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bstract

We tested here the hypothesis that observing others’ actions can facilitate basic aspects of motor performance, such as force production, even if
ubjects are not required to immediately reproduce the observed actions and if they are not aware that observation can form the basis for procedural
raining. To this end, we compared in healthy volunteers the effects of repeated actual execution (MOV) or observation (OBS) of a simple intransitive

ovement (abduction of the right index and middle fingers). In a first experiment, we found that both actual and observational training significantly
ncreased the finger abduction force of both hands. In the MOV group, force increases over pre-training values were significantly higher in the
rained than in the untrained hand (50% versus 33%), whereas they were similar for the two hands in the OBS group (32% versus 30%). No
orce change was found in the control, untrained group. In a second experiment, we found that both training conditions significantly increased
he isometric force exerted during right index finger abduction, whereas no post-training change in isometric force was found during abduction of
he right little finger. Actual performance, imagination and, to a lower extent, observation of fingers movement enhanced the excitability of the

orticospinal system targeting the first dorsal interosseus muscle, as tested by transcranial magnetic stimulation; pre- and post-training effects were
f similar magnitude.

These results show a powerful, specific role of action observation in motor training, likely exerted through premotor areas, which may prove
seful in physiological and rehabilitative conditions.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

How do we acquire new motor skills, or improve existing
nes? In many instances, watching actions performed by expe-
ienced subjects has a pivotal role, e.g. while practicing a new
port discipline. Investigating the principles and neural mecha-

isms underlying learning by action observation is an important
ssue for researchers of different disciplines (Byrne & Russon,
998; Heyes, 2001; Meltzoff & Prinz, 2002).

� The study was carried out at the Dip. Scienze e Tecnologie Biomediche,
niversity of Udine, Italy.
∗ Corresponding author. Tel.: +39 059 2055341; fax: +39 059 2055363.

E-mail address: porro@unimore.it (C.A. Porro).
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cranial magnetic stimulation

Current neuropsychological theories postulate that perceived
vents and planned actions share a common representational
omain, and specifically that perception of an action should acti-
ate inner representations of similar actions (Jeannerod, 2001;
rinz, 1997; Rizzolatti, Fogassi, & Gallese, 2001). They mainly
ase their claims on neurophysiological studies in non-human
rimates, providing insights into the neural mechanisms that
ould subserve action representation in response to visual input.
he so-called mirror neuron system (Gallese, Fadiga, Fogassi,
Rizzolatti, 1996; Rizzolatti & Fadiga, 1998), originally dis-

overed in monkey ventral premotor cortex (area F5), is one of

he best candidates for such a matching between action obser-
ation and action execution. A large set of evidence has been
rovided that a visuomotor resonant system, sharing some sim-
larities with that described at the single cell level in monkeys,

mailto:porro@unimore.it
dx.doi.org/10.1016/j.neuropsychologia.2007.06.016
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oes exist in the human cortex (Blakemore & Decety, 2001;
uccino et al., 2001; Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995;
izzolatti et al., 1996; see also Rizzolatti & Craighero, 2004

or a recent review). Neuroimaging studies in humans suggest a
artial overlap between the cortical areas involved in action exe-
ution, imagination and observation (Decety & Grezes, 1999;
rezes & Decety, 2001; Lui et al., 2007). Recent studies point

o an involvement of the human mirror system both in the imita-
ion of simple motor acts (Heiser, Iacoboni, Maeda, Marcus, &

azziotta, 2003; Iacoboni et al., 1999; Nishitani & Hari, 2000)
nd of new complex finger postures (Buccino et al., 2004; Tanaka

Inui, 2002).
Learning by action observation can however occur at different

evels of complexity and over different time courses (Boschker
Bakker, 2002; Byrne & Russon, 1998; Meltzoff & Prinz,

002; Vinter & Perruchet, 2002); imitation is usually a voli-
ional process in adults, yet simple imitation can occur without
onscious awareness (Tessari, Rumiati, & Haggard, 2002). It
s still unclear whether, and by which mechanisms, repeated
bservation can implicitly enhance performance of pre-learned
ovements, even if subjects are not required to immediately

eproduce the observed actions and are not aware that obser-
ation can form the basis for procedural training. This is an
mportant point, that would make observational training quite
ifferent from motor imagery training, that requires an explicit
ntention to mentally represent a given action, then being a vol-
ntary process (Ranganathan, Siemionow, Liu, Sahgal, & Yue,
004; Yue & Cole, 1992). This difference may assume par-
icular relevance for rehabilitation purposes: the finding that
bservational training could involve the motor system at its
ower levels may support new rehabilitation approaches where
atients are simply requested to pay attention to visually pre-
ented movements. To address this issue, we compared the
ehavioural effects of repeated observation or actual execu-
ion of a simple intransitive finger movement (abduction of
he right index and middle fingers against an elastic resis-
ance). We purposely chose a movement that can be made
ithout ex novo learning, yet is seldom performed in isolation

n everyday life and it is therefore amenable to improvement by
xercise.

As a first step towards understanding the neural mecha-
isms that could underlie observation-related changes in motor
erformance, we have also compared using transcranial mag-
etic stimulation (TMS) the changes in corticospinal excitability
nduced by actual execution, kinaesthetic motor imagery or
bservation of the same movement, both pre- and post-training.

. Methods

The studies were carried out in 82 healthy right-handed volunteers (38 males,
4 females, aged 19–33 years, mean 21.9), after informed consent and approval
f the local Committee on Ethics. All of them were students of the University

f Udine, had normal or corrected-to-normal visual acuity and were free from
eurological or muscular disorders or any condition precluding TMS such as
acemakers, intracranial metallic material and, in the case of women, pregnancy.
hey were unaware that the purpose of the study was to detect potential effects
f repeated observation on motor performance. Volunteers were paid for their
articipation.
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.1. Behavioural experiments

Two behavioural experiments were carried out. In the first experiment, we
tudied changes in the maximal voluntary isotonic force exerted by abduction of
he right index and middle fingers, following actual training or repeated passive
bservation. In the second experiment, we investigated whether the effects of
ctual or observed finger abduction could be detected also in a maximal isometric
orce abduction test, and whether they were also present in fingers not directly
nvolved in the trained task.

.1.1. Experiment 1
Twenty-seven volunteers (11 males, 16 females, aged 21–33, mean 22.8

ears) took part in the first experiment. Subjects were randomly assigned to
ne out of three groups (n = 9 per group): Movement (MOV: four males, five
emales, mean age 22.3 years), Observation (OBS: three males, six females,
ean age 23 years) and Control (CONT: four males, five females, mean age

3.1 years).
Subjects in the MOV group were trained in a simple finger abduction task

onsisting in pull away the second from the third finger of the right hand against
he resistance of a rubber band, that was positioned immediately proximal to
he second interphalangeal joint of the index finger. Six daily training sessions
ere carried out in pairs (one subject of the MOV served as stimulus for one

ubject of the OBS groups), over two consecutive weeks. During each training
ession, subjects of the MOV group executed 25 abduction movements of the
ight index and middle fingers, each lasting about 3 s: they were instructed to
xert their maximal abduction force in each trial and to not communicate their
eelings to subjects of the OBS group. Movements were separated from each
ther by 25 s of rest. Two trial series (for a total of 25 trials), separated by a
min interval, were performed daily. During each training session, volunteers
f the OBS group sat in front of subjects of the MOV group: they were instructed
o keep their arms relaxed and to carefully observe finger movements, in order
o catch all visual aspects of the scene. Volunteers of the OBS group were
xplicitly told that they had not to reproduce the observed action throughout
he training sessions; they could not hear the instruction given before training
o the subjects of the MOV group. As a test of their attention to the tasks,
ubjects of the OBS group were asked to report the number of observed trials,
mmediately after each series. During training, subjects of both MOV and OBS
roups wore a similar rubber band. No subject of the OBS group showed overt
ngers or hand movements during training or reported themselves imagining
erforming the observed movement. However, two volunteers spontaneously
eported to “feel an increased tone in my arm” (see Berger, Carli, Hammersla,
arshmer, & Sanchez, 1979). Although we did not record electromyographic

ctivity (EMG) during the experiments, we did so in some pilot trials without
bserving any significant difference in EMG background activity among the
arious conditions. Subjects in the CONT group did not undergo any kind of
otor training.

In each volunteer of the three groups, we measured the maximal abduction
sotonic force of the index and middle fingers on three separate sessions: before
he beginning of training (Baseline – BAS), after the first training session (Post-
raining, EARLY) and after 6 days of training (Post-training, LATE). Subjects
f the different groups were tested separately, so volunteers of the OBS group
ould not see testing of subjects of the MOV group. During the testing sessions,
e measured the maximal abduction isotonic force in the horizontal plane, using
double load cell device (one for each finger) built in our laboratory (Fig. 1).

The averaged force exerted by the two fingers was taken as the dependent
ariable. Five measurements were taken for finger abduction movements of the
ight and left hand, with an inter-trial interval of approximately 30 s. The order by
hich right and left fingers were tested varied randomly across subjects. Values
ere recorded trial-by-trial and analyzed off-line. Subjects were not aware of the
eveloped force in each trial. No specific visual stimulus was presented during
he testing procedures.
.1.2. Experiment 2
Twenty-eight (16 males, 12 females) healthy right-handed volunteers (mean

ge 21.0 years, range 20–33), different from the ones who took part in the first
xperiment, were studied. They were randomly assigned to the MOV (n = 9;
even males, two females, mean age 21 years), OBS (n = 9; four males, five
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ig. 1. (Top) Index and middle finger position during testing of the abduction
fter six daily training sessions. In Experiment 1, a further test (Early) took pla

emales, mean age 22.1 years) and CONT (n = 10; five males, five females,
ean age 20.1 years) groups.

The training protocol was identical to the one described for Experiment 1.
wo testing sessions (Baseline – BAS and LATE) were performed at an 8-days

nterval (namely, the day before and the day after the end of training for subjects
f the MOV and OBS groups, respectively).

To measure muscle isometric contraction force a custom-built force trans-
ucer, composed of a wooden structure unity provided with a load cell and a
igital processor, was used. All subjects were seated comfortably on a chair. To
tandardize the starting position for the force measurements and to minimize the
nvolvement of other muscle groups, subjects’ forearms had joints blocked by a
lastic splint that allowed only the 2nd and 5th fingers abduction in a way sim-
lar to that described by Ranganathan et al. (2004). The splint was in turn fixed
o a rigid support by means of wrist and arm restraints. Abduction force mea-
urements were carried out with forearms relaxed in a prone position. Subjects
ere required to execute maximal isometric contractions during each trial; each
ovement was repeated four times, with a minimum interval of at least 25 s.
s in Experiment 1, subjects of the different groups were tested separately, so
olunteers of the OBS group could not see testing of subjects of the MOV group.

.1.3. Statistical analysis
All data are presented as mean (±S.E.M.). Statistical comparisons on

ehavioural data were performed by analysis of variance (ANOVA), with Group
s the between-subjects factor. The within-subjects factors were Hand (right or
eft) and Session (BAS, EARLY and LATE) in Experiment 1, and Hand, Finger
index or little) and Session (BAS and LATE) in Experiment 2. Post hoc com-
arisons were done by Student’s t-test if appropriate. A P-value less than 0.05
as assumed as the threshold for significance.

.2. TMS experiments

In a third experiment, we compared using transcranial magnetic stimula-
ion (TMS) the effects of actual, imagined or observed finger movements on
orticospinal excitability, both before and after a 6-days training period.

.2.1. Experiment 3
We tested 27 volunteers (11 males and 16 females, age range 20–30 years),

ifferent from the ones who took part in Experiments 1 and 2. Volunteers
ere randomly assigned to one out of three experimental groups (n = 9 per

roup): Movement (MOV: five males, four females, mean age 21.7 years), Motor
magery (IMA: three males, six females, mean age 21 years) and Observation
OBS: three males, six females, mean age 23.1 years).

The experiment consisted of a pre-training TMS session, a 6 days training
eriod, and a post-training TMS session. Subjects in the MOV and OBS groups

a
p
i
T
a

ic force. (Bottom) Experimental design. Post-training (Late) testing occurred
r the first training session.

ere trained under the same protocol as in Experiments 1 and 2. Volunteers in
he IMA group underwent six daily sessions, during which they were trained
ne at a time in a kinaesthetic imagination task (so-called “first-person” motor
magery; Jeannerod & Frak, 1999), involving the same movement as in the MOV
nd OBS groups. Two trial series (for a total of 25 3-s trials), separated by a
min interval, were performed daily. Volunteers were instructed to keep their
pper limb muscles as relaxed as possible during the task.

The TMS sessions took place in a sound-attenuated room, dimly illuminated.
articipants were seated on a motorized dental armchair with both elbows flexed
nd their hands supinated in a relaxed position. Participants’ head was laying on
headrest and the backrest was regulated at about 45◦ to maintain a comfortable
nd stable head position.

The left motor cortex was stimulated by using a Magstim Rapid Mag-
etic Stimulator (Magstim Co., UK). Biphasic magnetic stimuli were delivered
hrough an eight-shaped coil placed tangentially to the skull, with the handle
ointing upwards in a medio-lateral orientation. During the first mapping session,
agnetic stimuli were applied on predetermined positions of a one-centimeter

rid drawn on a latex swimming cap worn by participants. The coordinate origin
as located at the Cz reference point determined according to the International
0–20 EEG system. Motor-evoked potentials (MEPs) were recorded from the
ight hand first dorsal interosseus muscle (FDI) by using 6 mm Ag-AgCl surface
lectrodes (Kendall GmbH, Germany) glued to the participants’ skin according
o a tendon-belly bipolar disposition. The first step in the TMS session consisted
f localizing the site on the left hemiscalp from which the highest responses
ould be evoked in the contralateral FDI, with the stimulator set at 70% of its
aximal output. Once the optimal spot was localized (so called “hot-spot”), the

ite was marked with a red dot to ensure consistent coil positioning; the coil
as kept in a stable position by means of an articulated arm. After detecting the
ot-spot, the intensity of stimulation was gradually reduced and the relaxed FDI
otor threshold (presence of detectable MEPs in 5 out of 10 successive stimuli)
as established. The stimulus intensity was adjusted at 110% of the FDI motor

hreshold and maintained at this level during the experiment. Each experimental
ession lasted about 45 min. In the rare event of coil displacement, for instance
o accommodate participants (e.g. after coughing), the experimenter used the

arks drawn on the cap to reposition the coil over the same previous site.
During each TMS session, volunteers of each group underwent a mapping

rocedure at rest and during their assigned motor task (MOV, IMA or OBS,
espectively). The FDI muscle activity was constantly monitored on a high gain
scilloscope to ensure that full relaxation was maintained both during rest, IMA
nd OBS tasks. Three magnetic stimuli were applied on each of nine points

rranged like a 3 cm × 3 cm square (the FDI hot-spot and eight surrounding
oints spaced 1 cm apart): thus, we obtained 27 MEPs for each condition dur-
ng each experimental session. In volunteers of the MOV and OBS groups, the
MS pulse was delivered at the time of maximal displacement of the second
nd third finger. All volunteers put on a rubber band around the right index
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Fig. 2. Mean percentage changes relative to baseline values of peak isotonic
force exerted during abduction of the index and middle fingers, after the first
training session (Early) or after 6 days (Late) of training involving the right hand.
In subjects who underwent actual (Movement group) or implicit (Observation
group) training, force developed during maximal voluntary abduction of either
right hand or left hand fingers increased at the end of training. In the Control
group, re-testing at comparable intervals without intervening training did not
yield any significant change in force. ‘*’, ‘**’ and ‘***’ significantly differ-
ent from baseline (pre-training) and Early values, P < 0.05, <0.01 and <0.001,
r
h
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nd middle fingers throughout the experiments. The MEPs evoked from 100 ms
efore to 100 ms after TMS pulses were band-pass filtered (50–1000 Hz), digi-
ized (2000 Hz) and stored on a computer. The peak-to-peak amplitude of FDI

EPs were then calculated off-line, and averaged for each condition and each
xperimental session.

.2.2. Statistical analysis
Statistical comparisons on MEPs amplitudes were performed by analysis of

ariance (ANOVA), with Group as the between-subjects and Session (pre- and
ost-training) and Task (Rest or Motor Task) as the within-subjects factors. Post
oc comparisons were done by Student’s t-test if appropriate. A P-value less
han 0.05 was assumed as the threshold for significance.

. Results

.1. Experiment 1

Mean (±S.E.M.) values of fingers abduction force at Base-
ine were 425 ± 36 g for the right hand and 462 ± 34 g for the
eft hand. ANOVA performed on data from the three groups
MOV, OBS, and CONT) showed a significant effect of Session
F2,48 = 40.55, P < 0.0001). Post-training (LATE) values were
ignificantly higher than baseline (BAS) ones (simple contrasts:
1,24 = 44.46, P < 0.0001), whereas values recorded immedi-
tely after the first training session (Early training: EARLY)
ere not (F1,24 = 1.00, ns). The Session × Group interaction
as also significant (F4,48 = 7.61, P < 0.0001), whereas no sig-
ificant Hand effect was found (F1,24 = 0.73, ns). Considering
oth hands, BAS values were not significantly different among
roups (F2,24 = 0.63, ns), nor were changes in EARLY values
F2,24 = 1.95, ns). By contrast, we found significantly higher
ATE changes in the OBS and MOV groups, in comparison
ith control subjects who underwent no training (F2,24 = 8.69,
< 0.001; OBS versus CONT, P < 0.01, MOV versus CONT,
< 0.001).
In both MOV and OBS groups, the force exerted during

bduction of the right fingers was increased in the LATE test,
n comparison to the BAS and EARLY ones (MOV group:
2,16 = 37.13, P < 0.001; OBS group: F2,16 = 18.74, P < 0.001).
ean LATE increases over baseline were approximately 50% in

he MOV and 32% in the OBS group. No change in motor perfor-
ance over time was found in the Control group (F2,16 = 1.38,

s) (Fig. 2).
A significant effect of actual or observed training was also

ound on the force exerted during the same kind of movement by
he left (untrained) index and middle fingers. LATE values in the

OV (F2,16 = 8.32, P < 0.005) and OBS (F2,16 = 8.50, P < 0.005)
roups, but not in CONT subjects (F2,16 = 0.79, ns) were higher
han the BAS and EARLY values (Fig. 2). LATE force improve-

ent was higher for the trained hand than in the untrained hand
n the MOV group (50% versus 33%: t = 2.80, P < 0.05), whereas
t was of similar extent for the two hands in the OBS group (32%
ersus 30%: t = 0.25, ns).
.2. Experiment 2

ANOVA showed differences in the isometric force exerted
y abduction of the index and little finger, as expected

t
t
e
fi

espectively; ◦ values from the trained hand higher than those from the untrained
and, P < 0.05.

F1,25 = 122.7, P < 0.0001). The Session × Finger × Group
F2,25 = 4.9, P < 0.02) and Session × Finger × Hand
F1,25 = 7.66, P < 0.01) interactions were also significant.

Post hoc analyses showed that the force exerted during
ight index finger abduction differed according to the group
nd session (Session: F1,25 = 12.07, P < 0.005; Session × Group:
2,25 = 5.21, P < 0.05). Indeed, LATE values were about 15%
igher than BAS ones in both the MOV (t = 2.72, P < 0.05)
nd OBS (t = 3.46, P < 0.01) groups, whereas no change over

ime was found in controls (t = 0.72, ns) (Fig. 3). No post-
raining change in performance was found for the force
xerted by the right little finger or the left index and little
ngers.



3118 C.A. Porro et al. / Neuropsychologia 45 (2007) 3114–3121

Fig. 3. Mean percentage changes relative to baseline values of peak isometric
force exerted during abduction of the index or little fingers, after 6 days of actual
(
m
v

3

a
P
n
N
F
s
R
n
M
r
n
(

i
(
P
d
s
T
T
T

Fig. 4. TMS experiments. Mean percentage increases over baseline values of
right FDI MEPs amplitudes during actual, imagined or observed abduction of the
right index and middle fingers. 1st and 2nd task: values obtained during the pre-
training or post-training session, respectively. ‘*’, ‘**’ and ‘***’ significantly
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movement) or implicit (observation) training involving the right index and
iddle fingers. ‘*’ and ‘**’, significantly different from baseline (pre-training)

alues, P < 0.05 and <0.01, respectively.

.3. Experiment 3

ANOVA on MEPs from the three groups (MOV, IMA,
nd OBS) showed a significant effect of Group (F2,24 = 15.04,
< 0.0001) and Task (F1,24 = 81.81, P < 0.0001), and a sig-

ificant Task × Group interaction (F2,24 = 23.42, P < 0.001).
o significant effect of Session (pre- or post-training:
1,24 = 0.32, ns) nor a significant Session × Group, or Ses-
ion × Group × Task interaction was found. Values recorded at
est were not significantly different among groups (F2,24 = 0.58,
s). By contrast, during the motor tasks a significant difference in
EPs amplitudes was found (F2,24 = 19.59, P < 0.0001), values

ecorded during actual movement and motor imagery being sig-
ificantly higher than those recorded during motor observation
P < 0.001 and <0.05, respectively).

Analysis on MEPS from each group showed that MEPs
ncreased during all three motor tasks with respect to rest
MOV group: F1,8 = 44.64, P < 0.0001; IMA group: F1,8 = 47.74,
< 0.0001; OBS group: F1,8 = 5.73, P < 0.05); no significant

ifference was found in the post-training versus pre-training

ession, either at rest or during task execution (MOV group:
ime: F1,8 = 0.17, ns; Time × Task: F1,8 = 0.23, ns; IMA group:
ime: F1,8 = 0.001, ns; Time × Task: F1,8 = 0.23, ns; OBS group:
ime: F1,8 = 0.20, ns; Time × Task: F1,8 = 0.60, ns). During both

a
t
i
m

ifferent from baseline (1st rest) values, P < 0.05, <0.01 and <0.001, respectively;
significantly higher than the Observation group, P < 0.05. No significant MEP
mplitude change was found during the post-training vs. pre-training sessions.

essions, percentage MEPs increases over rest during action
bservation (+51 and +48%, respectively) were significantly
ower than those during motor imagery (+194 and +216%) and
uring actual motor performance (+408 and +430%) (t-tests:
< 0.05 for all comparisons) (Fig. 4).

. Discussion

The implicit training effect of action observation confirms
nd extends those of previous studies, suggesting that overt
otor practice is not strictly necessary for implicit motor learn-

ng (Vinter & Perruchet, 2002). Maximum force production has
arely been used as an indicator of motor performance (but
ee Yue & Cole, 1992 and Ranganathan et al., 2004); rather,
ost previous studies investigated learning of motor sequences

e.g. Bird, Osman, Saggerson, & Heyes, 2005; Boschker &
akker, 2002; Mattar & Gribble, 2005; Osman, Bird, & Heyes,
005). Our findings are consistent with those of previous studies,
howing that motor performance may be facilitated even with
bservation of simple movements (Brass, Bekkering, & Prinz,
001; Stefan et al., 2005). Interestingly, the time courses of force
mprovement were similar for actual and observational training,
eing evident in our study at the end of the training protocol but
ot immediately after the first training session. Although our
esults suggest an improvement in motor performance which
s congruent with the observed movements, additional studies
nvolving repeated observation of irrelevant motion patterns are
eeded to further assess the specificity of the effect.

Because post-training improvements of isotonic force were
resent for both hands, they are likely attributable mainly to
hanges in central motor circuits, allowing a more efficient
ecruitment of spinal motor units. Interestingly, strictly unilat-
ral effects were shown in the isometric force task, both after

ctual and observational training. It should be noted that only
he isotonic task effectively mimics the trained movement. It
s conceivable that, under this condition, behavioural improve-

ent is mainly the result of the refinement of the activity of
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remotor circuits involved in finger motor coordination (see
elow), which control the effectors of either hand. In the iso-
etric task, which implies a different strategy of motoneuronal

ecruitment, force improvement can be tentatively attributed to a
emory trace more restricted to the primary motor cortex (M1;

ee Stefan et al., 2005). We are aware of the speculative nature of
hese interpretations. Indeed, it may be argued that no significant
hanges in motor potentials were evoked by TMS between pre-
nd post-training trials. This lack of corticospinal modifications
ould be explained, however, by the fact that subjects were per-
orming an ‘overlearned’ movement, which is considered not to
lter the excitability of M1 motor maps (Muellbacher, Ziemann,
oroojerdi, Cohen, & Hallett, 2001). Further experiments, dif-

erentiating between simple and complex movements (as well
s intransitive and transitive – goal-directed – ones) are required
o better elucidate this point.

There is increasing evidence that action observation induces
ehavioural or physiological changes indicative of interference
ith human motor systems. It has been proposed that observ-

ng others’ action can act as a priming stimulus for retrieving
movement already present in the individual’s own repertoire

Byrne & Russon, 1998), thus affecting motor performance.
ndeed, observing ideomotor-compatible versus incompatible
nger movements or still pictures yield a substantial advantage

n reaction times, even in simple response tasks (Brass et al.,
001; Craighero, Bello, Fadiga, & Rizzolatti, 2002). Further-
ore, observing another human (but not a robotic arm) making

ncongruent movements interferes with executed arm move-
ents, thus demonstrating that the simultaneous activation of

onflicting neural networks underlying movement observation
nd execution has a measurable cost to motor control (Kilner,
aulignan, & Blakemore, 2003).

In has to be underlined that, as previously found for motor
magery (Decety, Jeannerod, Germain, & Pastene, 1993), the
hysiological effects of action observation are not only restricted
o the somatic motor system, but also involve vegetative changes.
or instance, watching human actors performing effortful tasks

ncreases ventilation rate, e.g. during observation of a weight
ifting task (Mulder, de Vries, & Zijlstra, 2005; Paccalin &
eannerod, 2000) or of a rowing race (Calabrese, Messonnier,
ijaoui, Eberhard, & Benchetrit, 2004). During observation
f locomotion, the increases in breathing rate are related to
he actor’s running speed, suggesting the activation of central
ontrol mechanisms linked to action performance (Paccalin &
eannerod, 2000).

One possible explanation for the post-training force improve-
ents in the OBS group is that subjects could have

pontaneously engaged kinaesthetic motor imagery during the
raining period. Indeed, imagery training is known to improve
erformance in different kinds of motor tasks (Annett, 1994;
ascual-Leone et al., 1995; Ranganathan et al., 2004; Yue &
ole, 1992; Zijdewind, Toering, & Bessem, 2003). This expla-
ation seems unlikely, however. On the one hand, motor imagery

an active process) and passive observations are clearly distinct
rocesses on subjective experience, and our volunteers did not
eport overlap of the two. Moreover, our TMS data show that
bservation-related changes in corticospinal excitability were,

e
s
B
i

gia 45 (2007) 3114–3121 3119

oth in pre- and post-training TMS sessions, much lower than
hose triggered by motor imagery. Were repeated observation
utomatically associated with motor imagery, a post-training
ncrease in corticospinal excitability would have been conceiv-
bly found during motor observation.

Our TMS data are in line with previous studies showing
hat observing intransitive hand actions increases the excitabil-
ty of the motor cortex, although to a lower extent than actual
xecution (Clark, Tremblay, & Ste-Marie, 2003; Fadiga et al.,
995; Maeda, Kleiner-Fisman, & Pascual-Leone, 2002; Patuzzo,
iaschi, & Manganotti, 2003; Romani, Cesari, Urgesi, Facchini,
Aglioti, 2005; see for a review Fadiga, Craighero, & Olivier,

005). Moreover, the present TMS results provide a direct
omparison between the neural correlates of actual movement,
magery and observation of the same motor task, which can
arely be found in the literature (Grafton, Arbib, Fadiga, &
izzolatti, 1996). In a previous TMS study, Clark et al. (2003)

ound a non-significant trend towards greater increases in corti-
ospinal excitability during observation in order to imitate and
magery (both were considered as active conditions) than during
assive observation. The interpretation of their data is difficult,
owever, because different actions were involved in the passive
a pantomime of scissor-like movements) and active (OK sign)
onditions. Meta-analyses of neuroimaging studies in humans
ed to the suggestion that the neural circuitry involved in action
xecution overlaps extensively with that activated when actions
re imaged or observed (see Decety & Grezes, 1999; Grezes

Decety, 2001). Recent fMRI studies from our group, com-
aring the brain correlates of motor imagery and observation
f complex intransitive hand movements, confirmed that both
asks recruit partially overlapping networks in the lateral pre-

otor cortex; however, significantly higher activity was found
uring imagery than during observation in several cortical areas,
ncluding the supplementary motor area, portions of the infe-
ior frontal gyrus and of the precentral gyrus (Lui et al., 2007).
hus, both fMRI and TMS data support quantitative differences

n the activity of cortical motor systems during explicit (motor
magery) and implicit (observation) recruitment of inner motor
epresentations (Jeannerod, 2001).

We found no net changes in average corticospinal excitability
ollowing actual, imaged or observed training, in comparison
ith the pre-training data. Our TMS results are thus at variance
ith those of other groups, showing changes in M1 output maps
ue to actual or imagined motor training (Pascual-Leone et al.,
995, 1999) or repeated action observation (Stefan et al., 2005).
lthough negative results must always be interpreted cautiously,
ne possible explanation for these apparent discrepancies lies in
he different kind of motor task (a simple two-finger, pre-learned

ovement) adopted in our study. Data by Muellbacher et al.
2001) seem to confirm this interpretation.

The identification of brain circuits underlying performance
mprovements during implicit observational training awaits
herefore further investigation. As mentioned before, the bilat-

ral effects found in isotonic maximal abduction force strongly
uggest a modulation of the activity of motor/premotor circuits.
rain imaging studies have shown observation-related activity

n cortical regions, such as the rostral inferior parietal lobule and
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he lower precentral gyrus/posterior inferior frontal gyrus, which
re considered to be the core of the putative human mirror sys-
em, sharing some similarities with that described at the single
ell level in monkeys (Blakemore & Decety, 2001; Buccino et
l., 2001; Rizzolatti & Craighero, 2004; Rizzolatti et al., 1996).
he human mirror system can be further activated during imme-
iate imitation of simple motor acts (Heiser et al., 2003; Iacoboni
t al., 1999; Nishitani & Hari, 2000) and can therefore be tenta-
ively involved in long-term observational training. Interestingly,
ctivation in the lateral premotor cortex is significantly higher
hen subjects observe manual grasping actions performed by
human actor than during observation of actions performed by
robot model (Tai, Scherfler, Brooks, Sawamoto, & Castiello,
004). These results indicate that the human mirror system is
iologically tuned, and strengthen the importance of observing
eal movements during training (see also Perani et al., 2001).

In conclusion, we show that implicit observational train-
ng leads to improvements in the performance of movements
lready present in the subjects’ own repertoire, which are not
vident after a brief period of action observation. This suggests
hat repeated visually evoked motor representations can induce
lastic changes in cortical/subcortical circuits controlling motor
utput in humans, likely by acting at the premotor cortex level.
xploiting this mechanism can prove to be of great value for
port training and rehabilitation purposes.
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