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Abstract Sports psychology suggests that mental
rehearsal facilitates physical practice in athletes and clinical
rehabilitation attempts to use mental rehearsal to restore
motor function in hemiplegic patients. Our aim was to
examine whether mental rehearsal is equivalent to physical
learning, and to determine the optimal proportions of real
execution and rehearsal. Subjects were asked to grasp an
object and insert it into an adapted slot. One group (G0)
practiced the task only by physical execution (240 trials);
three groups imagined performing the task in diVerent rates
of trials (25%, G25; 50%, G50; 75%, G75), and physically
executed movements for the remaining trials; a fourth, con-
trol group imagined a visual rotation task in 75% of the tri-
als and then performed the same motor task as the others
groups. Movement time (MT) was compared for the Wrst
and last physical trials, together with other key trials, across
groups. All groups learned, suggesting that mental
rehearsal is equivalent to physical motor learning. More
importantly, when subjects rehearsed the task for large
numbers of trials (G50 and G75), the MT of the Wrst exe-
cuted trial was signiWcantly shorter than the Wrst executed
trial in the physical group (G0), indicating that mental prac-
tice is better than no practice at all. Comparison of the Wrst
executed trial in G25, G50 and G75 with the corresponding
trials in G0 (61, 121 and 181 trials), showed equivalence

between mental and physical practice. At the end of train-
ing, the performance was much better with high rates of
mental practice (G50/G75) compared to physical practice
alone (G0), especially when the task was diYcult. These
Wndings conWrm that mental rehearsal can be beneWcial for
motor learning and suggest that imagery might be used to
supplement or partly replace physical practice in clinical
rehabilitation.
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Introduction

Motor imagery is deWned as the process of mentally
rehearsing a motor act without overt body movement
(Jeannerod 1995). Several behavioral, brain imaging and
clinical studies suggest that motor imagery and execution
share similar behavioral and cerebral determinants. At the
behavioral level, the duration of mentally simulated actions
such as walking, writing or drawing is similar to the dura-
tion of their real execution (Decety and Michel 1989; Papa-
xanthis et al. 2002; see also for reviews Crammond 1997;
Jeannerod and Frak 1999). Imagined and executed actions
have been shown to obey the same biomechanical con-
straints, to share similar neuromuscular and cognitive
mechanisms (Decety and Jeannerod 1995; Frak et al. 2001;
Ozel et al. 2004; Papaxanthis et al. 2003), and to induce
analogous physiological autonomic responses (e.g., respira-
tion and heart rate; Decety et al. 1993). In parallel, brain
imaging studies have shown that motor imagery induces
similar electroencephalographic (EEG) patterns (Beiste-
iner et al. 1995; Caldara et al. 2004; McFarland et al. 2000;
Romero et al. 2000) and activates a brain network that
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overlaps with that activated by real execution (Decety et al.
1994; Gerardin et al. 2000; LaXeur et al. 2002; Hanakawa
et al. 2003; Jackson et al. 2003; Lacourse et al. 2004). In
addition, transcranial magnetic stimulation (TMS) revealed
that comparable changes in motor cortex excitability occur
during motor imagery and execution (Fadiga et al. 1999;
Hashimoto and Rothwell 1999).

Clinical studies have provided evidence that strength-
ens the idea that imagination and execution of a motor act
rely on overlapping brain networks. Indeed, brain damage
aVecting execution of action also aVects the ability to
mentally simulate the action. In particular, patients with
damage to the right parietal cortex are impaired in motor
imagery and loose the capacity to predict the duration of a
movement with mental simulation (Dankert et al. 2002;
Sirigu et al. 1996). Furthermore, patients suVering from
Parkinson’s disease (caused by a dysfunction of basal
ganglia and frontal cortex) have also been reported to
have diYculties simulating mentally Wnger movement
sequences or mental rotations of the hand (Dominey et al.
1995).

Taken together, these Wndings constitute strong experi-
mental evidence supporting the functional equivalence
hypothesis (Jeannerod 2001) between actual and imagined
motor acts, which suggests that the two processes are inter-
laced and are mediated by similar brain networks. If motor
execution and imagery are partially equivalent, the issue
can be taken a step further by considering cognitive func-
tions related to the motor system such as skill learning. This
is a well-known phenomenon in professional sport practice,
where physical training is often improved by mental simu-
lation (Burhans et al. 1988). In clinical rehabilitation after
damage to the central nervous system, the use of motor
imagery has been recently reported to facilitate motor
recovery after stroke (Jackson et al. 2001, 2004; Liu et al.
2004; Page et al. 2001), as previously proposed by several
authors (e.g., Burhans et al. 1988; Hird et al. 1991; Porretta
and Surburg 1995).

Several questions still need to be answered to improve
our understanding of how motor imagery can be used in
learning. In particular, what are the optimal conditions
for the use of motor imagery to facilitate and improve
learning? Similarly, to what extent can learning through
motor imagery replace physical practice? To answer
these questions, we designed a motor task where physical
practice improves behavioral performance, with the idea
that mental rehearsal of the same task would have equiv-
alent behavioral beneWts. The Wndings show that motor
learning can occur through mental rehearsal alone, and
that mental rehearsal for a large proportion of trials com-
bined with a small rate of physical practice, leads to sim-
ilar (or even better) performance than physical practice
alone.

Methods

Experimental task

In pilot experiments, we used a simple grasping task, and
found no improvement in performance after hundreds of tri-
als. We thus designed a more complex task which consisted in
a two-step sequence of movements, performed either physi-
cally or through mental rehearsal. The subjects were seated
comfortably in front of a table, with the right hand resting
palm down on the starting point located 29 cm on the right
side of the sagittal axis. They were asked to grasp a plastic
parallelepiped (Wrst movement) and to insert it in a support
(second movement, Fig. 1) as fast as possible. The object was
located along the subject’s sagittal axis at 38 cm from the
chest. Half of object’s surface was colored in gray, the other
half was white with black marks which are matched in loca-
tion with identical marks on the support. Subjects were
instructed to grasp the object from its gray side and to place it
carefully inside the support. To make the execution of the task
more diYcult, a marble was inserted in an unstable manner in
a slight hole made on the object’s surface. Furthermore, two
small wooden sticks were glued on the object’s small sides to
force the subjects to grasp with a precision grip.

Behavioral paradigm and groups of subjects

Twenty-Wve volunteers participated in the study. The task was
performed by real execution, or was mentally rehearsed. At
the beginning of the session, all subjects executed physically

Fig. 1 Schematic representation of the task. A trial is accomplished in
a sequence of two movements: the Wrst movement consisted in reach-
ing to and grasping the object with a precise grip (thumb and index
only); the second movement consisted in taking the object to insert it
into the support. The orientation of the support (0°) was the same
throughout the trials, but the orientation of the object changed from tri-
al to trial, in pseudo-random way (¡22°, 0°, 45° and 56°). To make the
execution of the task more diYcult, a marble was inserted in a slight
hole made on the object’s surface. Furthermore, two small wooden
sticks were glued on the object’s small sides to force the subjects to
grasp with a precision grip
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Wve trials for familiarization with the task, with a single ori-
entation of the object. In these trials, subjects learned how
to place the Wngers on the object’s surface (a precision
grip), and to adjust movement speed to successfully insert
the object in the slot, without dropping the marble.

Physical execution

Before each trial subjects were told to close their eyes,
allowing the experimenter to orient the object on the table
surface. A tone was the signal to start the trial: subjects
open their eyes, reach for and grasp the object with a preci-
sion grip (between thumb and index), transport it to the
support and insert it correctly in the slot (i.e., the marks on
the object must match those of the support; Fig. 1). Then
the subject returned the hand to the starting position and
closed the eyes, waiting for the next trial. The orientation of
the object varied randomly from trial to trial. No feedback
was given to the subjects about their performance.

Motor imagery

In this condition the subjects were instructed to follow the
same sequence of events as in the real execution, except
that they were told to imagine and feel themselves (Wrst
person) doing the task as if real (i.e., grasp the object, lift it
and transport it to the support). When they completed the
“mental” trial, they moved their right index Wnger, which
was recorded as the end of the movement (see bellow).

Groups of subjects

Twenty-Wve right-handed subjects aged 20–37 years (aver-
age age, 28.5 years). All were naïve as to the purpose of the
experiment or explicit knowledge concerning motor imagery
processes. None of the participants had history of nervous or
muscular disorders, and all gave their informed consent. The
procedure was done in accordance with the French law
(Livre Ier Titre I et II du Code de la Santé Publique).

The subjects were randomly included in Wve groups (of
Wve subjects each), and each group was tested with a diVer-
ent combination of imagined versus executed trials. In one
group (G0), the subjects performed the task by physical
execution only, i.e., no imagination trials. This group
allowed us to determine the average number of trials it takes
to learn the task (n = 240). In the other groups, after the
familiarization trials, the subjects Wrst imagined doing the
task for a number of trials, then performed physically to
reach a total number of 240 trials. Thus, group G25
rehearsed the task in 60 trials (25% of the total number of
trials) and executed 180 trials, G50 rehearsed in 120 trials
(50%) and executed 120 trials, and Wnally G75 rehearsed in
180 trials (75%) and executed 60 trials. In a control group

(GC), the subjects imagined a visual rotation task in the Wrst
180 trials (75%) and then performed 60 trials of the same
motor task as the other groups. In this latter group, the sub-
jects were asked to imagine the rotation of a segment and to
press a key when it is aligned with a tick mark on a circle.
This condition was aimed to determine the eVects of mental
imagery that could be related to non-motor phenomena such
as attention. In all the groups, each subject is tested in a sin-
gle session of about 45 min of 240 trials. In the rare cases
(1–4 trials per session) where subjects dropped the marble,
the trials were excluded from the analysis.

Data acquisition and analysis

An Optotrak 3020 (Northern Digital Inc.) was used to
record the spatial positions of an IRED marker taped on the
styloid process of the wrist at a frequency of 200 Hz, and
with a spatial resolution of 0.1 mm. For each trial, data
acquisition started with the tone and lasted for 7 s. The data
were analyzed oV-line using Optodisp software (Marc
Thevenet, Yves Paulignan, Claude Prablanc, copyright
INSERM-CNRS-UCBL, 2001). The movement times (MT)
were measured for each of the two movements separately
on the basis of the wrist velocity proWle (Fig. 2). Movement
onset was deWned as the time of the Wrst of seven consecu-
tive measures of increasing velocity amplitudes, whereas

Fig. 2 Velocity of movement versus time. Movement onset was deW-
ned as the time of the Wrst of seven consecutive measures of increasing
velocity amplitudes, whereas the end of movement was deWned as the
null velocity. The Wrst movement (MT1) corresponds to the reaching
and grasping of the object. The second movement (MT2) corresponds
to the transport of the object to insert it in the slot
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the end of movement was deWned as the null velocity. The
Wrst movement (MT1) is the reaching and grasping of the
object (i.e., moving the hand from the starting point to
the object). The second movement (MT2) corresponds to
the transport of the object to insert it in the slot. The analy-
sis was conducted on both the partial MTs (MT1 and MT2)
and the total MT (MT = MT1 + MT2; see Fig. 2).

Statistical analysis

Due to randomization of object orientation, the same trial
number (e.g., trial 61) does not necessarily correspond to the
same orientation from one group to another. Thus, instead
of using real data (which increases the variability), we

computed MTs using a Wtting equation. Movement times
(MT1 and MT2) were plotted over the trials, and Wtted with
an exponential Logreg function on Microsoft Excel (Fig. 3).
The Wtting procedure produced learning curves for the two
movements and for each subject. Finally, the equation of the
Wtted curve was used to calculate the MT for key trials in the
learning session: the Wrst executed movement (trials 1 for
G0, 61 for G25, 121 for G50 and 181 for G75 and GC) and
the last executed movement (trial 240). For group G0, we
also calculated the movement at trial number 61, 121 and
181. We used Statistica workpackage (Statsoft) for data
analysis. After having tested for normality of the values and
homogeneity of variances across groups, an analysis of vari-
ance (ANOVA) was carried out to test diVerences between

Fig. 3 Individual measures of 
MT1 and MT2 for one subject of 
each group. Lines are the expo-
nential Wtting of the data with 
corresponding equation
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groups and repeated-measures ANOVA was used to test for
diVerences within groups. Then, post-hoc analyses (taking
into account multiple comparisons) were conducted with
LSD tests (Fisher Least SigniWcant DiVerence method) and a
P < 0.05 was chosen as the level of signiWcance.

Results

General aspects

We have quantiWed learning by measuring the MT of the
Wrst and the last physical trials, and by comparing them
across groups. In each group, the diVerence in MTs for
the Wrst and last trials indicates the improvement in per-
formance with physical practice alone or after imagery
(Fig. 4 for G0 and Fig. 5). Comparison of the Wrst and

last physical trials across groups revealed the gain in per-
formance due to mental rehearsal. In particular, MT of
the Wrst executed trial (onset) across groups compares
trials 1 in group G0, 61 in G25, 121 in G50 and 181 in
G75.

The results are summarized in Table 1 and Fig. 5. The
Wnding that the performance of the execution group (G0)
improved with practice was a pre-requisite for searching for
the eVects of motor imagery. Testing homogeneity of vari-
ance showed that the variability of the data was similar
among the diVerent groups. We also compared the imagina-
tion time for the Wrst trial (from the tone to the time
reported by the subjects to indicate the end of the trial)
across imagination groups, and found no signiWcant eVect
[F(6,30) = 0.46326, P = 0.82981].

EVect of motor imagery

EVect on total MT (MT1 + MT2)

There was a strong group main eVect on total MT
[F(4,20) = 6.3277; P < 0.0018], indicating that the way the
subjects learned the task (imagery vs. physical exercise)
had a signiWcant eVect on total MT.

First trial The LSD post hoc analysis of the total MT of
the Wrst executed trial across groups (MT—Wrst trial,
Table 1, 2a) showed that the subjects in groups G50 and
G75 were faster than the subjects in the other three groups
(G0, G25 and GC). Indeed, the MT of the Wrst executed
trial for group G50 (performed after 120 imagined trials)
and G75 (performed after 180 imagined trials) was approx-
imately 350 ms shorter than the MT of the Wrst trial exe-
cuted by the subjects in group G0 (i.e., no imagination).
The statistical analysis showed that the diVerences were
highly signiWcant (Table 2a). By contrast to groups G50
and G75, group G25 was not signiWcantly diVerent from
G0.

Last trial DiVerences in MTs in groups G50 and G75
compared to group G0 did not reach signiWcance. The only
signiWcant diVerence was between groups G75 and G25
(Table 2b).

Fig. 4 Evolution of the performance in group G0 for total movement
time for key trials

Fig. 5 Mean total movement times (MT) and SD for the Wrst and last
executed trials for each group

Table 1 Movement times (MT, in ms) for the Wrst and last executed
trials in each experimental group, and Fischer LSD statistical P values

Group MT—Wrst MT—last P value

G0 2,153 (178) 1,744 (158) 0.00002

G25 2,267 (185) 1,895 (188) 0.00007

G50 1,807 (191) 1,636 (294) 0.033

G75 1,803 (143) 1,538 (198) 0.002

GC 2,184 (85) 1,828 (101) 0.00011
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Therefore, the observed diVerences for the Wrst executed
trial between G50 and G75 relative to G0 did not lead to a
gain in the performance at the end of the session. These
results led us to analyze separately the MTs for the two
movement components (MT1 and MT2).

EVect on MT1 versus MT2

There was a signiWcant group eVect on MT1 for the Wrst
trial [F(4,20) = 3.92, P < 0.016]. The LSD comparison for
the Wrst trial showed that G50 is only signiWcantly diVerent
from G25 (P < 0.017), whereas G75 is diVerent from G0,
G25 and GC (P = 0.029, P = 0.004 and P = 0.014, respec-
tively). For the last executed trial there was no group eVect
[F(4,20) = 2.37, P = 0.087]. This indicates that for the Wrst
movement, mental rehearsal brings little improvement to
the performance.

There was also a highly signiWcant group eVect on MT2
for the Wrst trial [F(4, 20) = 11,240, P = 0.00006], with
important diVerences in MTs between groups G50 and G75
compared to groups G0 and G25 (Table 3; Fig. 6). For the
last executed trial, MT2 was about 160 ms shorter in G50
and G75 than in group G0, and about 170 ms shorter com-
pared to G25. The LSD comparison showed that MTs of
G50 and G75 are signiWcantly diVerent from the other three
groups (Table 3). Thus, mental rehearsal had a much
greater beneWt on the performance of the second compo-
nent of movement than on the Wrst one.

Comparison with the GC

Improved performance following mental rehearsal might be
due to non-motor phenomena such as increased attention
and/or concentration. If this were the case, any other imagi-
nation task would lead to similar improvements. The com-
parison between groups G50/G75 versus GC for MT2
showed signiWcant diVerences (Table 3) for the Wrst and last
executed trials.

Discussion

The results reported in this study show that mental practice
of a visuo-motor task is better than no practice at all. This is
especially true for high rates of imagery (at least 50%),
whereas the low rate of 25% was found to be ineVective.
More importantly, we found that mental practice at high
rates lead to similar performance as physical practice. In
other words, mental rehearsal of 50 or 75% of the trials
leads to a similar performance than actual execution of the
same amount of trials. Finally, combination of imagery at
high rates (50, 75%) with physical practice is suYcient to
lead to similar (in some situations better) performance as
physical practice alone. The control experiment suggests
that the improvement in motor performance during mental
rehearsal cannot be explained in terms of non-motor phe-
nomena (namely attention), and that it likely involves sen-
sorimotor learning processes. We will discuss these
Wndings in light of the literature and in relation with the use
of motor imagery in neurological rehabilitation.

Relation to previous studies

There have been numerous reports on the beneWt brought
by mental imagery to motor learning. Some studies have
investigated the eVect of mental rehearsal alone (Feltz and
Landers 1983; Yue and Cole 1992; Yaguez et al. 1998;
Jackson et al. 2001; Mulder et al. 2004; Ranganathan
et al. 2004), while others have used diVerent combina-
tions of rehearsal and physical practice especially in clini-
cal rehabilitation (Page et al. 2001; Gaggioli et al. 2004;
Jackson et al. 2004). In general, imagery improves motor

Table 2 Statistical analyses of MT (ms) across groups for the Wrst (a)
and last (b) executed trials

Group main eVect F(4,20) = 6.3277; P < 0.0018

G50 G75

A LSD comparison—Wrst

G0 0.025 0.023

G25 0.0043 0.004

GC 0.016 0.015

B LSD comparison—last

G0 0.46 (NS) 0.16 (NS)

G25 0.086 (NS) 0.02

GC 0.19 (NS) 0.056 (NS)

Table 3 Analysis of MT2
Group MT2—Wrst (ms) MT2 —last (ms) LSD comp G50 G75

G0 1,117 (99) 929 (75) First Last First Last

G25 1,176 (127) 942 (126) G0 0.0005 0.025 0.002 0.031

G50 871 (46) 763 (128) G25 0.0005 0.016 0.0002 0.02

G75 908 (80) 770 (119) GC 0.0003 0.034 0.001 0.043

GC 1,129 (95) 918 (76)
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performance in a variety of tasks where diVerent variables
are measured including muscle contraction, movement
speed and accuracy (Yaguez et al. 1998; Yue and Cole
1992; Ranganathan et al. 2004; Gentili et al. 2006).
Among the studies that combined physical practice and
imagery, some have used a low rate of imagery (e.g., Page
et al. 2001; Jackson et al. 2004), while others used equal
amounts of mental and physical practice (Gaggioli et al.
2004). Here, we varied the amount of training by mental
versus physical practice in order to determine the optimal
rate of imagery necessary for improvement of perfor-
mance in a natural grasping task. Our main goal was to
determine whether motor learning can take place by men-
tal rehearsal, as previously shown, but more importantly
to what extent can rehearsal supplement and/or replace
physical practice. The Wndings clearly demonstrate, for
the Wrst time to our knowledge, that mental rehearsal of a
motor task for a suYciently long period has a better ben-
eWt in performance than physical practice. When subjects
rehearse at least 50% of the total trials required to learn,
the performance at the end of the training session is better
compared to physical practice only. Even more interest-
ing, the eVect of mental rehearsal can be observed on the
Wrst executed trial, i.e., before even the subjects practiced
physically. This important result suggests that mental
rehearsal facilitates the brain networks involved in senso-
rimotor control, namely when large numbers of trials are
used in the rehearsal period (more than 120 trials). This
facilitation makes learning by physical practice more
eVective after imagery. In line with this Wnding, Pascual-
Leone et al. (1995) reported that the level of performance,
on a piano exercise, after 5 days of mental training was

equivalent to that of physical practice after only 3 days.
However, after adding only one physical training session
to the 5 days of mental practice, subjects who practiced
the task mentally reached the same level of performance
as those who practiced physically.

Minimum required motor imagery for learning

Although we did not test a wide range of percentages of tri-
als where subjects would rehearse the task, we were able to
show that 60 trials of motor imagery are not enough to
induce a learning eVect for this task. Indeed, after imagina-
tion of the task in G25, the performance on the Wrst exe-
cuted trial, as well as that reached at the end of the training
session did not diVer signiWcantly from the performance of
the execution group (G0). Nevertheless, since the subjects
of G25 reached the same performance as G0 with 60 trials
less on physical practice, one might say that imagery at low
rates has at least an equivalent eVect to physical exercise.
By contrast, mental rehearsal in 120 trials (50%) or more
(i.e., 180 in our experiment) led to a signiWcant improve-
ment which could be measured on the Wrst executed trial, as
well as the last, speciWcally when the second movement
(MT2). These results suggest that subjects need to rehearse
mentally for a relatively large number of trials for learning
to occur. More importantly, this study shows that mental
rehearsal (for 120 trials or more) is suYcient alone to reach
the same level of performance as that reached after 240 tri-
als of physical practice (Table 1; Fig. 6).

SpeciWcity of eVect

It might be argued that non-motor phenomena, such as
attention and/or concentration, could account for the
improved performance after mental rehearsal (G50 and
G75). This interpretation does not seem to hold true.
Indeed, when subjects performed a visual rotation task
through imagery in 75% of the trials, and then executed
the same motor task as the other groups, there was no
improvement in performance on the Wrst executed trial.
This was in strong contrast with the group that rehearsed
the motor task in the same proportion of trials (G75), indi-
cating that it is not suYcient to concentrate or focus atten-
tion while stimuli are presented for learning to take place.
However, attention and/or concentration help improve the
speed of learning by physical practice, as illustrated by the
stiV drop of MT between the Wrst and the last executed tri-
als Nevertheless, the performance in the GC at the end of
the training session does not diVer signiWcantly from that
of physical practice alone. Overall, the Wndings suggest
that rehearsal of a motor task is much more eVective in
improving the performance of that task than simple imagi-
nation of any task.

Fig. 6 Mean movement times of the second movement (MT2) and SD
of all groups for the Wrst (squares) and last (circles) executed trials sep-
arately
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Task complexity and learning by motor imagery

Learning, i.e., the improvement of performance with prac-
tice, requires the task to be either unknown to the subject
or more complex than the subject is used to. Because
grasping is a major motor activity of our everyday life, one
would expect that the performance has reached a near per-
fect performance and that there is little space for improve-
ment in a simple laboratory experiment. Our pilot
experiments conWrm such an assertion. We thus made the
task more complex by introducing a sequence of two
movements, and constraints that made successful execu-
tion of the task diYcult (diYcult orientations of the object,
an unstable ball on top of the object). These constraints
required smooth and accurate movements. The group of
subjects that practiced physically only (G0) conWrms that,
under these conditions, the performance improves and
tends to reach a plateau within roughly 240 trials. The
present Wndings show that the performance at the end of
the training sessions was improved by mental rehearsal for
the second movement. We suggest that this might be due to
the higher level of diYculty in this second phase of the
movement, which requires accurate and smooth transport
of the object to end point. In a more general sense, these
results suggest that motor learning would beneWt more
strongly from mental rehearsal in complex, diYcult tasks
than in simple ones.

Relevance to rehabilitation and sport psychology

Mental rehearsal has long been used in the Weld of sport
psychology, and is known to optimize the performance in
athletes, or help novices to learn new motor skills. In clini-
cal neuropsychology, several studies have shown that men-
tal practice can be successfully used to restore function in
post-stroke hemiparesis (e.g., Dickstein et al. 2004; Gaggi-
oli et al. 2004; Jackson et al. 2001, 2004; Page et al. 2001;
Stevens and Stoykov 2003; Yoo et al. 2001). While in both
Welds of sport psychology and rehabilitation it is known
that mental rehearsal cannot completely replace physical
practice, the Wndings reported in this paper show how to
better combine mental and physical practice to reach opti-
mal results. First, mental rehearsal of any task (e.g., motor
imagery) could be beneWcial for motor learning or motor
rehabilitation, especially in paralyzed patients who are
unable to move their limb. Second, these behavioral Wnd-
ings further support the idea that mental practice can be a
complementary clinical tool to current methods used in
clinical rehabilitation. A pre-training session where sub-
jects perform the motor task through imagery in a large
number of trials would be expected to make learning or
retrieval of motor performance through physical practice
faster.

Potential limitations of the study

We would like to discuss one potential limitation of this
study which concerns possible initial diVerences between
groups, i.e., before training. Indeed, because our analysis
focused on inter-group comparisons of the Wrst and last
executed trials, with relatively small size groups, the fact
that the performance was improved after the imagery trials
in groups G50 and G75 might be due to potential diVer-
ences between groups before training. However, there is
some evidence to overcome this limitation at least partly.
First, not only that all groups were found to be homoge-
neous, but comparison of MTs of the Wrst imagined trial
across the four imagination groups did not show a signiW-
cant diVerence. Second, although MTs in the imagination
groups are generally longer that those of the GC G0, they
did not diVer signiWcantly either. This is in line with previ-
ous studies showing that the time it takes to imagine doing
a task is similar to the one it takes to actually do it (e.g.,
Frak et al. 2001). These pieces of evidence support our
claim that the observed diVerences between groups G50
and G75 and the other groups are likely due to mental
rehearsal, and not to initial diVerences in the performance.
Nevertheless, with groups of Wve subjects, comparison with
baseline performance before training would have been
more convincing to rule out possible initial diVerences
between groups. But this would have added physical prac-
tice trials before training and therefore aVected the subse-
quent performance in the imagination groups. Indeed, a
previous study by Jackson et al. (2004) showed that imag-
ery after physical practice has little eVect on performance.
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