
	
Evidence	Based	Medicine	en	
réadaptation	du	membre	sup	

	
La	rééducation,	la	compensation,	l’appareillage	dans	les	

troubles	de	la	préhension	et	de	la	manipulation		
	
	Pr	Philippe	Marque	

CHU	Rangueil	Toulouse	



1.   Relation	structure	fonction	
–  Squelette	osseux	et	fibreux	
–  Neuro-anatomie	

•  Organisation	motricité	
•  préhension	
•  Effet	entraînement	
•  Plasticité	dépendante	de	l’usage	
•  Compétitions	des	représentations	corticales	

2.   Principes	de	la	rééducation	de	la	main	
–  Principes	transversaux	
–  Mobilisations	passives	et	actives	
–  Particularités	chez	l’hémiplégiques	

3.   La	compensation	
–  Faire	autrement	
–  Les	orthèses	dynamiques	
–  SEF	
–  Les	aides	techniques	
–  Appareillages	
–  BCI	
–  Greffes	



I	-	RELATION	STRUCTURE	FONCTION	



Squelette	osseux,	squelette	fibreux	
Insertions	des	extenseurs	

Poulies	des	fléchisseurs	

Squelette	fibreux	=	risques	d’enraidissements,	adhérences	



Organisation	Neuro-anatomique	

• 	Faisceau	cortico-spinal	=	manipulation	
• 	L’homonculus	de	Penfield	=	une	vision	simpliste	
• 	Un	rôle	souvent	sous-estimé	des	autres	faisceaux	



Lésion	isolé	du	faisceau	cortico-spinal	

•  Lésion	du	1/3	moyen	du	
bras	postérieure	de	la	
capsule	

•  Pas	de	spasticité	
•  Pas	de	déficit	de	force	
•  Déficit	de	vitesse	
•  Maladresse		déficit	
indépendance	des	
doigts	

•  Fries	W,	Brain	1993	



Faisceau	cortico-spinal	

•  Un	faisceau	distribué,	
largement	divergent	

•  Rôle	majeur	des	
collatérales	inhibitrices	
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FIG. 67. — Vision du mouvement et précision du pointage. 

Les histogrammes fournissent les erreurs de pointage pour différentes vitesses d'exé-

cution de la réponse : mouvements rapides tR : inférieurs à 200 ms) — mouvements à 

vitesse normale (N : compris entre 200 ms et 700 ms) — mouvements lents (supérieurs 

à 700 ms), dans des conditions de vision totale (V), d'absence de vision du mouvement  

     —   _ 

( V ) ou de limitation de la vision du geste au début (VD), à la fin (FV), à la partie intermé-                                                      

                                                                                                                                                                           —   _ 

diaire de la trajectoire (VI) ou a l'exclusion de celle-ci (VI) 

En haut, à droite : schéma du dispositif expérimental. Le sujet effectue un mouvement 

de pointage depuis le levier (Lev.) jusqu'à une cible lumineuse virtuelle (C
2
) obtenue par 

projection de la cible C
1
 sur un miroir incliné à 45°. La présence de ce miroir interdit 

toute vision du geste exécuté. 

Voir commentaires dans le texte. 

IV. — L'EXÉCUTION  DU   PROGRAMME  DE TRANSPORT 

Si les informations visuelles interviennent à divers titres dans la défi-

nition du programme de transport, elles vont également être impliquées 

dans les opérations correctrices de la trajectoire au cours de l'exécution 

du mouvement. On considère ordinairement que la phase terminale du 

mouvement constitue la période privilégiée d'intervention des corrections 

visuelles de trajectoire au voisinage de l'objectif (Woodworth, 1899; Vince, 

1948). Cette phase est annoncée par une décélération caractéristique du 

mouvement. Elle s'accompagne d'un véritable guidage visuel du mouvement 

avec réduction de l'écart existant entre la position de la cible et la position 

de la main. 

•  Pointage	(reaching)	:	
–  Phase	ballistique	
–  Phase	de	rétro-contrôle	:	

•  Visuel	
•  Proprioceptif	:	vision,	œil,	

main	
–  Durée	du	mouvement	(loi	de	

fitt)	TM	=	a+b.log2(2A/W)	
•  Proportionnelle	à	l’amplitude	
•  Inversement	proportionnel	à	

la	taille	de	la	cible	W	

•  Saisie	(grasp)	
–  Conformation	de	la	main	à	

l’objet	dès	la	phase	ballistique	

In : HECAEN  H., JEANNEROD M.  (Eds).  Du  contrôle de la motricité à  
l'organisation du geste. Paris,  Masson, 1978, 225-260. 

DE LA COORDINATION VISUO-MOTRICE 

A  L'ORGANISATION  DE  LA  SAISIE MANUELLE 

par  

J. Paillard et D. Beaubaton 

Dans les remarques finales qu'il formulait à l'issue d'un récent colloque sur 

le comportement moteur et les activités nerveuses programmées. Teuber (1974), 

paraphrasant l'affirmation de Flourens selon laquelle une anatomie sans 

physiologie resterait sans objet, formulait ainsi une question fondamentale     

« so it could be that the physiology of movement proceeds aimlessly unless 
there is the most searching analysis of the set, the task in which the particular 

motor behavior appears ». Une même activité musculaire ou une même 

séquence de mouvements peuvent en effet s'insérer dans des programmes d'action 

dont la finalité comportementale peut être très variable. De ce fait elles peuvent 

relever pour leur mise en jeu de structures et de mécanismes de fonctionnement 
différents. Une physiologie des mouvements n'atteint son véritable objet que 

dans le contexte d'une physiologie des actes biologiquement significatifs. 

La physiologie des contrôles moteurs s'est considérablement enrichie au 

cours de la dernière décade: notamment grâce aux progrès de nos connaissances sur 

les structures fines de connectivité du système nerveux. Avec l’introduction des 

méthodes d'analyse des activités nerveuses unitaires chez l'animal vigile et libre 
de ses mouvements, elle se trouve aujourd'hui appelée à maîtriser les variables 

comportementales au niveau des activités gestuelles intégrées et biologiquement 

adaptatives. Elle ouvre ainsi la voie à une meilleure interprétation de la 

neuropathologie des perturbations des fonctions motrices chez l'Homme. 

C'est ainsi que la physiologie des mouvements de la main, dépassant 
l'étude du réflexe de grasping ou des réactions de placement visuel ou tactile 

des membres antérieurs, aborde l'étude du geste de saisie d'un objet repéré dans 

l'espace visuel. Elle recherche les déterminants sensoriels de l'incitation d'un tel 

mouvement. la nature de l'organisation du programme de transport de la 

main, du guidage visuel de la trajectoire du mouvement, du guidage tactile de 
la saisie au contact de l'objet et du déclenchement des activités palpatoires et 

manipulatrices diverses qui constituent la finali té  de l'action projetée. 

________________ 

Les idées exposées dans cet article doivent beaucoup aux travaux de l'équipe des 
chercheurs du Laboratoire : B. AMBLARD, M. BROUCHON-VITON, P. CONTI, M. 
COULMANCE, L. HAY, P. JORDAN, F. MARTINEZ, M. RABATTU, R. ROLL.  
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Effet	immobilisation	



Mouvements	du	membre	intact	 Mouvements	du	membre	amputé	

Kew	et	al.,	J	Neurophysiol	1994	

Mouvement	de	l’épaule	(TEP):	
montre	que	l’aire	de	l’épaule	(côté	amputé)	envahit	l’aire	initiale	de	la	
main	amputée	(que	l’on	localise	hypothétiquement	symétrique	à	A)	

Exemple d’envahissement du territoire cortical déafférenté 
en TEP (dans le cas d’une main amputée) 

Aire	de	la	main	
intacte	

Aire	de	l’épaule	
avant	amputation	

Aire	de	la	main	
avant	amputation,	
envahie	par	l’aire	
de	l’épaule	après	
amputation	



Compétition des représentations 
corticales 

«	Rapid	reversible	modulation	of	human	motor	outputs	after	transient	deafferentation	of	the	forearm	:		
a	study	with	transcranial	magnetic	stimulation	»,	Brasil-Neto	et	al.	(1992)	Neurology	

Ischémie	nerveuse	transitoire	



rééducation 

NUDO et al  
(J Neurosci 1996 - 

Science 1996)  

Plasticité	dépendante	de	l’usage	:	mécanisme	de	compétition			



Nudo Recovery after brain injury

environment for axonal sprouting processes to be re-initiated.
After a focal ischemic infarct in rats, synchronous neuronal activ-
ity is a signal for post-infarct axonal sprouting to be initiated
from the intact cortical hemisphere to peri-infarct cortex and the
contralateral dorsal striatum (Carmichael and Chesselet, 2002).
Thus, evidence now supports the importance of cortical activ-
ity for axonal sprouting within the developing and adult brain. It
follows that differences in post-infarct behavioral experience may
influence which neurons become targets for both local and distant
sprouting axons by differentially activating task-specific cortical
areas.

It is important to point out that context-dependent reinforce-
ment is critical for such plasticity to occur in cortical neurons
of adult animals. That is, simple exposure to sensory stimuli
causes little or no long-lasting change in receptive field proper-
ties. This principle was illustrated in a set of studies in which both
somatosensory and auditory stimuli were presented to animals.
The animals were rewarded for discriminating physical properties
of only one of the modalities. Receptive field plasticity was seen
in the cortex corresponding to the relevant sensory modality, but
not the irrelevant modality (Recanzone et al., 1992).

Several general principles of motor map organization have
been demonstrated that are thought to underlie the ability of the
motor cortex ability to encode motor skills (Monfils et al., 2005).
First, motor maps are fractionated, in that they contain multiple,
overlapping representations of movements (Figure 1). Second,
adjacent areas within cortical motor maps are highly intercon-
nected via a dense network of intracortical fibers. Third, these

FIGURE 1 | Representation of distal forelimb movements in primary
motor cortex (area 4) of a squirrel monkey. Under ketamine sedation,
movements were evoked by intracortical microstimulation at each of 321
sites (small white dots) located approximately 250 µm apart. The distal
forelimb representation is comprised of digit (red), wrist (w/fa; green),
forearm (green) movements, as well as combinations of single-joint
movements (yellow). This fractionated pattern of movement
representations is due to the intermingling of corticospinal neurons that
project to different subsets of motor neurons (Milliken et al., 2013).

maps are extremely dynamic and can be modulated by a number
of intrinsic and extrinsic stimuli. Together, these characteristics
provide a framework that facilitates the acquisition of novel mus-
cle synergies, at least in part, through changes in the intracortical
connectivity of individual movement representations (Capaday
et al., 2013).

However, the dynamic nature of motor maps belies the issue of
stable neural connections that must be maintained to respond to
environmental demands and retain acquired motor skills. In fact,
using stimulus-triggered averaging of electromyographic activ-
ity in M1 of macaque monkeys, it appears that facilitation and
suppression of individual muscles are surprisingly stable despite
alterations in joint-angles, postural changes and various phases
of a task (Griffin et al., 2009). Within the cortex, this balance
is thought to be achieved through interactions of the excitatory
and inhibitory connections of pyramidal cells and local inhibitory
networks (Huntley and Jones, 1991; Aroniadou and Keller, 1993).
This in turn requires an internal mechanism that is capable
of shifting this balance toward strengthening relevant synaptic
connections.

Horizontal fiber connections have been shown to arise from
excitatory pyramidal neurons and allow for the co-activation of
adjacent and non-adjacent cortical columns. In addition to acti-
vating excitatory pyramidal cells, they also generate inhibitory
responses via the activation of GABAergic interneurons (Jones,
1993). Furthermore, the activity of these horizontal fibers has
been shown to be mediated by both long-term potentiation
(LTP) and long-term depression (LTD) between distant motor
cortical areas (Hess et al., 1996). In slice preparations after
motor learning, rats have larger amplitude field potentials in
the motor cortex contralateral to the trained forelimb (Rioult-
Pedotti et al., 1998). Thus, the synaptic strength of horizontal
connections in the motor cortex is modifiable and may pro-
vide a substrate for altering the topography of motor maps
during acquisition of motor skills. Together, these horizontal
fiber characteristics provide a mechanism capable of both facil-
itating the activation of multiple novel muscle synergies that
are required for motor skill acquisition, while likewise pro-
viding a mechanism, via inhibitory processes, of motor map
stability that is required to maintain stable, neural representa-
tions in response to irrelevant (i.e., untrained) environmental
events.

The hypothesis that Hebbian-like changes in intracortical
synaptic connections link different cortical neurons to form func-
tional modules gained further support by a study in the motor
cortex of adult macaque monkeys. This study demonstrated that
the output properties of motor cortex neurons can be altered by
artificially coupling neuronal discharge patterns (Jackson et al.,
2006). Electrodes were implanted in motor cortex of monkeys and
two sites were selected on the basis of their response to ICMS.
ICMS produced different movements at the two sites, which were
located 1–2 mm apart. Then spike discharges were recorded from
one site (Site 1) and used to stimulate the second site (Site 2)
with a predetermined delay. When ICMS was used to determine
the output properties of the two sites a few weeks later, it was
found that Site 2 acquired the properties of Site 1—the ICMS-
evoked movements were identical. This study provides further
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FIGURE 2 | Representation of distal forelimb representations in motor
cortex after digit skill training as defined by intracortical microstimulation.
Digit areas (red) expand after only 12 days of training. Combination movements

that reflect the individual kinematics that the monkey employs also expand their
representations. (A) Pre-training map. (B) Post-training map. (C) Still images of
squirrel monkey retrieving food pellets from small wells (Nudo et al., 1996a).

effects—an increase in wrist and forearm representations at the
expense of digit representations.

In addition, an increase in ICMS-evoked multi-joint move-
ments was observed. These movements consisted of simultaneous
executions of digit and wrist or proximal movements at low
ICMS current levels, and were only observed after training on the
digit-use intensive manual dexterity task. Both before and after
training, thresholds for evoking multi-joint responses were sig-
nificantly lower than single joint responses. These results imply
that behaviorally relevant, simultaneous or sequential movements
may become associated in the motor cortex through repeated
activation. It is possible that temporal correlation of inputs and
outputs in the motor cortex drives emergent properties, as it
seems to do in somatosensory cortex. Thus, muscle and joint
synergies used in complex, skilled motor actions may be sup-
ported by alterations in local networks within the motor cortex.
As skilled tasks become more stereotyped in timing of sequential
joint movements, functional modules emerge in the cortex to link
the outputs of different motoneuron pools.

MOTOR SKILL LEARNING vs. MOTOR USE
These findings lead to the question of what aspects of motor
skill learning drive the observed changes in map representations.
Given that in the previous experiments, subjects were trained
repeatedly on the same motor skills task, it is possible that
increased muscle activity alone produced the observed changes
in map representations. To address this issue, a group of mon-
keys was trained exclusively on either the largest or the smallest
well in the digital dexterity task. The rationale in this design is

that the largest well allows for simple multi-digit movements for
pellet retrieval, which does not require the subject to develop
novel skilled digit movements, since simply grasping for food
is a normal part of their daily home cage behavior, and this is
already part of their behavioral repertoire. Small well food pel-
let retrieval, in contrast, requires the monkey to manipulate 1–2
digits to retrieve the pellet, which is considerably harder given
that squirrel monkeys lack monosynaptic corticospinal projec-
tions to motoneurons, which probably limits individuation of
digit movements (Lemon and Griffiths, 2005).

Compared to pre-training maps, monkeys trained on the large
well pellet retrieval did not show an expansion of the digit rep-
resentation, while those trained on the small well did exhibit
an expansion of the digit representation (Plautz et al., 2000).
These findings strongly suggest that an increase in motor activ-
ity in the absence of motor skill acquisition is insufficient to drive
neurophysiological changes in the motor cortex. Similar findings
have been found in rodents examining pellet retrieval vs. bar
pressing. Rats that learned to retrieve pellets from a rotating plat-
form displayed more distal movements in their motor maps. This
expansion was associated with significant synaptogenesis (Kleim
et al., 1998, 2002a). Rats that simply pressed a bar showed no
map changes or synaptogenesis (Figure 3). Thus, plasticity in
motor cortex can be said to be skill- or learning-dependent, rather
than strictly use-dependent. Tasks that require acquisition of new
motor skill induce neurophysiologic and neuroanatomic changes
in motor cortex, but simple repetitive motion or strength training
tasks do not (Kleim et al., 1998; Plautz et al., 2000; Remple et al.,
2001).
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Motor	learning	=	shaping	



Synthèse	des	aspects	fondamentaux	

•  L’usage	fait	la	fonction	:	répétition	de	tâche	
•  C’est	de	l’apprentissage	moteur	:	

– Personnalisé	
– Ni	trop	facile	ni	trop	dur	:	taux	de	réussite	à	la	
tâche	60	à	80	%		



II	–	PRINCIPE	DE	LA	RÉÉDUCATION	
DE	LA	MAIN	



Principes	transversaux	

•  Limiter	la	douleur,	l’œdème	et	les	adhérences	
•  Mobilisation	précoce	

– Passive	
– Auto-passive	:	Orthèses	
– Actives	

•  Travail	par	tâches	:	préhension	



Limiter	la	douleur,	l’œdème	et	les	adhérences	

•  Douleurs	:	
–  Traitements	médicamenteux	
–  Topiques	locaux	
–  Agents	physiques	:	chaud,	froid	
–  TENS,	vibrations,	Ultrasons	
–  Orhèses	de	posture	

•  Œdème	et	adhérences	
–  Massage	global	et	cicatrices	
–  Contention	

•  Pathologie	:	
–  Traumatologie	de	la	main	
–  Post-chirurgie	
–  Polyarthrite	inflammatoire	
–  SDRC	de	l’hémiplégique		
–  Lésions	nerveuses	



Mobilisations	passives	
•  Par	le	thérapeute	:	

–  Débute	dès	le	3°	jours	après	
lésion	des	tendons	
fléchisseurs	

•  Apprentissage	mobilisation	
auto-passive	
–  Patient	compliant		

•  Orthèses	
–  Lésions	tendons	des	

fléchisseurs	:	Orthèse	de	
Kleinert		



Mobilisation passive = activation motricité 

La	mobilisation	passive	active	le	cortex	sensori-moteur	

Alary	F	et	al,	Neuroimage	1998	



Chez les patients 
•  Etudes	cliniques	:	

–  effets	des	stimulations	
électriques	

–  EMS	Powel	et	al	stroke	1999	
–  TENS	Sonde	et	al	Scand	J	Rehab	Med	

1998	

–  Electroacupuncture	Johanson	et	al,	
Neurology	1996	

•  Conforto	et	al	Ann	Neurol	2002	
–  8	hémiplégiques	chroniques	
–  Stimulation	sensitive	du	médian	
–  Augmentation	de	la	force	



Mobilisations	actives	

•  Le	plus	rapidement	
possible,	mobilisations	
fonctionnelles	
–  Prises	variées	
–  Dans	des	secteurs	
angulaires	variés	

–  Objets	de	tailles	
variables	

–  De	poids	variables	
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ABSTRACT:
Study Design: Systematic review.
Introduction: Controversy exists as to which rehabilitation pro-

tocol provides the best outcomes for patients after surgical repair of
the extensor tendons of the hand.

Purpose of the Study: To determine which rehabilitation proto-
col yields the best outcomes with respect to range of motion and
grip strength in extensor zones VeVIII of the hand.

Methods: A comprehensive literature review and assessment
was undertaken by two independent reviewers. Methodological
quality of randomized controlled trials and cohort studies was as-
sessed using the Scottish Intercollegiate Guidelines Network scale.

Results: Seventeen articles were included in the final analysis
(k¼ 0.9). From this total, seven evaluated static splinting, 12 eval-
uated dynamic splinting, and four evaluated early active splinting.
Static splinting yielded ‘‘excellent/good’’ results ranging from 63%
(minimum) to 100% (maximum) on the total active motion (TAM)
classification scheme and TAM ranging from 1858 (minimum) to
2588 (maximum) across zones VeVIII. Dynamic splinting studies
demonstrated a percentage of ‘‘excellent/good’’ results ranging
from 81% (minimum) and 100% (maximum) and TAM ranging
from 2148 (minimum) and 2618 (maximum). Early active splinting
studies showed ‘‘excellent/good’’ results ranging from 81% (min-
imum) and 100% (maximum). Only one study evaluated TAM in
zones VeVIII, which ranged from 1608 (minimum) and 1658 (max-
imum) when using two different early active modalities.

Conclusions: The available level 3 evidence suggests better out-
comes when using dynamic splinting over static splinting. Addi-
tional studies comparing dynamic and early active motion
protocols are required before a conclusive recommendation can
be made.

Level of Evidence: 2.

J HAND THER. 2011;24:365–73.

Injuries to the extensor tendons of the hand are
common, with patients presenting to emergency
departments and/or in units specializing in hand
trauma for surgical repair.1 Extensor tendon injuries
receive much less attention in the literature in com-
parison to flexor tendon injuries although these

injuries are associated with poor patient outcomes if
not treated appropriately.2 Historically, the standard
postoperative management of extensor tendon
repairs consisted of static splinting anywhere from
3 to 8 weeks followed by gradual increases in mobili-
zation.3,4 This type of splinting involves complete
immobilization of the metacarpophalangeal (MCP)
and proximal interphalangeal (PIP) joints at 08 and
the wrist in 308e408 extension with the hope that do-
ing so produces less tension on the healing tendon.5

Alternatively, an early controlled motion rehabilita-
tion protocol could be used. This consists of passive
motion of the healing tendon through the usage of
dynamic splinting, which provides traction on the
finger by attachment of a rubber band over the
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ABSTRACT:
Study Design: Systematic review.
Introduction: Controversy exists as to which rehabilitation pro-

tocol provides the best outcomes for patients after surgical repair of
the extensor tendons of the hand.

Purpose of the Study: To determine which rehabilitation proto-
col yields the best outcomes with respect to range of motion and
grip strength in extensor zones VeVIII of the hand.

Methods: A comprehensive literature review and assessment
was undertaken by two independent reviewers. Methodological
quality of randomized controlled trials and cohort studies was as-
sessed using the Scottish Intercollegiate Guidelines Network scale.

Results: Seventeen articles were included in the final analysis
(k¼ 0.9). From this total, seven evaluated static splinting, 12 eval-
uated dynamic splinting, and four evaluated early active splinting.
Static splinting yielded ‘‘excellent/good’’ results ranging from 63%
(minimum) to 100% (maximum) on the total active motion (TAM)
classification scheme and TAM ranging from 1858 (minimum) to
2588 (maximum) across zones VeVIII. Dynamic splinting studies
demonstrated a percentage of ‘‘excellent/good’’ results ranging
from 81% (minimum) and 100% (maximum) and TAM ranging
from 2148 (minimum) and 2618 (maximum). Early active splinting
studies showed ‘‘excellent/good’’ results ranging from 81% (min-
imum) and 100% (maximum). Only one study evaluated TAM in
zones VeVIII, which ranged from 1608 (minimum) and 1658 (max-
imum) when using two different early active modalities.

Conclusions: The available level 3 evidence suggests better out-
comes when using dynamic splinting over static splinting. Addi-
tional studies comparing dynamic and early active motion
protocols are required before a conclusive recommendation can
be made.

Level of Evidence: 2.

J HAND THER. 2011;24:365–73.

Injuries to the extensor tendons of the hand are
common, with patients presenting to emergency
departments and/or in units specializing in hand
trauma for surgical repair.1 Extensor tendon injuries
receive much less attention in the literature in com-
parison to flexor tendon injuries although these

injuries are associated with poor patient outcomes if
not treated appropriately.2 Historically, the standard
postoperative management of extensor tendon
repairs consisted of static splinting anywhere from
3 to 8 weeks followed by gradual increases in mobili-
zation.3,4 This type of splinting involves complete
immobilization of the metacarpophalangeal (MCP)
and proximal interphalangeal (PIP) joints at 08 and
the wrist in 308e408 extension with the hope that do-
ing so produces less tension on the healing tendon.5

Alternatively, an early controlled motion rehabilita-
tion protocol could be used. This consists of passive
motion of the healing tendon through the usage of
dynamic splinting, which provides traction on the
finger by attachment of a rubber band over the
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Assessment of Methodological Quality

The methodological quality of randomized con-
trolled trials (RCTs) and cohort studies was assessed
usinga checklistproposedby theScottish Intercollegiate
Guidelines Network (SIGN50) (Appendix I).17 In a com-
parison by Wells et al.18 at a Canadian Cochrane
Symposium, SIGN50 was shown to be a superior
quality assessment tool based on its ability to cover
factors, including study population, statistical analy-
sis, interventions, outcomes, and funding, compared
with more popular quality assessment tools such
as JADAD. The SIGN50 scale assesses the quality
based on amultipart questionnaire including sections
devoted to the following: 1) A clear research question;
2) Selectionof subjects; 3)Assessment; 4)Confounders;
and 5) Statistical analysis. Each question was assessed
using a six-part qualitative answering scheme, which
ranged frombeing ‘‘well covered’’ to ‘‘not applicable.’’

The mean score of the included prospective/
retrospective studies was calculated separately
from the RCTs. Because SIGN50 does not contain
a protocol for descriptively evaluating the studies,
we decided to describe them according to the
following divisions: of a maximum score of 4.00, a
score of 3.00e4.00 was considered ‘‘high quality’’;
1.00e2.99 was considered ‘‘average quality’’; and
studies scoring 0e0.99 were considered ‘‘low qual-
ity’’ (Appendix I).

Data Extraction

The following data were extracted from each
primary article and used for descriptive comparisons:
author, year, sample size, number of injuries, age,
gender, study design, zone of repair based on those
outlined byKleinert andVerdan13 (Figure 1), duration
of follow-up, study results, and recommendations.

Data Analysis

All data are summarized descriptively. A kappa
statistic, a measure of chance-corrected agreement,
was calculated to provide an estimate of agreement
between reviewers with regard to the articles that
were retrieved for evaluation.

RESULTS

Characteristics of Included Studies

The literature search identified 167 potential arti-
cles. After an application of the inclusion and exclu-
sion criteria, 16 articles were deemed relevant and
included in the final analysis (k¼ 0.88). Furthermore,
two additional articles were included on the basis of
relevance after reading through screened article ref-
erence lists. Thus, a total of 17 articles were included.

Our screening process is outlined in Figure 2. From
this total, seven evaluated static splinting, 12 evalu-
ated dynamic splinting, and four evaluated early
active motion splinting. Three of the studies were
RCTs, ten were retrospective studies, and four were
prospective studies. Characteristics of included stud-
ies are outlined in Table 3.

The most commonly applied outcome measure
was TAM, which was used in 12 studies closely
followed by grip strength, which was used in five
studies. TAM and grip strength of included studies
are outlined in Tables 4 and 5, respectively.

FIGURE 1. Verdan’s zones of the hand.

FIGURE 2. Screening process.
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LA	RÉCUPÉRATION	DÉPEND	DE	
L’INTÉGRITÉ	DU	FCX	CORTICO-SPINAL	



FIGURE 1: Proportional resolution of impairment depends on corticomotor pathway integrity and initial impairment (66 – FMini-

tial; see text for details) at 6 (A and B), 12 (C and D), and 26 (E and F) weeks poststroke after standardized upper limb therapy.
Dashed line indicates the 70% rule prediction. Linear regression and 95% confidence intervals are plotted for those expected
to conform to the rule (filled circles). Complete regression statistics are shown in Table 2. Relative comparisons of coding are
shown in Table 3. (A, C, and E) Participants are coded by MEP status and FAAI status; circles: MEP1; open triangles: MEP– and
FAAI < 0.15; open squares: MEP– and FAAI > 0.15. (B, D, and F) Participants are coded by FMinitial; filled circles: FMinitial > 10;
open squares: FMinitial < 11. FA 5 fractional anisotropy; FM 5 Fugl-Meyer scale; MEP 5 motor evoked potential.
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an intercept of 0 (within 95% CI) and regression coeffi-
cients (b) of 0.60, 0.69, and 0.74 at 6, 12, and 26
weeks, respectively (Table 2; Fig 2B–D).

Variable Therapy Cohort
The variable therapy cohort only included participants
with MEPs, and based on the findings of the standar-
dized therapy cohort, all were expected to conform to

the 70% rule. Linear regression modeling indicated that
FMii was the sole predictor of DFM with proportional
recovery b of 0.68 (0.62–0.73) at 12 weeks (Table 2;
Fig 3A), similar to the b of 0.64 (0.57–0.70) observed in
the standardized therapy cohort at 12 weeks. DFM was
not related to therapy dose (p 5 0.55; Fig 3B). Figure 3A
indicates that for this cohort predictions of the 70% rule
were upheld (within 95% CI) for participants with initial
FM scores as low as 4 (initial impairment 5 62).

Predictive Power
For the standardized therapy cohort, positive and nega-
tive predictive values, specificity, and sensitivity are
shown in Table 3. Participants were categorized according
to MEP status and initial FM score. Predictive values
were calculated by comparing the observed DFM values
at 12 weeks to those predicted by the 70% rule. Predic-
tions were classified as correct if the observed FM was
within 61 minimal clinically important difference of the
predicted FM (66.6 points). Table 3 shows that the pos-
itive and negative predictive values and specificity were
higher when participants were coded by MEP status than
when coded by initial FM score. For the variable therapy
cohort, only the positive predictive value could be deter-
mined given that all participants had MEPs and were
expected to conform to the rule (Table 3).

Discussion

The proportional resolution of upper limb impairment
after stroke depended on corticomotor tract integrity.
Patients with a viable ipsilesional corticomotor pathway
made a proportional recovery, which was mirrored by the
proportional recovery of excitability in this pathway. This
finding may provide some clues about the mechanisms

FIGURE 3: Resolution of upper limb impairment at 12 weeks
poststroke after variable upper limb therapy dose. All par-
ticipants had motor evoked potentials within 5 days post
stroke. (A) Dashed line indicates the 70% rule prediction.
Linear regression and 95% confidence intervals are plotted
for all data. Complete regression statistics are shown in
Table 2 and positive predictive values in Table 3. (B) Upper
limb therapy dose (minutes) was not a significant predictor
of impairment change (DFM). FM 5 Fugl-Meyer scale.

TABLE 3. Predictions for Achieving Proportional
Recovery

Standardized Therapy
Variable
Therapy

FMinitial > 10 MEP1 MEP1

Positive
predictive
value

79.5 83.8 86.7

Negative
predictive
value

88.9 90.9 —

Sensitivity 96.9 96.9 —

Specificity 50.0 62.5 —

FMinitial 5 initial FM score at 2w; MEP1 5 motor evoked
potential status.
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Proportional Recovery After Stroke
Depends on Corticomotor Integrity

Winston D. Byblow, PhD,1,2 Cathy M. Stinear, PhD,1,3

P. Alan Barber, MBChB, PhD,1,3 Matthew A. Petoe, PhD,1,3,4 and

Suzanne J. Ackerley, BPhty, PhD1,3

Objective: For most patients, resolution of upper limb impairment during the first 6 months poststroke is 70% of the
maximum possible. We sought to identify candidate mechanisms of this proportional recovery. We hypothesized that
proportional resolution of upper limb impairment depends on ipsilesional corticomotor pathway function, is mirrored
by proportional recovery of excitability in this pathway, and is unaffected by upper limb therapy dose.
Methods: Upper limb impairment was measured in 93 patients at 2, 6, 12, and 26 weeks after first-ever ischemic
stroke. Motor evoked potentials (MEPs) and motor threshold were recorded from extensor carpi radialis using trans-
cranial magnetic stimulation, and fractional anisotropy (FA) in the posterior limbs of the internal capsules was deter-
mined with diffusion-weighted magnetic resonance imaging.
Results: Initial impairment score, presence of MEPs and FA asymmetry were the only predictors of impairment reso-
lution, indicating a key role for corticomotor tract function. By 12 weeks, upper limb impairment resolved by 70% in
patients with MEPs regardless of their initial impairment, and ipsilesional rest motor threshold also resolved by 70%.
Resolution of impairment was insensitive to upper limb therapy dose.
Interpretation: These findings indicate that upper limb impairment resolves by 70% of the maximum possible,
regardless of initial impairment, but only for patients with intact corticomotor function. Impairment resolution seems
to reflect spontaneous neurobiological processes that involve the ipsilesional corticomotor pathway. A better under-
standing of these mechanisms could lead to interventions that increase resolution of impairment above 70%.

ANN NEUROL 2015;78:848–859

Stroke is the leading cause of adult disability in the
developed world.1 The ability to live independently

after stroke depends on the recovery of motor func-
tion.2–4 Motor recovery is a complex process that com-
bines spontaneous neurobiological elements in the initial
days and weeks5 and learning-related elements that occur
over longer time scales before plateauing around 6
months after stroke.6 Little is known about spontaneous
recovery processes in humans; however, resolution of
upper limb impairment is a useful model. Remarkably, it
seems that within 6 months upper limb impairment
resolves by a fixed proportion, which is 70% of each
patient’s maximum possible improvement.7 This “70%
rule” alludes to a fundamental biological mechanism
given that it holds true for patients across all ages, both

genders, and in countries with different rehabilitation
services.7–10 However, the 70% rule does not apply to
everyone. If we knew why the rule applies to some
patients and not others, we could better understand the
mechanisms underlying spontaneous recovery after stroke
and find ways to increase the proportion above 70%.

Previous studies have attempted to define an initial
minimum Fugl-Meyer upper extremity (FM) score that
identifies which patients will follow the 70% rule and
reported three different scores.7,8,10 It appears that initial
FM score alone may not reliably predict whether upper
limb impairment will resolve proportionally. This is in
keeping with our previous work showing that clinical
scores do not accurately predict recovery of upper limb
function. More-accurate prognoses can be made by

View this article online at wileyonlinelibrary.com. DOI: 10.1002/ana.24472
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Structural integrity of corticospinal motor
fibers predicts motor impairment in
chronic stroke

R. Lindenberg, MD
V. Renga, MD
L.L. Zhu
F. Betzler
D. Alsop, PhD
G. Schlaug, MD, PhD

ABSTRACT

Objective: Motor impairment after stroke has been related to infarct size, infarct location, and
integrity of motor tracts. To determine the value of diffusion tensor imaging (DTI) as a predictor of
motor outcome and its role as a structural surrogate marker of impairment in chronic stroke, we
tested correlations between motor impairment and DTI-derived measures of motor tract integrity.

Methods: Thirty-five chronic stroke patients with varying degrees of recovery underwent DTI and
motor impairment assessments. Fibers originating from the precentral gyrus were traced and
separated into pyramidal tract (PT) and alternate motor fibers (aMF). Asymmetry indices of fiber
number and regional fractional anisotropy (FA) values comparing lesional with nonlesional hemi-
spheres were correlated with motor impairment scores and compared to an age-matched control
group.

Results: Fiber number and regional FA value asymmetry significantly differed between the groups
with lower values in the patients’ lesional hemispheres. Both measures significantly predicted
motor impairment with stronger predictions when all motor tracts were combined as compared to
predictions using only the PT. The pattern of motor tract damage (PT only vs PT and aMF) led to a
classification of mild, moderate, or severe impairment with significant between-group differences
in motor impairment scores.

Conclusions: Diffusion tensor imaging–derived measures are valid structural markers of motor
impairment. The integrity of all descending motor tracts, not merely the pyramidal tract, appears
to account for stroke recovery. A 3-tier, hierarchical classification of impairment categories
based on the pattern of motor tract damage is proposed that might be helpful in predicting recov-
ery potential. Neurology® 2010;74:280 –287

GLOSSARY
aMF ! alternate motor fibers; DTI ! diffusion tensor imaging; FA ! fractional anisotropy; FLAIR ! fluid-attenuated inversion
recovery; MCA ! middle cerebral artery; MRC ! Medical Research Council; PLIC ! posterior limb of the internal capsule;
PT ! pyramidal tract; ROI ! region of interest; TMS ! transcranial magnetic stimulation; UE-FM ! Upper Extremity Fugl-
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In the past decade, functional1 and structural connectiv-
ity analyses2 have dramatically enhanced our understand-

ing of network alterations after ischemic stroke. Noninvasive 
brain stimulation protocols have been developed and applied 
variously to use this knowledge to enhance motor recovery. 
Despite that our present models can explain more and more 
variance in residual motor output and recovery on the one 
hand,3 and brain stimulation has evidenced its potential in 
neurorehabilitation4 on the other hand, we are far from mod-
els and protocols that fit for every patient. The question arises 
if important information has been left unnoticed when look-
ing at stroke-related network alterations: How can we further 

advance our network concepts? When and how do patients 
have to be recruited for specific brain stimulation protocols? 
Do we have to adjust our models and treatment assumptions 
and develop them toward individualization, for example, on 
specific clinical or imaging characteristics?

Structural analyses have predominantly investigated the 
influence of the integrity of the corticospinal tract (CST).2 
Functional analyses have extensively investigated the impor-
tance of changes of local brain activity and inter-regional 
corticocortical connectivity between key areas of the human 
motor network that are the primary motor cortex (M1) and 
secondary motor areas in the frontal and parietal lobe. 

Background and Purpose—Brain imaging has continuously enhanced our understanding how different brain networks 
contribute to motor recovery after stroke. However, the present models are still incomplete and do not fit for every 
patient. The interaction between the degree of damage of the corticospinal tract (CST) and of corticocortical motor 
connections, that is, the influence of the microstructural state of one connection on the importance of another has been 
largely neglected.

Methods—Applying diffusion–weighted imaging and probabilistic tractography, we investigated cross-network interactions 
between the integrity of ipsilesional CST and ipsilesional corticocortical motor pathways for variance in residual motor 
outcome in 53 patients with subacute stroke.

Results—The main finding was a significant interaction between the CST and corticocortical connections between the 
primary motor and ventral premotor cortex in relation to residual motor output. More specifically, the data indicate that 
the microstructural state of the connection primary motor–ventral premotor cortex plays only a role in patients with 
significant damage to the CST. In patients with slightly affected CST, this connection did not explain a relevant amount 
of variance in motor outcome.

Conclusions—The present data show that patients with stroke with different degree of CST disruption differ in their 
dependency on structural premotor–motor connections for residual motor output. This finding might have important 
implications for future research on recovery prediction models and on responses to treatment strategies.   (Stroke. 
2017;48:2805-2811. DOI: 10.1161/STROKEAHA.117.016834.)

Key Words: brain ◼ diffusion ◼ parietal lobe ◼ stroke ◼ white matter
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Particularly, the premotor areas of the frontal lobe, which are 
the dorsal and ventral premotor cortex (PMv), the supplemen-
tary motor area, and cingulate motor areas, might render one  
potential substrate for brain reorganization after stroke as they 
have direct access to M1, as well as to the spinal cord.5 For 
instance, studies have suggested reduced neuronal coupling 
between ipsilesional premotor cortices and M1 after stroke 
and that the reinstatement of normal connectivity over time is 
related to the amount of recovery.6 Likewise, the importance 
of the microstructural state of single corticocortical networks 
between premotor areas and M1 has also been demonstrated 
by structural imaging.7 Only few studies have investigated to 
what degree specific corticocortical structural8 or functional9–12 
networks relate to motor output when taking the integrity of 
the CST as the main outflow tract of the human motor network 
into account: It has been shown that—independent from the 
influence of the CST—microstructural properties of specific 
premotor–motor connections, especially between M1 and the 
PMv, might be relevant for motor output in chronic stroke.8

Strikingly though, it has been largely neglected whether 
the influence of the corticocortical motor network on motor 
function might be a generalizable finding or whether it might 
depend from the state of the CST? The detection of such 
cross-network interactions might help to better understand 
brain reorganization patterns. Additionally, it might provide 
novel insights toward patient stratification, for example, brain 
stimulation protocols in the context of high intersubject vari-
ability of behavioral responses and responders and nonre-
sponders.4,13–15 One previous study has already reported that 
interhemispheric coupling strengths between both M1 corre-
lated with motor function only in patients with intact CST, 
whereas patients with disrupted CST did not show a similar 
association.16 Until now, structural cross-network interactions 
between corticocortical premotor–motor connections and the 
CST have not been investigated systematically in detail.

Continuing previous structural work on parietofrontal motor 
pathways as an important network for human motor control in 
healthy participants17 and patients with stroke,8,18–20 this study 
sought to investigate structural cross-network interactions 
between the CST and corticocortical motor pathways between 
M1, PMv, and the intraparietal sulcus (IPS).8 Specifically, the 
question was addressed whether the importance of specific 
tracts of the parietofrontal ipsilesional corticocortical network 
after stroke might depend on the microstructural integrity of the 
CST or whether these factors are independent. A large group of 
patients with subacute stroke was analyzed applying diffusion 
tensor imaging, probabilistic tractography, and template-based 
tract analysis to assess tract-related biophysical properties of 
white matter microstructure21 of the CST and 3 predefined intra-
hemispheric parietofrontal tracts between M1, PMv, and IPS. 
We hypothesized that the microstructural state of the different 
corticocortical connections would be associated with residual 
motor output depending on the level of damage to the CST.

Materials and Methods
Participants and Clinical Testing
Fifty-three patients (aged 60±11.2 years, 30 men; 4 left handed) with 
first-ever ischemic strokes (dominant hemisphere, 23) were recruited 

and tested 3 months after onset (mean, 99±12.4 days). Figure 1 gives 
an overview of the distribution of stroke locations with cortical, sub-
cortical, and pontine lesions. Patients were evaluated by means of 
hand grip force (calculated as the ratio between the affected and unaf-
fected hand) and the upper limb score of the Fugl-Meyer assessment. 
See Table I in the online-only Data Supplement for an overview of the 
demographic and clinical characteristics. Both measures were com-
bined to one composite motor output score (MO) by principal compo-
nent analysis (first principal component).6,8,22 For the reconstruction 
of the motor tracts, we used structural brain imaging data of 26 
healthy older participants (66±10.1 years, 15 men, all right handed) 
from a previous study.22 The present study was approved by the local 
ethics committees (Hamburg, PV3777; Seoul, Institutional Review 
Board No. 2015-07-02). All participants gave written informed con-
sent according to the Declaration of Helsinki.

Brain Imaging Sequences
In the patients with stroke, diffusion–weighted images were acquired 
using a 3T Phillips ACHIEVA magnetic resonance imaging (MRI) 
scanner (Philips Medical Systems, Best, the Netherlands). For the 
controls, diffusion–weighted and high-resolution T1-weighted 
anatomic images were available from a previous study and were 
acquired using a 3T Siemens Skyra MRI scanner (Siemens, Erlangen, 
Germany). Details of the sequence parameters are given in Text I in 
the online-only Data Supplement.

Image Processing and Probabilistic Tractography
The FSL software package 5.1 (http://www.fmrib.ox.ac.uk/fsl) was 
used to analyze the imaging data of the patients with stroke. In brief, 
after correcting for eddy currents and head motion, brains were skull 
stripped and fractional anisotropy (FA) maps were calculated for each 
participant fitting the diffusion tensor model at each voxel. The FA 
maps were then registered nonlinearly to the Montreal Neurological 
Institute standard space applying FSLs flirt and fnirt commands. 
Herein, stroke lesions were masked out and were not considered dur-
ing the registration process.

The characterization of the CST and the 3 intrahemispheric connec-
tions between M1, PMv, and IPS bilaterally in the patients with stroke 
was conducted using structural and diffusion–weighted imaging data 
of 26 healthy controls taken from a previous study.22 Herein, for the 
CST originating from M1, normalized and binarized group average 
tract masks of varying thresholds of the left and right average CST at 
the level from the mesencephalon to the cerebral peduncle (Montreal 
Neurological Institute coordinates, z=−25 to −20) were already avail-
able. These masks were used to calculate the mean FA for the ipsile-
sional and contralesional CST in the patients with stroke. CST integrity 
was finally reported as proportional FA values (ipsilesional/contrale-
sional tract; see Texts II and III in the online-only Data Supplement for 
details on the mask creation of M1 and the CST tractography).

In addition to the CST, the available data set of the controls was 
also used to reconstruct 3 intrahemispheric corticocortical connections 
between M1, PMv, and IPS. The cortical seed mask for M1—biased 
to hand function and standardized in size and relation to the cortical 
gray matter/white matter boundary8—was taken from the previous 
study.22 The same algorithm was now used to calculate additional PMv 

Figure 1. Stroke lesions. All masks of stroke lesions were brought 
to the right side and overlaid on a T1 template in Montreal Neuro-
logical Institute standard space. The color bar indicates the num-
ber of subjects (n) in which voxels lay within a stroke lesion.
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and IPS masks for both hemispheres (Text II in the online-only Data 
Supplement). Probabilistic tractography was conducted in each of the 
26 controls to reconstruct connections between M1 and PMv, PMv 
and IPS and between M1 and IPS within each hemisphere. An estab-
lished pipeline, whose details are given in the Text IV in the online-
only Data Supplement, was used to calculate common group average 
trajectories for each of the connections of 4 different spatial extents, 
that is, thresholds (Figure 2). These trajectories were used to calculate 
mean tract-related FA values across the whole tract in each patient and 
finally reported as proportional FA values (ipsilesional/contralesional 
hemisphere). When overlapping, the stroke lesion was not excluded in 
congruence with previous reports.8 Consequently, mean proportional 
FA values reflected a combination of direct injury, as well as postin-
jury distant changes in fiber integrity. Because group average tem-
plate tracts were used to read out individual tract FA values, proper 
congruence of the location and topography of the average tracts and 
the individual anatomy in the FA map was carefully checked before 
statistical analysis. In some participants, gyral anatomy particularly 
around the hand knob, the inferior precentral gyrus, and the postcen-
tral sulcus was different from the Montreal Neurological Institute tem-
plate; hence, some average tracts occasionally resided in sulci in single 
patients. Consequently, focal brain morphology was considered out of 
the normal range despite good overall registration to standard Montreal 
Neurological Institute and the proportional FA values of such tracts 
were omitted from the final analysis. Table I in the online-only Data 
Supplement summarizes which tract-related proportional FA values of 
which patients with stroke could be finally used in the analyses.

Statistical Analysis
The data were analyzed using R statistical package 3.1.3. In a first 
analysis, linear mixed-effects modeling with repeated measures was 

used for the analysis of the proportional FA values of the different 
tracts of interest in the patients with stroke. Relevant white matter 
disintegrity was assumed when the proportional FA values were sig-
nificantly lower than 1 (Text V in the online-only Data Supplement). 
In a second analysis, 3 separate multiple linear regression models 
were fitted using R’s lm for the proportional FA value of each of 
the 3 corticocortical tracts (TRACT), with MO (log-transformed) as 
the dependent variable and CST integrity, as well as the interaction 
CST*TRACT as independent variables. Nonsignificant interactions 
or main effects were kept given the primary focus of this study to 
investigate cross-network interactions after stroke. Cross-correlations 
between CST and corticocortical tract FA values were moderate 
(Pearson’s R, all ≤0.35). For both analyses, age, hemisphere (domi-
nant or nondominant hemisphere lesioned), and time after stroke 
were included as additional independent variables to adjust the tar-
get effects.8,22 Estimated coefficients are given with 95% confidence 
interval. For visualization, mean correlations between TRACT and 
MO were estimated for 4 arbitrary CST integrities, that is, propor-
tional FA values between 0.6 and 0.9 with higher values indicating 
better CST tract integrity. Behavioral scores are given as mean±SD. 
Statistical significance was assumed at P<0.05.

Results
Probabilistic Tractography and Tract-Related FA
Probable trajectories between M1 and PMv, PMv and IPS 
and between M1 and IPS were successfully obtained in the 
healthy participants. Figure 2 shows the group averages of the 
tracts with reasonable spatial reproducibility across the par-
ticipants. Highest spatial homogeneity of the tracts was found 

Figure 2. Group averaged trajectory map for intrahemispheric corticocortical motor connections. Probable courses of the intrahemi-
spheric fiber tracts between primary motor (M1) and ventral premotor cortex (PMv; M1–PMv), PMv and intraparietal sulcus (IPS; PMv–IPS) 
and M1 and IPS (M1–IPS) as derived from probabilistic tractography in 26 healthy controls. Group average trajectories based on 4 differ-
ent thresholds (see Methods section of this article) are overlaid on a fractional anisotropy template in Montreal Neurological Institute stan-
dard space. L denotes left hemisphere; and R, right hemisphere.
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corticocortical networks under simultaneous consideration of 
the CST. For instance, a positive contribution to residual motor 
output in patients with chronic stroke has been reported for the 
microstructural state of ipsilesional parietofrontal pathways 
between the anterior IPS and PMv and particularly between 
PMv and M1, in fact in addition to that of the CST.8 In line, 
it has been also shown that the combination of CST injury 
and functional connectivity between ipsilesional M1 and the 
premotor cortex was a better marker of the residual motor sta-
tus than either measure alone.12 A similar additive effect has 
been obtained for the combined analysis of CST integrity and 
interhemispheric connectivity.9 However, to date, the question 
whether the magnitude of damage to the CST would deter-
mine the relevance of corticocortical structural connections 
for motor output has not yet been addressed in detail.

Cross-Network Interactions Between Corticospinal 
and Corticocortical Networks After Stroke
The goal of the present study was to tackle this open ques-
tion. We hypothesized that the contribution of corticocorti-
cal connections to motor output would depend on the state 
of the CST, which would go beyond a simple additive effect 
in correlating brain structure of different motor tracts with 
behavior. Indeed, such cross-network interaction was pres-
ent for M1–PMv and CST, providing a novel insight into the 

relevance of premotor–motor connections for motor output 
after stroke. This effect seemed to be specific to M1–PMv 
and not a general phenomenon for any parietofrontal connec-
tions which supports the view of M1–PMv as an important 
pathway for recovered hand function after stroke.8 Previous 
studies have consistently reported that ipsilesional premo-
tor areas such as PMv and their interplay with M1 are con-
tributing to motor function, spontaneous recovery,6 and also 
motor learning after stroke.23 It has been commonly assumed 
that this interplay was related to the reorganization of cortical 
motor networks in patients with stroke with varying degrees 
of motor impairment.6,8 However, the present data now sug-
gest that such relationships between premotor–motor connec-
tivity and motor output might not hold true for all patients 
independent of the impairment of their CST and the level of 
motor deficit, respectively. In contrast, the interplay between 
premotor areas and M1 might be rather relevant in patients 
with significant damage to the CST. Notably, this would fur-
ther strengthen our concept that secondary motor areas in the 
frontal lobe undergo plastic changes after stroke to support 
motor output particularly in those patients with the biggest 
demand for supportive cortical motor areas. Prospective future 
studies will have to validate our model arguing that patients 
with high lesion load to the CST but preserved microstructural 
state of M1–PMv would show superior residual motor func-
tion compared with patients with disrupted M1–PMv con-
nectivity. In patients with well-preserved CST integrity, most 
likely also less affected in average, the state of M1–PMv fiber 
tracts would not influence residual motor output. The present 
evidence of significant structural cross-network interactions is 
also supported by a functional imaging study, which has found 
that interhemispheric coupling strength correlated with motor 
function only in patients with intact CST, whereas patients 
with disrupted CST did not show a similar association.16

Potential Implications of Cross-
Network Interactions
The present findings might have interesting implications for 
the refinement of prediction models for stroke recovery, on 
the one hand, and, on the other hand, for research focusing 
on patient-tailored treatment protocols by means of noninva-
sive brain stimulation. First, there is already stimulating data 
for prediction models of motor recovery based on clinical 
scores and electrophysiological and structural measures of 
CST integrity.3,24,25 These models are designed to be work-
able in the clinical setting, as analyses of the CST as a 
potential biomarker can be easily conducted in automated 
frameworks. However, by focusing only on the CST, the pre-
diction might be limited,25 and the inclusion of information 
on corticocortical networks and their interactions with the 
CST as additional biomarkers could improve these models, 
a matter that has to be tested prospectively. Second, nonin-
vasive brain stimulation techniques have been increasingly 
developed to enhance motor recovery after stroke.4 To date, 
these approaches have been generally applied indepen-
dently of specific patient characteristics. Neglecting them, 
which could have an impact on the selection of the stimu-
lation site or the protocol, might be one possible explana-
tion for the heterogeneous responses, even in the view of 

Figure 3. Cross-network interactions for the connection (M1–
PMv) and corticospinal tract (CST) after stroke. Effect plot for the 
significant cross-network interaction between the microstructural 
integrity of the CST and the microstructural state of the cortico-
cortical connection between PMv and M1 (estimated correlations 
for 4 different proportional fractional anisotropy [FA] values of the 
CST between 0.6 and 0.9) significantly related to expected com-
posite motor output after stroke (dimensionless, log-transformed, 
see Statistics). It shows that the integrity of M1–PMv is positively 
associated with motor output in patients with disrupted CST 
(low proportional FA values). In contrast, patients with more pre-
served CST integrity (higher proportional FA values) do not show 
this positive influence of M1–PMv integrity. Plot shows the esti-
mated means (solid lines) with 95% confidence interval (dotted 
lines). *Significant interaction CST*M1–PMv as the basis for this 
visualization. by guest on A
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Early evaluation of the pyramidal tract using Diffusion Tensor Imaging (DTI) is a prerequisite 
to decide the optimal treatment or to assess appropriate rehabilitation. The early predictive 
value of DTI for assessing motor and functional recovery in ischemic stroke (IS) has yielded 
contradictory results. The purpose is to systematically review and summarize the current 
available literature on the value of Fractional Anisotropy (FA) parameter of the DTI in pre-
dicting upper limb motor recovery after sub-acute IS. MEDLINE, PubMed, EMBASE, Google 
Scholar and Cochrane CENTRAL searches were conducted from January 1, 1950, to July 31, 
2015, which was supplemented with relevant articles identified in the references. Correla-
tion between FA and upper limb motor recovery measure was done. Heterogeneity was ex-
amined using Higgins I-squared, Tau-squared. Summary of correlation coefficient was de-
termined using Random Effects model. Out of 166 citations, only eleven studies met the 
criteria for inclusion in the systematic review and six studies were included in the meta-
analysis. A random effects model revealed that DTI parameter FA is a significant predictor 
for upper limb motor recovery after sub-acute IS [Correlation Coefficient=0.82; 95% Con-
fidence Interval-0.66 to 0.90, P value<0.001]. Moderate heterogeneity was observed (Tau-
squared=0.12, I-squared=62.14). The studies reported so far on correlation between DTI 
and upper limb motor recovery are few with small sample sizes. This meta-analysis suggests 
strong correlation between DTI parameter FA and upper limb motor recovery. Well-designed 
prospective trials embedded with larger sample size are required to establish these findings.

Keywords Ischemic stroke; Diffusion tensor imaging; Hemiparesis; Diffusion tensor tractog-
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Introduction

Stroke is a major leading cause of death and disability world-
wide especially in the elderly population.1 Upper limb motor 
weakness is one of the most frequent complications after 
stroke with over 50% of stroke patients experiencing residual 
motor deficit.2 Despite advances in treatment of acute isch-
emic stroke (IS) and post- stroke rehabilitation, the depen-

dency rate after stroke still reaches 20%-30%.3 Prognostication 
of upper limb motor outcomes after stroke is an important for 
specific rehabilitation strategies and final motor outcomes but, 
considered a difficult task. Many studies have tried to predict 
motor outcome in hemiparetic stroke patients using clinical 
findings,4,5 electrophysiological methods,6,7 and functional 
neuroimaging.8,9 However, these studies have an inherent 
weakness that they were unable to visualize the corticospinal 
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thors. All studies described the study population, the eligibili-
ty criteria, number of patients in the beginning, and absolute 
effect sizes. All the studies also reported the longitudinal anal-
ysis methods and the number of participants at each stage of 
the study. The quality score ranges from 7 to 18. The results 
were related back to the target population by all the studies. 
Eight out of eleven studies described the methods of data col-
lection and type of analysis done. Only one study reported 
reasons for loss to follow up. However, loss to follow up and 
confounders were not taken into account at the time of analy-
sis in any of the studies. Three studies assessed the impact of 
biases on the analysis. Three studies reported the confound-
ers in the study and only one study explained about the miss-
ingness of data items.

Meta-analysis
The results of the meta-analysis are presented in Figure 2 

using Random effects model. Out of eleven studies six studies 
provided data to allow determination of summary correlation 
coefficient. A random effects model revealed that DTI param-
eter FA is significant predictor for upper limb motor recovery 
after sub-acute IS [Correlation Coefficient = 0.82; 95% Confi-
dence Interval-0.66 to 0.90, P value < 0.001]. There was mod-
erate heterogeneity (Tau-squared = 0.12, I-squared = 62.14). 

Discussion

In this study, we reviewed relevant studies on prediction of 
upper limb motor recovery outcome in sub-acute IS patients 
to determine whether the integrity of the CST, as determined 
by DTI parameter FA obtained during the early stage of IS, can 
predicts the upper limb motor recovery. The present meta-
analysis showed a significant correlation between DTI param-
eter FA and upper limb motor recovery in IS patients. A meth-
od to reliably predict upper limb recovery would help to opti-

mize rehabilitation, to inform patients about prognosis and to 
design clinical trials to identify appropriate interventions.

By virtue of its capacity for visualization of water diffusion 
characteristics, DTI allows for determination of the orienta-
tion and integrity of white matter tracts.27 In normal white 
matter, water molecules have relative freedom of movement 
in a direction parallel to that of the nerve fiber tracts; however, 
their movements are restricted across the tracts, which causes 
diffusion anisotropy of white matter.28,29 FA has been used for 
evaluation of the extent of fiber damage in diseases that affect 
the white matter, such as those of the CST.30,31 Therefore, DTI 
seems to have an advantage in prediction of the motor prog-
noses of stroke patients because it makes assessment of the 
spatial relationship between a subcortical lesion and a neural 
tract possible. The use of DTI FA measures, in combination 
with other quantitative imaging modalities (e.g. spectroscopy, 
perfusion) may help to improve the specificity of tissue pa-
thology. The advancement of tools for tractography, image 
segmentation and co-registration (between subject normal-
ization) and anatomical templates will help to improve ana-
tomic specificity of DTI characterization in both clinical and 
research settings.32 

For patients in whom transcranial magnetic stimulation fails 
to elicit responses in the affected upper limb, DTI provides a 
useful measure of CST integrity. Those patients with FA asym-
metry of < 0.25 have greater functional potential, and are more 
likely to lateralize cortical activity towards the ipsilesional mo-
tor cortex during affected upper limb use. This ipsilesional lat-
eralization may be enhanced by interventions designed to in-
crease the excitability and plasticity of the ipsilesional cortex. 
Priming the ipsilesional cortex, as an adjuvant therapy, may 
improve functional outcomes in this group.33,34 Patients with-
out motor evoked potential responses to transcranial magnet-
ic stimulation in the affected upper limb, and FA asymmetry 
of > 0.25, are likely to have low functional potential and poor 

Figure 2. Forest plot: Correlation coefficient for the prediction of upper limb motor recovery after sub-acute ischemic stroke. 
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Jang SH 2005 (IC) 0.701 -0.256 0.964 1.506 0.132
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Yu C 2009 0.962 0.825 0.992 4.831 < 0.001
Song J 2014 0.768 0.440 0.915 3.661 < 0.001
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Introduction

Stroke is a major leading cause of death and disability world-
wide especially in the elderly population.1 Upper limb motor 
weakness is one of the most frequent complications after 
stroke with over 50% of stroke patients experiencing residual 
motor deficit.2 Despite advances in treatment of acute isch-
emic stroke (IS) and post- stroke rehabilitation, the depen-

dency rate after stroke still reaches 20%-30%.3 Prognostication 
of upper limb motor outcomes after stroke is an important for 
specific rehabilitation strategies and final motor outcomes but, 
considered a difficult task. Many studies have tried to predict 
motor outcome in hemiparetic stroke patients using clinical 
findings,4,5 electrophysiological methods,6,7 and functional 
neuroimaging.8,9 However, these studies have an inherent 
weakness that they were unable to visualize the corticospinal 
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tract (CST), the most important structure for motor control, 
especially for fine motor control of the hand in humans.10

Diffusion tensor imaging (DTI) is an advance non-invasive 
magnetic resonance imaging technique used to characterize 
the orientation properties of diffusion process of water mole-
cules. DTI has a unique advantage in visualization and estima-
tion of CST which is the most important neural tract for main-
ly upper limb motor function.11 DTI permits the imaging of 
axonal pathways of the living brain and provides information 
about tissue microstructure by measuring fractional anisotropy 
(FA).12 FA is an index of the diffusion characteristics of water 
molecules preferentially directed along the axis of major axo-
nal pathways. FA of the entire tract, acquired early after stroke, 
reflect acute and permanent damage to pyramidal tracts to de-
termine clinical motor deficit and outcome. A tissue is consid-
ered to be fully isotropic when its FA is equal to 0, and fully 
anisotropic when its FA is equal to 1.13

Over the past two decades, numerous cross-sectional DTI 
studies have examined the relationships between age and the 
degree of anisotropy FA in white matter tracts.14 Cross-section-
al studies have demonstrated that older adults display lower FA 
values and higher mean diffusivity and radial diffusivity values 
compared with younger adults,15,16 with age correlations rela-
tively weak during adulthood and stronger in senescence.17,18 
Currently, the most widely used invariant measure of anisotro-
py is FA described originally by Basser and Pierpaoli.12 In the 
parametric data obtained from DTI, taking advantage of the 
much larger FA values of highly directional white matter struc-
tures, FA images are used to distinguish white matter and non-
white matter tissues.19 Studies that have examined small homo-
geneous samples of subcortical stroke patients have found that 
large asymmetries in FA are associated with poorer motor 
recovery.20,21Findings from recent studies have demonstrated 
the predictive value of DTI for motor outcome after stroke,22,23 
however, it is not yet used routinely to make a prognosis but 
there have been some interesting recent developments in this 
area. Therefore, the purpose of this review is to establish the 
predictive value of DTI for upper limb motor recovery in IS 
patients. 

Methods

Search strategy
MEDLINE, PubMed, EMBASE, Google Scholar and Co-

chrane CENTRAL searches were conducted from January 1, 
1950, to July 31, 2015. The search terms were “diffusion tensor 
imaging,” “motor recovery” and “upper limb” combined with 
“ischemic stroke.” Manual searches of the reference lists of re-

trieved articles and pertinent reviews were also conducted. No 
language restrictions were imposed. Referred list of studies 
found was also searched. The studies were selected if they in-
cluded patients of IS with upper limb motor deficit, had DTI 
done and measurement of clinical recovery on follow-up.

Inclusion Criteria: (a) Full published article, (b) Observa-
tional study that investigated a DTI parameter (FA) measured 
at baseline and its relationship with a measure of upper limb 
recovery measured at a future time point, (c) The study popu-
lation included individuals with upper limb deficits following 
IS, (d) Outcomes included upper limb function/ functional 
recovery.

Exclusion Criteria: (a) No extractable data (Correlation Co-
efficient) was available for independent variables, (b) case-re-
ports or review articles, (c) studies which included patients 
who were in the chronic phase (inclusion of patients more than 
one month of IS onset).

Data extraction
According to the Preferred reporting items for systematic re-

view and meta-analysis guidance,24 two authors independently 
(Pradeep Kumar and Prachi Kathuria) searched and evaluated 
the literature for inclusion of studies based on the titles and ab-
stracts/full papers. We extracted the following data from eligi-
ble studies: surname of first author, year of publication, num-
ber of participants, Mean age, sex ratio, lesion location, hemi-
sphere affected, time of inclusion, clinical scale used, DTI pa-
rameters, duration of follow up. The imaging parameters such 
as acquisition matrix, echo time, repetition time, field of view, 
b-value, number of slices, FA threshold, FA angle, analysis soft-
ware, region of interest selection area, and FA values was also 
extracted. All discrepancies were resolved after rechecking the 
source papers and further discussion among all the authors.

Quality assessment
To evaluate the methodological quality of included studies, 

checklist provided by Tooth et al.25 was used and focused on 
the basic elements of quality assessment. The quality of each 
study was assessed according whether information was provid-
ed regarding 30 items present in the list. The methodological 
assessment was done independently by two authors (Pradeep 
Kumar and Prachi Kathuria) and the disagreements were re-
solved by discussion by all the authors. Assessment were ex-
pressed in terms of “Yes” if description was available and “No” 
if the description was not available. The scores of quality as-
sessment of all characteristics were out of 30, Yes was given 
score “1” and No was given score “0.” This quality assessment 
method records the numbers, and reasons for, eligibility, con-
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Abstract

Objective: Recovery of motor function is important for regaining indepen-
dence after stroke, but difficult to predict for individual patients. Our aim was
to develop an efficient, accurate, and accessible algorithm for use in clinical set-
tings. Clinical, neurophysiological, and neuroimaging biomarkers of corti-
cospinal integrity obtained within days of stroke were combined to predict
likely upper limb motor outcomes 3 months after stroke. Methods: Data from
207 patients recruited within 3 days of stroke [103 females (50%), median age
72 (range 18–98) years] were included in a Classification and Regression Tree
analysis to predict upper limb function 3 months poststroke. Results: The anal-
ysis produced an algorithm that sequentially combined a measure of upper limb
impairment; age; the presence or absence of upper limb motor evoked poten-
tials elicited with transcranial magnetic stimulation; and stroke lesion load
obtained from MRI or stroke severity assessed with the NIHSS score. The algo-
rithm makes correct predictions for 75% of patients. A key biomarker obtained
with transcranial magnetic stimulation is required for one third of patients.
This biomarker combined with NIHSS score can be used in place of more
costly magnetic resonance imaging, with no loss of prediction accuracy. Inter-
pretation: The new algorithm is more accurate, efficient, and accessible than its
predecessors, which may support its use in clinical practice. While further work
is needed to potentially incorporate sensory and cognitive factors, the algorithm
can be used within days of stroke to provide accurate predictions of upper limb
functional outcomes at 3 months after stroke. www.presto.auckland.ac.nz

Introduction

Recovery of upper limb motor function is important for
regaining independence after stroke.1,2 In general, greater
initial impairment is associated with worse motor out-
comes.2,3 However, experienced clinicians find it difficult
to accurately predict functional outcomes for individual
patients.4 Being able to predict motor outcomes soon
after stroke could support realistic discharge planning,
rehabilitation, goal setting, and appropriate allocation of
time and resources by clinicians and patients.5

There is growing interest in using biomarkers to predict
patients’ motor recovery and outcomes.6,7 Patients in whom

transcranial magnetic stimulation elicits a motor evoked
potential in muscles of the paretic limb typically experience
greater motor recovery and better outcomes than patients
without motor evoked potentials.3,8,9 MRI can also be used
to derive biomarkers of the motor system after stroke.10

Worse upper limb motor recovery and outcomes are pre-
dicted by greater stroke lesion load on descending cortico-
motor pathways,11 and greater asymmetry in fractional
anisotropy along the corticospinal tracts.12–15 To date no
single clinical measure or neurological biomarker has been
able to accurately predict motor recovery or outcome for all
patients, and therefore approaches using combinations of
measures and biomarkers are needed.6

ª 2017 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Abstract

Objectives
Patients without voluntary finger extension early post-stroke are suggested to have a poor
prognosis for regaining upper limb capacity at 6 months. Despite this poor prognosis, a
number of patients do regain upper limb capacity. We aimed to determine the time window
for return of voluntary finger extension during motor recovery and identify clinical character-
istics of patients who, despite an initially poor prognosis, show upper limb capacity at 6
months post-stroke.

Methods
Survival analysis was used to assess the time window for return of voluntary finger exten-
sion (Fugl-Meyer Assessment hand sub item finger extension!1). A cut-off of!10 points
on the Action Research Arm Test was used to define return of some upper limb capacity
(i.e. ability to pick up a small object). Probabilities for regaining upper limb capacity at 6
months post-stroke were determined with multivariable logistic regression analysis using
patient characteristics.

Results
45 of the 100 patients without voluntary finger extension at 8 ± 4 days post-stroke achieved
an Action Research Arm Test score of!10 points at 6 months. The median time for regain-
ing voluntary finger extension for these recoverers was 4 weeks (lower and upper percentile
respectively 2 and 8 weeks). The median time to return of VFE was not reached for the
whole group (N = 100). Patients who had moderate to good lower limb function (Motricity
Index leg!35 points), no visuospatial neglect (single-letter cancellation test asymmetry
between the contralesional and ipsilesional sides of <2 omissions) and sufficient
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Y-A-T-IL	DES	TECHNIQUES	
SPÉCIFIQUES?	



Efficacité	de	la	rééducation	après	AVC	

Ä Consensus	des	études	épidémiologiques	
Ä  Ottenbacher	et	al.	Stroke	1993,		
Ä  Kwakkel	et	al,	Stroke		2004,		
Ä  Langhorne	2011,	
Ä  	Veerbeek	2014	)	

Ä Methodologie	de	qualité	croissante	
Ä  Pedro	score	median	=	4	avant	2004	
Ä  Pedro	score	median	=	6	après	2004	

Ä Des	conclusions	constantes	

What Is the Evidence for Physical Therapy Poststroke? A
Systematic Review and Meta-Analysis
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Abstract

Background: Physical therapy (PT) is one of the key disciplines in interdisciplinary stroke rehabilitation. The aim of this
systematic review was to provide an update of the evidence for stroke rehabilitation interventions in the domain of PT.

Methods and Findings: Randomized controlled trials (RCTs) regarding PT in stroke rehabilitation were retrieved through a
systematic search. Outcomes were classified according to the ICF. RCTs with a low risk of bias were quantitatively analyzed.
Differences between phases poststroke were explored in subgroup analyses. A best evidence synthesis was performed for
neurological treatment approaches. The search yielded 467 RCTs (N = 25373; median PEDro score 6 [IQR 5–7]), identifying 53
interventions. No adverse events were reported. Strong evidence was found for significant positive effects of 13
interventions related to gait, 11 interventions related to arm-hand activities, 1 intervention for ADL, and 3 interventions for
physical fitness. Summary Effect Sizes (SESs) ranged from 0.17 (95%CI 0.03–0.70; I2 = 0%) for therapeutic positioning of the
paretic arm to 2.47 (95%CI 0.84–4.11; I2 = 77%) for training of sitting balance. There is strong evidence that a higher dose of
practice is better, with SESs ranging from 0.21 (95%CI 0.02–0.39; I2 = 6%) for motor function of the paretic arm to 0.61
(95%CI 0.41–0.82; I2 = 41%) for muscle strength of the paretic leg. Subgroup analyses yielded significant differences with
respect to timing poststroke for 10 interventions. Neurological treatment approaches to training of body functions and
activities showed equal or unfavorable effects when compared to other training interventions. Main limitations of the
present review are not using individual patient data for meta-analyses and absence of correction for multiple testing.

Conclusions: There is strong evidence for PT interventions favoring intensive high repetitive task-oriented and task-specific
training in all phases poststroke. Effects are mostly restricted to the actually trained functions and activities. Suggestions for
prioritizing PT stroke research are given.
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Introduction

Prospective studies have estimated that about 795.000 people in
the USA suffer a first or recurrent stroke each year [1]. The
prevalence of chronic stroke in the USA is estimated at about 7
million [1], with about 80% of patients with stroke being over the
age of 65. The prevalence of stroke is likely to increase in the
future due to the aging population. Even though acute stroke care
has improved, for example by large-scale application of recom-
binant tissue plasminogen activator (rTPA) [1,2] and organized
interdisciplinary inpatient stroke care [3], and although mortality
rates have been decreasing [1], a large number of patients still
remain disabled regardless of the time that has elapsed poststroke.
Only 12% of the patients with stroke are independent in basic
activities of daily living (ADL) at the end of the first week [4]. In
the long term, 25–74% of patients have to rely on human
assistance for basic ADLs like feeding, self-care, and mobility [5].

Interdisciplinary complex rehabilitation interventions [6,7] are
assumed to represent the mainstay of poststroke care [8]. One of
the key disciplines in interdisciplinary stroke rehabilitation is
physical therapy which is primarily aimed at restoring and
maintaining ADLs, usually starting within the first days and often
continuing into the chronic phase poststroke [8]. While the
interdisciplinary character of stroke rehabilitation is paramount,
the availability of specific, up-to-date, and professional evidence-
based guidelines for the physical therapy profession is crucial for
making adequate evidence-based clinical decisions [9–11]. The
recommendations in the first Dutch evidence-based ‘Clinical
Practice Guideline for physical therapy in patients with stroke’
were based on meta-analyses of 123 randomized controlled trials
(RCTs) and date back to 2004 [12]. In view of the tremendous
growth in the number of RCTs in this field, it is now necessary to
re-establish the ‘‘state of the art’’ concerning the evidence for
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Efficacité	de	la	rééducation	après	AVC	

Ä Rééducation	améliore		
Ä Performance	motrice	
Ä Marche	
Ä Autonomie	:	ADL	

Ä Facteurs	d’efficacité	:	
Ä  Précocité	:	

Ä  Incertitude	sur	la	première	semaine	
Ä  Intensité	:	

Ä Tous	les	jours	>	3	fois	par	semaine	
Ä  	3H/j	>	30mn/j	
Ä 3H>6H	

Ä  Equipe	Multidisciplinaire	
Ä Kiné	
Ä Ergo	
Ä Ortho	
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Stroke rehabilitation
Peter Langhorne, Julie Bernhardt, Gert Kwakkel

Stroke is a common, serious, and disabling global health-care problem, and rehabilitation is a major part of patient 
care. There is evidence to support rehabilitation in well coordinated multidisciplinary stroke units or through 
provision of early supported provision of discharge teams. Potentially benefi cial treatment options for motor recovery 
of the arm include constraint-induced movement therapy and robotics. Promising interventions that could be 
benefi cial to improve aspects of gait include fi tness training, high-intensity therapy, and repetitive-task training. 
Repetitive-task training might also improve transfer functions. Occupational therapy can improve activities of daily 
living; however, information about the clinical eff ect of various strategies of cognitive rehabilitation and strategies for 
aphasia and dysarthria is scarce. Several large trials of rehabilitation practice and of novel therapies (eg, stem-cell 
therapy, repetitive transcranial magnetic stimulation, virtual reality, robotic therapies, and drug augmentation) are 
underway to inform future practice.

Introduction
Stroke is a global health-care problem that is common, 
serious, and disabling.1 In most countries, stroke is the 
second or third most common cause of death and one of 
the main causes of acquired adult disability.1–3 Because 
most patients with stroke will survive the initial illness, 
the greatest health eff ect is usually caused by the long-
term consequences for patients and their families. The 
prevalence of stroke-related burden is expected to 
increase over the next two decades. Although impressive 
developments have been made in the medical 
management of stroke, without a widely applicable or 
eff ective medical treatment most post-stroke care will 
continue to rely on rehabilitation interventions.4

In this Review, we focus mainly on the evidence 
underlying stroke rehabilitation, including the principles 
of rehabilitation practice, systems of care, and specifi c 
interventions. We also discuss the eff ects of interventions 
for stroke-related impairment and disability. Questions 
about these issues are the most common ones that are 
posed by clinicians.5 Most research of stroke rehabilitation 
has been about the eff ect of interventions on recovery in 
diff erent forms of impairment and disability. Our 
emphasis on randomised trials and systematic reviews is 
particularly important in stroke, for which variable and 
spontaneous recovery is an important confounder of 
rehabilitation interventions in observational studies in 
the fi rst 3 months after stroke.6

Classifi cation of the eff ect of stroke
Disabling disorders such as stroke can be classifi ed 
within WHO’s international classifi cation of function, 
disability, and health,7 which provides a framework for 
the eff ect of stroke on the individual (fi gure 1) in terms of 
pathology (disease or diagnosis), impairment (symptoms 
and signs), activity limitations (disability), and partici-
pation restriction (handicap).

Stroke recovery is heterogeneous in its nature. The 
long-term eff ect of stroke is determined by the site and 

size of the initial stroke lesion and by the extent of 
subsequent recovery (fi gure 2). Recovery is a complex 
process that probably occurs through a combination of 
spontaneous and learning-dependent processes, includ-
ing restitution (restoring the functionality of damaged 
neural tissue), substitution (reorganisation of partly-
spared neural pathways to relearn lost functions), and 
compensation (improvement of the disparity between 
the impaired skills of a patient and the demands of 
their environment).8 Although patient outcome is 
hetero geneous and individual recovery patterns diff er, 
several cohort studies8,9 suggest that recovery of body 
functions and activities is predictable in the fi rst days 
after stroke.

Search strategy and selection criteria

We searched the Cochrane Library from fi rst publication to 
October, 2010,  with the search terms “stroke” and 
“rehabilitation” and various topic-specifi c terms. We also 
searched the Cochrane Stroke Group section of the Cochrane 
Library, which contains more than 137 reviews and protocols 
(reviews under development) of which 39 completed reviews 
and 13 protocols were directly relevant to this Review. If a 
Cochrane systematic review was identifi ed that fully covered 
the intervention of interest, further searches were not done. 
If the review identifi ed did not cover all topics of interest, 
further searches were done with the Database of Abstracts of 
Reviews of Eff ectiveness. In addition to seeking systematic 
reviews and randomised trials, we also sought to access the 
most up-to-date recommendations from clinical practice 
guidelines because such guidelines show a more consensual 
analysis of the evidence. We specifi cally sought guidelines 
that have been published in the past 2 years from the UK, 
USA, Australia, and Europe. We used the evidenced-based 
review of stroke rehabilitation website to cross-reference our 
fi ndings with current evidence to ensure that no major topics 
were overlooked.

For the stroke rehabilitation 
website see http://www.ebrsr.com
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substantial eff ect in recovery of activities of daily living or 
subjective health status.25 Occupational therapy has been 
shown to increase the chances of patients regaining 
independence in activities of daily living and extended 
activities of daily living (panel 1).35,19

Information provision to patients and caregivers
A Cochrane review of 17 trials recorded some evidence to 
support the routine provision of information to patients 
with stroke and their families, resulting in improved 

knowledge and reduced scores for patient depression.20 
Strategies involving patients and caregivers seemed to be 
the most eff ective, although the best way to provide 
information is not known.

Specifi c interventions
Motor impairment
Panel 3 summarises evidence for specifi c rehabilitation 
treatments. 19 categories of intervention have been 
identifi ed from systematic reviews or randomised trials.10 
Panel 1 outlines some of the main approaches that have 
been described and panel 3 shows the related evidence. 
Bilateral training,64 constraint-induced movement therapy 
at modifi ed doses,49 electrical stimulation,53 high-intensity 
therapy,10 repetitive task training,63 robotics,59 and splinting71 
have all been tested to improve hand function; however, 
none has shown consistent improvement. Diff erent 
treatment approaches have been tested to improve arm 
function,70 including bilateral training, modifi ed con-
straint-induced movement therapy, electromyo graphic 
biofeedback,54 electrical stimulation, high-intensity ther-
apy, mental practice,52 repetitive task training, robotics, 
mirror therapy,65 and splinting or orthosis.71 Constraint-
induced movement therapy incorporating modifi ed 
therapy, robotics, and possibly mental practice52 was 
shown to be benefi cial in improving arm function (at least 
within the selected populations studied). Repetitive task-
specifi c training, electromyo graphic biofeedback, high-
intensity therapy, mirror therapy, and electrical stimulation 
had an uncertain benefi t on recovery.

Although many of these conclusions are based on 
small patient numbers, the conclusions for constraint-
induced movement therapy (including the modifi ed 
form) seemed to be robust, at least for studies that 
started after the fi rst months of stroke. A major challenge 
with constraint-induced movement therapy is that trials 
focused on selective populations (in particular those 
with some preservation of wrist and fi nger extension 
who were able to tolerate periods of constraint). Studies 
of bilateral arm training and mirror therapy have been 
limited by small numbers of controlled studies with few 
participants. Interventions for biofeedback55 and 
repetitive task-specifi c training to improve sit-to-stand 
function have been tested for their eff ect on sit-to-stand 
ability. Task-specifi c training might improve such 
function. Furthermore, several trials have tested 
biofeedback, moving-platform feedback,66 and repetitive 
task training to improve aspects of standing balance. 
Biofeedback with a force plate or a moving platform 
seemed to show improvement in stand symmetry alone, 
and interventions with repetitive task training showed 
general patterns of benefi t.65

Mixed cardiorespiratory and strength training and 
circuit-class training50–57 have proved eff ective for improving 
physical fi tness and mobility for patients with moderate 
stroke. Furthermore, benefi cial eff ects have been recorded 
for high-intensity therapy, repetitive task training, and 

Panel 2: Summary of evidence for complex rehabilitation interventions (delivered by 
a service or therapist) and their recommendation in clinical guidelines

Benefi cial or likely to be benefi cial
• Multidisciplinary stroke-unit care to improve independence;15,16 recommended (A)
• Early supported discharge services to improve independence;17,18 recommended (A)
• Therapy-based rehabilitation services at home (within 1 year of stroke) to improve 

ADL;19 recommended (A,B)
• Outpatient (day-hospital, community team) rehabilitation services to improve ADL;20 

selected use (A,B)
• Rehabilitation services in long-term care settings to improve ADL;21 not mentioned or 

selected use (B)
• Occupational therapy services to improve ADL;22 recommended (A,B)
• Occupational therapy services at home to improve ADL and extended ADL;23 

recommended (A)

Uncertain benefi t
• Integrated-care pathways to improve independence;24 not recommended or 

selected use (B)
• Services with stroke liaison workers to improve independence and participation;25 

not mentioned
• Information provision to improve knowledge and independence;26 recommended (A)
• Therapy-based rehabilitation services at home (after 1 year) to improve ADL;27 

selected use (B,C)
• Speech and language therapy interventions for aphasia;28,29 recommended (B)
• Speech and language therapy interventions for dysphagia;30,31 recommended (B)
• Staff -led training interventions to improve oral hygiene;32 not mentioned or 

selected use (B)
• Cognitive rehabilitation for spatial neglect;33 not mentioned or selected use (B)

Unknown eff ect
• Cognitive rehabilitation for attention defi cits;34 not mentioned or selected use (B)
• Cognitive rehabilitation for memory defi cits;35 not mentioned or selected use (C)
• Cognitive rehabilitation for motor apraxia;36 not mentioned or selected use (B,C)
• Interventions for perceptual disorders;37 not mentioned or selected use (C)
• Occupational therapy for cognitive impairment;38 not mentioned or selected use (C)
• Home-based intervention for arm recovery;39 not mentioned
• Speech and language therapy for speech apraxia;40 recommended (C)
• Speech and language therapy for dysarthria;41 recommended (C)
• Goal setting in rehabilitation to improve recovery;42 not mentioned or recommended (C)
• Behavioural therapies for urinary incontinence;43 recommended (C)
• Pre-discharge home assessments;44 selected use (C)

Guideline recommendation categories:45–48 recommended=recommended use for a substantial proportion of stroke patients; 
selected use=might be considered in selected patients or circumstances, not mentioned=no specifi c recommendation made; not 
recommended=not recommended for routine use (outside the context of a clinical trial). Guideline grade of recommendation 
categories: (A)=based on robust information from randomised trials that is applicable to the target population; (B)=based on less 
robust information (from experimental studies); (C)=consensus or expert opinion. ADL=activities of daily living. 



LES	TECHNIQUES	D’HIER	



La	méthode	Bobath	
•  Méthode	globale	(1970)	
•  Initialement	développée	chez	le	

paralysé	cérébral	
•  Proposée	chez	l’hémiplégique	
•  Hiérarchie	développementale	
•  Prohibition	de	l’exercice	physique	et	

du	renforcement	musculaire	
•  Membre	sup	:	

–  Proximo-distale	:	l’épaule,	coude,	main	
–  Tardif	pour	la	main	
–  Mouvements	non	finalisés	

41 



Brunstrom	

•  Globale	
•  Utilisation	des	réflexes	
pour	récupérer	une	
motricité	volontaire	

•  ..l’opposé	de	Bobath	



Perfetti	

•  Méthode	sensori-motrice	
•  Mouvement	finalisé	

–  Stade	I	:	Mobilisation	
proprioceptive	les	yeux	
fermés.	

–  Stade	II	:	mouvement	actif	
aidé	yeux	fermé	

–  Stade	III	:	mouvement	actif	
yeux	ouvert.	

•  Compréhension	suffisante	
•  Sensibilité	suffisante	



Quelles	techniques	?	

	
Ä	Plusieurs	techniques,	des	concepts	très	
différents:		
	 	Bobath	
	 	Brunnstrom	
	 	Perfetti…	

	
	 	ð	Mais	pas	de	différence	entre	les	techniques	(11	essais	
comparatifs,	Cochrane	database	review	2004)	

	
	



The Effectiveness of the Bobath Concept in
Stroke Rehabilitation

What is the Evidence?

Boudewijn J. Kollen, PhD; Sheila Lennon, PhD; Bernadette Lyons, MSc; Laura Wheatley-Smith, BSc;
Mark Scheper, MSc; Jaap H. Buurke, PhD; Jos Halfens;
Alexander C.H. Geurts, MD, PhD; Gert Kwakkel, PhD

Background and Purpose—In the Western world, the Bobath Concept or neurodevelopmental treatment is the most
popular treatment approach used in stroke rehabilitation, yet the superiority of the Bobath Concept as the optimal type
of treatment has not been established. This systematic review of randomized, controlled trials aimed to evaluate the
available evidence for the effectiveness of the Bobath Concept in stroke rehabilitation.

Method—A systematic literature search was conducted in the bibliographic databases MEDLINE and CENTRAL (March
2008) and by screening the references of selected publications (including reviews). Studies in which the effects of the
Bobath Concept were investigated were classified into the following domains: sensorimotor control of upper and lower
limb; sitting and standing, balance control, and dexterity; mobility; activities of daily living; health-related quality of
life; and cost-effectiveness. Due to methodological heterogeneity within the selected studies, statistical pooling was not
considered. Two independent researchers rated all retrieved literature according to the Physiotherapy Evidence Database
(PEDro) scale from which a best evidence synthesis was derived to determine the strength of the evidence for both
effectiveness of the Bobath Concept and for its superiority over other approaches.

Results—The search strategy initially identified 2263 studies. After selection based on predetermined criteria, finally, 16 studies
involving 813 patients with stroke were included for further analysis. There was no evidence of superiority of Bobath on
sensorimotor control of upper and lower limb, dexterity, mobility, activities of daily living, health-related quality of life, and
cost-effectiveness. Only limited evidence was found for balance control in favor of Bobath. Because of the limited evidence
available, no best evidence synthesis was applied for the health-related quality-of-life domain and cost-effectiveness.

Conclusions—This systematic review confirms that overall the Bobath Concept is not superior to other approaches. Based
on best evidence synthesis, no evidence is available for the superiority of any approach. This review has highlighted
many methodological shortcomings in the studies reviewed; further high-quality trials need to be published.
Evidence-based guidelines rather than therapist preference should serve as a framework from which therapists should
derive the most effective treatment. (Stroke. 2009;40:e89-e97.)

Key Words: Bobath ! cerebrovascular disorders ! neurodevelopmental treatment ! physical therapy
! rehabilitation ! systematic review

Before the introduction of neurophysiological approaches
to rehabilitation, patients with central nervous system

damage were re-educated using both a compensatory and an
orthopedic approach consisting of stretching, bracing, and
strengthening the affected side and teaching the patient to rely
more heavily on the unaffected side to become as indepen-
dent as possible.1 Concomitant with advances in motor

control and neurosciences of the last decades went the
development of new innovative interventions for neurologi-
cally impaired patients. One of these approaches is the
Bobath Concept, which was last published by Bertha and Karl
Bobath in 1990.2 Bobath explained movement dysfunction in
hemiplegia from a neurophysiological perspective stating that
the patient must be active while the therapist assists the
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were included. In the activity restriction domain, dexterity included
the ability to perform tasks such as reaching, grasping objects, and
fine hand use; mobility was defined as the ability to (re)position the
body by transfer or gait; and ADLs were defined as the ability to
perform basic activities of self-care. Outcomes related to social,
emotional, and cognitive functioning were defined as HRQOL and
have been included in the participation restriction domain. The
influence of environmental and personal contextual factors was not
examined.

Assessment of Validity of the Study
Decision for inclusion in the present review was made by 2 assessors
(K.S., M.C.S.). The 2 assessors independently evaluated the identi-
fied publications, classified the identified studies according to
predetermined criteria, and reviewed the methodological quality of
each study using the Physiotherapy Evidence Database (PEDro)
methodological scale.21 The PEDro scale was developed for rating
quality of RCTs and contains 11 items. The first item represents
external validity of the trial. This item is not included in the total
PEDro score (maximum 10); therefore, our score is based on Items
2 to 11. These items represent 2 aspects of trial quality, the internal
validity of the trial and whether the trial contains sufficient statistical
information. These items are scored either yes (1 point) or no or not
applicable (0 points). The individual item scores and the total PEDro
scores have been shown to be reliable.22 Studies with PEDro scores of
!4 points were classified as “high quality,” whereas scores of "3 points
were classified as “low quality.”23 During a consensus meeting, scoring
disagreements were resolved. In the event agreement could not be
reached, a third reviewer (G.K.) decided on the final score. Reviewers
were not blind to author(s), institution(s), or journals.

Best Evidence Synthesis
Pooling of the studies was not feasible because of methodological
heterogeneity in interventions, patient characteristics, and outcomes.
To address the evidence for Bobath-based intervention, a best
evidence synthesis (BES) was applied based on the criteria of Tulder
et al.24 These criteria are based on the PEDro scale. Selected studies
were categorized into 5 levels of evidence: (1) strong evidence; (2)
moderate evidence; (3) limited evidence; (4) indicative findings; and
(5) no or insufficient evidence (see supplemental Table I, http://
stroke.ahajournals.org/). This categorization reported more recently
in Van Peppen et al23 further stipulates that if the number of studies
with a comparable outcome measure that shows evidence is !50%
of the total number of studies found within the same category of
methodological quality and study design (eg, RCTs in this review),
no evidence will be classified.

Results
The search strategy initially identified 2263 studies (Co-
chrane Library: 1146, PubMed: 1223, overlap: 106). After
selection on title, abstract, and language, 39 studies satisfied
the criteria and were further scrutinized. From these remain-
ing studies, 8 were excluded because they did not evaluate the
effectiveness of Bobath as an intervention in an experimental
and a control group.4,25–31 Four studies were written in a
language other than English or Dutch with no available
translations.32–35 One study used Bobath as a treatment
modality for patients with Parkinson disease and was there-
fore excluded.36 A paper by Moseley et al37 was excluded
because it was a critique of another study, which is included
in this review,38 and one study was excluded because it was
uncertain whether Bobath was the control intervention.8

Finally, 6 studies were excluded due to study design. Thus,
based on this selection, 21 studies were excluded and 18
studies proceeded for further analysis (Figure). This number
was reduced to 16 because Langhammer and Stanghelle39,40

and Platz et al41,42 refer to the same data; therefore, these 4
papers have been considered as 2 studies.

Methodological Quality
The results of the PEDro scores of 16 trials involving 813
patients are presented in supplemental Table II (http://
stroke.ahajournals.org/). Initially, there was disagreement on
13 of the 160 criteria scored. Based on Cohen’s kappa, an
interrater-reliability of 0.79 was calculated. The PEDro
scores varied from 4 to 8 out of the maximum possible score
of 10 without including the first item of the PEDro scale. It is
worth noting that it is difficult to blind therapists delivering
the intervention or participants in rehabilitation-type trials;
therefore, the maximal achievable score for a high-quality
study is likely to be 8 out of 10. All RCTs used a random
allocation procedure and 8 trials concealed the allocation of
treatment.38,41,43,45–49 Only one study did not provide infor-
mation about concealment of allocation.50 At baseline, no
difference between the experimental and control subjects was
reported in 11 trials.38,39,41,43,44,45,49,50,51–53 Seven studies used
blinding of all subjects.38,39,43,44,48,51,52 Eleven studies used
independent assessors for outcomes38,39,41,43–46,48–51 In 11 stud-
ies, 85% of the subjects were measured for at least one key
outcome,38,39,41–45,48,49,53,54 whereas in 10 studies, an intention-
to-treat analysis was performed.38,39,41,43–46,48,49,53 The results
of between-group statistical comparison were reported in all
studies. Likewise, all studies reported point estimates and
variability information.

Sensorimotor Control of the Upper Extremity
Seven of 16 studies investigated the effect of the Bobath
Concept on regaining sensorimotor control of the upper paretic
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Exercising self-propulsion in a wheelchair
91 �� It is plausible that using the non-paretic hand and foot to propel a hand-propelled wheelchair has no adverse effect on the 
resistance to passive movements and the performance of activities of daily living by patients with a stroke who are unable to walk 
independently, but can sit unaided. (Level 2)
Studied for ER (3).

92 In the opinion of the guideline development team, the use of a wheelchair improves the safety, independence and radius of action 
of non-ambulatory patients with a stroke. (Level 4)

Dexterity in the mobilization phase
Therapeutic positioning of the paretic arm  
93 � It has been demonstrated that therapeutic positioning of the paretic arm results in preservation of the passive exorotation of the 
shoulder of patients with a stroke. (Level 1)
Studied for ER (3).

Reflex-inhibiting positions and immobilization techniques for the paretic wrist and hand
94 � It remains unclear whether reflex-inhibiting positions and immobilization techniques for the paretic wrist and hand of 
patients with a stroke are more effective in terms of resistance to passive movements, pain, and passive range of motion than other 
interventions. (Level 1)
Studied for ER (=), LR (=), and RC (=).

Use of air-splints around the paretic arm and hand
95 �� It remains unclear whether the use of air-splints around the paretic arm and hand of patients with a stroke is more effective 
in terms of selective movements, resistance to passive movements, somatosensory functions, pain, and dexterity than other 
interventions. (Level 1)
Studied for ER (=) and LR (=).

Supportive techniques and devices for the prevention or treatment of glenohumeral subluxation and/or hemiplegic shoulder pain
96 � It remains unclear whether the use of slings, strapping, or arm orthoses for patients with a stroke is more effective in terms of 
preventing hemiplegic shoulder pain and for selective movements than other interventions. (Level 1)
Studied for ER (=).

Bilateral arm training  
97 �� It remains unclear whether bilateral arm training is more effective than unilateral arm training for patients with a stroke in terms 
of selective movements, muscle strength, dexterity, perceived use of the paretic arm in everyday life and performance of basic activities 
of daily living. (Level 1)
Studied for LR (=) and RC (=). 

‘Original’ Constraint-Induced Movement Therapy (CIMT)
98 � It has been demonstrated that original CIMT improves the dexterity, perceived use of arm and hand, quality of arm and hand 
movements, and quality of life of patients with a stroke. (Level 1)
Studied for LR (3).

High-intensity modified Constraint-Induced Movement Therapy (mCIMT)
99 � It has been demonstrated that high-intensity CIMT improves the dexterity, perceived use of arm and hand, and quality of arm and 
hand movements of patients with a stroke. (Level 1)
Studied for ER (3) and RC (3).

Low-intensity modified Constraint-Induced Movement Therapy (mCIMT)
100 �� It has been demonstrated that low-intensity mCIMT improves the selective movements, dexterity, perceived use of arm and 
hand, quality of arm and hand movements, and performance of basic activities of daily living of patients with a stroke. (Level 1)
Selective movements studied for ER (3) and RC (3), dexterity for ER (3), LR (3), and RC (3) and perceived use and quality of movements 
for ER (3), LR (3), and RC (3).
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EMG-NMS of the paretic wrist and finger flexors and extensors
112 �� It remains unclear whether EMG-triggered neuromuscular electrostimulation (EMG-NMS) of the paretic wrist and finger flexors and 
extensors of patients with a stroke is more effective in terms of selective movements and dexterity than other interventions. (Level 1)
Studied for ER (3) and RC (3).

TENS for the paretic arm
113 �� It has been demonstrated that transcutaneous electrical nerve stimulation (TENS) is not more effective in terms of resistance 
against passive movements and the performance of basic activities of daily living by patients with a stroke than other interventions. 
(Level 1)
Studied for ER (=) and RC (=).

EMG-BF for the paretic arm and hand 
114 �� It remains unclear whether EMG biofeedback (EMG-BF) for the paretic arm is more effective for patients with a stroke in terms of 
selective movements, active range of motion, and dexterity than other interventions. (Level 1)
Studied for LR (=) and RC (=).

Training muscle strength in the paretic arm and hand  
115 �� It remains unclear whether muscle strength training for the paretic arm and hand of patients with a stroke is more effective in 
terms of selective movements, muscle strength, range of motion, pain, and dexterity than other interventions. (Level 1)
Studied for ER (=) and RC (=).

Trunk restraint while training the paretic arm and hand
116 �� It has been demonstrated that trunk restraint while training the paretic arm and hand of patients with a stroke has an adverse 
effect on the perceived use of the arm and hand compared to training forms not using this type of restraint. (Level 1)
Studied for RC (×).

Interventions to improve the somatosensory functions of the paretic arm and hand
117 � It has been demonstrated that interventions to improve the somatosensory functions of the paretic arm and hand of patients with 
a stroke improve the somatosensory functions and reduce the resistance to passive movements. (Level 1)
Studied for ER (3), LR (3) and RC (3).

Continuous passive motion (CPM) for the shoulder 
118 �� It is plausible that the use of a continuous passive motion (CPM) device by patients with a stroke is not more effective in terms of 
the stability of the shoulder joint, muscle strength, selective movements, resistance to passive movements, pain, and performance of 
basic activities of daily living than other interventions. (Level 2)
Studied for ER (=).

Subsensory threshold electrical and vibration stimulation of the paretic arm
119 �� It is plausible that subsensory threshold electrical and vibration stimulation of the paretic arm of patients with a stroke is not 
more effective in terms of somatosensory functions, selective movements, dexterity, and quality of life than other interventions. (Level 2) 
Studied for RC (=).

Circuit class training for the paretic arm
120 �� It is plausible that circuit class training with workstations for the paretic arm improves selective movements and dexterity of 
patients with a stroke. (Level 2)
Studied for RC (3).

Passive bilateral arm training 
121 � It is plausible that passive bilateral arm training is not more effective for patients with a stroke in terms of selective movements, 
maximum contraction strength of the hand, and neurological functions than other interventions. (Level 2)
Studied for RC (=).

122 � It is plausible that passive bilateral arm training improves neurophysiological outcome measures like excitation of the ipsilateral 
motor cortex of patients with a stroke. (Level 2)
Studied for RC (=).  
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Figure 3. Summary effect sizes for physical therapy interventions – arm-hand activities. Legend: A green colored diamond indicates that
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Abstract

Background: Physical therapy (PT) is one of the key disciplines in interdisciplinary stroke rehabilitation. The aim of this
systematic review was to provide an update of the evidence for stroke rehabilitation interventions in the domain of PT.

Methods and Findings: Randomized controlled trials (RCTs) regarding PT in stroke rehabilitation were retrieved through a
systematic search. Outcomes were classified according to the ICF. RCTs with a low risk of bias were quantitatively analyzed.
Differences between phases poststroke were explored in subgroup analyses. A best evidence synthesis was performed for
neurological treatment approaches. The search yielded 467 RCTs (N = 25373; median PEDro score 6 [IQR 5–7]), identifying 53
interventions. No adverse events were reported. Strong evidence was found for significant positive effects of 13
interventions related to gait, 11 interventions related to arm-hand activities, 1 intervention for ADL, and 3 interventions for
physical fitness. Summary Effect Sizes (SESs) ranged from 0.17 (95%CI 0.03–0.70; I2 = 0%) for therapeutic positioning of the
paretic arm to 2.47 (95%CI 0.84–4.11; I2 = 77%) for training of sitting balance. There is strong evidence that a higher dose of
practice is better, with SESs ranging from 0.21 (95%CI 0.02–0.39; I2 = 6%) for motor function of the paretic arm to 0.61
(95%CI 0.41–0.82; I2 = 41%) for muscle strength of the paretic leg. Subgroup analyses yielded significant differences with
respect to timing poststroke for 10 interventions. Neurological treatment approaches to training of body functions and
activities showed equal or unfavorable effects when compared to other training interventions. Main limitations of the
present review are not using individual patient data for meta-analyses and absence of correction for multiple testing.

Conclusions: There is strong evidence for PT interventions favoring intensive high repetitive task-oriented and task-specific
training in all phases poststroke. Effects are mostly restricted to the actually trained functions and activities. Suggestions for
prioritizing PT stroke research are given.
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Introduction

Prospective studies have estimated that about 795.000 people in
the USA suffer a first or recurrent stroke each year [1]. The
prevalence of chronic stroke in the USA is estimated at about 7
million [1], with about 80% of patients with stroke being over the
age of 65. The prevalence of stroke is likely to increase in the
future due to the aging population. Even though acute stroke care
has improved, for example by large-scale application of recom-
binant tissue plasminogen activator (rTPA) [1,2] and organized
interdisciplinary inpatient stroke care [3], and although mortality
rates have been decreasing [1], a large number of patients still
remain disabled regardless of the time that has elapsed poststroke.
Only 12% of the patients with stroke are independent in basic
activities of daily living (ADL) at the end of the first week [4]. In
the long term, 25–74% of patients have to rely on human
assistance for basic ADLs like feeding, self-care, and mobility [5].

Interdisciplinary complex rehabilitation interventions [6,7] are
assumed to represent the mainstay of poststroke care [8]. One of
the key disciplines in interdisciplinary stroke rehabilitation is
physical therapy which is primarily aimed at restoring and
maintaining ADLs, usually starting within the first days and often
continuing into the chronic phase poststroke [8]. While the
interdisciplinary character of stroke rehabilitation is paramount,
the availability of specific, up-to-date, and professional evidence-
based guidelines for the physical therapy profession is crucial for
making adequate evidence-based clinical decisions [9–11]. The
recommendations in the first Dutch evidence-based ‘Clinical
Practice Guideline for physical therapy in patients with stroke’
were based on meta-analyses of 123 randomized controlled trials
(RCTs) and date back to 2004 [12]. In view of the tremendous
growth in the number of RCTs in this field, it is now necessary to
re-establish the ‘‘state of the art’’ concerning the evidence for
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Figure 1 Flow chart of the exclusion/inclusion process.

Results
Data retrieval
As shown in Figure 1, 1,086 potentially relevant studies 
were identified according to the literature search strategy. 
Of these, 623 were identified after removing duplicates. 
Subsequently, 518 studies were excluded based on the title 
and abstract. Of the remaining 105 studies, 89 were ex-
cluded after full-text review for varying reasons. For exam-
ple, one paper was excluded because it did not provide suf-
ficient data in the calculations (Brunner et al., 2012), while 
another was excluded because the patients in the control 
group received bimanual training rather than traditional 
rehabilitation therapy (Batool et al., 2015). Thus 16 pro-
spective studies comprising 738 participants were included 
in the meta-analysis (Dromerick et al., 2000, 2009; Page et 
al., 2005; Ro et al., 2006; Boake et al., 2007; He et al., 2010; 
Wu et al., 2010; Zhang et al., 2011, 2015a; Singh and Prad-
han, 2013; Huang et al., 2014; Yoon et al., 2014; El-Helow 
et al., 2015; Thrane et al., 2015; Liu et al., 2016; Song et al., 
2016).

Characteristics of the studies 
Of the 16 studies included in the final meta-analysis, 10 were 
written in English and 6 were in Chinese (Table 1). The ef-
fects of CIMT/mCIMT were evaluated in 5 studies using the 
ARAT, 6 using an mBI, 13 using the FMA, 4 using an MAL 

(AOU and QOU), and 2 using the WMFT. 

Quality assessment
Talbe 2 shows the quality assessment scores for the includ-
ed studies, according to the PEDro scale. The PEDro scores 
ranged from 5 to 8 points, with a median score of 6.5 points. 
No study was excluded from further analysis.

Meta-analysis results
ARAT 
Five studies (Dromerick et al., 2000, 2009; Page et al., 
2005; Zhang et al., 2011; El-Helow et al., 2015) assessed 
CIMT/mCIMT efficacy using the ARAT. Figure 2A and 
Table 3 show a significantly heterogeneous WMD (WMD 
[random]: 8.35; 95% CI: 1.98–14.71; Z = 4.19; P = 0.001; I2 
= 94.1%). 

The two studies (Dromerick et al., 2009; Zhang et al., 
2011) that used HI CIMT yielded a nonsignificant difference 
in favor of the control group (WMD [random]: 2.02; 95% 
CI: –7.18–11.23; P = 0.667). The four studies (Dromerick et 
al., 2000; Page et al., 2005; Dromerick et al., 2009; El-Helow 
et al., 2015) that used LO CIMT yielded a significant WMD 
in favor of the experimental group (WMD: 11.49; 95% CI: 
5.61–17.37; P < 0.001).

mBI
Six studies (Dromerick et al., 2000; He et al., 2010; Wu et al., 
2010; Zhang et al., 2011, 2015b; Song et al., 2016) assessed 
the efficacy of CIMT/mCIMT on basic activities of daily 
living function using an mBI. Figure 2B and Table 3 show 
a significantly heterogeneous total standardized mean dif-
ference (SMD) for the mBI (SMD [random]:10.706; 95% CI: 
4.417–16.966; Z = 3.34; P = 0.001; I2 = 91.2%). 

One study used HI CIMT (SMD [random]: 13.46; 95% CI: 
4.29–22.63; Z = 2.88; P = 0.004) and four studies used LO 
CIMT (SMD [random]: 10.28; 95% CI: 3.38–17.18; Z = 2.92; 
P = 0.003). Both HI and LO CIMT yielded significantly bet-
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1,086 retrieved articles include 
English and Chinese studies

623 studies were identified 
after removing duplicates

518 studies were excluded 
according to title and abstract

89 studies were excluded after full-text 
review
48 studies were not randomized 
clinical trials
31 studies did not follow the 
appropriate assessment methods
2 studies did not have the necessary 
data
8 studies did not meet the inclusion 
criteria for participants 

105 potentially relevant studies 
were identified for further review

16 studies were eligible for 
the final meta-analysis

[Downloaded free from http://www.nrronline.org on Thursday, February 28, 2019, IP: 213.190.86.42]

1443

NEURAL REGENERATION RESEARCH 
September 2017, Volume 12, Issue 9 www.nrronline.org

RESEARCH ARTICLE

Constraint-induced movement therapy in treatment 
of acute and sub-acute stroke: a meta-analysis of 16 
randomized controlled trials 

*Correspondence to:
Shou-wei Yue, Ph.D., 
shouweiyue1224@163.com.

#These authors contributed 
equally to this study.

orcid: 
0000-0002-1285-0702
(Shou-wei Yue)

doi: 10.4103/1673-5374.215255

Accepted: 2017-07-03

Xi-hua Liu1, 2, #, Juan Huai1, #, Jie Gao3, Yang Zhang1, Shou-wei Yue1, *

1 Department of Physical Medicine & Rehabilitation, Qilu Hospital, Shandong University, Jinan, Shandong Province, China
2 Department of Physical Medicine & Rehabilitation, The Affiliated Hospital of Shandong Traditional Chinese Medicine University, Jinan, 
Shandong Province, China
3 Shandong Institute of Prevention and Control for Endemic Disease, Jinan, Shandong Province, China
  
How to cite this article: Liu XH, Huai J, Gao J, Zhang Y, Yue SW (2017) Constraint-induced movement therapy in treatment of acute and sub-
acute stroke: a meta-analysis of 16 randomized controlled trials . Neural Regen Res 12(9):1443-1450.
Funding: This study was supported by the Natural Science Foundation of Shandong Province of China, No. 2014ZRB14502.

Abstract
OBJECTIVE: The aim of this meta-analysis was to evaluate the clinical efficacy of constraint-induced 
movement therapy in acute and sub-acute stroke.
DATA SOURCES: The key words were stroke, cerebrovascular accident, constraint-induced therapy, forced 
use, and randomized controlled trial. The databases, including China National Knowledge Infrastructure, 
WanFang, Weipu Information Resources System, Chinese Biomedical Literature Database, PubMed, Med-
line, Embase, the Cochrane Central Register of Controlled Trials, and the Cochrane Database of Systematic 
Reviews, were searched for studies on randomized controlled trials for treating acute or sub-acute stroke 
published before March 2016. 
DATA SELECTION: We retrieved relevant randomized controlled trials that compared constraint-induced 
movement therapy in treatment of acute or sub-acute stroke with traditional rehabilitation therapy (tradi-
tional occupational therapy). Patients were older than 18 years, had disease courses less than 6 months, and 
were evaluated with at least one upper extremity function scale. Study quality was evaluated, and data that 
met the criteria were extracted. Stata 11.0 software was used for the meta-analysis. 
OUTCOME MEASURES: Fugl-Meyer motor assessment of the arm, the action research-arm test, a motor 
activity log for amount of use and quality of movement, the Wolf motor function test, and a modified Bar-
thel index.
RESULTS: A total of 16 prospective randomized controlled trials (379 patients in the constraint-induced 
movement-therapy group and 359 in the control group) met inclusion criteria. Analysis showed significant 
mean differences in favor of constraint-induced movement therapy for the Fugl–Meyer motor assessment 
of the arm (weighted mean difference (WMD) = 10.822; 95% confidence intervals (95% CI): 7.419–14.226), 
the action research-arm test (WMD = 10.718; 95% CI: 5.704–15.733), the motor activity log for amount of 
use and quality of movement (WMD = 0.812; 95% CI: 0.331–1.293) and the modified Barthel index (WMD 
= 10.706; 95% CI: 4.417–16.966). 
CONCLUSION: Constraint-induced movement therapy may be more beneficial than traditional rehabili-
tation therapy for improving upper limb function after acute or sub-acute stroke. 

Key Words: nerve regeneration; stroke; constraint-induced movement therapy; meta-analysis; upper extremity 
function; rehabilitation; intensity; neural regeneration

Introduction
Stroke is a leading cause of disability, primarily resulting 
from motor impairment (Dobkin, 2005; Towfighi and Saver, 
2011; Corbetta et al., 2015). Although most patients show 
large improvement in motor function soon after stroke, 75% 
of patients continue to have upper extremity deficits 3–6 
months later (Pang et al., 2006; Ng et al., 2007; Chen et al., 
2017).

Constraint-induced movement therapy (CIMT) is a neu-
rorehabilitatory approach developed by Taub et al. (1993) 
that is characterized by restraint of the less affected upper 
limb and forced use of the affected arm. This is usually 
achieved by placing the less affected arm in a padded mitten 
and then engaging in extensive task-oriented training of the 

affected arm for up to 90% of daily waking hours, 2 weeks 
per month (14 days in total) (Taub and Wolf, 1997; Kwakkel 
et al., 2015). However, receiving intensive occupational ther-
apy for 6 hours every day leads to a low level of treatment 
compliance. To overcome this difficulty, a modified CIMT 
(mCIMT) has been developed in last few decades (Page et 
al., 2001, 2002; Wang et al., 2011; Taub et al., 2013; Souza et 
al., 2015; Zhu et al., 2016). The mCIMT is characterized by 
lower intensity training compared with traditional CIMT.

An increasing number of studies have demonstrated 
that CIMT after stroke, especially in the chronic phase (> 
6 months), is more effective than standard rehabilitation 
measures (van der Lee et al., 1999; Wolf et al., 2006; Sterr et 
al., 2014; Park et al., 2015; Takebayashi et al., 2015; Ballester 
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Introduction
Stroke is a leading cause of disability, primarily resulting 
from motor impairment (Dobkin, 2005; Towfighi and Saver, 
2011; Corbetta et al., 2015). Although most patients show 
large improvement in motor function soon after stroke, 75% 
of patients continue to have upper extremity deficits 3–6 
months later (Pang et al., 2006; Ng et al., 2007; Chen et al., 
2017).

Constraint-induced movement therapy (CIMT) is a neu-
rorehabilitatory approach developed by Taub et al. (1993) 
that is characterized by restraint of the less affected upper 
limb and forced use of the affected arm. This is usually 
achieved by placing the less affected arm in a padded mitten 
and then engaging in extensive task-oriented training of the 

affected arm for up to 90% of daily waking hours, 2 weeks 
per month (14 days in total) (Taub and Wolf, 1997; Kwakkel 
et al., 2015). However, receiving intensive occupational ther-
apy for 6 hours every day leads to a low level of treatment 
compliance. To overcome this difficulty, a modified CIMT 
(mCIMT) has been developed in last few decades (Page et 
al., 2001, 2002; Wang et al., 2011; Taub et al., 2013; Souza et 
al., 2015; Zhu et al., 2016). The mCIMT is characterized by 
lower intensity training compared with traditional CIMT.

An increasing number of studies have demonstrated 
that CIMT after stroke, especially in the chronic phase (> 
6 months), is more effective than standard rehabilitation 
measures (van der Lee et al., 1999; Wolf et al., 2006; Sterr et 
al., 2014; Park et al., 2015; Takebayashi et al., 2015; Ballester 
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Figure 2 Effects of CIMT on the arm motor function of patients with 
acute or sub-acute stroke. Assessments included the ARAT (A), mBI 
(B), and FMA (C).
CIMT: Constraint-induced movement therapy; ARAT: action re-
search-arm test; mBI: modified Barthel index; FMA: Fugl–Meyer motor 
assessment of the arm. 

Figure 3 Effects of CIMT on arm motor function of patients with 
acute or sub-acute. Assessments include the AOU (A), QOM (B), 
and WMFT (C).
CIMT: Constraint-induced movement therapy; AOU: amount of use; 
QOM: quality of movement; WMFT: Wolf motor function test; WMD: 
weighted mean difference; 95% CI: 95% confidence intervals. 

clinical efficacy of CMIT in acute or sub-acute stroke. Com-
pared with the first systematic review, we included more 
studies with larger sample sizes, which should strengthen 
the reliability of our conclusions. We found that CIMT or 
mCIMT may be more beneficial in acute or sub-acute stroke 
than traditional rehabilitation therapy. A total of 379 CIMT 
patients and 359 healthy controls were included in the me-
ta-analysis, which greatly improved the statistical power and 
credibility of the conclusions over what was possible consid-
ering each study individually. The times for clinical outcome 
assessment differed among the studies. In our meta-analysis, 
we only compared the clinical outcomes after rehabilitation 
therapy to reduce any heterogeneity among the studies.

CIMT/mCIMT had significant effects on arm motor 
function and activities of daily living in acute and sub-acute 
stroke. However, no significant difference was found on 
the motor activity log-amount of use (MAL-AOU) or the 
WMFT. The results of subgroup analysis by CIMT degree 
also yielded significantly positive WMDs for most outcome 
measures compared with the control group. The I2 values 
in both subgroups became smaller compared with the total 
value, which indicated that heterogeneity decreased among 
the included studies. This might suggest that the amount of 
CIMT training was one critical factor that affected the clin-
ical results. Critically, the WMDs for LO CIMT were larger 
than those for HI CIMT, which suggests that LO CIMT may 
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SupplementsKNGF Clinical Practice Guideline for Physical Therapy in patients with stroke

Exercising self-propulsion in a wheelchair
91 �� It is plausible that using the non-paretic hand and foot to propel a hand-propelled wheelchair has no adverse effect on the 
resistance to passive movements and the performance of activities of daily living by patients with a stroke who are unable to walk 
independently, but can sit unaided. (Level 2)
Studied for ER (3).

92 In the opinion of the guideline development team, the use of a wheelchair improves the safety, independence and radius of action 
of non-ambulatory patients with a stroke. (Level 4)

Dexterity in the mobilization phase
Therapeutic positioning of the paretic arm  
93 � It has been demonstrated that therapeutic positioning of the paretic arm results in preservation of the passive exorotation of the 
shoulder of patients with a stroke. (Level 1)
Studied for ER (3).

Reflex-inhibiting positions and immobilization techniques for the paretic wrist and hand
94 � It remains unclear whether reflex-inhibiting positions and immobilization techniques for the paretic wrist and hand of 
patients with a stroke are more effective in terms of resistance to passive movements, pain, and passive range of motion than other 
interventions. (Level 1)
Studied for ER (=), LR (=), and RC (=).

Use of air-splints around the paretic arm and hand
95 �� It remains unclear whether the use of air-splints around the paretic arm and hand of patients with a stroke is more effective 
in terms of selective movements, resistance to passive movements, somatosensory functions, pain, and dexterity than other 
interventions. (Level 1)
Studied for ER (=) and LR (=).

Supportive techniques and devices for the prevention or treatment of glenohumeral subluxation and/or hemiplegic shoulder pain
96 � It remains unclear whether the use of slings, strapping, or arm orthoses for patients with a stroke is more effective in terms of 
preventing hemiplegic shoulder pain and for selective movements than other interventions. (Level 1)
Studied for ER (=).

Bilateral arm training  
97 �� It remains unclear whether bilateral arm training is more effective than unilateral arm training for patients with a stroke in terms 
of selective movements, muscle strength, dexterity, perceived use of the paretic arm in everyday life and performance of basic activities 
of daily living. (Level 1)
Studied for LR (=) and RC (=). 

‘Original’ Constraint-Induced Movement Therapy (CIMT)
98 � It has been demonstrated that original CIMT improves the dexterity, perceived use of arm and hand, quality of arm and hand 
movements, and quality of life of patients with a stroke. (Level 1)
Studied for LR (3).

High-intensity modified Constraint-Induced Movement Therapy (mCIMT)
99 � It has been demonstrated that high-intensity CIMT improves the dexterity, perceived use of arm and hand, and quality of arm and 
hand movements of patients with a stroke. (Level 1)
Studied for ER (3) and RC (3).

Low-intensity modified Constraint-Induced Movement Therapy (mCIMT)
100 �� It has been demonstrated that low-intensity mCIMT improves the selective movements, dexterity, perceived use of arm and 
hand, quality of arm and hand movements, and performance of basic activities of daily living of patients with a stroke. (Level 1)
Selective movements studied for ER (3) and RC (3), dexterity for ER (3), LR (3), and RC (3) and perceived use and quality of movements 
for ER (3), LR (3), and RC (3).

Royal Dutch Society for Physical Therapy

KNGF Guideline
Stroke
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Study or subgroup Treatment Control

Std.
Mean

Difference Weight

Std.
Mean

Difference

N Mean(SD) N Mean(SD) IV,Random,95% CI IV,Random,95% CI

Total (95% CI) 488 469 100.0 % 0.31 [ 0.09, 0.52 ]
Heterogeneity: Tau2 = 0.16; Chi2 = 55.54, df = 23 (P = 0.00016); I2 =59%

Test for overall effect: Z = 2.82 (P = 0.0049)

Test for subgroup differences: Not applicable

-2 -1 0 1 2

Favours control Favours treatment

Analysis 1.2. Comparison 1 Electromechanical and robotic assisted training versus all other intervention,

Outcome 2 Activities of daily living at the end of intervention phase: subgroup analysis comparing acute and
chronic phase.

Review: Electromechanical and robot-assisted arm training for improving activities of daily living, arm function, and arm muscle strength after stroke

Comparison: 1 Electromechanical and robotic assisted training versus all other intervention

Outcome: 2 Activities of daily living at the end of intervention phase: subgroup analysis comparing acute and chronic phase

Study or subgroup Favours treatment Favours control

Std.
Mean

Difference Weight

Std.
Mean

Difference

N Mean(SD) N Mean(SD) IV,Random,95% CI IV,Random,95% CI

1 Participants treated in the acute and subacute phase of their stroke (within 3 months)

Burgar 2011 36 19.6 (8.47) 18 15.9 (6.36) 8.5 % 0.46 [ -0.11, 1.04 ]

Hesse 2005 22 22.45 (15.14) 22 17.27 (13.95) 8.3 % 0.35 [ -0.25, 0.95 ]

Hesse 2014 25 25.2 (11) 25 16 (15.7) 8.6 % 0.67 [ 0.10, 1.24 ]

Lee 2016 22 9.95 (7.09) 22 9.55 (6.46) 8.4 % 0.06 [ -0.53, 0.65 ]

Lum 2006 24 2.85 (1.21) 6 3.2 (1.4) 5.9 % -0.27 [ -1.17, 0.62 ]

Masiero 2007 17 32.6 (7.2) 18 25.5 (10.5) 7.5 % 0.77 [ 0.08, 1.46 ]

Masiero 2011 11 1.83 (1.4) 10 1 (0.7) 5.9 % 0.71 [ -0.18, 1.60 ]

Rabadi 2008 10 25.49 (7.23) 20 28.29 (6.72) 6.8 % -0.40 [ -1.16, 0.37 ]

Takahashi 2016 30 12.6 (7.7) 26 15.1 (11) 9.0 % -0.26 [ -0.79, 0.26 ]

-2 -1 0 1 2

Favours control Favours treatment

(Continued . . . )
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Review

Introduction
Stroke is the second cause of mortality and the third cause 
of long-term disability worldwide with 33 million stroke 
survivors.1-3 A majority of patients with hemispheric 
stroke has limited use of the affected upper limb. In the 
first days after stroke onset, this concerns about 80% of 
the patients,4 while deficits in upper limb capacity per-
sist at 6 months poststroke in 30%5 to 66%6 of the hemi-
plegic stroke patients. One year after stroke, upper limb 
deficits are accompanied by higher levels of anxiety,7 
lower perceived health-related quality of life,8 and 
reduced self-reported well-being.9 Hence, improving 
upper limb capacity is a major therapeutic target in 
stroke rehabilitation.10,11

Several systematic reviews suggest that intensity of 
practice, typically expressed by number of repetitions, and 
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Abstract
Background. Robot technology for poststroke rehabilitation is developing rapidly. A number of new randomized controlled 
trials (RCTs) have investigated the effects of robot-assisted therapy for the paretic upper limb (RT-UL). Objective. To 
systematically review the effects of poststroke RT-UL on measures of motor control of the paretic arm, muscle strength 
and tone, upper limb capacity, and basic activities of daily living (ADL) in comparison with nonrobotic treatment. Methods. 
Relevant RCTs were identified in electronic searches. Meta-analyses were performed for measures of motor control (eg, 
Fugl-Meyer Assessment of the arm; FMA arm), muscle strength and tone, upper limb capacity, and basic ADL. Subgroup 
analyses were applied for the number of joints involved, robot type, timing poststroke, and treatment contrast. Results. 
Forty-four RCTs (N = 1362) were included. No serious adverse events were reported. Meta-analyses of 38 trials (N = 
1206) showed significant but small improvements in motor control (~2 points FMA arm) and muscle strength of the paretic 
arm and a negative effect on muscle tone. No effects were found for upper limb capacity and basic ADL. Shoulder/elbow 
robotics showed small but significant effects on motor control and muscle strength, while elbow/wrist robotics had small 
but significant effects on motor control. Conclusions. RT-UL allows patients to increase the number of repetitions and hence 
intensity of practice poststroke, and appears to be a safe therapy. Effects on motor control are small and specific to the 
joints targeted by RT-UL, whereas no generalization is found to improvements in upper limb capacity. The impact of RT-UL 
started in the first weeks poststroke remains unclear. These limited findings could mainly be related to poor understanding 
of robot-induced motor learning as well as inadequate designing of RT-UL trials, by not applying an appropriate selection 
of stroke patients with a potential to recovery at baseline as well as the lack of fixed timing of baseline assessments and 
using an insufficient treatment contrast early poststroke.
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I2 statistic of ≥50%, a random-effects model was applied. A 
fixed-effect model was applied for I2 statistics <50%.

A first subgroup analysis was based on the joints involved 
in the treatment. The RT-UL groups were divided into 5 
subgroups: shoulder/elbow, whole arm (shoulder/elbow/
wrist and/or hand), elbow, elbow/wrist/hand, wrist/hand, 
and hand. Three other subgroup analyses were performed 
for exoskeleton versus end-effector robotics, time of RT-UL 
delivery (early-started [<3 months] versus late-started [≥3 
months]), and therapy dose (dose-matched versus non–
dose-matched trials).

All analyses were performed using RevMan 5.1 and a P 
value <.05 was considered statistically significant.

Results

Literature Search
Figure 1 shows the flowchart of the search. A total of 44 
RCTs were included (Figure 1).30-75 Forty-four RCTs were 
included out of a total of 341 identified unique hits in the 
electronic search, and 1 RCT was identified by reference 
checking.53 Online Supplemental Table 2 shows the main 
characteristics of the included RCTs. Duration of the inter-
vention ranged from 2 weeks53 to 12 weeks,36 with a total 
therapy time of 0.5 hours41 to 90 hours.36 Number of repeti-
tions per session ranged from 5038 to 2700 to 3600.54 The 5 

most common applied robotic devices were the MIME 
robot,31,34,39,51 the BiManuTrack,37,54,57,59-61,67 the 
NeReBo,40,42,55,69 the MIT MANUS,30,32,35,43,48,71 and the 
InMotion Shoulder Elbow Robot.36,44,52,74

Methodological Quality
The median PEDro score was 6 (interquartile range, 
5-6.25) (see Online Supplemental Table 3). Twenty  
percent of the RCTs described that the allocation  
was concealed, while 34% of the trials performed an  
intention-to-treat analysis.

Quantitative Analysis
Thirty-eight (N = 1206) of the 44 identified RCTs were 
found suitable for quantitative analysis. Six trials were 
excluded from pooling; 1 trial due to insufficient method-
ological quality41 and 5 trials due to lack of point measures 
and/or measures of variability.31,33,38,47,49 Pooling of data 
was not possible for the RT-UL elbow,63 elbow/wrist/hand,50 
and wrist46 subgroups, because 1 RCT was available. The 
forest plots of all performed meta-analyses can be found 
online (Online Supplemental Figures at http://nnr.sagepub.
com/supplemental).

Motor Control. The FMA arm score was assessed in 28 
RCTs (N = 884), with a total of 34 comparisons. Overall, a 
significant homogeneous SES (MD 2.23, 95% CI 0.87 to 
3.59; Z = 3.21, P = .001, I2 = 30%) was found (Figure 2). 
The FMA-SEC score (maximum 42 points) was reported in 
14 RCTs, representing 17 comparisons (N = 369). An over-
all significant homogeneous SES (MD 2.62, 95% CI 1.48 to 
3.76; Z = 4.50, P < .00001, I2 = 34%) was found in favor of 
RT-UL. The FMA-WH score was determined in 17 RCTs 
(N = 443) representing 21 comparisons. A nonsignificant 
heterogeneous SES (MD 1.22, 95% CI −0.61 to 3.05; Z = 
1.30, P = .19, I2 = 75%) was found.

Shoulder/elbow robotics. Fourteen RCTs (N = 528) with 
a total of 17 shoulder/elbow comparisons assessed the 
FMA arm score, yielding an overall significant homo-
geneous SES (MD 2.45, 95% CI 0.63 to 4.27; Z = 2.64,  
P = .008, I2 = 14%). Eight RCTs (N = 228), with a total of 
10 comparisons, assessed the FMA-SEC score. A signifi-
cant homogeneous SES (MD 2.15, 95% CI 0.73 to 3.57;  
Z = 2.96, P = .003, I2 = 31%) was found in favor of RT-UL 
(Figure 3). Ten RCTs (N = 290), representing 13 compari-
sons, assessed the FMA-WH score, resulting in a nonsig-
nificant homogeneous SES (MD 0.66, 95% CI −0.39 to 
1.72; Z = 1.24, P = .22, I2 = 33%).

Whole arm robotics. Two RCTs (N = 62) with a total of 
2 comparisons assessed the effects of whole-arm robotics 

Figure 1. Literature search flowchart.
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on the FMA arm score. Pooling resulted in a nonsignificant 
heterogeneous SES (MD 2.17, 95% CI −11.90 to 16.23;  
Z = 0.30, P = .76, I2 = 81).

Shoulder/elbow/wrist robotics. In the shoulder/elbow/
wrist/hand group, 3 RCTs (N = 102) with a total of 4 com-
parisons assessed the FMA arm score, yielding a nonsignifi-
cant homogeneous SES (MD −0.36, 95% CI −3.48 to 2.76; 
Z = 0.23, P = .82, I2 = 0%).

Elbow/wrist robotics. The FMA arm score was assessed 
in 5 RTCs (N = 131) with a total of 7 comparisons. Pooling 
resulted in a significant homogeneous SES (MD 6.55, 95% 
CI 2.60 to 10.51; Z = 3.25, P = .001, I2 = 46%). The FMA-
SEC score was assessed in 2 RCTs (N = 65) with a total 
of 3 comparisons, resulting in a significant homogeneous 
SES (MD 3.51, 95% CI 0.96 to 6.07; Z = 2.70, P = .007,  
I2 = 44%). Pooling FMA-WH data of 2 RCTs (N = 65) 
with a total of 3 comparisons resulted in a nonsignificant 

Figure 2. Forest plot of all robot therapy for the upper limb (RT-UL) versus any type of control for the outcome of motor control 
of the paretic arm postintervention.

Figure 3. Forest plot of shoulder/elbow robot therapy for the upper limb (RT-UL) versus any type of control for the outcome of 
motor control of the proximal part of the paretic arm postintervention.
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heterogeneous SES (MD 4.88, 95% CI −1.22 to 10.99;  
Z = 1.57, P = .12, I2 = 53%).

Wrist/hand robotics. Two RCTs (N = 30) assessed the 
FMA-SEC. Pooling yielded a nonsignificant homogeneous 
SES (MD 4.28, 95% CI −1.06 to 9.63; Z = 1.57, P = .12, 
I2 = 0%). Two RCTs (N = 30) deter-mined the FMA-WH 
score, yielding a nonsignificant homogeneous SES (MD 
1.60, 95% CI −2.30 to 5.50; Z = 0.80, P = .42, I2 = 0%).

Upper Limb Capacity. The functional outcome in terms of 
upper limb capacity was assessed with laboratory measures 
in 20 RCTs (N = 682) with a total of 24 RT-UL groups, 
yielding a nonsignificant homogeneous SES (SMD 0.04, 
95% CI −0.12 to 0.19; Z = 0.47, P = .64, I2 = 2%) (Figure 4). 
Pooling was not possible for real-world arm use, because 
only 1 trial reported this outcome.72

Whole arm robotics. Upper limb capacity assessed with 
laboratory measures was reported in 2 RCTs (N = 62) and 
pooling resulted in a nonsignificant homogeneous SES 
(SMD 0.07, 95% CI −0.13 to 0.27; Z = 0.69, P = .49,  
I2 = 17%).

Shoulder/elbow robotics. Upper limb capacity was 
assessed in 12 RCTs (N = 413) with a total of 15 com-
parisons, yielding a nonsignificant homogeneous SES 
(SMD 0.07, 95% CI −0.13 to 0.27; Z = 0.69, P = .49,  
I2 = 17%).

Hand robotics. Two RCTs (N = 39) with a total of 2 com-
parisons assessed upper limb capacity in the laboratory, 
yielding a nonsignificant homogeneous SES (SMD 0.19, 
95% CI −0.45 to 0.82; Z = 0.58, P = .56, I2 = 0%).

Basic Activities of Daily Living. Basic ADL was assessed in 14 
RCTs (N = 427) with a total of 17 comparisons, yielding a 
nonsignificant heterogeneous SES (SMD 0.27, 95% CI 
−0.05 to 0.59; Z = 1.67, P = .09, I2 = 56%).

Shoulder/elbow robotics. Pooling was possible for 11 
RCTs (N = 330) with a total of 14 comparisons, yielding 
a nonsignificant heterogeneous SES (SMD 0.24, 95% CI 
−0.17 to 0.65; Z = 1.15, P = .25, I2 = 64%) for basic ADL.

Muscle Strength. Muscle strength of the paretic arm was 
assessed in 15 RCTs (N = 494) with a total of 21 compari-
sons, yielding a nonsignificant heterogeneous SES (SMD 
0.19, 95% CI −0.12 to 0.50; Z = 1.23, P = .22, I2 = 56%).

Shoulder/elbow robotics. In the shoulder/elbow group, 7 
RCTs (N = 254) with a total of 10 comparisons assessed 
strength of the paretic arm, yielding a significant homo-
geneous SES (SMD 0.36, 95% CI 0.10 to 0.63; Z = 2.73,  
P = .006, I2 = 44%) in favor of RT-UL.

Medical Research Council scores for individual muscle 
groups were reported in 3 RCTs (N = 71), yielding a nonsig-
nificant homogeneous SES (SMD 0.01, 95% CI −0.47  
to 0.48; Z = 0.03, P = .98, I2 = 38%) for shoulder abductor 

Figure 4. Forest plot of all robot therapy for the upper limb (RT-UL) versus any type of control for the outcome upper limb capacity 
as measured in the laboratory.
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Robot assisted training for the upper limb after stroke 
(RATULS): a multicentre randomised controlled trial
Helen Rodgers*, Helen Bosomworth*, Hermano I Krebs, Frederike van Wijck, Denise Howel, Nina Wilson, Lydia Aird, Natasha Alvarado, 
Sreeman Andole, David L Cohen, Jesse Dawson, Cristina Fernandez-Garcia, Tracy Finch, Gary A Ford, Richard Francis, Steven Hogg, Niall Hughes, 
Christopher I Price, Laura Ternent, Duncan L Turner, Luke Vale, Scott Wilkes, Lisa Shaw

Summary
Background Loss of arm function is a common problem after stroke. Robot-assisted training might improve arm 
function and activities of daily living. We compared the clinical effectiveness of robot-assisted training using the MIT-
Manus robotic gym with an enhanced upper limb therapy (EULT) programme based on repetitive functional task 
practice and with usual care.

Methods RATULS was a pragmatic, multicentre, randomised controlled trial done at four UK centres. Stroke patients 
aged at least 18 years with moderate or severe upper limb functional limitation, between 1 week and 5 years after their 
first stroke, were randomly assigned (1:1:1) to receive robot-assisted training, EULT, or usual care. Robot-assisted 
training and EULT were provided for 45 min, three times per week for 12 weeks. Randomisation was internet-based 
using permuted block sequences. Treatment allocation was masked from outcome assessors but not from participants 
or therapists. The primary outcome was upper limb function success (defined using the Action Research Arm Test 
[ARAT]) at 3 months. Analyses were done on an intention-to-treat basis. This study is registered with the ISRCTN 
registry, number ISRCTN69371850.

Findings Between April 14, 2014, and April 30, 2018, 770 participants were enrolled and randomly assigned to either 
robot-assisted training (n=257), EULT (n=259), or usual care (n=254). The primary outcome of ARAT success was 
achieved by 103 (44%) of 232 patients in the robot-assisted training group, 118 (50%) of 234 in the EULT group, and 
85 (42%) of 203 in the usual care group. Compared with usual care, robot-assisted training (adjusted odds ratio 
[aOR] 1·17 [98·3% CI 0·70–1·96]) and EULT (aOR 1·51 [0·90–2·51]) did not improve upper limb function; the effects 
of robot-assisted training did not differ from EULT (aOR 0·78 [0·48–1·27]). More participants in the robot-assisted 
training group (39 [15%] of 257) and EULT group (33 [13%] of 259) had serious adverse events than in the usual care 
group (20 [8%] of 254), but none were attributable to the intervention.

Interpretation Robot-assisted training and EULT did not improve upper limb function after stroke compared with 
usual care for patients with moderate or severe upper limb functional limitation. These results do not support the use 
of robot-assisted training as provided in this trial in routine clinical practice.

Funding National Institute for Health Research Health Technology Assessment Programme.

Copyright © 2019 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Upper limb problems commonly occur after a stroke, 
comprising loss of movement, coordination, sensation, 
and dexterity, which lead to difficulties with activities of 
daily living (ADL) such as washing and dressing. About 
80% of people with acute stroke have upper limb motor 
impairment, and of those with reduced arm function 
early after stroke, 50% still have problems after 4 years.1 
The strongest predictor of recovery is severity of initial 
neurological deficit; patients with severe initial upper 
limb impairment are unlikely to recover arm function, 
with clear impact upon their quality of life. Patients 
report that loss of arm function is one of the most 
distressing long-term consequences of stroke. Improving 
upper limb function has been identified as a top 
ten research priority by stroke survivors, carers, and 
clinicians.2

How to optimise stroke patients’ upper limb recovery is 
unclear. Systematic reviews of therapy interventions 
suggest that patients benefit from therapy programmes 
in which they practise tasks directly rather than from 
interventions that focus on impairments.3,4 Intensity 
of therapy is also important; a Cochrane overview4 of 
systematic reviews found moderate quality Grading 
of Recommendations, Assessment, Development and 
Evaluations evidence that arm function after a stroke can 
be improved by the provision of at least 20 h of additional 
repetitive task training.

Robot-assisted arm training has shown promise for 
improving ADL, arm function, and arm muscle strength 
after stroke.5,6 However, studies vary in patient charac-
teristics, device used, duration and amount of training, 
control group, and outcome measures used. The benefits 
of robot-assisted arm training over conventional therapy 
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teams—eg, six serious adverse events were reported for 
robot-assisted training participants by the local principal 
investigator, which did not result in hospitalisation or 
death.

There was no significant difference between the groups 
for mean ARAT score at 3 months within the prespecified 
subgroups of centre, time since stroke, or baseline ARAT 
score, although the 98·3% CIs were wide as expected 
because of the reduced sample size of the subgroups 
(appendix).

The unadjusted results of the economic analysis suggest 
that, on average, usual care was the least costly option at 
6 months (£3785 per participant) with robot-assisted 
training being the most costly (£5387 per participant; 
table 4). The average cost of EULT per participant was 
£4451; however, EULT had higher QALYs (0·229) than 
usual care (0·212) or robot-assisted training (0·212) at 
6 months. The incremental cost per QALY at 6 months for 
participants in the EULT group compared with those in the 
usual care group was £74 100, with a 19% chance of being 
cost-effective at the £20 000 willingness to pay threshold. 
Throughout the analysis, results suggested that robot-
assisted training was more costly than usual care and 
EULT, and was no more effective than EULT or usual care.

Discussion
We found no difference in upper limb function, defined 
as ARAT success, between stroke patients treated with 
robot-assisted training using the MIT-Manus robotic 
gym, a EULT programme, or usual care. All groups 
improved on this measure from baseline to 3 months, 
which was maintained at 6 months. Some differences in 
secondary outcomes suggest potential benefits for EULT 
and robot-assisted training that might have implications 
for clinical practice and future research. We found no 
safety concerns for either intervention. Neither robot-
assisted training nor EULT, when delivered with a one-to-
one patient-to-therapist ratio, would be considered 
cost-effective at the UK current level of willingness to pay 
per QALY (£20 000–30 000).

Of the many preplanned comparisons of the secondary 
outcomes, some indicated differences that are likely to be 
clinically important, because the MCID is within the 
98·3% CI. Robot-assisted training improved upper limb 
impairment as measured by the FMA motor subscale at 
3 months compared with usual care and this difference 

Figure 2: ARAT success, total ARAT score, and Fugl–Meyer motor score at 
baseline, 3 months, and 6 months

(A) Proportion of patients achieving ARAT success. (B) Pair-wise comparison of 
group success. (C) ARAT total score. (D) Pair-wise comparison of ARAT total 
score. (E) Fugl–Meyer motor score. (F) Pair-wise comparison of Fugl–Meyer 

motor score. In (C) and (E), the horizontal black line is the median, the box is 
the IQR, and whiskers extend to the closest value within the upper or lower 

quartile ± 1·5 multiplied by the IQR; the black dots are any values outside of this 
range. ARAT=Action Research Arm Test. EULT=enhanced upper limb therapy. 
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teams—eg, six serious adverse events were reported for 
robot-assisted training participants by the local principal 
investigator, which did not result in hospitalisation or 
death.

There was no significant difference between the groups 
for mean ARAT score at 3 months within the prespecified 
subgroups of centre, time since stroke, or baseline ARAT 
score, although the 98·3% CIs were wide as expected 
because of the reduced sample size of the subgroups 
(appendix).

The unadjusted results of the economic analysis suggest 
that, on average, usual care was the least costly option at 
6 months (£3785 per participant) with robot-assisted 
training being the most costly (£5387 per participant; 
table 4). The average cost of EULT per participant was 
£4451; however, EULT had higher QALYs (0·229) than 
usual care (0·212) or robot-assisted training (0·212) at 
6 months. The incremental cost per QALY at 6 months for 
participants in the EULT group compared with those in the 
usual care group was £74 100, with a 19% chance of being 
cost-effective at the £20 000 willingness to pay threshold. 
Throughout the analysis, results suggested that robot-
assisted training was more costly than usual care and 
EULT, and was no more effective than EULT or usual care.

Discussion
We found no difference in upper limb function, defined 
as ARAT success, between stroke patients treated with 
robot-assisted training using the MIT-Manus robotic 
gym, a EULT programme, or usual care. All groups 
improved on this measure from baseline to 3 months, 
which was maintained at 6 months. Some differences in 
secondary outcomes suggest potential benefits for EULT 
and robot-assisted training that might have implications 
for clinical practice and future research. We found no 
safety concerns for either intervention. Neither robot-
assisted training nor EULT, when delivered with a one-to-
one patient-to-therapist ratio, would be considered 
cost-effective at the UK current level of willingness to pay 
per QALY (£20 000–30 000).

Of the many preplanned comparisons of the secondary 
outcomes, some indicated differences that are likely to be 
clinically important, because the MCID is within the 
98·3% CI. Robot-assisted training improved upper limb 
impairment as measured by the FMA motor subscale at 
3 months compared with usual care and this difference 

Figure 2: ARAT success, total ARAT score, and Fugl–Meyer motor score at 
baseline, 3 months, and 6 months

(A) Proportion of patients achieving ARAT success. (B) Pair-wise comparison of 
group success. (C) ARAT total score. (D) Pair-wise comparison of ARAT total 
score. (E) Fugl–Meyer motor score. (F) Pair-wise comparison of Fugl–Meyer 

motor score. In (C) and (E), the horizontal black line is the median, the box is 
the IQR, and whiskers extend to the closest value within the upper or lower 

quartile ± 1·5 multiplied by the IQR; the black dots are any values outside of this 
range. ARAT=Action Research Arm Test. EULT=enhanced upper limb therapy. 

RT=robot-assisted training. UC=usual care.  
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teams—eg, six serious adverse events were reported for 
robot-assisted training participants by the local principal 
investigator, which did not result in hospitalisation or 
death.

There was no significant difference between the groups 
for mean ARAT score at 3 months within the prespecified 
subgroups of centre, time since stroke, or baseline ARAT 
score, although the 98·3% CIs were wide as expected 
because of the reduced sample size of the subgroups 
(appendix).

The unadjusted results of the economic analysis suggest 
that, on average, usual care was the least costly option at 
6 months (£3785 per participant) with robot-assisted 
training being the most costly (£5387 per participant; 
table 4). The average cost of EULT per participant was 
£4451; however, EULT had higher QALYs (0·229) than 
usual care (0·212) or robot-assisted training (0·212) at 
6 months. The incremental cost per QALY at 6 months for 
participants in the EULT group compared with those in the 
usual care group was £74 100, with a 19% chance of being 
cost-effective at the £20 000 willingness to pay threshold. 
Throughout the analysis, results suggested that robot-
assisted training was more costly than usual care and 
EULT, and was no more effective than EULT or usual care.

Discussion
We found no difference in upper limb function, defined 
as ARAT success, between stroke patients treated with 
robot-assisted training using the MIT-Manus robotic 
gym, a EULT programme, or usual care. All groups 
improved on this measure from baseline to 3 months, 
which was maintained at 6 months. Some differences in 
secondary outcomes suggest potential benefits for EULT 
and robot-assisted training that might have implications 
for clinical practice and future research. We found no 
safety concerns for either intervention. Neither robot-
assisted training nor EULT, when delivered with a one-to-
one patient-to-therapist ratio, would be considered 
cost-effective at the UK current level of willingness to pay 
per QALY (£20 000–30 000).

Of the many preplanned comparisons of the secondary 
outcomes, some indicated differences that are likely to be 
clinically important, because the MCID is within the 
98·3% CI. Robot-assisted training improved upper limb 
impairment as measured by the FMA motor subscale at 
3 months compared with usual care and this difference 

Figure 2: ARAT success, total ARAT score, and Fugl–Meyer motor score at 
baseline, 3 months, and 6 months

(A) Proportion of patients achieving ARAT success. (B) Pair-wise comparison of 
group success. (C) ARAT total score. (D) Pair-wise comparison of ARAT total 
score. (E) Fugl–Meyer motor score. (F) Pair-wise comparison of Fugl–Meyer 

motor score. In (C) and (E), the horizontal black line is the median, the box is 
the IQR, and whiskers extend to the closest value within the upper or lower 

quartile ± 1·5 multiplied by the IQR; the black dots are any values outside of this 
range. ARAT=Action Research Arm Test. EULT=enhanced upper limb therapy. 
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Robot assisted training for the upper limb after stroke 
(RATULS): a multicentre randomised controlled trial
Helen Rodgers*, Helen Bosomworth*, Hermano I Krebs, Frederike van Wijck, Denise Howel, Nina Wilson, Lydia Aird, Natasha Alvarado, 
Sreeman Andole, David L Cohen, Jesse Dawson, Cristina Fernandez-Garcia, Tracy Finch, Gary A Ford, Richard Francis, Steven Hogg, Niall Hughes, 
Christopher I Price, Laura Ternent, Duncan L Turner, Luke Vale, Scott Wilkes, Lisa Shaw

Summary
Background Loss of arm function is a common problem after stroke. Robot-assisted training might improve arm 
function and activities of daily living. We compared the clinical effectiveness of robot-assisted training using the MIT-
Manus robotic gym with an enhanced upper limb therapy (EULT) programme based on repetitive functional task 
practice and with usual care.

Methods RATULS was a pragmatic, multicentre, randomised controlled trial done at four UK centres. Stroke patients 
aged at least 18 years with moderate or severe upper limb functional limitation, between 1 week and 5 years after their 
first stroke, were randomly assigned (1:1:1) to receive robot-assisted training, EULT, or usual care. Robot-assisted 
training and EULT were provided for 45 min, three times per week for 12 weeks. Randomisation was internet-based 
using permuted block sequences. Treatment allocation was masked from outcome assessors but not from participants 
or therapists. The primary outcome was upper limb function success (defined using the Action Research Arm Test 
[ARAT]) at 3 months. Analyses were done on an intention-to-treat basis. This study is registered with the ISRCTN 
registry, number ISRCTN69371850.

Findings Between April 14, 2014, and April 30, 2018, 770 participants were enrolled and randomly assigned to either 
robot-assisted training (n=257), EULT (n=259), or usual care (n=254). The primary outcome of ARAT success was 
achieved by 103 (44%) of 232 patients in the robot-assisted training group, 118 (50%) of 234 in the EULT group, and 
85 (42%) of 203 in the usual care group. Compared with usual care, robot-assisted training (adjusted odds ratio 
[aOR] 1·17 [98·3% CI 0·70–1·96]) and EULT (aOR 1·51 [0·90–2·51]) did not improve upper limb function; the effects 
of robot-assisted training did not differ from EULT (aOR 0·78 [0·48–1·27]). More participants in the robot-assisted 
training group (39 [15%] of 257) and EULT group (33 [13%] of 259) had serious adverse events than in the usual care 
group (20 [8%] of 254), but none were attributable to the intervention.

Interpretation Robot-assisted training and EULT did not improve upper limb function after stroke compared with 
usual care for patients with moderate or severe upper limb functional limitation. These results do not support the use 
of robot-assisted training as provided in this trial in routine clinical practice.

Funding National Institute for Health Research Health Technology Assessment Programme.

Copyright © 2019 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY 4.0 license.

Introduction
Upper limb problems commonly occur after a stroke, 
comprising loss of movement, coordination, sensation, 
and dexterity, which lead to difficulties with activities of 
daily living (ADL) such as washing and dressing. About 
80% of people with acute stroke have upper limb motor 
impairment, and of those with reduced arm function 
early after stroke, 50% still have problems after 4 years.1 
The strongest predictor of recovery is severity of initial 
neurological deficit; patients with severe initial upper 
limb impairment are unlikely to recover arm function, 
with clear impact upon their quality of life. Patients 
report that loss of arm function is one of the most 
distressing long-term consequences of stroke. Improving 
upper limb function has been identified as a top 
ten research priority by stroke survivors, carers, and 
clinicians.2

How to optimise stroke patients’ upper limb recovery is 
unclear. Systematic reviews of therapy interventions 
suggest that patients benefit from therapy programmes 
in which they practise tasks directly rather than from 
interventions that focus on impairments.3,4 Intensity 
of therapy is also important; a Cochrane overview4 of 
systematic reviews found moderate quality Grading 
of Recommendations, Assessment, Development and 
Evaluations evidence that arm function after a stroke can 
be improved by the provision of at least 20 h of additional 
repetitive task training.

Robot-assisted arm training has shown promise for 
improving ADL, arm function, and arm muscle strength 
after stroke.5,6 However, studies vary in patient charac-
teristics, device used, duration and amount of training, 
control group, and outcome measures used. The benefits 
of robot-assisted arm training over conventional therapy 
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b Université catholique de Louvain, Louvain Bionics, B-1348 Louvain-la-Neuve, Belgium
c Institut de Formation en Masso-Kinésithérapie La Musse, Allée Louis Martin, CS 20119, 27180 Saint-Sébastien-de-Morsent, France
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A B S T R A C T

Background: Upper-limb robotic-assisted therapy (RAT) is promising for stroke rehabilitation,
particularly in the early phase. When RAT is provided as partial substitution of conventional therapy,
it is expected to be at least as effective or might be more effective than conventional therapy.
Assessments have usually been restricted to the first 2 domains of the International classification of
functioning, disability and health (ICF).
Objective: This was a pragmatic, multicentric, single-blind, randomized controlled trial to evaluate the
effectiveness of upper-limb RAT used as partial substitution to conventional therapy in the early phase of
stroke rehabilitation, following the 3 ICF domains.
Methods: We randomized 45 patients with acute stroke into 2 groups (conventional therapy, n = 22, and
RAT, n = 23). Both interventions were dose-matched regarding treatment duration and lasted 9 weeks.
The conventional therapy group followed a standard rehabilitation. In the RAT group, 4 sessions of
conventional therapy (25%) were substituted by RAT each week. RAT consisted of moving the paretic
upper limb along a reference trajectory while the robot provided assistance as needed. A blinded assessor
evaluated participants before, just after the intervention and 6 months post-stroke, according to the ICF
domains UL motor impairments, activity limitations, and social participation restriction.
Results: In total, 28 individuals were assessed after the intervention. The following were more improved
in the RAT than conventional therapy group at 6 months post-stroke: gross manual dexterity (Box and
Block test +7.7 blocks; P = 0.02), upper-limb ability during functional tasks (Wolf Motor Function test
+12%; P = 0.02) and patient social participation (Stroke Impact Scale +18%; P = 0.01). Participants’
abilities to perform manual activities and activities of daily living improved similarly in both groups.
Conclusion: For the same duration of daily rehabilitation, RAT combined with conventional therapy
during the early rehabilitation phase after stroke is more effective than conventional therapy alone to
improve gross manual dexterity, upper-limb ability during functional tasks and patient social
participation.

!C 2019 Elsevier Masson SAS. All rights reserved.
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a Université catholique de Louvain, Secteur des Sciences de la Santé, Institut de Recherche Expérimentale et Clinique, Neuro Musculo Skeletal Lab (NMSK),
Avenue Mounier 53, B-1200 Brussels, Belgium
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A B S T R A C T

Background: Upper-limb robotic-assisted therapy (RAT) is promising for stroke rehabilitation,
particularly in the early phase. When RAT is provided as partial substitution of conventional therapy,
it is expected to be at least as effective or might be more effective than conventional therapy.
Assessments have usually been restricted to the first 2 domains of the International classification of
functioning, disability and health (ICF).
Objective: This was a pragmatic, multicentric, single-blind, randomized controlled trial to evaluate the
effectiveness of upper-limb RAT used as partial substitution to conventional therapy in the early phase of
stroke rehabilitation, following the 3 ICF domains.
Methods: We randomized 45 patients with acute stroke into 2 groups (conventional therapy, n = 22, and
RAT, n = 23). Both interventions were dose-matched regarding treatment duration and lasted 9 weeks.
The conventional therapy group followed a standard rehabilitation. In the RAT group, 4 sessions of
conventional therapy (25%) were substituted by RAT each week. RAT consisted of moving the paretic
upper limb along a reference trajectory while the robot provided assistance as needed. A blinded assessor
evaluated participants before, just after the intervention and 6 months post-stroke, according to the ICF
domains UL motor impairments, activity limitations, and social participation restriction.
Results: In total, 28 individuals were assessed after the intervention. The following were more improved
in the RAT than conventional therapy group at 6 months post-stroke: gross manual dexterity (Box and
Block test +7.7 blocks; P = 0.02), upper-limb ability during functional tasks (Wolf Motor Function test
+12%; P = 0.02) and patient social participation (Stroke Impact Scale +18%; P = 0.01). Participants’
abilities to perform manual activities and activities of daily living improved similarly in both groups.
Conclusion: For the same duration of daily rehabilitation, RAT combined with conventional therapy
during the early rehabilitation phase after stroke is more effective than conventional therapy alone to
improve gross manual dexterity, upper-limb ability during functional tasks and patient social
participation.

!C 2019 Elsevier Masson SAS. All rights reserved.
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ties and social participation domains was also high. Furthermore,
all participants with improvement in social participation showed
improvement in motor control and manual ability. These results
are consistent with Peter et al. [36] who showed improvement in
FMA-UE before functional recovery. Therefore, early rehabilitation
should focus on motor control.

4.3. Study strength

This study can be considered a pragmatic study [15] because it
included a population that is relevant (recruited in rehabilitation
centres, with moderate to severe motor impairments), and the CT
group received a conventional therapy adapted to their personal
needs. Outcomes were meaningful, including patient-reported
outcome measures, and relevant in clinical practice for stroke
patients [37]. This study shows the real-world effectiveness of RAT
in the early rehabilitation phase.

4.4. Study limitations

This study has several limitations. First, the sample was
relatively small. These preliminary results should be confirmed
by a future multicentric study involving more participants. Second,
the number of patients who dropped out (37%) was higher than in
previous studies at the same phase of rehabilitation (10–15%)
[33,36]. However, these dropouts did not stop the study because of
the intervention. Rather, they dropped out due to worsening
health, stroke recurrence, etc. (Fig. 1). Results could be influenced
by the dropout of 4 patients in the CT group between T1 and T2,
because 3 of them had better motor control than the CT group
mean (> 42% for the FMA-UE). Finally, in Belgium, patients
commonly pursue physical therapy to maintain their functional
abilities after discharge, but we did not have precise information
on the therapy between T1 (end of the intervention) and T2
(6 months post-stroke).

Fig. 2. Data for each assessment time for the (A) Fugl Meyer Assessment Upper Extremity test (FMA-UE), (B) Box and Block Test (BBT), (C) Functional Ability Scale of the
streamlined version of the Wolf Motor Function Test (S-WMFT FAS), (D) Abilhand questionnaire, (E) Activlim questionnaire and (F) Stroke Impact Scale. T0, inclusion; T1, after
the 9-week intervention; T2, 6 months post-stroke. Data are mean (SD). RMANOVA (*P < 0.05; **P < 0.001).

S. Dehem et al. / Annals of Physical and Rehabilitation Medicine 62 (2019) 313–320318
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Immobilization of the non-paretic arm without specific training focused on the paretic arm
101 �� It remains unclear whether immobilizing the non-paretic arm without task-specific training of the paretic arm is more effective 
than other interventions for patients with a stroke. (Level 1)
Studied for ER (=) and LR (=).

Robot-assisted training of the paretic arm
102 � It has been demonstrated that unilateral robot-assisted training of the paretic shoulder and elbow of patients with a stroke im-
proves the selective movements and muscle strength of the paretic arm and reduces atypical pain in the paretic arm. (Level 1)
Selective movements and muscle strength of the arm studied for ER (3), LR (3), and RC (3), atypical pain for ER (•) and LR (3).

103 � It has been demonstrated that bilateral robot-assisted training of the elbow and wrist improves the selective movements and 
muscle strength of the arm of patients with a stroke. (Level 1)
Studied for ER (3) and RC (3).

104 � It remains unclear whether robot-assisted training in which the arm and hand are trained simultaneously is more effective for 
patients with a stroke in terms of selective movements and muscle strength than other interventions. (Level 1)
Studied for ER (=) and RC (=).

Mirror therapy for the paretic arm and hand 
105 � It remains unclear whether mirror therapy for the paretic arm and hand of patients with a stroke is more effective in terms of 
selective movements, resistance to passive movements, pain, and dexterity than other interventions. (Level 1)
Studied for LR (=) and RC (=).

Virtual reality training of the paretic arm and hand
106 � It has been demonstrated that virtual reality training of the paretic arm and hand as an add-on to regular exercise therapy for 
patients with a stroke improves the performance of basic activities of daily living. (Level 1)
Studied for ER (3) and RC (3).

107 � It has been demonstrated that virtual reality training of the paretic arm and hand as an add-on to regular exercise therapy for 
patients with a stroke has an adverse effect on resistance against passive movements. (Level 1)
Studied for ER (×) and RC (×).

Electrostimulation of the paretic arm using surface electrodes
NMS of the paretic wrist and finger extensors
108 � It has been demonstrated that neuromuscular electrostimulation (NMS) of the paretic wrist and finger extensors of patients with 
a stroke is not more effective in terms of selective movements, muscle strength, active range of motion for wrist and finger extension, 
and dexterity than other interventions. (Level 1)
Studied for ER (=) and RC (=).

NMS of the paretic wrist and finger flexors and extensors
109 � It has been demonstrated that neuromuscular stimulation (NMS) of the paretic wrist and finger flexors and extensors of patients 
with a stroke improves selective movements and muscle strength. (Level 1)
Studied for ER (3).

NMS of the paretic shoulder muscles
110 � It has been demonstrated that neuromuscular electrostimulation (NMS) of the paretic shoulder muscles of patients with a stroke 
reduces glenohumeral subluxation. (Level 1)
Studied for ER (3), LR (3) and RC (3).

EMG-NMS of the paretic wrist and finger extensors
111 �� It has been demonstrated that EMG-triggered neuromuscular electrostimulation (EMG-NMS) of the paretic wrist and finger exten-
sors of patients with a stroke improves selective movements, active range of motion, and dexterity. (Level 1)
Studied for ER (3) and RC (3). 
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Immobilization of the non-paretic arm without specific training focused on the paretic arm
101 �� It remains unclear whether immobilizing the non-paretic arm without task-specific training of the paretic arm is more effective 
than other interventions for patients with a stroke. (Level 1)
Studied for ER (=) and LR (=).

Robot-assisted training of the paretic arm
102 � It has been demonstrated that unilateral robot-assisted training of the paretic shoulder and elbow of patients with a stroke im-
proves the selective movements and muscle strength of the paretic arm and reduces atypical pain in the paretic arm. (Level 1)
Selective movements and muscle strength of the arm studied for ER (3), LR (3), and RC (3), atypical pain for ER (•) and LR (3).

103 � It has been demonstrated that bilateral robot-assisted training of the elbow and wrist improves the selective movements and 
muscle strength of the arm of patients with a stroke. (Level 1)
Studied for ER (3) and RC (3).

104 � It remains unclear whether robot-assisted training in which the arm and hand are trained simultaneously is more effective for 
patients with a stroke in terms of selective movements and muscle strength than other interventions. (Level 1)
Studied for ER (=) and RC (=).

Mirror therapy for the paretic arm and hand 
105 � It remains unclear whether mirror therapy for the paretic arm and hand of patients with a stroke is more effective in terms of 
selective movements, resistance to passive movements, pain, and dexterity than other interventions. (Level 1)
Studied for LR (=) and RC (=).

Virtual reality training of the paretic arm and hand
106 � It has been demonstrated that virtual reality training of the paretic arm and hand as an add-on to regular exercise therapy for 
patients with a stroke improves the performance of basic activities of daily living. (Level 1)
Studied for ER (3) and RC (3).

107 � It has been demonstrated that virtual reality training of the paretic arm and hand as an add-on to regular exercise therapy for 
patients with a stroke has an adverse effect on resistance against passive movements. (Level 1)
Studied for ER (×) and RC (×).

Electrostimulation of the paretic arm using surface electrodes
NMS of the paretic wrist and finger extensors
108 � It has been demonstrated that neuromuscular electrostimulation (NMS) of the paretic wrist and finger extensors of patients with 
a stroke is not more effective in terms of selective movements, muscle strength, active range of motion for wrist and finger extension, 
and dexterity than other interventions. (Level 1)
Studied for ER (=) and RC (=).

NMS of the paretic wrist and finger flexors and extensors
109 � It has been demonstrated that neuromuscular stimulation (NMS) of the paretic wrist and finger flexors and extensors of patients 
with a stroke improves selective movements and muscle strength. (Level 1)
Studied for ER (3).

NMS of the paretic shoulder muscles
110 � It has been demonstrated that neuromuscular electrostimulation (NMS) of the paretic shoulder muscles of patients with a stroke 
reduces glenohumeral subluxation. (Level 1)
Studied for ER (3), LR (3) and RC (3).

EMG-NMS of the paretic wrist and finger extensors
111 �� It has been demonstrated that EMG-triggered neuromuscular electrostimulation (EMG-NMS) of the paretic wrist and finger exten-
sors of patients with a stroke improves selective movements, active range of motion, and dexterity. (Level 1)
Studied for ER (3) and RC (3). 
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EMG-NMS of the paretic wrist and finger flexors and extensors
112 �� It remains unclear whether EMG-triggered neuromuscular electrostimulation (EMG-NMS) of the paretic wrist and finger flexors and 
extensors of patients with a stroke is more effective in terms of selective movements and dexterity than other interventions. (Level 1)
Studied for ER (3) and RC (3).

TENS for the paretic arm
113 �� It has been demonstrated that transcutaneous electrical nerve stimulation (TENS) is not more effective in terms of resistance 
against passive movements and the performance of basic activities of daily living by patients with a stroke than other interventions. 
(Level 1)
Studied for ER (=) and RC (=).

EMG-BF for the paretic arm and hand 
114 �� It remains unclear whether EMG biofeedback (EMG-BF) for the paretic arm is more effective for patients with a stroke in terms of 
selective movements, active range of motion, and dexterity than other interventions. (Level 1)
Studied for LR (=) and RC (=).

Training muscle strength in the paretic arm and hand  
115 �� It remains unclear whether muscle strength training for the paretic arm and hand of patients with a stroke is more effective in 
terms of selective movements, muscle strength, range of motion, pain, and dexterity than other interventions. (Level 1)
Studied for ER (=) and RC (=).

Trunk restraint while training the paretic arm and hand
116 �� It has been demonstrated that trunk restraint while training the paretic arm and hand of patients with a stroke has an adverse 
effect on the perceived use of the arm and hand compared to training forms not using this type of restraint. (Level 1)
Studied for RC (×).

Interventions to improve the somatosensory functions of the paretic arm and hand
117 � It has been demonstrated that interventions to improve the somatosensory functions of the paretic arm and hand of patients with 
a stroke improve the somatosensory functions and reduce the resistance to passive movements. (Level 1)
Studied for ER (3), LR (3) and RC (3).

Continuous passive motion (CPM) for the shoulder 
118 �� It is plausible that the use of a continuous passive motion (CPM) device by patients with a stroke is not more effective in terms of 
the stability of the shoulder joint, muscle strength, selective movements, resistance to passive movements, pain, and performance of 
basic activities of daily living than other interventions. (Level 2)
Studied for ER (=).

Subsensory threshold electrical and vibration stimulation of the paretic arm
119 �� It is plausible that subsensory threshold electrical and vibration stimulation of the paretic arm of patients with a stroke is not 
more effective in terms of somatosensory functions, selective movements, dexterity, and quality of life than other interventions. (Level 2) 
Studied for RC (=).

Circuit class training for the paretic arm
120 �� It is plausible that circuit class training with workstations for the paretic arm improves selective movements and dexterity of 
patients with a stroke. (Level 2)
Studied for RC (3).

Passive bilateral arm training 
121 � It is plausible that passive bilateral arm training is not more effective for patients with a stroke in terms of selective movements, 
maximum contraction strength of the hand, and neurological functions than other interventions. (Level 2)
Studied for RC (=).

122 � It is plausible that passive bilateral arm training improves neurophysiological outcome measures like excitation of the ipsilateral 
motor cortex of patients with a stroke. (Level 2)
Studied for RC (=).  
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Analysis 1.2. Comparison 1 Virtual reality versus conventional therapy: effect on upper limb function post-

treatment, Outcome 2 Upper limb function (Fugl Meyer).

Review: Virtual reality for stroke rehabilitation

Comparison: 1 Virtual reality versus conventional therapy: effect on upper limb function post-treatment

Outcome: 2 Upper limb function (Fugl Meyer)

Study or subgroup Virtual reality Control
Mean

Difference Weight
Mean

Difference

N Mean(SD) N Mean(SD) IV,Fixed,95% CI IV,Fixed,95% CI

Byl 2013 5 28.2 (4.6) 5 30.6 (6.92) 7.7 % -2.40 [ -9.68, 4.88 ]

da Silva Cameirao 2011 8 60.375 (7.614) 8 53.38 (8.087) 6.9 % 7.00 [ -0.70, 14.70 ]

Housman 2009 14 24.9 (7.4) 14 19.6 (6.7) 14.9 % 5.30 [ 0.07, 10.53 ]

Kiper 2011 40 48.9 (15.2) 40 46.4 (17.1) 8.1 % 2.50 [ -4.59, 9.59 ]

Piron 2007 25 51.4 (9.8) 13 45.4 (9.3) 10.1 % 6.00 [ -0.35, 12.35 ]

Piron 2009 18 53.6 (7.7) 18 49.5 (4.8) 23.1 % 4.10 [ -0.09, 8.29 ]

Piron 2010 27 49.7 (10.1) 20 46.5 (9.7) 12.5 % 3.20 [ -2.51, 8.91 ]

Subramanian 2013 32 43 (15.2) 32 43.9 (14.7) 7.6 % -0.90 [ -8.23, 6.43 ]

Sucar 2009 11 30 (12.4) 11 26.36 (2.33) 7.3 % 3.64 [ -3.82, 11.10 ]

Zucconi 2012 11 45.2 (20.3) 11 51.8 (13.1) 2.0 % -6.60 [ -20.88, 7.68 ]

Total (95% CI) 191 172 100.0 % 3.30 [ 1.29, 5.32 ]
Heterogeneity: Chi2 = 7.80, df = 9 (P = 0.55); I2 =0.0%

Test for overall effect: Z = 3.21 (P = 0.0013)

Test for subgroup differences: Not applicable

-10 -5 0 5 10

Favours conventional Favours virtual reality

78Virtual reality for stroke rehabilitation (Review)

Copyright © 2015 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

Analysis 1.3. Comparison 1 Virtual reality versus conventional therapy: effect on upper limb function post-

treatment, Outcome 3 Hand function (grip strength).

Review: Virtual reality for stroke rehabilitation

Comparison: 1 Virtual reality versus conventional therapy: effect on upper limb function post-treatment

Outcome: 3 Hand function (grip strength)

Study or subgroup Virtual reality
Comparison
intervention

Mean
Difference Weight

Mean
Difference

N Mean(SD) N Mean(SD) IV,Fixed,95% CI IV,Fixed,95% CI

Housman 2009 14 9.2 (7) 14 5.6 (2.8) 90.1 % 3.60 [ -0.35, 7.55 ]

Saposnik 2010 9 24.6 (9.67) 7 21.5 (13.6) 9.9 % 3.10 [ -8.79, 14.99 ]

Total (95% CI) 23 21 100.0 % 3.55 [ -0.20, 7.30 ]
Heterogeneity: Chi2 = 0.01, df = 1 (P = 0.94); I2 =0.0%

Test for overall effect: Z = 1.86 (P = 0.063)

Test for subgroup differences: Not applicable

-10 -5 0 5 10

Favours conventional Favours virtual reality

79Virtual reality for stroke rehabilitation (Review)

Copyright © 2015 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.
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Analysis 3.1. Comparison 3 Additional virtual reality intervention: effect on upper limb function post

intervention, Outcome 1 Upper limb function (composite measure).

Review: Virtual reality for stroke rehabilitation

Comparison: 3 Additional virtual reality intervention: effect on upper limb function post intervention

Outcome: 1 Upper limb function (composite measure)

Study or subgroup Virtual reality No intervention

Std.
Mean

Difference Weight

Std.
Mean

Difference

N Mean(SD) N Mean(SD) IV,Fixed,95% CI IV,Fixed,95% CI

Cho 2012 15 21.6 (5.4) 14 17.7 (3.4) 13.5 % 0.83 [ 0.07, 1.60 ]

Coupar 2012 (1) 4 40.75 (17.23) 2 44.25 (24.96) 2.7 % -0.14 [ -1.85, 1.56 ]

Coupar 2012 (2) 4 44 (15.98) 2 44.25 (24.96) 2.7 % -0.01 [ -1.71, 1.69 ]

Jang 2005 5 58 (6.24) 5 55 (3.74) 4.8 % 0.53 [ -0.75, 1.80 ]

Kim 2011a 15 64 (26.7) 13 61.2 (18.2) 14.2 % 0.12 [ -0.63, 0.86 ]

Kwon 2012 13 62.92 (3.45) 13 61.85 (4.54) 13.2 % 0.26 [ -0.52, 1.03 ]

Manlapaz 2010 8 21 (2) 8 18.5 (1.31) 6.2 % 1.40 [ 0.27, 2.53 ]

Shin 2014 9 51.1 (7.8) 7 40.7 (9.8) 6.7 % 1.13 [ 0.04, 2.21 ]

Sin 2013 18 47.72 (15.34) 17 34.59 (20.72) 16.7 % 0.71 [ 0.02, 1.39 ]

Standen 2011 9 -2.68 (1.6) 9 -2.86 (1.4) 9.2 % 0.11 [ -0.81, 1.04 ]

Yavuzer 2008 10 3 (1.5) 10 2.8 (0.9) 10.2 % 0.15 [ -0.72, 1.03 ]

Total (95% CI) 110 100 100.0 % 0.49 [ 0.21, 0.77 ]
Heterogeneity: Chi2 = 8.36, df = 10 (P = 0.59); I2 =0.0%

Test for overall effect: Z = 3.43 (P = 0.00061)

Test for subgroup differences: Not applicable

-2 -1 0 1 2

Favours conventional Favours virtual reality

(1) Low intensity training

(2) High intensity training

149Virtual reality for stroke rehabilitation (Review)

Copyright © 2018 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.

(. . . Continued)

Study or subgroup Virtual reality
Conventional

therapy

Std.
Mean

Difference Weight

Std.
Mean

Difference

N Mean(SD) N Mean(SD) IV,Fixed,95% CI IV,Fixed,95% CI

Saposnik 2010 9 -19.8 (3.4) 7 -27.4 (8.7) 1.3 % 1.15 [ 0.06, 2.24 ]

Saposnik 2016 71 -64.1 (104) 70 -39.8 (35.5) 13.8 % -0.31 [ -0.64, 0.02 ]

Subramanian 2013 32 43 (15.2) 32 43.9 (14.7) 6.4 % -0.06 [ -0.55, 0.43 ]

Sucar 2009 11 30 (12.4) 11 26.36 (2.33) 2.1 % 0.39 [ -0.45, 1.24 ]

Thielbar 2014 7 50.4 (10.4) 7 43.6 (8.1) 1.3 % 0.68 [ -0.41, 1.77 ]

Zucconi 2012 11 45.2 (20.3) 11 51.8 (13.1) 2.1 % -0.37 [ -1.22, 0.47 ]

Total (95% CI) 533 505 100.0 % 0.07 [ -0.05, 0.20 ]
Heterogeneity: Chi2 = 38.37, df = 22 (P = 0.02); I2 =43%

Test for overall effect: Z = 1.14 (P = 0.25)

Test for subgroup differences: Not applicable

-2 -1 0 1 2

Favours conventional Favours virtual reality

(1) Unilateral training group

(2) Bilateral VR training group

(3) Includes UL motor function subscale of the FM

136Virtual reality for stroke rehabilitation (Review)

Copyright © 2018 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.
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Immobilization of the non-paretic arm without specific training focused on the paretic arm
101 �� It remains unclear whether immobilizing the non-paretic arm without task-specific training of the paretic arm is more effective 
than other interventions for patients with a stroke. (Level 1)
Studied for ER (=) and LR (=).

Robot-assisted training of the paretic arm
102 � It has been demonstrated that unilateral robot-assisted training of the paretic shoulder and elbow of patients with a stroke im-
proves the selective movements and muscle strength of the paretic arm and reduces atypical pain in the paretic arm. (Level 1)
Selective movements and muscle strength of the arm studied for ER (3), LR (3), and RC (3), atypical pain for ER (•) and LR (3).

103 � It has been demonstrated that bilateral robot-assisted training of the elbow and wrist improves the selective movements and 
muscle strength of the arm of patients with a stroke. (Level 1)
Studied for ER (3) and RC (3).

104 � It remains unclear whether robot-assisted training in which the arm and hand are trained simultaneously is more effective for 
patients with a stroke in terms of selective movements and muscle strength than other interventions. (Level 1)
Studied for ER (=) and RC (=).

Mirror therapy for the paretic arm and hand 
105 � It remains unclear whether mirror therapy for the paretic arm and hand of patients with a stroke is more effective in terms of 
selective movements, resistance to passive movements, pain, and dexterity than other interventions. (Level 1)
Studied for LR (=) and RC (=).

Virtual reality training of the paretic arm and hand
106 � It has been demonstrated that virtual reality training of the paretic arm and hand as an add-on to regular exercise therapy for 
patients with a stroke improves the performance of basic activities of daily living. (Level 1)
Studied for ER (3) and RC (3).

107 � It has been demonstrated that virtual reality training of the paretic arm and hand as an add-on to regular exercise therapy for 
patients with a stroke has an adverse effect on resistance against passive movements. (Level 1)
Studied for ER (×) and RC (×).

Electrostimulation of the paretic arm using surface electrodes
NMS of the paretic wrist and finger extensors
108 � It has been demonstrated that neuromuscular electrostimulation (NMS) of the paretic wrist and finger extensors of patients with 
a stroke is not more effective in terms of selective movements, muscle strength, active range of motion for wrist and finger extension, 
and dexterity than other interventions. (Level 1)
Studied for ER (=) and RC (=).

NMS of the paretic wrist and finger flexors and extensors
109 � It has been demonstrated that neuromuscular stimulation (NMS) of the paretic wrist and finger flexors and extensors of patients 
with a stroke improves selective movements and muscle strength. (Level 1)
Studied for ER (3).

NMS of the paretic shoulder muscles
110 � It has been demonstrated that neuromuscular electrostimulation (NMS) of the paretic shoulder muscles of patients with a stroke 
reduces glenohumeral subluxation. (Level 1)
Studied for ER (3), LR (3) and RC (3).

EMG-NMS of the paretic wrist and finger extensors
111 �� It has been demonstrated that EMG-triggered neuromuscular electrostimulation (EMG-NMS) of the paretic wrist and finger exten-
sors of patients with a stroke improves selective movements, active range of motion, and dexterity. (Level 1)
Studied for ER (3) and RC (3). 
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EMG-NMS of the paretic wrist and finger flexors and extensors
112 �� It remains unclear whether EMG-triggered neuromuscular electrostimulation (EMG-NMS) of the paretic wrist and finger flexors and 
extensors of patients with a stroke is more effective in terms of selective movements and dexterity than other interventions. (Level 1)
Studied for ER (3) and RC (3).

TENS for the paretic arm
113 �� It has been demonstrated that transcutaneous electrical nerve stimulation (TENS) is not more effective in terms of resistance 
against passive movements and the performance of basic activities of daily living by patients with a stroke than other interventions. 
(Level 1)
Studied for ER (=) and RC (=).

EMG-BF for the paretic arm and hand 
114 �� It remains unclear whether EMG biofeedback (EMG-BF) for the paretic arm is more effective for patients with a stroke in terms of 
selective movements, active range of motion, and dexterity than other interventions. (Level 1)
Studied for LR (=) and RC (=).

Training muscle strength in the paretic arm and hand  
115 �� It remains unclear whether muscle strength training for the paretic arm and hand of patients with a stroke is more effective in 
terms of selective movements, muscle strength, range of motion, pain, and dexterity than other interventions. (Level 1)
Studied for ER (=) and RC (=).

Trunk restraint while training the paretic arm and hand
116 �� It has been demonstrated that trunk restraint while training the paretic arm and hand of patients with a stroke has an adverse 
effect on the perceived use of the arm and hand compared to training forms not using this type of restraint. (Level 1)
Studied for RC (×).

Interventions to improve the somatosensory functions of the paretic arm and hand
117 � It has been demonstrated that interventions to improve the somatosensory functions of the paretic arm and hand of patients with 
a stroke improve the somatosensory functions and reduce the resistance to passive movements. (Level 1)
Studied for ER (3), LR (3) and RC (3).

Continuous passive motion (CPM) for the shoulder 
118 �� It is plausible that the use of a continuous passive motion (CPM) device by patients with a stroke is not more effective in terms of 
the stability of the shoulder joint, muscle strength, selective movements, resistance to passive movements, pain, and performance of 
basic activities of daily living than other interventions. (Level 2)
Studied for ER (=).

Subsensory threshold electrical and vibration stimulation of the paretic arm
119 �� It is plausible that subsensory threshold electrical and vibration stimulation of the paretic arm of patients with a stroke is not 
more effective in terms of somatosensory functions, selective movements, dexterity, and quality of life than other interventions. (Level 2) 
Studied for RC (=).

Circuit class training for the paretic arm
120 �� It is plausible that circuit class training with workstations for the paretic arm improves selective movements and dexterity of 
patients with a stroke. (Level 2)
Studied for RC (3).

Passive bilateral arm training 
121 � It is plausible that passive bilateral arm training is not more effective for patients with a stroke in terms of selective movements, 
maximum contraction strength of the hand, and neurological functions than other interventions. (Level 2)
Studied for RC (=).

122 � It is plausible that passive bilateral arm training improves neurophysiological outcome measures like excitation of the ipsilateral 
motor cortex of patients with a stroke. (Level 2)
Studied for RC (=).  

Rééducation	troubles	sensitifs	

•  Recommandée	niveau	1	



LES	TECHNIQUES	NON	ENCORE	
MATURES	



Stimulations	cérébrales	non	invasives	



A	paradigme	expérimental	:JTT	=	Jebsen	Taylor	Test	
JTT1,JTT2,	JTT3	familiarisation	avec	le	test,	puis	mise	en	place	des	électrodes	de	stimulation:	
stimulation	effective	ou	placebo,	
	puis	JTT4	=	test	passé	pendant	le	stimulation,	JTT5	et	JTT6	tests	après	la	stimulation	
Questionnaire	:	questions	concernant	la	fatigue	l’attention,	les	sensations	douloureuses	
B	épreuves	du	JTT:	tourner	les	cartes,	prendre	des	petits	objets	dans	la	main,	prendre	des	
cacahouètes	avec	une	cuillère,	empiler	des	pions	déplacer	des	boites	lourdes	ou	légères	

Hummel,	et	al.	Brain	2005	



Hummel,	et	al.	Brain	2005	

Amélioration	significative	du	temps	mis	pour	réalisé	le	Jebsen	Taylor	test	lors	
de	la	stimulation	électrique	directe	transcranienne	(tDCS).	
Effets	bénéfiques	chez	tous	les	patients	
Absence	de	modification	lors	de	la	stimulation	placébo	(sham)	



2.1 A-tDCS over the lesioned
hemisphere

5 164 Std. Mean Difference (IV, Random, 95% CI) -0.04 [-0.35, 0.27]

2.2 C-tDCS over the lesioned
hemisphere

6 301 Std. Mean Difference (IV, Random, 95% CI) 0.33 [0.10, 0.57]

2.3 Dual-tDCS (A-tDCS over
the lesioned and C-tDCS over
the non-lesioned hemisphere)

2 33 Std. Mean Difference (IV, Random, 95% CI) 0.30 [-0.39, 0.99]

3 Planned analysis: type of
control intervention (sham
tDCS, conventional therapy or
nothing)

10 Std. Mean Difference (IV, Random, 95% CI) Subtotals only

3.1 Sham tDCS 8 337 Std. Mean Difference (IV, Random, 95% CI) 0.23 [0.01, 0.46]
3.2 Active control intervention 2 109 Std. Mean Difference (IV, Random, 95% CI) 0.14 [-0.24, 0.53]

Analysis 1.1. Comparison 1 tDCS versus any type of placebo or passive control intervention, Outcome 1

Primary outcome measure: ADLs at the end of the intervention period.

Review: Transcranial direct current stimulation (tDCS) for improving activities of daily living, and physical and cognitive functioning, in people after stroke

Comparison: 1 tDCS versus any type of placebo or passive control intervention

Outcome: 1 Primary outcome measure: ADLs at the end of the intervention period

Study or subgroup Favours sham tDCS Sham tDCS

Std.
Mean

Difference Weight

Std.
Mean

Difference

N Mean(SD) N Mean(SD) IV,Random,95% CI IV,Random,95% CI

1 Absolute values

Bolognini 2011 7 2.3 (3.6) 7 2.5 (2.6) 3.8 % -0.06 [ -1.11, 0.99 ]

Di Lazzaro 2014a 7 -3 (1) 7 -3 (1.3) 3.8 % 0.0 [ -1.05, 1.05 ]

Di Lazzaro 2014b 10 -2.4 (1.17) 9 -3.1 (1.38) 5.0 % 0.53 [ -0.39, 1.45 ]

Hesse 2011 64 56.4 (13.5) 32 56.3 (15.5) 23.3 % 0.01 [ -0.42, 0.43 ]

Khedr 2013 27 52 (24.5) 13 41 (18) 9.3 % 0.48 [ -0.19, 1.15 ]

Kim 2010 11 86.1 (14.4) 7 71 (34.4) 4.4 % 0.60 [ -0.37, 1.57 ]

Lee 2014 39 69.9 (16.6) 20 64.3 (24.5) 14.3 % 0.28 [ -0.26, 0.82 ]

Tedesco Triccas 2015b 22 1.2 (2.1) 24 1.6 (1.8) 12.5 % -0.20 [ -0.78, 0.38 ]

Wu 2013a 45 76.2 (19.6) 45 65.4 (20.4) 23.7 % 0.54 [ 0.11, 0.96 ]

Subtotal (95% CI) 232 164 100.0 % 0.24 [ 0.03, 0.44 ]
Heterogeneity: Tau2 = 0.0; Chi2 = 7.19, df = 8 (P = 0.52); I2 =0.0%

Test for overall effect: Z = 2.28 (P = 0.023)

2 Change scores

Fusco 2014 5 26 (21) 6 18 (10) 100.0 % 0.46 [ -0.75, 1.67 ]

-2 -1 0 1 2

Favours sham tDCS Favours active tDCS

(Continued . . . )
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Analysis 1.4. Comparison 1 tDCS versus any type of placebo or passive control intervention, Outcome 4

Secondary outcome measure: upper extremity function to the end of follow-up.

Review: Transcranial direct current stimulation (tDCS) for improving activities of daily living, and physical and cognitive functioning, in people after stroke

Comparison: 1 tDCS versus any type of placebo or passive control intervention

Outcome: 4 Secondary outcome measure: upper extremity function to the end of follow-up

Study or subgroup Active tDCS Sham tDCS

Std.
Mean

Difference Weight

Std.
Mean

Difference

N Mean(SD) N Mean(SD) IV,Random,95% CI IV,Random,95% CI

1 Absolute values

Di Lazzaro 2014b 10 0.8 (0.1) 10 0.7 (0.1) 17.1 % 0.96 [ 0.02, 1.89 ]

Hesse 2011 63 23.4 (16.3) 32 22.5 (17.1) 34.7 % 0.05 [ -0.37, 0.48 ]

Rossi 2013 25 13.6 (11.2) 25 15.2 (9.2) 29.2 % -0.15 [ -0.71, 0.40 ]

Tedesco Triccas 2015b 11 32.1 (16.7) 11 44.2 (18.1) 19.0 % -0.67 [ -1.53, 0.20 ]

Subtotal (95% CI) 109 78 100.0 % 0.01 [ -0.48, 0.50 ]
Heterogeneity: Tau2 = 0.13; Chi2 = 6.67, df = 3 (P = 0.08); I2 =55%

Test for overall effect: Z = 0.05 (P = 0.96)

2 Change scores

Kim 2010 11 23.9 (13.7) 7 2.3 (13.9) 100.0 % 1.49 [ 0.40, 2.59 ]

Subtotal (95% CI) 11 7 100.0 % 1.49 [ 0.40, 2.59 ]
Heterogeneity: not applicable

Test for overall effect: Z = 2.67 (P = 0.0076)

Test for subgroup differences: Chi2 = 5.86, df = 1 (P = 0.02), I2 =83%

-2 -1 0 1 2

Favours sham tDCS Favours active tDCS
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h i g h l i g h t s

! tDCS and rehabilitation had small non-significant effect on upper extremity impairments.
! Varied tDCS and rehabilitation programmes were identified in selected studies.
! Future research needs to further analyse tDCS and therapy interventions in stroke.

a b s t r a c t

Objective: To systematically review the methodology in particular treatment options and outcomes and
the effect of multiple sessions of transcranial direct current stimulation (tDCS) with rehabilitation pro-
grammes for upper extremity recovery post stroke.
Methods: A search was conducted for randomised controlled trials involving tDCS and rehabilitation for
the upper extremity in stroke. Quality of included studies was analysed using the Modified Downs and
Black form. The extent of, and effect of variation in treatment parameters such as anodal, cathodal and
bi-hemispheric tDCS on upper extremity outcome measures of impairment and activity were analysed
using meta-analysis.
Results: Nine studies (371 participants with acute, sub-acute and chronic stroke) were included. Different
methodologies of tDCS and upper extremity intervention, outcome measures and timing of assessments
were identified. Real tDCS combined with rehabilitation had a small non-significant effect of +0.11
(p = 0.44) and +0.24 (p = 0.11) on upper extremity impairments and activities at post-intervention respec-
tively.
Conclusion: Various tDCS methods have been used in stroke rehabilitation. The evidence so far is not sta-
tistically significant, but is suggestive of, at best, a small beneficial effect on upper extremity impairment.
Significance: Future research should focus on which patients and rehabilitation programmes are likely to
respond to different tDCS regimes.
! 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights

reserved.

1. Introduction

Stroke is a health concern worldwide and one of the main
causes of disability (Kolominsky-Rabas et al., 2001; Albert and
Kesselring, 2012). Motor impairment is the main cause of disability
after stroke, leading to major health problems (Boggio et al., 2007;

Clarke, 1999). In Europe, stroke costs around 64.1 billion euros and
in the United Kingdom, around £8.9 billion per annum is spent on
community care and rehabilitation of people with stroke
(Saka et al., 2009; Gustavsson et al., 2011). At 6 months, 33–66%
of people with upper extremity (UE) impairments do not present
with functional upper limb function and only 5–20% achieve full
recovery (Kwakkel et al., 2003; Kwakkel and Kollen, 2013). Thus
a number of approaches are now being investigated in an attempt
to increase the effectiveness of stroke rehabilitation techniques for
the UE.

http://dx.doi.org/10.1016/j.clinph.2015.04.067
1388-2457/! 2015 International Federation of Clinical Neurophysiology. Published by Elsevier Ireland Ltd. All rights reserved.

⇑ Corresponding author at: Building 45, Faculty of Health Sciences, University of
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et al., 2013). In the remaining studies it was an occupational ther-
apy programme comprising of task practice as part of the WMFT
for 10 sessions over 2 weeks (Kim et al., 2010); focused bilateral
wrist robot therapy for 20 min for 30 sessions (Hesse et al.,
2011); or virtual reality 5 sessions per week for 3 weeks of
30 min each session (Lee and Chun, 2014) or 3 sessions per week
for 5 weeks of 1 h each session (Viana et al., 2014).

3.2.4. Sensations and adverse reactions
Five studies reported sensations and adverse reactions from

tDCS. Participants reported tingling or slight itching under the
tDCS electrodes (Wu et al., 2013; Hesse et al., 2011; Lindenberg
et al., 2010). One participant discontinued anodal tDCS due to a
headache and one participant receiving cathodal tDCS reported
dizziness (Kim et al., 2010; Hesse et al., 2011).

3.3. Quantitative analysis

3.3.1. The effect of real versus sham tDCS and rehabilitation on UE
motor impairments

Seven studies (Kim et al., 2010; Lindenberg et al., 2010;
Bolognini et al., 2011; Hesse et al., 2011; Nair et al., 2011; Lee
and Chun, 2014; Viana et al., 2014) explored the effect of real (ano-
dal, cathodal or bi-hemispheric) versus sham tDCS combined with
rehabilitation programmes on UE motor impairments measured by
FMA at immediate post-intervention (Fig. 3). An overall small
non-significant effect size of +0.11[!0.17, 0.38] (p = 0.44) favoured
real tDCS and rehabilitation compared to sham stimulation at
post-intervention. A non-significant effect size +0.27 [!0.40,
0.95] (p = 0.43) was noted between 7 days and 2 weeks follow-up
(Lindenberg et al., 2010; Bolognini et al., 2011) (Fig. 4). A small
non-significant effect size +0.23 [!0.17, 0.62) (p = 0.26) was noted
at a long-term follow-up ranging between 3 and 6 months for UE
global motor impairments in participants with sub-acute stroke
(Kim et al., 2010; Hesse et al., 2011) (Fig. 5). A small
non-significant effect size of +0.01 [!0.39, 0.41] (p = 0.96) was

obtained favouring anodal over sham tDCS combined with rehabil-
itation on UE impairments was observed based on three studies
(Kim et al., 2010; Hesse et al., 2011; Viana et al., 2014) (Fig. 6). A
small non-significant effect of 0.10 [!0.26, 0.47] (p = 0.59)
favoured cathodal stimulation and rehabilitation at
post-intervention, based on three studies (Kim et al., 2010; Hesse
et al., 2011; Lee and Chun, 2014) (Fig. 7). Bihemispheric stimula-
tion and UE rehabilitation showed a larger non-significant effect
of +0.17 [!0.50, 0.84] (p = 0.62) over sham stimulation, based on
two studies involving chronic stroke participants (Lindenberg
et al., 2010; Bolognini et al., 2011) (Fig. 8).

3.3.2. Sub-analyses
Five studies (Kim et al., 2010; Bolognini et al., 2011; Hesse et al.,

2011; Khedr et al., 2013; Lee and Chun, 2014) using different out-
come measures of generic activities of daily living showed a
non-significant small effect size of 0.24 [!0.06,0.54] (p = 0.11)
favouring real tDCS in combination with rehabilitation at
post-intervention (Fig. 9). Three studies (Kim et al., 2010; Hesse
et al., 2011; Khedr et al., 2013) explored the effect of anodal
tDCS and rehabilitation on activities of daily living with a small
non-significant effect of 0.19 [!0.12, 0.50] (p = 0.23) favouring ano-
dal tDCS and rehabilitation (Fig. 10). Three studies (Hesse et al.,
2011; Khedr et al., 2013; Lee and Chun, 2014) explored the effect
of cathodal tDCS and rehabilitation on activities of daily living with
a small significant effect of 0.38 [0.03,0.73] (p = 0.03) favouring
anodal tDCS and rehabilitation (Fig. 11).

4. Discussion

Driven by the positive benefits of repeated sessions of rTMS to
treat depression, many current trials apply the same logic when
using tDCS to improve recovery of arm function after stroke. This
is the first review to explore the effect of just multiple sessions
of tDCS and UE rehabilitation programmes on outcome measures
based on the ICF; impairment and activity. Therefore, it examines

Fig. 3. Effect of real tDCS versus sham tDCS for UE global motor impairments measured by FMA at immediate post-intervention.

Fig. 4. Effect of real tDCS versus sham tDCS for UE global motor impairments measured by FMA at short-term follow-up.

Fig. 5. Effect of real tDCS versus sham tDCS for UE global motor impairments measured by FMA at long-term follow-up.
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Figure 2 Forrest plot of Hedges’ g for non-invasive brain stimulation paradigms. (a) Stroke patients; (b) healthy controls. CI, confi-

dence interval; df, degrees of freedom; iTBS, intermittent theta burst stimulation; IV, inverse variance; rTMS, repeated transcranial

magnetic stimulation; SE, standard error.
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Abstract

The aim of this study was to determine whether non-invasive brain stimulation
(NIBS) techniques improve fine motor performance in stroke. We searched
PubMed, EMBASE, Web of Science, SciELO and OpenGrey for randomized
clinical trials on NIBS for fine motor performance in stroke patients and healthy
participants. We computed Hedges’ g for active and sham groups, pooled data
as random-effects models and performed sensitivity analysis on chronicity, mon-
tage, frequency of stimulation and risk of bias. Twenty-nine studies (351 patients
and 152 healthy subjects) were reviewed. Effect sizes in stroke populations for
transcranial direct current stimulation and repeated transcranial magnetic stim-
ulation were 0.31 [95% confidence interval (CI), 0.08–0.55; P = 0.010; Tau2,
0.09; I2, 34%; Q, 18.23; P = 0.110] and 0.46 (95% CI, 0.00–0.92; P = 0.05;
Tau2, 0.38; I2, 67%; Q, 30.45; P = 0.007). The effect size of non-dominant
healthy hemisphere transcranial direct current stimulation on non-dominant
hand function was 1.25 (95% CI, 0.09–2.41; P = 0.04; Tau2, 1.26; I2, 93%; Q,
40.27; P < 0.001). Our results show that NIBS is associated with gains in fine
motor performance in chronic stroke patients and healthy subjects. This sup-
ports the effects of NIBS on motor learning and encourages investigation to
optimize their effects in clinical and research settings.

Introduction

Stroke accounted for 139 874 000 disability-adjusted
life years in 2015 [1]. Most stroke patients experience
long-term impairment and up to 80% have persistent
and incapacitating upper-limb disability [2]. Recovery
occurs in about 15–33% of patients, whereas 66% of
patients can have no recovery, within the first 6 months
post-stroke; recovery after this is minimal [3–11]. Stroke
perturbs neuromuscular recruitment, timing, coordina-
tion and execution of vital motor tasks [12]. Fine motor
ability is crucial for daily activities and for a person’s

independence, functionality, quality of life and purpose
[13]. Interventions for fine motor recovery are impera-
tive but often limited [13,14]. Non-invasive brain stimu-
lation (NIBS) has minimal side-effects and is proposed
as a stand-alone or adjuvant treatment for improving
dexterity [15,16]. However, most reviews assessing NIBS
in stroke focus on gross motor skills and, thus, the ther-
apeutic potential and magnitude of NIBS for fine motor
improvement is not known [17–23]. Motivated by this
gap, we performed a meta-analysis on NIBS technolo-
gies using outcomes that focus on fine motor function in
stroke patients and healthy subjects.

Methods

The study’s registration number is CRD42016043809
and analyzed data are available online (Appendix S1)

Correspondence: A. T. O’Brien, 79/96 13th Street, Charlestown, MA

02129, USA (tel.: 612-952-6164; fax: 612-952-6060;
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the rater’s interpretation. We discuss NIBS mecha-
nisms that may benefit dexterity in stroke patients.

Neuronal network integrity and function are reliant
on persistent sensory input and, when interrupted, the
brain undergoes multiple processes to correct the dis-
ruption [30,31]. Neuroplasticity leads alterations that
promote recovery of sensorimotor integration and out-
put [32,33]. Reducing increased ipsilesional inhibitory
tone may facilitate large-scale neuronal changes (e.g.
release of growth factor), endogenous cell responses
(e.g. neurogenesis) and neuronal remodeling (e.g. den-
dritic arborization) [34]. These phenomena underlie

mechanisms for non-specific long-term potentiation of
motor learning and sensorimotor remapping in viable
brain areas [34,35]. These neuroplastic mechanisms
may reflect useful therapeutic NIBS avenues.

Neuroimaging, neurophysiologic and electrophysio-
logic studies demonstrate increased activation and
structural integrity in ipsilesional motor networks [i.e.
primary motor cortex (M1), premotor cortex (PMC)
and supplementary motor area (SMA)] during task-
related hand motor output in well-recovered chronic
stroke patients, relative to the contralesional cortex
and less recovered patients [27,36–41]. For example,
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Figure 1 PRISMA 2009 flow diagram of study selection. RCT, randomized control trial.
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Abstract

The aim of this study was to determine whether non-invasive brain stimulation
(NIBS) techniques improve fine motor performance in stroke. We searched
PubMed, EMBASE, Web of Science, SciELO and OpenGrey for randomized
clinical trials on NIBS for fine motor performance in stroke patients and healthy
participants. We computed Hedges’ g for active and sham groups, pooled data
as random-effects models and performed sensitivity analysis on chronicity, mon-
tage, frequency of stimulation and risk of bias. Twenty-nine studies (351 patients
and 152 healthy subjects) were reviewed. Effect sizes in stroke populations for
transcranial direct current stimulation and repeated transcranial magnetic stim-
ulation were 0.31 [95% confidence interval (CI), 0.08–0.55; P = 0.010; Tau2,
0.09; I2, 34%; Q, 18.23; P = 0.110] and 0.46 (95% CI, 0.00–0.92; P = 0.05;
Tau2, 0.38; I2, 67%; Q, 30.45; P = 0.007). The effect size of non-dominant
healthy hemisphere transcranial direct current stimulation on non-dominant
hand function was 1.25 (95% CI, 0.09–2.41; P = 0.04; Tau2, 1.26; I2, 93%; Q,
40.27; P < 0.001). Our results show that NIBS is associated with gains in fine
motor performance in chronic stroke patients and healthy subjects. This sup-
ports the effects of NIBS on motor learning and encourages investigation to
optimize their effects in clinical and research settings.

Introduction

Stroke accounted for 139 874 000 disability-adjusted
life years in 2015 [1]. Most stroke patients experience
long-term impairment and up to 80% have persistent
and incapacitating upper-limb disability [2]. Recovery
occurs in about 15–33% of patients, whereas 66% of
patients can have no recovery, within the first 6 months
post-stroke; recovery after this is minimal [3–11]. Stroke
perturbs neuromuscular recruitment, timing, coordina-
tion and execution of vital motor tasks [12]. Fine motor
ability is crucial for daily activities and for a person’s

independence, functionality, quality of life and purpose
[13]. Interventions for fine motor recovery are impera-
tive but often limited [13,14]. Non-invasive brain stimu-
lation (NIBS) has minimal side-effects and is proposed
as a stand-alone or adjuvant treatment for improving
dexterity [15,16]. However, most reviews assessing NIBS
in stroke focus on gross motor skills and, thus, the ther-
apeutic potential and magnitude of NIBS for fine motor
improvement is not known [17–23]. Motivated by this
gap, we performed a meta-analysis on NIBS technolo-
gies using outcomes that focus on fine motor function in
stroke patients and healthy subjects.

Methods

The study’s registration number is CRD42016043809
and analyzed data are available online (Appendix S1)
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3	décennies	de	recherche….	
beaucoup	de	désillusions	

•  Des	études	sur	une	session	
positive	

•  Déceptions	des	essais	sur	
plusieurs	sessions	:	
–  ≈20	études	:	15	à	65	sujets	

(petits	effectifs)	
–  La	moitié	négatives	

•  Des	méta-analyses:	
–  Positives	mais	avecune	taille	

d’effet	faible	
–  Négatives	
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Introduction/Objectives: Repetitive transcranial magnetic stimulation (rTMS) and tran-
scranial direct current stimulation are two powerful non-invasive neuromodulatory thera-
pies that have the potential to alter and evaluate the integrity of the corticospinal tract.
Moreover, recent evidence has shown that brain stimulation might be beneficial in stroke
recovery. Therefore, investigating and investing in innovative therapies that may improve
neurorehabilitative stroke recovery are next steps in research and development. Partic-
ipants/Materials and Methods: This article presents an up-to-date systematic review
of the treatment effects of rTMS and tDCS on motor function. A literary search was con-
ducted, utilizing search terms “stroke” and “transcranial stimulation.” Items were excluded
if they failed to: (1) include stroke patients, (2) study motor outcomes, or (3) include
rTMS/tDCS as treatments. Other exclusions included: (1) reviews, editorials, and letters,
(2) animal or pediatric populations, (3) case reports or sample sizes 2 patients, and (4)
primary outcomes of dysphagia, dysarthria, neglect, or swallowing. Results: Investigation
of PubMed English Database prior to 01/01/2012 produced 695 applicable results. Stud-
ies were excluded based on the aforementioned criteria, resulting in 50 remaining studies.
They included 1314 participants (1282 stroke patients and 32 healthy subjects) evaluated by
motor function pre- and post-tDCS or rTMS. Heterogeneity among studies’ motor assess-
ments was high and could not be accounted for by individual comparison. Pooled effect
sizes for the impact of post-treatment improvement revealed consistently demonstrable
improvements after tDCS and rTMS therapeutic stimulation. Most studies provided limited
follow-up for long-term effects. Conclusion: It is apparent from the available studies that
non-invasive stimulation may enhance motor recovery and may lead to clinically meaning-
ful functional improvements in the stroke population. Only mild to no adverse events have
been reported. Though results have been positive results, the large heterogeneity across
articles precludes firm conclusions.

Keywords: transcranial direct current stimulation, repetitive transcranial magnetic stimulation, stroke, motor,
transcranial magnetic stimulation, noninvasive brain stimulation

INTRODUCTION
Stroke is a leading cause of disability in the United States. Accord-
ing to the American Heart Association, over 795,000 people expe-
rience strokes annually in the USA, with 185,000 presenting as
recurrent strokes. Restitution of post-stroke motor function is fre-
quently incomplete, with the majority of stroke patients unable to
perform professional duties or activities of daily living by 6 months
after their stroke. This becomes a self-fulfilling cycle of disability,
as the decreased functional capacity predisposes toward decon-
ditioning (or decreased physical activity) resulting in worsening
cardiovascular disease and subsequent strokes (Hankey et al., 2002;
Ivey et al., 2006).

The better understanding of plastic (or brain remodeling)
changes following stroke have contributed to the development

of novel targeted therapies that can modulate neuroplasticity,
especially non-invasive methods such as transcranial magnetic
stimulation (TMS) and transcranial direct current stimulation
(tDCS).

One important finding is the notion that plasticity is not always
adaptive. Therefore, therapies that block any potential maladap-
tive plasticity may be desirable. Specifically, several studies show
the influence of maladaptive plasticity in sustaining behavioral
deficits in stroke. For instance, neuroimaging analyses of stroke
subjects have noted critical increases in cortical excitability in the
intact primary motor cortex (M1) of the unaffected hemisphere
(Hummel and Cohen, 2006), and this increased cortical excitabil-
ity has been noted to correspond with movements of the paretic
arm in patients with motor impairment (Calautti and Baron, 2003;
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Modulation of brain plasticity in stroke: 
a novel model for neurorehabilitation
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Domenico Formica, Federico Ranieri, Mario Tombini, Ulf Ziemann, John C. Rothwell  
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Abstract | Noninvasive brain stimulation (NIBS) techniques can be used to monitor and modulate the 
excitability of intracortical neuronal circuits. Long periods of cortical stimulation can produce lasting effects 
on brain function, paving the way for therapeutic applications of NIBS in chronic neurological disease. The 
potential of NIBS in stroke rehabilitation has been of particular interest, because stroke is the main cause 
of permanent disability in industrial nations, and treatment outcomes often fail to meet the expectations of 
patients. Despite promising reports from many clinical trials on NIBS for stroke recovery, the number of studies 
reporting a null effect remains a concern. One possible explanation is that the interhemispheric competition 
model—which posits that suppressing the excitability of the hemisphere not affected by stroke will enhance 
recovery by reducing interhemispheric inhibition of the stroke hemisphere, and forms the rationale for 
many studies—is oversimplified or even incorrect. Here, we critically review the proposed mechanisms of 
synaptic and functional reorganization after stroke, and suggest a bimodal balance–recovery model that 
links interhemispheric balancing and functional recovery to the structural reserve spared by the lesion. The 
proposed model could enable NIBS to be tailored to the needs of individual patients.

Di Pino, G. et al. Nat. Rev. Neurol. 10, 597–608 (2014); published online 9 September 2014; doi:10.1038/nrneurol.2014.162

Introduction
Stroke is among the principal causes of death worldwide, 
and although most stroke survivors achieve at least some 
spontaneous recovery after the ictus, it remains the main 
cause of permanent disability in Europe and the USA.1–3 
The only existing treatment for stroke is tissue plasmino-
gen activator, which can salvage tissue at risk in the 
penumbra of a brain infarct and reduce future disability 
if administered within a few hours after stroke onset.4  
No treatments specifically designed to restore function 
through repair of damaged tissue have been developed 
to date. Current best practice in stroke management is to 
reduce initial impact, take precautions to avoid the further 
burden of complications, and maximize f unctional ability 
through extensive physiotherapy.

Although early rehabilitative interventions can improve 
arm function above what would be achieved by natural 
recovery alone,5 the majority of patients are still unable 
to use the affected hand and/or arm for simple activities 
of daily living 6  months after the stroke.6 Robot-assisted 
therapy has been proposed as an excellent low-cost way to 
increase the amount of therapy that an individual patient 
receives, because a robot can deliver a higher amount 
of exercise in the same time than can a human physio-
therapist,7  but in controlled trials robot-assisted therapy 
has shown disappointingly little additional benefit over 
 conventional regimes of intensive physiotherapy.8,9

The lack of effective neurorepair after stroke and the 
limitations of functional recovery attained by physio-
therapy have led researchers to consider alternative 
approaches that improve the scope for recovery by 
enhancing the natural plasticity of the sensorimotor 
system. If recovery depends on ‘relearning’ new patterns 
of activity to maximize the use of remaining  undamaged 
brain, interventions that increase plasticity, and thereby 
the ability to learn, should improve recovery. Two 
approaches are of great current interest: pharmaco logical 
interventions and noninvasive brain stimulation (NIBS). 
In this Review, we focus on NIBS. Although NIBS has 
been used to improve gait, neglect symptoms and lan-
guage after stroke, we will concentrate here on its appli-
cation to recovery of arm and hand function, because 
most studies have assessed the efficacy of NIBS on upper 
limb function.

More than 350 articles have been published on trans-
cranial stimulation in stroke since 2012. These include 
more than 50 small clinical trials that evaluated the 
potential for NIBS to enhance recovery of hand and arm 
function. Recent meta-analyses disagree on the effective-
ness of these techniques: two Cochrane reviews do not 
support the use of repetitive transcranial magnetic stimu-
lation (rTMS)10 or transcranial direct current stimu lation 
(tDCS)11 in stroke rehabilitation, whereas two other sys-
tematic reviews conclude that NIBS can have a moder-
ate benefit in terms of stroke recovery, with few major 
adverse effects.12,13 Here, we discuss the factors that have 
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or stroke aetiology. Unfortunately, this drawback has not 
been overcome by the most recent trials. Patients with 
cortical and subcortical stroke,106–111 or ischaemic and 
haemorrhagic stroke,109–111 are often merged into the same 
group, even though such factors can influence recovery: 
one study has described a positive response to facilitatory 

rTMS over the M1 of the affected hemisphere in patients 
with subcortical but not cortical stroke lesions.114  The 
extent of the damage is also highly important. To the 
best of our knowledge, apart from a single case,115  the lit-
erature is devoid of positive responses to NIBS in stroke 
patients with severe impairments. Finally, it should be 
noted that the stroke phase (acute, subacute or chronic) 
can determine the brain state and the plastic changes that 
are ongoing or already achieved. Nevertheless, similar 
protocols, for instance, continuous theta burst stimula-
tion, have been used in the  subacute113,116 and chronic107 
stages after stroke.

Refining stimulation techniques and protocols
In most trials, the NIBS technique used is chosen on 
the basis of ease of use, patient comfort, availability of the 
stimulation equipment, and effects on cortico spinal 
excitability, irrespective of the underlying mechanism 
of action. We argue, however, that the choice of NIBS 
should depend on the predicted mechanism of recov-
ery in each individual patient. The ideal NIBS protocol 
depends on the patient’s functional reserve (which deter-
mines whether or not the model of interhemispheric 
rivalry is applicable), type of stroke (subcortical versus 
cortical; or ischaemic versus haemorrhagic), and stroke 
stage (acute, subacute or chronic).

NIBS techniques also have high interindividual vari-
ability: in many cases, stimulation parameters chosen to 
increase corticospinal excitability can have a inhibitory 
effect,117–120 possibly because of the variable effects of the 
protocol on the mixed populations of cortical neurons,120 
which might depend on genetic factors.121 As discussed 
above, stroke may increase the variation in response 
to NIBS, particularly if additional pharmacological 
 treatment has been introduced.122

Heterogeneity of the stimulation protocols, with 
respect to the number of sessions delivered107,113,116 and 
the timing of the concomitant physical therapy,109,110 
adds to the confusing complexity. Trials of tDCS in 
stroke are hampered by these issues and show high inter-
study variability regarding electrode placing, intensity 
of the delivered current, session schedule, and type of 
stroke.110,123 Only a few investigations have linked stimu-
lation parameters to a neurophysiological evaluation 
of the motor system and have addressed the effects of 
the intervention on both excitability–connectivity and 
 clinical outcome.109,116

Heterogeneity in outcome measures
Outcome measures vary widely between studies, ranging 
from measures of dexterity (Jebsen–Taylor Test,109 Action 
Research Arm Test,90,114  Purdue Pegboard Test,124  Box 
and Block Test125) to measures of strength (handgrip,126 
pinchforce106), reaction time,127 and disability or stroke 
severity (Barthel ,128  Fugl–Meyer,129 National Institutes of 
Health Stroke Scale125) Meta-analyses equate the hetero-
geneity of the outcome measures in different trials and 
express the effects of the interventions as z-scores, but 
the different outcome measures make comparison of the 
outcomes between studies very challenging.
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Figure 4 | Noninvasive neuromodulatory techniques. a | Depending on the 
stimulation frequency, suprathreshold rTMS can increase (>5 Hz rTMS) or decrease 
(suprathreshold <5 Hz rTMS) the excitability of corticospinal neurons (Box 2). TBS 
protocols are subthreshold rTMS paradigms that, depending on the pattern 
(intermittent versus continuous) of the stimulation, can either increase (iTBS) or 
decrease (cTBS) corticospinal excitability. b | In the PAS protocol, median nerve 
stimulation is combined with TMS to the contralateral M1. c | tDCS can exert 
polarity-specific modulation of corticospinal excitability; in the M1, a-tDCS increases 
corticospinal excitability, whereas c-tDCS decreases it. Abbreviations: a-tDCS, 
anodal tDCS; cTBS, continuous theta burst stimulation; c-tDCS, cathodal tDCS; 
ISI, interstimulus intervals; iTBS, intermittent theta burst stimulation; M1, primary 
motor cortex; PAS, paired associative stimulation; rTMS, repetitive TMS; TBS, theta 
burst stimulation; tDCS, transcranial direct current stimulation; TMS, transcranial 
magnetic stimulation.
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contributed to the slow progress of accepting NIBS as 
a part of routine clinical practice, and suggest ways to 
develop the use of NIBS in stroke rehabilitation.

Synaptic dysfunction in stroke
Noninvasive neuromodulatory strategies are thought to 
alter synaptic efficacy in glutamatergic and γ-aminobutyric 
acid-mediated (GABAergic) circuits,14 which are essen-
tial for motor learning. Knowing how stroke alters these 
circuits, and determining the time course over which the 
stroke-related changes occur, might aid the development 
of more-effective  neuromodulatory strategies.

Brain infarcts lead to an imbalance in energy demand 
and blood supply. The majority of energy consumed 
by the brain is devoted to synaptic transmission and 
the postsynaptic effects of glutamate,15 and interrup-
tion of synaptic transmission accounts for the electrical 
silence in the penumbra after stroke.16,17  At the level of 

Key points

 ■ Noninvasive brain stimulation (NIBS) is a promising approach to enhance 
recovery after stroke, but its beneficial effect is limited and the technique is 
not yet ready for broad clinical use

 ■ We suggest that the disappointments in NIBS trials are related to over-reliance 
on the interhemispheric competition and vicariation models of recovery, which 
are oversimplified and do not apply to all patients with stroke 

 ■ The concept of ’structural reserve’ integrates the effects that interhemispheric 
inhibition and vicariation exert on the unlesioned residual network

 ■ We propose a unified ‘bimodal balance–recovery model’ that takes into account 
this individual residual network

 ■ The model could be used to tailor treatment for individual patients and increase 
the efficacy of NIBS in stroke rehabilitation

the gluta matergic synapse, hypoxic failure leads to focal 
post synap tic hyperpolarization18,19 followed by a massive 
hypoxic depolarization of the postsynaptic terminal.20 
Even though inhibitory synapses are more resistant to 
hypoxia than are excitatory synapses,21 synaptic disinhib-
ition fails before synaptic excitation because of reduced 
excitatory input to inhibitory interneurons,22 poten-
tially  contributing to excitotoxicity that causes delayed 
cell death.

During days and weeks following stroke, slower syn-
aptic changes can emerge. A critical period of approxi-
mately 90 days of increased synaptic plasticity is thought 
to parallel the initial period of rapid behavioural recov-
ery.5,23 Two factors exert opposing effects during this 
period. First, in mouse models of stroke, a sustained 
increase in tonic GABAergic signalling—lasting over 
a month—can reduce plasticity; during this period 
behavioural recovery can be enhanced by blocking 
extrasynaptic GABA receptors.24 Simultaneously, a sus-
tained increase in glutamatergic excitability mediated by 
AMPA receptors promotes plasticity and the release of 
 brain-derived neurotropic factor.25

Data from rodent studies have shown that stroke-
related changes can also involve brain regions in the 
hemisphere unaffected by stroke. These changes 
include bihemispheric reductions in phasic (synaptic) 
GABAergic inhibition,26 in parallel with downregula-
tion of GABAA receptor binding and GABAA receptor 
subunit expression.27  Changes in calcium currents have 
also been demonstrated in the noninfarcted tissue of the 
unaffected hemisphere.28

Excitability and connectivity in stroke
Several methods and protocols are available for assess-
ing the altered excitability and connectivity after stroke, 
both in acute and chronic phases. (Box 1, Figure 1). In 
this article, we have adopted the following classification 
of the phases of stroke: hyperacute: the first 6 h post-
ictus; acute: 6–24 h post-ictus; subacute: 24 h to 6 weeks 
 post-ictus; chronic: greater than 6 weeks post-ictus.12,29

During the acute phase after stroke, TMS of the 
affected hemisphere is often unable to elicit motor 
evoked potentials (MEPs), even at maximum deliverable 
stimulation intensity. In patients with preserved MEPs, 
the motor thresholds are generally higher and MEPs are 
smaller compared with those recorded from the unaffec-
ted hemisphere or from healthy individuals. Within the 
first few months, MEPs may reappear and gradually 
increase in amplitude,30–33 while the motor threshold 
tends to decrease.34–38 Many authors have reported that 
TMS measures of corticospinal tract integrity evaluated 
early after stroke,35,39–41 and the improvement of TMS 
measures of corticospinal integrity during the first few 
months33,39 of recovery, both correlate with the long-
term functional outcome. Absence of MEPs in the first 
few hours or days following stroke is associated with 
poor clinical recovery,42 although exceptions have been 
reported.36,44–46 Presence or absence of MEPs in arm 
muscles within the first week after stroke is an impor-
tant component of the ‘PREP algorithm’ proposed by 

Box 1 | TMS protocols for assessment of brain excitability and connectivity

TMS has been widely used to investigate excitability and connectivity in M1 after 
stroke. Single-pulse, paired-pulse and repetitive TMS protocols probe different 
aspects of excitatory and inhibitory function (Figure 1).

A single pulse of TMS applied over M1 can produce a peripheral muscular 
response, or MEP. TMS that triggers MEPs is called suprathreshold TMS, whereas 
TMS that is not of sufficient intensity to trigger MEPs is called subthreshold TMS. 
The threshold and recruitment of MEPs at different intensities of stimulation 
provide information about the level of corticospinal excitability.

The effect of GABA receptor type A-modulated inhibitory circuits on corticospinal 
neurons can be probed by short-interval intracortical inhibition paradigm 
(Figure 1a).146,147 The role of GABA receptor type B-expressing interneurons can be 
probed by the controlateral cortical silent period protocol, in which a single TMS 
pulse is delivered during tonic contralateral hand/arm contraction,148 or by the 
long-interval intracortical inhibition protocol.149 Other inhibitory mechanisms can 
be evaluated with short-latency afferent inhibition, which depends on GABAergic 
and cholinergic circuits.150 Studies using these protocols have elucidated the 
involvement of GABAergic circuits in intracortical inhibition,148,151,152 whereas 
the origin and nature of the increased excitability of the intracortical facilitation 
(Figure 1b) is still poorly defined.

TMS can also be paired with neuroimaging or electrophysiological techniques.153,154 
TMS–EEG could aid probing of the functional impact of a stroke lesion on the 
connectivity of the whole brain, even when the lesion is not located at the site of 
stimulation.155 In TMS–EEG, a TMS pulse evokes an initial activation of the target 
area, followed by later effects that are attributable to activity triggered by axonally 
and synaptically propagated signals.145

Abbreviations: GABA, γ-aminobutyric acid; M1, primary motor cortext; MEP, motor evoked 
potential; TMS, transcranial magnetic stimulation.

REVIEWS

© 2014 Macmillan Publishers Limited. All rights reserved

NATURE REVIEWS | NEUROLOGY  VOLUME 10 | OCTOBER 2014  | 597

Institute of Neurology, 
Campus Bio-Medico 
University, Via Álvaro 
del Portillo 200, 
00128 Rome, Italy 
(G.D.P., G.P., G.A., F.C., 
F.F., F.R., M.T., V.D.L.). 
Laboratory of 
Biomedical Robotics 
and Biomicrosystem, 
Center for Integrated 
Research, Campus Bio-
Medico University, Via 
Álvaro del Portillo 28, 
00128 Rome, Italy 
(D.F.). Department of 
Neurology & Stroke, 
and Hertie Institute for 
Clinical Brain Research, 
Eberhard Karls-
University Tübingen, 
Hoppe-Seyler-Strasse 3, 
D-72076 Tübingen, 
Germany (U.Z.). Sobell 
Department of Motor 
Neuroscience and 
Movement Disorders, 
UCL Institute of 
Neurology, Queen 
Square, London 
WC1N 3BG, UK (J.C.R.).

Correspondence to: 
V.D.L. 
V.DiLazzaro@
unicampus.it

Modulation of brain plasticity in stroke: 
a novel model for neurorehabilitation
Giovanni Di Pino, Giovanni Pellegrino, Giovanni Assenza, Fioravante Capone, Florinda Ferreri, 
Domenico Formica, Federico Ranieri, Mario Tombini, Ulf Ziemann, John C. Rothwell  
and Vincenzo Di Lazzaro

Abstract | Noninvasive brain stimulation (NIBS) techniques can be used to monitor and modulate the 
excitability of intracortical neuronal circuits. Long periods of cortical stimulation can produce lasting effects 
on brain function, paving the way for therapeutic applications of NIBS in chronic neurological disease. The 
potential of NIBS in stroke rehabilitation has been of particular interest, because stroke is the main cause 
of permanent disability in industrial nations, and treatment outcomes often fail to meet the expectations of 
patients. Despite promising reports from many clinical trials on NIBS for stroke recovery, the number of studies 
reporting a null effect remains a concern. One possible explanation is that the interhemispheric competition 
model—which posits that suppressing the excitability of the hemisphere not affected by stroke will enhance 
recovery by reducing interhemispheric inhibition of the stroke hemisphere, and forms the rationale for 
many studies—is oversimplified or even incorrect. Here, we critically review the proposed mechanisms of 
synaptic and functional reorganization after stroke, and suggest a bimodal balance–recovery model that 
links interhemispheric balancing and functional recovery to the structural reserve spared by the lesion. The 
proposed model could enable NIBS to be tailored to the needs of individual patients.

Di Pino, G. et al. Nat. Rev. Neurol. 10, 597–608 (2014); published online 9 September 2014; doi:10.1038/nrneurol.2014.162

Introduction
Stroke is among the principal causes of death worldwide, 
and although most stroke survivors achieve at least some 
spontaneous recovery after the ictus, it remains the main 
cause of permanent disability in Europe and the USA.1–3 
The only existing treatment for stroke is tissue plasmino-
gen activator, which can salvage tissue at risk in the 
penumbra of a brain infarct and reduce future disability 
if administered within a few hours after stroke onset.4  
No treatments specifically designed to restore function 
through repair of damaged tissue have been developed 
to date. Current best practice in stroke management is to 
reduce initial impact, take precautions to avoid the further 
burden of complications, and maximize f unctional ability 
through extensive physiotherapy.

Although early rehabilitative interventions can improve 
arm function above what would be achieved by natural 
recovery alone,5 the majority of patients are still unable 
to use the affected hand and/or arm for simple activities 
of daily living 6  months after the stroke.6 Robot-assisted 
therapy has been proposed as an excellent low-cost way to 
increase the amount of therapy that an individual patient 
receives, because a robot can deliver a higher amount 
of exercise in the same time than can a human physio-
therapist,7  but in controlled trials robot-assisted therapy 
has shown disappointingly little additional benefit over 
 conventional regimes of intensive physiotherapy.8,9

The lack of effective neurorepair after stroke and the 
limitations of functional recovery attained by physio-
therapy have led researchers to consider alternative 
approaches that improve the scope for recovery by 
enhancing the natural plasticity of the sensorimotor 
system. If recovery depends on ‘relearning’ new patterns 
of activity to maximize the use of remaining  undamaged 
brain, interventions that increase plasticity, and thereby 
the ability to learn, should improve recovery. Two 
approaches are of great current interest: pharmaco logical 
interventions and noninvasive brain stimulation (NIBS). 
In this Review, we focus on NIBS. Although NIBS has 
been used to improve gait, neglect symptoms and lan-
guage after stroke, we will concentrate here on its appli-
cation to recovery of arm and hand function, because 
most studies have assessed the efficacy of NIBS on upper 
limb function.

More than 350 articles have been published on trans-
cranial stimulation in stroke since 2012. These include 
more than 50 small clinical trials that evaluated the 
potential for NIBS to enhance recovery of hand and arm 
function. Recent meta-analyses disagree on the effective-
ness of these techniques: two Cochrane reviews do not 
support the use of repetitive transcranial magnetic stimu-
lation (rTMS)10 or transcranial direct current stimu lation 
(tDCS)11 in stroke rehabilitation, whereas two other sys-
tematic reviews conclude that NIBS can have a moder-
ate benefit in terms of stroke recovery, with few major 
adverse effects.12,13 Here, we discuss the factors that have 
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III	-	LA	COMPENSATION	



Faire	autrement	

•  Utilisation	du	pouce	
dans	le	même	plan	que	
les	doigts	longs	:	
–  Paralysie	basse	du	
médian	

•  Effet	ténodèse	:	
–  Le	tétraplégique	
–  Enraidissement	des	
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extension	du	poignet	



Les	orthèses	dynamiques	

•  Orthèses	de	fonctions		

–  Paralysie	radiale	

	
–  Paralysie	médian	

–  Arthrose	



Orthosis for rhizarthrosis: A systematic review and meta-analysis
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TAGGEDPA R T I C L E I N F O TAGGEDPA B S T R A C T

Objective: investigating the effectiveness of orthosis for rhizarthrosis by means of a systematic review and
meta-analysis.
Methods: A systematic review was carried out using eight electronic databases. The randomized controlled
trials included were those presenting subjects using orthosis for rhizarthrosis compared with individuals
without orthosis or other rehabilitation interventions, as well as studies that compared different types of
orthosis. The systematic review was performed according to the Cochrane methodology. The statistical soft-
ware Review Manager 5.3 was employed to analyze the data.
Results: Fourteen studies were included in the review and three of them participated in the meta-analysis.
The orthosis group had a reduction in pain in the long term as compared to the control group with a statisti-
cally significant difference, a medium effect size, and low-quality evidence [Effect size -0.52, Confidence
Interval 95% -0.94 to -0.11, p = 0.01), I2 = 50%]. The orthosis group presented improvements regarding func-
tion in the long term as compared to control group, with a statistically significant difference, a medium effect
size, and moderate quality of evidence [Effect size -0.44, Confidence Interval 95% -0.72 to -0.15, p = 0.002),
I2 = 0%].
Conclusion: the orthosis for rhizarthrosis presents low-quality evidence for reducing pain in the long term
and moderate evidence for an increase in function in the long term. Since imprecision and inconsistency of
the data were aspects which influenced the quality of the evidence, future studies with larger samples and
standardized data are needed.

© 2018 Elsevier Inc. All rights reserved.
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Introduction

Rhizarthrosis or thumb base osteoarthritis (OA) refers to OA that
affects the trapeziometacarpal (TMC) and scaphotrapezial joints. Typi-
cally, patients have pain in the base of the thumb, loss of thenar muscles
strength, and deformity of the thumb with subluxation of the first car-
pometacarpal joint which leads to an inability to abduct the thumb
from the second finger. With the progression of the disease, rhizarthro-
sis’ patients present loss of grip and pinch strength which leads to diffi-
culties in hand function and a reduction in quality of life [1!5].

Orthoses for rhizarthrosis are employed to reduce pain and
inflammation as well as to increase joint stability [6!9]. The tradi-
tional concept of orthosis for rhizarthrosis is based on immobilizing
the joint at the base of the thumb in palmar abduction to a neutral
position that enables all ligaments andmuscles to be in a resting posi-
tion and at maximum joint spacing [10!13].

Spaans et al. [14] recently reported that studies on orthosis for rhi-
zarthrosis show marked heterogeneity in the types of orthoses used,
durations of treatments and types of study designs. The authors

indicated that an orthosis may reduce pain in patients with rhizarth-
rosis; however, it does not improve function, dexterity and strength.
Moreover, in 2015, Bertozzi et al. [15] published a systematic review
and meta-analysis that included three randomized controlled studies.
The authors concluded that there was moderate evidence regarding
improvements in the function of patients with rhizarthrosis who
used the orthosis in the long term. Few studies of good methodologi-
cal quality on orthoses in thumb base OA are available in the litera-
ture, and different authors recommend the need for additional
studies [14!24]. There is no current systematic review in the litera-
ture that solely assesses the effects of orthoses on rhizarthrosis.

This study aimed to conduct a systematic review and a meta-
analysis of randomized controlled studies on efficacy of orthosis in
rhizarthrosis.

Methods

The systematic review was performed according to the Cochrane
methodology [25].

Inclusion criteria for studies

The inclusion criteria comprised randomized controlled clinical
trials that involved subjects with rhizarthrosis classified using clinical
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and radiological criteria [26], in which orthosis was used for rhizarth-
rosis compared with individuals without orthosis or other rehabilita-
tion interventions, as well as studies that compared different types of
orthosis.

Outcomes

Primary: pain in the thumb base assessed with the Visual Analog
Scale (VAS) and hand function assessed with the Australian/Canadian
hand osteoarthritis index (AUSCAN), the Michigan Hand Outcomes
Questionnaire (MHQ), the Disabilities of the Arm, Shoulder and Hand
(DASH), the Cochin Hand Functional Scale (CHFS) and the Canadian
Occupational Performance Measure (COPM). Secondary: range of move-
ment of the thumb measured with a goniometer, palmar grip strength
measured with a Jamar hydraulic dynamometer, pinch strength mea-
sured with a pinch gauge, hand dexterity assessed with the O'Connor
test, quality of life assessed with the Short Form 36 Health Survey Ques-
tionnaire, inflammation, stiffness, and patient satisfaction assessed with
a Likert scale, use of analgesics and adverse effects.

Search method for study identification

A search strategy was developed in the following databases with
no restriction on the date of publication or language until December
2017: Cochrane Central Register of Controlled Trials (CENTRAL), Med-
ical Literature Analysis and Retrieval System Online (MEDLINE),
PubMed, Excerpta Medica Database (EMBase), Literatura Latino-
Americana e do Caribe em Ciências da Sa!ude (LILACS), !Indice Bib-
liogr!afico Espanhol de Ciências da Sa!ude (IBECS), Occupational

Therapy Systematic Evaluation of Evidence (OTseeker) and Physio-
therapy Evidence Database (PEDro) (Appendix 1).

Research was also conducted with the databases ClinicalTrials.gov
and World Health Organization International Clinical Trials Registry
Platform (WHO ICTRP) to identify ongoing randomized controlled
studies. Moreover, searches were performed with respect to the
references of the studies electronically identified and non-indexed
journals in the databases described, in addition to searches into
annals of scientific events in the area. EndNote online (Clarivate Ana-
lytics, Philadelphia, PA) was used to manage the references selected.

Study selection

A list was created that contained the titles and abstracts of the
potentially relevant studies identified by the literature search. Two
independent reviewers (SMM and AJ) applied the pre-determined
inclusion criteria to the full texts. Conflicts could be solved by a third
researcher (JN); however, there were no conflicts at this stage.

Data extraction and management

The same two reviewers, in an independent manner, used a stan-
dardized form to extract data, which included: methods, characteris-
tics of participants, intervention, outcomes and results.

Assessment of the risk of bias in included studies

The two independent reviewers also assessed the risk of bias in
the studies using the Cochrane Collaboration's Risk of Bias tool [25].

Fig. 1. Flow chart of the screening and inclusion of studies.
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Results

Six hundred five articles were initially identified. After excluding
duplicates and applying the inclusion and exclusion criteria, 14 ran-
domized controlled studies were included in the systematic review
[29!42]. Three studies were considered homogeneous and were
included in the meta-analysis [35 ,37,38]. There was no conflict
between the reviewers regarding this issue. The flowchart in Fig. 1
shows the selection of articles based on the search strategies.

In the data extraction, we determined that all studies included
were randomized controlled, with five studies comprising the cross-
over type [31,34,39,41,42].

The selected articles included 668 patients, and the sample size
varied between 10 and 119 patients. The duration of the patient fol-
low-up varied between two weeks and seven years (Table 1). Four
studies randomized the participants into three groups [29,31,33,34]
whereas the other ten studies randomized the participants into two
groups [30,32,35!42]. Of these studies, four studies compared groups
with and without orthosis [30,35 ,37,38], one study analyzed orthosis
added to exercises and exercises only [36], three studies compared
prefabricated and custom-made orthoses [32,39,42], another study
verified long and short orthosis [41] and the last study analyzed two
types of custom-made orthoses [40]. The four studies that random-
ized patients into three groups compared occupational therapy,
orthosis and placebo orthosis [29]; prefabricated orthosis, custom-
made and without orthosis [31]; technological devices, textile and
leather orthoses [33]; and thermoplastic, firm and flexible elastic
orthoses [34].

The orthoses were manufactured with different types of materials:
thermoplastic, neoprene, leather, elastic, and fabric. With the excep-
tion of Weiss et al. [41], who compared the effectiveness of long and
short orthosis, all the authors only studied short orthoses.

Regarding the outcomes, substantial heterogeneity was identified
among the studies. Most studies included pain, function, and muscle
strength in their evaluations; the Visual Analogical Scale was the
most widely used tool to measure pain. The Australian/Canadian
hand osteoarthritis index, the Michigan Hand Outcomes Question-
naire, the Disabilities of the Arm, Shoulder and Hand, the Cochin
Hand Functional Scale, and the Canadian Occupational Performance
Measure were used to gauge function. In most cases, for pinch and
grip strength assessment, the authors used the pinch gauge and the
Jamar hydraulic dynamometer.

Following the information extraction, a table was created with all
descriptive data for the selected studies (Table 1).

Fig. 2 shows the judgement of the risk of bias made by the
reviewers. There was a single conflict between the reviewers; one
reviewer concluded the assessor was blinded and there was no blind-
ing of the assessor in the study by Bani et al. [31]. This issue was
resolved with the opinion of the third reviewer, JN, who deemed
there was a high risk of bias regarding this parameter.

Table 1 also presents the study classification according to the cri-
teria of the PEDro scale. Seven studies had a low risk of bias for most
items in the Cochrane tool, and the same studies had a general score
greater than or equal to 7 in the PEDro scale [31,35!40].

All studies presented in this review used orthosis to treat rhizarth-
rosis; however, they were very heterogeneous regarding the type of

Fig. 3. Meta-analysis of the variable pain in the short and long terms.
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orthosis, study design, follow-up time and assessments. We selected
three studies that were similar in these parameters and presented a
low risk of bias to perform the meta-analysis: Carreira et al. [35] reg-
istered in clinicaltrials.gov (ID: NCT00612248), Kjeken et al. [37] reg-
istered in the ISRCTN register (ISRCTN40357804), and Rannou et al.
[38] registered in ClinicalTrials.gov (ID: NCT00350896). We used the
intention to treat analysis provided in the results of the three studies
for performing the meta-analysis.

The meta-analysis for the pain variable in the short term (treat-
ment that lasted up to 45 days), with 141 patients, indicated that
there was no statistically significant difference between the groups
and a small effect size [Effect size ¡0.29, CI 95% ¡1.00 to 0.42,
p = 0.42), I2 = 73%]. The meta-analysis for the pain variable in the long
term (treatment that lasted more than three months), with 203
patients, indicated that the group using orthosis had a reduction in
pain compared with the control group, with a statistically significant
difference and a medium effect size [Effect size ¡0.52, CI 95% ¡0.94
to ¡0.11, p = 0.01), I2 = 50%] (Fig. 3).

The meta-analysis for the function variable in the short term, with
141 patients, indicated that there was no statistically significant dif-
ference between the groups and a small effect size [Effect size 0.11,
CI 95%¡0.22 to 0.44, p = 0.53), I2 = 0%]. The meta-analysis for the func-
tion variable in the long term, with 201 patients, indicated that the
group that used orthosis had an improvement in function compared
with the control group, with a statistically significant difference and a
medium effect size [Effect size ¡0.44, CI 95% ¡0.72 to ¡0.15,
p = 0.002), I2 = 0%] (Fig. 4).

The meta-analysis for the pinch strength variable in the short
term, with 142 patients, indicated there was no statistically

significant difference between the groups and a very small effect size
[Effect size ¡0.02, CI 95% ¡0.35 to 0.31 p = 0.91), I2 = 47%]. The meta-
analysis for the pinch variable strength in the long term, with 136
patients, indicated there was no statistically significant difference
between the group that used orthosis and the control group with a
small effect size [Effect size ¡0.18, CI 95% ¡0.52 to 0.16, p = 0.30),
I2 = 0%] (Fig. 5).

Table 2 presents a summary of the findings and the GRADE results.

Discussion

Summary of main results

This review analyzed 14 studies on orthosis for rhizarthrosis,
which were qualitatively analyzed [29!42] and included a meta-
analysis of three studies [35,37,38]. These were taken into consid-
eration when it was possible to compile the results of similar stud-
ies. According to the numerical analyses, this study presents a low-
quality evidence suggesting that the orthosis group decreased pain
in the long term in patients with rhizarthrosis compared with a
control group. Furthermore, it presents low-quality evidence that
the orthosis and control groups behave in the same way, with no
differences regarding pain in the short term. It also presents mod-
erate evidence that function increases in the long term; moreover,
there is no difference between the orthosis and control groups con-
cerning the function outcomes in the short term and pinch
strength in the short and long term. Besides improving function in
the long term, the orthosis is a low cost and low risk intervention
which should be considered in the treatment of rhizarthrosis. The

Fig. 4. Meta-analysis of the variable function in short and long terms.
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reliability in the effect estimations varies from very low to
medium; therefore, future studies may modify this perspective and
impact the results. The heterogeneity among the studies and the
low number of samples available for the analyses account for these
findings.

Quality of the evidence

The three studies included in the meta-analysis presented a
low risk of bias assessed by the Cochrane collaboration tool and
the PEDro scale [35,37,38]. The only items of these instruments
considered to have a high risk of bias for the three studies were
the blinding of the patients and those applying the intervention.
In the case of the randomized controlled studies with orthosis as
the intervention, it is impossible to blind patients and appliers
because they are compulsorily aware of the intervention applica-
tion. We considered this to be an item not to be taken into
account in the assessment of these types of studies. Therefore, we
consider that the three studies that were included in the meta-
analysis presented a low risk of bias [35,37,38]. For the other
studies included in the qualitative description of this review, we
identified a similar scenario. However, some tool items were con-
sidered uncertain because of the lack of description of the param-
eters identified in the articles.

When we applied the GRADE, we determined that the quality of
the evidence varies from low to moderate for the outcomes quantita-
tively analyzed. The low number of the sample (imprecision) and the
heterogeneity (inconsistency) of the data limited the strength of the
conclusion of our review.

Agreements and disagreements with other reviews

In 2007, Egan and Brousseau [18] published a systematic review
with the same aim as the current study, i.e., to assess the effectivity of
orthosis in OA of the TCM joint. This is the only systematic review
identified that exclusively analyzes this intervention. Although Egan
and Brousseau [18] conducted a review with the same purpose as
ours, their review is a decade older. In recent years, the volume of
studies with better methodological quality has increased, and in our
study, we included more complete, recent and better designed
articles than the previous authors. They included seven studies in
their review; however, only four randomized controlled studies were
included [33,34,41,42], which were also included in our research. The
other studies were not controlled, which characterizes the inaccuracy
of their results. In contrast to our study, this review does not present
a meta-analysis, which is likely a result of the lack of similarity among
the articles included. In contrast to these authors, our research did
not have a restriction regarding languages, and although we only
identified studies in English, this is an important inclusion criterion
which should be taken into account. In the study by Egan and Brous-
seau [18], a single author verified the risk of bias in the works
included and used a tool rarely cited in the literature. Our assessment,
however, had the risk of bias assessed by two authors (SMM and AJ),
and when there was a conflict of opinion, a third author (JN) was con-
sulted. Our study used the Cochrane collaboration tool to analyze the
risk of bias, which is currently considered the most complete form for
this type of analysis [25]. Furthermore, our research presents an
assessment of the methodological quality using the PEDro scale,
which is the most widely used tool in rehabilitation studies. Corrobo-
rating our findings, despite the difference in conduction and the lack

Fig. 5. Meta-analysis of the variable pinch strength in the short and long terms.
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Les	aides	techniques	

•  Activités	et	
participations	

•  Personnalisées	
•  Ergothérapie	



Les	prothèses	

•  Prothèse	outil	

•  Prothèse	
myoélectrique	





LES	VOIES	DU	FUTUR	



Georgopoulos	et	al	1982	



Multi-electrode	Neural	Recording	

Reference	:	
http://www.nottingham.ac.uk/neuronal-networks/mmep.htm	

Reference	:	

http://www.cyberkineticsinc.com/technology.htm	



Schwartz	et	al	2008	



Ochberg	et	al,	2009	



LR	Hochberg	et	al.	Nature	485,	372-375	(2012)	doi:10.1038/nature11076	



Electrodes	implantées	

•  Pas	d’apprentissage	
•  Pas	de	moyennage	
•  Echantillonnage	élevé	



Les	greffes	

• 	Peu	de	cas	
• 	Problème	des	immunosuppresseurs	



Conclusion	

•  La	main	et	le	mouvement	sont	intimement	liés	

•  Une	vision	anatomique	qui	change	

•  Des	données	EBM	de	plus	en	plus	robustes	

•  Le	champ	du	possible	est	de	plus	en	plus	large	
dans	le	domaine	de	la	compensation	


