asked to walk at self-adopted speed over a 5-m walkway, without explicit

instructions. All participants from post-stroke group initiated gait with their contralesional leg.

Chronic post-stroke subjects present bilateral EMG SOL deactivation and lower

tibialis anterior activity amplitude on the non- paretic leg and onset timing on both

legs during gait initiation. This leads to decreased CoP displacement backward and

toward the first swing leg.

(Continued)
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TABLE 2 | Continued

Authors Study design:

(1) Main objectives

(2) Study population

(3) Outcomes

(4) Methodology

Main results (only results related to GI-APA are reported)

Sousa et al. (24) (1) To compare the reliability of CoP displacements during the postural phase of gait initiation

calculated by two methods of detection the beginning of the postural phase in health and

post-stroke participants.

(2) 15 patients who had suffered a stroke at least 6 months earlier (8 females, 7 males) and 23

healthy participants (12 females, 11 males).

(3) Vertical, ML and AP ground reaction force, as well as the values of moments of force in the

frontal and sagittal planes, were acquired using a force plate (Bertec Corporation, USA).

(4) To walk at self-selected speed over a 5m walkway, without explicit instructions. Participants

were asked to keep the starting leg consistent over all three trials.

Post-stroke participants present decreased CoP displacement during the postural

phase of gait initiation and increased postural phase duration that impairs posture

stability and motor performance.

Martinez et al. (25) (1) To examine the stepping performance during voluntary and waist-pull perturbation-induced

step initiation in people with chronic stroke.

(2) 10 participants poststroke, (4 men and 6 women; mean age 59.6 years). Chronicity of

stroke averaged 2.9 years, with 80% having right-sided weakness and ischemic stroke.

(3) Ground reaction forces were recorded with 2 force platforms Body segment displacements

were recorded using an optoelectronic system with 6-camera motion analysis system.

(4) Voluntary and perturbation-induced stepping was studied consecutively. Three voluntary

steps forward as soon and as fast as they could in response to a light “go” cue that followed a

warning light stimulus by a variable delay period. Three trials for steps initiated with the

non-paretic leg, 3 trials with the paretic leg. For the perturbation condition, steps were induced

by forward postural perturbations.

GI-APA occurred in 100% of the voluntary stepping trials.

The total postural phase duration was longer for voluntary stepping than induced

straight forward stepping .

The longer voluntary postural phase duration is primarily due to the prolonged

unloading component. GI-APA amplitude was not different between conditions.

Ko et al. (26) (1) To examine the immediate effect of natural (asymmetrical) and symmetrical weight bearing

on the temporal events of ground reaction forces (GRF) and on timing and amplitude of lower

distal muscle activity during GI in persons with hemiparesis.

(2) 12 subjects (mean age 60.7 years; 7 males, 5 females) with unilateral hemiparesis.

(3) EMG recording of Tibialis Anterior (TA) and Soleus (Sol) of both lower extremities.

(4) The subject performed the following conditions of leg-loading distribution prior to executing

a step in a randomized order: GI with the paretic leg during natural (asymmetrical) weight

bearing; GI with the non-paretic leg during natural weight bearing; GI with the paretic leg during

symmetrical weight bearing; and GI with the non-paretic leg during symmetrical weight

bearing. Subjects began walking at their comfortable speed when they saw a visual cue (light).

They were asked to initiate gait as quickly as possible after the visual cue. Subjects completed

5 trials.

Initiating gait with the non-paretic (leading) leg, the paretic TA muscle (trailing) was

activated at the normal relative timing of percent GI cycle. When initiating gait with

the non-paretic leg, the amplitude of the TA muscle on the paretic (trailing) leg was

significantly increased about 27 to 36% compared with the paretic leg as leading

leg in both natural and symmetrical leg- loading conditions.

Improvement of standing symmetry during GI did not induce any adequate muscle

activity on the impaired TA muscle for the effective weight shift necessary during GI.

Delayed onset and less amplitude of TA activity when initiating with the paretic leg in

both symmetrical and asymmetrical weight bearing conditions.

Chang et al. (27) (1) To investigate whether premotor cortex (PMC) lesions influence stepping leg selection and

stepping-related GI-APA in patients with a PMC lesion following a stroke.

(2) 15 hemi-paretic patients (8 with PMC lesions, mean age 66.6 years and 7 PMC spared,

mean age 65.1 years) and 8 age- and sex-matched healthy adults.

(3) Vertical ground reaction force with 2 force plates EMG muscle activity from bilateral TA

muscles was recorded.

(4) All subjects were asked to prepare to react to an upcoming “go” signal (a green circle). Each

subject underwent 6 right- and 6 left-leg-stepping trials in each condition. All subjects stepped

independently without using any device.

The PMC lesions group exhibited the longest TA reaction time and contraction

latency on both legs.

(Continued)
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TABLE 2 | Continued

Authors Study design:

(1) Main objectives

(2) Study population

(3) Outcomes

(4) Methodology

Main results (only results related to GI-APA are reported)

Melzer et al. (28) (1) To explore differences in voluntary step behavior, a motor task of critical importance to

prevent a fall from occurring, using the involved and uninvolved legs and to identify which of the

step phases—step initiation-, preparation- or swing-phase—are markers for increased

stepping time and thus, risk of falling.

(2) 7 male and 3 female stroke survivors (61.7 ± 10 years old) 6.7 ± 4.1 years post- stroke and

10 healthy age-sex matched controls (61.7 ± 7.6 years old).

(3) Center of pressure and ground reaction force data during step execution trials were

collected and sampled at a frequency of 100Hz, using a portable Kistler 9,287 force platform.

(4) 12 step execution trials were performed in randomized order, 3 forward and 3 backward, for

each leg, 6 stepping trials with the involved leg and 6 stepping trials with the uninvolved leg;

healthy control subjects were instructed to step with their dominant leg.

The time to AP peak forces in the preparation and swing phases during single-task

stepping were 80 and 162% longer, respectively, in the non-paretic leg compared

with healthy controls.

Also, the time to AP peak forces in the preparation and swing phases during

single-task condition were 73 and 331% longer using the paretic leg in both

stepping conditions compared with healthy subjects.

AP peak force was significantly lower in both involved and uninvolved legs of stroke

survivors compared with healthy controls, especially during the preparation phase

in single- and dual-task conditions.

Melzer et al. (29) (1) To ask whether the ability to quickly step—a motor task of critical importance to prevent a

fall from occurring—was different in a group of chronic stroke survivors and healthy age- and

sex-matched controls.

(2) 16 hemiparetic subjects (age range, 46–77 year) who were 7.3 years poststroke, and 16

healthy controls matched for age and sex (age range, 43–81 years).

(3) CoP and ground reaction force data during step execution trials were measured with a

portable Kistler 9,287 force platform.

(4) 3 forward and 3 backward stepping trials were performed by the uninvolved foot only in a

randomized order for each of the 2 task conditions (single and dual task).

The preparatory phase durations in the chronic stroke survivors were significantly

longer during the single task (93%), and only 35% longer in dual-task condition.

A longer step initiation time was observed in stroke patients.

Bensoussan et al.

(5)

(1) To assess the kinetic and kinematic characteristics of gait initiation during the various gait

initiation phases in hemiplegic patients after stroke.

(2) 3 hemiplegic patients after stroke (2 women, 1 man, 55, 35, and 21 years) were compared

with 3 healthy subjects.

(3) The kinematic study was carried out using an ELITE optoelectronic system (BTS spa,

Milano, Italy) with 6 cameras The kinetic parameters were recorded via 2 AMTI force-plates

(Advanced Mechanical Technology Inc., Watertown MA, USA).

(4) The subject began walking at whatever speed he chose when instructed to do so by the

operator. The foot to be used to initiate walking was chosen at random and specified by the

operator by raising his left or right hand. Each subject performed 10 trials with each lower leg

(20 trials/subjects).

The postural phase was longer when gait was initiated with the hemiplegic leg.

The forces exerted by the affected leg were exerted backwards during the

postural phase.

Tokuno and Eng

(30)

(1) To determine the differences in gait initiation between a group of individuals with chronic

stroke compared to a group of healthy adults.

(2) 13 individuals with chronic stroke, 6 months post-stroke (8 males, 5 females, 59.3 years)

and 13 healthy adults (8 males, 5 females, 64.7 years).

(3) Gait initiation speed, duration of gait initiation, backward displacement of the center of

pressure (CoP), initial loading of the legs during quiet stance, the peak vertical and

antero-posterior (A-P) forces from the leading and trailing legs, and the A-P impulses from the

leading and trailing leg with a force-plate.

(4) Walking at their comfortable speed, without the use of any walking aid for a distance of five

meters. The choice of leading leg was determined randomly by the experimenter. Three trials

were collected from each lead leg condition.

Individuals with chronic stroke stood in a more asymmetrical manner. They relied

only 42% on their paretic leg.

The backward displacement of the CoP was smaller by a factor of approximately

2.5.

The greater the ability an individual with stroke has to produce a larger peak A-P

force and magnitude of A-P impulse with the paretic leg when used as the trailing

leg, the faster the gait initiation speed they are able to achieve.

Reduced propulsion by the paretic leg was observed.

(Continued)
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TABLE 2 | Continued

Authors Study design:

(1) Main objectives

(2) Study population

(3) Outcomes

(4) Methodology

Main results (only results related to GI-APA are reported)

Bensoussan et al.

(4)

(1) To investigate the temporal, kinetic and kinematic asymmetry of gait initiation in one subject

with hemiplegia with an equinus varus foot.

(2)1 man with hemiplegia (21 years).

(3) A kinetic analysis with two AMTI force plates and a kinematic analysis with an ELITE

optoelectronic system.

(4) The subject was asked to initiate gait at his preferred speed at a vocal signal. Operators

randomly indicted to the subject which foot to use initiate gait. Ten trials for each foot

The distribution of body weight on the lower legs was asymmetrical.

The forces exerted by the affected leg were exerted backwards during the postural

phase.

Reduced propulsion shortens monopodal phase and less body weight sharing by

the paretic leg were observed.

Kirker et al. (31) (1) To compare the pattern of pelvic girdle muscle activation in normal subjects and hemiparetic

patients while stepping and maintaining standing balance.

(2) 12 male and 5 female patients with stroke, with 13 right and 4 left hemiplegia’s (mean age

54 years). Sixteen normal controls (mean age 46 years).

(3) Surface EMGs of bilateral hip abductors (gluteus medius) and adductors (adductor longus),

lateral torque component of the ground reaction forces, and pelvic displacement with

a force-plate.

(4) A sideways push task, a standing balance task and a gait initiation task. Forty trials were

recorded, in alternate blocks of five trials leading with the left foot and five trials leading with the

right foot.

The initial sideways weight shift is accompanied by increases in activity of the

gluteus medius of the stepping leg and contralateral adductor.

Lifting the weight off the leading leg is accompanied by large increases in activity of

the trailing leg gluteus medius and leading leg adductor.

Normal activation pattern of the hemiparetic leg muscles were observed.

Hesse et al. (11) (1) To quantify a possible asymmetry in gait initiation of hemi- paretic patients as compared to

healthy subjects.

(2) 14 hemiparetic patients (5 men and 9 women, mean age 62.8 years), mean stroke interval

3.7 months (range, 2.1–8.3). Five patients suffered from a right and 90 from a left hemiparesis.

Ten healthy subjects (5 men, 5 women, mean age 57.3 years).

(3) The vertical and horizontal forces were sampled with 2 triaxial force platforms.

(4) After an acoustic signal, subjects started to walk at self-adopted speed, five times each with

both their right and left leg.

Longer starting cycle duration and smaller backward displacement of the CoP in

hemiparetic subjects compared to healthy subjects.

The medio-lateral displacement of the CoP toward the trailing leg in the initial phase

was less pronounced when the patient started with the paretic leg.

When the patients made the first step with the paretic leg, the resulting trajectory of

the CoM in the medio-lateral plane was very similar to that of healthy subjects.

AP acceleration of the CoM was found to be delayed when starting with the

affected leg.

Brunt et al. (3) (1) To explore the relation between asymmetry in leg loading of persons with stroke and their

ability to generate the appropriate forces to initiate gait; and to describe the relation between

EMG activity of the involved and non-involved leg and the resultant ground reaction forces.

(2)13 patients with hemiplegia secondary to a cerebral vascular accident.

(3) Surface electrodes were applied bilaterally to the center of the muscle belly of the medial

gastrocnemius (G) and TA muscles Vertical force before gait initiation was determined on

a force-plate.

(4) Walking at the onset of the light signal. The leading leg was always the involved leg. Six

satisfactory trials in which the first three trials began with their involved leg on the force platform

and the last three trials with their uninvolved leg on the force platform.

.

The greater the leading leg was loaded before movement onset the more these

forces approached those values observed in healthy adults .

Reduced propulsion by the paretic leg,.

Correlation between symmetrical weight bearing and propulsion were observed.

Decreased TA muscle activity clearly resulted in a decrease in the contribution of

the leading leg to forward momentum before toe-off of that leg.

There was often an increased G activity of the non-involved trailing leg that at times

resulted in a TA and G co-contraction.

Only results related to GI-APA are reported.GI-APA, anticipatory postural adjustments; COP, center of pressure; COM, center of mass; ML, medio-lateral; AP, antero-posterior; TA, tibialis anterior; G, gastrocnemius.
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Task and Recordings
In four articles, participants were asked to perform a single step
in a reaction-time paradigm, i.e., after the deliverance of a GO
signal (25, 27–29). In the other articles, participants initiated gait
spontaneously and continued walking at their own speed. In two
articles (21, 23), the contralesional leg was systematically used as
the leading leg. In the other articles, both legs were used as the
leading leg.

Dynamic investigation using force platforms was conducted in
all articles except one (26). EMG investigationwas also conducted
in five articles (3, 23, 26, 27, 31).

Quality Assessment
The results of the quality assessments for each study are given
in Table 3. Only non-randomized studies corresponded to the
inclusion criteria and were evaluated. According to the modified
Downs and Black scale, the mean quality index score for the
studies was 14 ± 1.6, with scores ranging from 11 (3) to 17 (26,
29). Only non-randomized observational studies corresponded
to the inclusion criteria and were evaluated, so the level of
evidence was classified as “low quality.” No treatment was
administered in the studies and no meta-analysis was conducted,
so no grading upwards could be done.

Biomechanical and EMG Features of APA:

Stroke vs. Healthy Patients
Biomechanics

APA pattern
Rajachandrakumar et al. (12) showed that when participants with
sub-acute stroke initiated gait at their own speed, 78% exhibited
at least one trial with a GI pattern classified as “atypical.” Atypical
GI trial corresponded to a trial performed without APA or with
“multiple” APA (i.e., with a multi-peaked CoP trace). In contrast,
Martinez et al. (25) observed GI-APA in all trials that involved
voluntary stepping in post-stroke patients (mean chronicity:
2.9 years), while APA were absent in 25% of trials involving
perturbation-induced stepping.

APA duration
Rajachandrakumar et al. (12) showed that trials with multiple
APA had a longer APA duration than normal GI trials (i.e., GI
with a single peak CoP trace). A longer APA duration in stroke
subjects compared to healthy subjects was reported by many
authors (11, 23, 25, 27, 28). In addition, Gama et al. (21) recently
established that stroke patients presented lower velocity of the
CoP in both the ML and AP directions during the anticipatory
phase of gait initiation.

Center-of-pressure shift
Sousa et al. (24) showed that post-stroke patients presented
only half of the COP displacements (both in the frontal and
sagittal plane) compared to healthy subjects. Gama et al. (21)
demonstrated shorter ML and AP CoP displacements as well.
A smaller COP backward shift was also demonstrated by
Hesse et al. (11).

Ground reaction forces
Melzer et al. (28) and Sharma et al. (22) showed that
anteroposterior ground reaction forces generated by both the
paretic and non-paretic leg in post-stroke patients during APA
were lower compared to healthy controls.

Altogether, these studies indicate that stroke patients present
impaired APA compared to healthy subjects, characterized by
atypical patterns, longer duration and lower amplitude. The
results reported in the paragraph below show that GI parameters
can also differ depending on which leg (i.e., paretic or non-
paretic) is used as the leading leg.

Electromyography

Impairments of muscle activation during APA were
demonstrated by many authors in stroke patients compared to
healthy subjects (3, 23, 26, 31). Sousa et al. (24) showed that when
the paretic leg was used as the leading leg, the TA of the paretic
leg presented only half of the EMG activity observed in healthy
subjects. On the other hand, Ko et al. (26) showed that when gait
was initiated with the non-paretic leg, the TA activation in the
paretic leg was increased by 27 to 36% compared with the paretic
leg as leading leg. Moreover, stroke patients exhibited a bilateral
decrease in TA activity during GI-APA and had difficulties in
reducing tonic activity in the soleus muscle of the paretic leg
(3). Finally, Kirker et al. (31) showed that when stroke patients
initiated gait with the paretic leg, GI-APA were characterized
by an impaired activation of the gluteus medius muscle of the
paretic leg, which was compensated by more prominent activity
in the contralateral adductor.

APA in Stroke Patients: Paretic vs.

Non-paretic leg as the Leading or

Trailing leg
APA Pattern

Rajachandrakumar et al. (12) showed that the frequency of trials
with no APA did not differ when gait was initiated with the
paretic or non-paretic leg. In contrast, multiple APA were more
prevalent when the non-paretic leg was used as the leading
leg. Additionally, when stepping with the non-paretic leg, the
frequency of trials with no APA was negatively correlated with
motor recovery.

APA Duration

Bensoussan et al. (5) showed that the postural phase was longer
when the paretic leg was the trailing leg. In contrast, Hesse et
al. (11) and Melzer et al. (28) found no significant difference of
postural phase duration when initiating gait with the paretic or
non-paretic leg.

APA Amplitude in the Frontal Plane

Sharma et al. (22) showed that patients with left hemisphere
lesions generated greater lateral ground reaction forces with
the non-paretic left leg than with the paretic right leg. In
contrast, medial ground reaction forces were equivalent for both
the paretic and non-paretic leg. Additionally, Hesse et al. (11)
reported that the amplitude of the mediolateral CoP shift during
APA was lower when gait was initiated with the paretic leg. In

Frontiers in Neurology | www.frontiersin.org 9 April 2019 | Volume 10 | Article 352
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TABLE 3 | Quality assessment analysis according to the modified Downs and Black scale.

Authors Items Total

Reporting External validity Internal validity - bias Internal validity—confounding Power

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27

Gama et al. (21) 1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Rajachandrakumar

et al. (12)

1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Sharma et al. (22) 1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Sousa et al. (23) 1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Sousa et al. (24) 1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Martinez et al. (25) 1 1 0 1 0 1 1 0 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 0 1 0 16

Ko et al. (26) 1 1 1 1 0 1 1 0 1 1 1 1 0 0 0 1 1 1 1 1 1 0 0 0 0 1 0 17

Chang et al. (27) 1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Melzer et al. (28) 1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 1 15

Melzer et al. (29) 1 1 1 1 0 1 1 0 1 1 1 0 0 0 0 1 1 1 1 1 1 0 0 0 0 1 1 17

Bensoussan et al.

(5)

1 1 1 1 0 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 13

Tokuno and Eng

(30)

1 1 1 1 0 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 13

Bensoussan et al.

(4)

1 1 1 1 0 1 1 0 1 1 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 14

Kirker et al. (31) 1 1 0 1 0 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 12

Hesse et al. (11) 1 1 1 1 0 1 1 0 1 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 13

Brunt et al. (3) 1 1 0 1 0 1 0 0 1 0 0 0 0 0 0 1 1 1 1 1 0 0 0 0 0 1 0 11

Biomechanical and EMG features of APA: Stroke vs. healthy patients.
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contrast, the CoM did not move toward the trailing leg when
patients started with their non-paretic leg, while the trajectory of
the CoM was similar to that of healthy subjects when patients
initiated gait with the paretic leg.

APA Amplitude in the Sagittal Plane
Regarding APA in the sagittal plane, the same authors found
that anticipatory anterior-posterior CoM acceleration during
APA was lower when starting with the paretic leg (22). Tokuno
and Eng (30) found that the anteroposterior impulse generated
by the trailing leg was less than half that of healthy subjects.
Additionally, Bensoussan et al. (4, 5) found that the ground
reaction forces exerted by the paretic leg were directed backwards
during APA (retropulsive action) but were directed forward for
the non-paretic leg (propulsive action). Altogether, these findings
indicate that the use of the paretic leg as the leading leg is
associated with difficulties activating the TA and gluteus medius
muscles during APA, which result in reduced CoP shift and CoM
acceleration. In contrast, the use of the paretic leg as the trailing
leg seems to challenge balance to a greater extent during GI.

DISCUSSION

The aim of this systematic review was to provide an overview
of the impact of stroke on the organization of APA associated
with gait initiation (GI-APA). Altogether, the reviewed studies
suggest that the anticipatory phase of GI is impaired in stroke
patients. The findings principally highlight the changes in the
pattern and spatiotemporal parameters of GI-APA in comparison
with healthy subjects and the differences in initiating gait with the
paretic or non-paretic leg. Moreover, this review may provide an
evidenced-based theoretical framework for clinicians involved in
rehabilitation programs for stroke patients.

The majority of the included studies were scored ≥ 14/28
according to the modified Downs and Black scale. The most
common deficiencies in these included studies, in reference to the
modified Downs and Black scale, were the lists of the principal
confounders (question 5, i.e., not applicable for this review, only
for interventional studies) and the adverse effects (question 8, i.e.,
not applicable for this review, only for interventional studies), the
interventions not representative of usual care (question 13, i.e.,
not applicable for this review, only for interventional studies), the
blinding of the patients or the assessors (questions 14 and 15, i.e.,
not applicable for this review, only for interventional studies), the
specification of the time period of recruitment (question 22), the
randomization of the subjects in groups (questions 23 and 24, i.e.,
not applicable for this review, only for randomized control trial
studies) and the investigation of the main confounders (question
25, i.e., not applicable for this review, only for interventional
studies). These absences were not surprising because the studies
did not include intervention and control groups to measure the
effects of treatment, but were observational studies comparing GI
between subjects during a single session. Because of the absence
of randomized controlled trials, a low quality level of evidence for
the resultsmay be provided (20). Thismeans that further research
with randomized protocols and more standardized protocols is
very likely to have an important impact on our confidence in

the results. The level of the quality assessment, according to
the modified Downs and Black scale, must be considered with
caution because there is no treatment group (i.e., interventional
randomized controlled trials) in the included studies.

Martinez et al. (25) found that when stroke patients
initiated gait, GI-APA were present in 100% of trials, whereas
Rajachandrakumar et al. (12) reported the possibility of trials
with no GI-APA. The subjects in these two studies were at
different post-stroke times and the significant changes in motor
recovery occurring in the weeks after stroke may partially explain
the observed differences (32, 33). Rajachandrakumar et al. (12)
found that trials with no GI-APA were more prevalent among
patients who walked slowly, and that motor impairment was
correlated with the frequency of trials with no GI-APA. Multiple
GI-APA, the other atypical pattern described by the authors, was
observed at a higher frequency when gait was initiated with the
healthy leg.

The “psychological apprehension” loading of the paretic leg
may partially explain longer GI-APA duration and may reflect
the priority of the central nervous system to secure mediolateral
stability before walking (4, 5, 12). A longer GI-APA duration
can also be attributed to delays in soleus deactivation (23) and
TA activation (27). These muscle impairments probably lead to
difficulties in correctly timing the CoP and CoM shift during
GI-APA compared to healthy subjects.

Lower GI-APA amplitude observed in both the frontal and
sagittal planes may result in lower stability and lower progression
velocity, respectively, during GI (11, 21–23, 28, 30). However,
the hypothesis that the lower gait progression velocity observed
in stroke patients results from GI-APA impairments requires
further investigation (23). Indeed, it has been shown that the
amplitude of COP displacement is similar between healthy and
post-stroke participants when healthy participants are instructed
to walk at a speed similar to that chosen by the post-stroke
subjects (30). Thus, the lower GI-APA amplitude reported in
stroke patients under spontaneous velocity conditions appears to
result from their lower self-adopted speed compared to healthy
participants. Furthermore, balance and performance during the
execution phase is affected by the choice of the leading leg during
the postural phase. GI-APA are dynamic phenomena that could
impact balance (34–36) and an inability to support body weight
during GI due to weakness in the paretic leg. Thus, lower GI-APA
amplitude in stroke patients could result from postural muscle
weakness or reflect adaptations to the lower balance state.

Many studies included in the present review confirm the
findings of Pélissier et al. (37) who described a reduction in the
duration of the swing phase, step length, walking velocity, and
magnitude of the propulsion force during the execution phase
when initiating gait with the healthy leg. These effects could be
the result of decreased plantar flexor, hip flexor and hip extensor
strength on the paretic side (38, 39), which may underlie the
inability to support body weight. The incapacity to correctly
propel the CoM above the paretic leg during the stance phasemay
explain the higher degree of instability observed when starting
with the non-paretic leg (3–5, 11, 22, 30, 31). Additionally, the
paretic leg muscles contribute less to the load of the paretic side,
generate less power, and may even produce retropulsive forces,
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which may reduce walking velocity, because all of the propulsive
forces are generated by the healthy leg alone (4, 5, 40).

Knowing the main characteristics of postural deficiencies
during gait initiation or steady walking in stroke patients
may help clinicians assess the efficiency of neurorehabilitation
methods and provide an evidence-based theoretical framework
for motor recovery. For example, the review of (37) established
that the symmetry of stride was not correlated with walking
performance (especially with the progression velocity). In
addition, partial body support (i.e., on the non-paretic stance
leg) was shown to have no effect on the anticipatory
phase (21). These findings suggest that it is not necessary
to obtain symmetrical static balance before starting gait
rehabilitation. On the contrary, gait training should be
started as early as possible after stroke. As documented
in the literature reviewed above, initiating gait with the
paretic leg improves stability and motor performance, so we
recommend that rehabilitation programs promote this strategy
in the early post-stroke period to improve patient mobility
and autonomy.

Gamma et al. (21) recommend the use of an over-ground
body weight support to improve mediolateral APA (i.e.,
stability) without changing the anteroposterior APA velocity (i.e.,
performance). However, in practice the combination of different
rehabilitation strategies, notably the use of functional electrical
stimulation and brain-computer interfaces, seems to be more
effective than over-ground gait training alone (41).

Moreover, since using the paretic leg as the trailing leg has
been found to increase the amplitude of TA muscle activity by
between 27 and 36% (26), this strategy can be used as TA strength
training to improve postural muscle performance in the paretic
leg. Regarding possible gait-rehabilitation strategies, increasing
TA muscle activity of the paretic leg during gait initiation seems
to be an important target for motor rehabilitation, since bilateral
TA activation during APA serves to provide initial propulsive

forces that shift the whole-body forward (3). It is also involved
in body balance maintenance during step execution (10). It is
clear that strength training should not be restricted to the TA
of the paretic limb but should involve all paretic leg muscles.
Specifically, reinforcing hip abductor muscles may facilitate the

anticipatory CoP and CoM shifts in the frontal plane (31), while
reinforcing hip extensors, knee extensors and plantar flexors
should facilitate body weight support against gravity and provide
efficient propulsive forces in the sagittal plane (5, 22, 28, 30).

In this way, the use of virtual reality training during gait
initiation could help train and obtain recovery of force and power
separately for each lower limb (i.e., paretic and non-paretic limb)
in individuals with stroke (42).

CONCLUSION

This systematic review provides an update on GI-APA
reorganization following stroke. Stroke patients present
atypical GI-APA patterns, longer GI-APA duration and lower
GI-APA amplitude compared to healthy people, regardless of
which leg is used as the leading or trailing leg. GI is facilitated
when the non-paretic leg is used as the trailing leg because the
weakness of the paretic leg leads to difficulties in supporting body
weight during the upcoming stance phase. Further experiments
should include distinct groups of patients in order to describe
GI-APA features in acute, subacute and chronic stroke, and the
influence of spasticity and of the lesion site. Understanding the
changes in each population could be relevant for personalizing
rehabilitation strategies.
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Titre : Analyse des effets d’une modification expérimentale de la capacité posturo-cinétique induite par deux types 

d’exercices physiques sur l’organisation biomécanique de la marche et de l’initiation de la marche : vibrations du 

corps entier et étirements musculaires. 

Mots clés : initiation de la marche, marche, ajustements posturaux anticipateurs, capacité posturo-cinétique, vibra-
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Résumé : La « capacité posturo-cinétique » correspond 

à la capacité du système nerveux central à générer des 

ajustements posturaux en réponse à une perturbation 

de la posture et de l’équilibre. Cette capacité dépend 

étroitement de la mobilité articulaire. L’objectif de cette 

thèse était d’étudier les effets d’une modification de la 

capacité posturo-cinétique induite par deux types 

d’exercices physiques (les « vibrations corps entier » 

[VCE] et les étirements musculaires) sur l’organisation 

biomécanique de la marche et de l’initiation de la 

marche dans différents types de populations (saines et 

pathologiques). Pour chaque type d’exercice, nous 

avons réalisé, d’une part, une revue systématique de la 

littérature avec méta-analyse sur les effets à long terme 

sur la marche et, d’autre part, une étude expérimentale 

sur les effets à court terme sur l’initiation de la marche. 

Les populations inclues dans nos études expérimentales 

étaient des jeunes adultes et des personnes âgées 

saines (VCE) et des patients atteints de la maladie de 

Parkinson (étirements musculaires).  

Les résultats de notre première expérimentation ont 

montré  qu’une séance  de  VCE  suffisait à  améliorer  la  

stabilité des jeunes adultes, et ce, malgré une aug-

mentation de la raideur du membre portant. Cette 

amélioration de la stabilité était rendue possible grâce 

à une augmentation de l’amplitude des « ajustements 

posturaux anticipateurs » (APA). Aucun effet à court 

terme des VCE n’a été observé sur la raideur et les pa-

ramètres de l’initiation de la marche chez les per-

sonnes âgées en bonne santé. Les résultats de notre 

méta-analyse ont cependant montré que l’exposition 

aux VCE améliorait la marche dans cette population 

sur le long terme. Les résultats de notre seconde ex-

périmentation ont montré qu’une seule séance d’éti-

rements du triceps sural permettait d’améliorer le dé-

veloppement des APA et la performance motrice chez 

des patients parkinsoniens. En revanche, notre méta-

analyse n’a pu démontrer de bénéfice significatif des 

étirements sur le long terme dans cette population 

par manque de données dans la littérature. L’en-

semble de ces résultats conforte le concept bioméca-

nique de capacité posturo-cinétique et devrait avoir 

des répercussions pertinentes dans le domaine de la 

réhabilitation motrice. 
 

 

Title: Effects of an experimental modification of the posturo-kinetic capacity induced by two types of physical exer-

cises on the biomechanical organization of walking and gait initiation: whole-body vibrations and muscle stretching. 

Keywords: gait initiation, walking, anticipatory postural adjustments, posturo-kinetic capacity, whole-body vibra-

tions, muscle stretching, aging, Parkinson disease, biomechanics. 

 

Abstract: "Posturo-kinetic capacity" refers to the central 

nervous system's ability to generate postural adjust-

ments in response to a postural perturbation. This ability 

is known to depend on joint mobility. The objective of 

this thesis was to study the effects of a change in pos-

turo-kinetic capacity induced by two types of physical 

exercise (whole-body vibrations [WBV] and muscle 

stretching) on the biomechanical organization of walk-

ing and gait initiation in different types of population 

(healthy and pathological). For each exercise, we con-

ducted a systematic review of the literature with meta-

analysis on long-term effects on walking, and an exper-

imental study on short-term effects on gait initiation. 

The populations included in the experimental studies 

were healthy young adults and elderly (WBV) and pa-

tients with Parkinson's disease (muscle stretching). 

Results of the first experiment showed that a single WBV 

session was enough to improve stability in young adults,  

despite an increase in the supporting limb stiffness. 

This improvement was made possible by an increase 

in the amplitude of "anticipating postural adjust-

ments" (APA). In healthy elderly, no short-term WBV 

effects were observed on leg stiffness and gait initia-

tion parameters. However, results of the meta-analy-

sis showed that exposure to WBV improved walking 

in this population over the long term. Results of our 

second experiment showed that a single session of tri-

ceps surae stretching improved APA development 

and motor performance in patients with Parkinson's 

disease. However, the meta-analysis could not 

demonstrate a significant benefit of long-term 

stretching on walking in this population due to a lack 

of data in the literature. Together, these results sup-

port the biomechanical concept of posturo-kinetic ca-

pacity and may have relevant applications in the field 

of motor rehabilitation. 
 


