European Journal of Neuroscience

European Journal of Neuroscience, pp. 1–8, 2011

doi:10.1111/j.1460-9568.2011.07779.x

Mirroring avatars: dissociation of action and intention in
human motor resonance
Paola Borroni,1 Alessandra Gorini,2 Giuseppe Riva,2,3 Stéphane Bouchard4 and Gabriella Cerri5
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Abstract
Observation of others’ actions induces a subliminal activation of motor pathways (motor resonance) that is mediated by the mirror
neuron system and reflects the motor program encoding the observed action. Whether motor resonance represents the movements
composing an action or also its motor intention remains of debate, as natural actions implicitly contain their motor intentions. Here,
action and intention are dissociated using a natural and an impossible action with the same grasping intention: subjects observe an
avatar grasping a ball using either a natural hand action (‘palmar’ finger flexion) or an impossible hand action (‘dorsal’ finger flexion).
Motor-evoked potentials (MEPs), elicited by single transcranial magnetic stimulation of the hand area in the primary motor cortex,
were used to measure the excitability modulation of motor pathways during observation of the two different hand actions. MEPs were
recorded from the opponens pollicis (OP), abductor digiti minimi (ADM) and extensor carpi radialis (ECR) muscles. A significant MEP
facilitation was found in the OP, during observation of the grasping phase of the natural action; MEPs in the ADM were facilitated
during observation of the hand opening phase of the natural action and of both opening and grasping phases of the impossible action.
MEPs in the ECR were not affected. As different resonant responses are elicited by the observation of the two different actions,
despite their identical intention, we conclude that the mirror neuron system cannot utilize the observer’s subliminal motor program in
the primary motor cortex to encode action intentions.

Introduction
Observation of actions done by others evokes a resonant response in
the observer’s motor pathways, mediated by the mirror neuron system
(MNS) (Rizzolatti & Sinigaglia, 2010), which reﬂects the speciﬁc
motor program encoding the observed action, without producing any
movement in the observer. The functional role of this subliminal motor
activation remains elusive. The original hypothesis (di Pellegrino
et al., 1992; Gallese et al., 1996) was that, by reproducing a known
neural pattern in the motor system of observers, motor resonance
directly encodes the observed action and mediates the immediate
understanding of the action and its intention. However, in a more
economical explanation such subliminal activation could simply
encode the movements comprising the observed action and thus
facilitate its repetition, as for instance during motor learning or
imitation (Iacoboni et al., 1999; Rizzolatti et al., 2001; Mattar &
Gribble, 2005; Vogt et al., 2007). Furthermore, these hypotheses need
not be mutually exclusive, if we concede that the activation of the
MNS may have different meanings, depending on the level at which
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action observation is processed (Blakemore & Frith, 2005; Grafton &
Hamilton, 2007).
To separate the above hypotheses it is necessary to dissociate an
action from its intention. Here we consider the immediate proximal
intention of an action, not its more abstract, distal intention regarding
the ultimate reason why it is performed (Hamilton & Grafton, 2006;
Pacherie, 2008). As natural actions implicitly contain their motor
intentions, we approach this problem with an experimental paradigm
in which subjects observe a natural and an impossible hand action with
the same intention (grasping a ball). In the two actions ‘grasping’ is
achieved either by a natural sequence (ﬁngers ﬂexed in the natural
‘palmar’ direction) or by an impossible sequence (ﬁngers ﬂexed in the
unnatural ‘dorsal’ direction). As, by deﬁnition, an impossible action
cannot be performed by a human actor, we programmed an avatar – a
computer-animated graphic representation of a human – to execute the
two actions.
The premise here is that natural actions are complex sequences of
movements implemented by speciﬁc motor programs, whereas
impossible actions are sequences of movements that cannot be
executed and thus coded by any natural motor program. Therefore, the
simplest hypothesis predicts that only the observation of the natural
action would engage the MNS and evoke a motor resonant response.
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If, however, the MNS were to be engaged by both natural and
impossible actions, i.e. if motor resonant responses could be evoked in
both conditions (as indeed we see here), then the question of intention
could be addressed more incisively. In fact, if motor resonance
represents the intention of the action, it should reproduce the
observer’s own natural grasping program, regardless of the avatar’s
action – as the intention is the same, MEP responses should be the
same during the observation of the natural and impossible grasping.
Otherwise, if motor resonance encodes the movements composing the
action, it should be a faithful replica of such movements, regardless of
the intention – as the movements observed in the natural and
impossible grasping are different, MEP responses should be different.
Speciﬁcally, MEP modulation should reﬂect the expected activation of
the muscles tested in the speciﬁc phases of the observed actions. For
instance, MEPs in a ﬁnger ﬂexor would be expected to show
facilitation in the natural sequence during the observation of the
grasping phase, in which ﬁngers are ﬂexed to grasp the ball, but not in
the impossible sequence, in which ﬁngers are never ﬂexed; similarly,
MEPs in a ﬁnger abductor muscle would be expected to show
facilitation in the opening phase of both the possible and the
impossible sequences, when subjects observe the hand open.

Materials and methods
Experiments were carried out on 32 healthy adult volunteers (20
females and 12 males, age 21–36 years), after approval by the ethics
committee of the Istituto Auxologico Italiano and written informed
consent of each subject.
Motor-evoked potentials (MEPs) were used to measure the
excitability modulation of cortical and spinal motorneurons during
observation of two different actions (with the same intention)
performed by the avatar’s right hand.
In Experiment 1 MEPs were recorded simultaneously from the right
opponens pollicis (OP) and abductor digiti minimi (ADM), two muscles
normally utilized during the grasping action for ﬁnger closing and
opening respectively. In Experiment 2 recordings were obtained from
the right OP and the extensor carpi radialis (ECR), a muscle involved in
the stabilization of the wrist during ﬁnger ﬂexo-extension. MEPs were
evoked by single-pulse transcranial magnetic stimulation (TMS) of the
hand area in the left primary motor cortex of right-handed volunteers. Of
the different subjects who participated in each experiment, half observed
a 5-s video clip of a natural motor sequence, showing an avatar grasping
a small ball positioned on a table, and the other half observed an identical
video clip, except just for the frames in which the avatar grasps the ball
using an impossible sequence (Fig. 1). We decided that the natural and
impossible actions should be observed by two separate groups of
subjects because subjects of early pilot experiments, who had observed
both, reported that having seen one action inﬂuenced how they viewed
and interpreted the other. Thus the four experimental groups were:
Experiment 1 = OP + ADM ⁄ natural (n = 10), OP + ADM ⁄ impossible (n = 10); Experiment
2 = OP + ECR ⁄ natural
(n = 6),
OP + ECR ⁄ impossible (n = 6).
Subjects were sitting in an armchair with prone hands resting on
lateral supports and were instructed not to move during the
experimental trials. They watched a video on a 17-inch high-resolution
computer screen placed at eye level, at a distance of about 1 m. The
room was quiet and lights were dimmed to minimize acoustic and
visual distractions. Videos started with the same presentation lasting a
few seconds, zooming on a male avatar standing near a table where a
red ball was resting (see Supporting Information Videos S1 and S2).
This scene was shown to familiarize subjects with the whole ﬁgure of

A

B

Fig. 1. The four vertical images in each column are frames of the video clip
showing the avatar’s hand positions at each of the four TMS stimulation delays
in the possible (A) and impossible (B) conditions. 0 s (Baseline) = beginning
of the avatar’s hand movement; 1 s (Opening Fingers) = frame in which the
ﬁngers are maximally opened; 1.6 s (Grasping Ball) = frame in which the
avatar grasps the ball; 3 s (Holding Ball) frame in which the avatar lowers
the ball on the table after having lifted it. The upper middle image shows the
entire avatar’s body, presented to the subjects at the beginning of the video.
Note that the context and the environment in which the two actions were
performed were identical.

the avatar; subsequently, during the experimental trials, only the ﬁnal
portion of the video, a close-up of the avatar’s hand grasping the ball,
was repeated. The close-up part of the videos started with the right
hand of the avatar moving from its resting position towards the ball.
Then, in the natural grasping video, the hand opened with a ﬁnger
extension and grasped the ball with a normal ‘palmar’ ﬁnger ﬂexion,
while in the impossible grasping video the hand was supinated while
opening with ﬁnger extension and grasped the ball with an abnormal
‘dorsal’ ﬁnger ﬂexion; after a brief holding phase the sequences were
concluded. At the end of the experiment subjects were always asked to
describe the observed action – none had any difﬁculty recognizing it
as a grasping action, despite the often explicitly commented strange
manner in which it was performed.

Experimental paradigm
Motor-evoked potentials were recorded with self-adhesive bipolar
surface electrodes over each muscle belly. Electromyographic signals
were ampliﬁed, ﬁltered (10 Hz to 1 kHz) and digitally converted
(sampling rate 5 kHz). The head of each subject was restrained by a
comfortable pillow wrapping around the neck and supported by a
ﬁxed head rest. A mechanical arm held a ﬁgure-of-eight-shaped coil
connected to a magnetic stimulator (Magstim 200; Magstim Co. Ltd,
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Whitland, UK; maximal power 2.2 T). The coil was positioned and
ﬁxed on the left primary motor cortex so as to activate both selected
muscles, and the stimulator output was set at about 110% of the motor
threshold of the less excitable muscle (deﬁned as the intensity giving
three MEP responses out of six stimuli). Examples of MEPs recorded
in the OP muscle are shown in Fig. 2.
The excitability time-course was explored at four relevant randomized delays from the onset of the close-up part of the video: (i)
0 s = Baseline, avatar’s hand just beginning to move; (ii) 1 s = Opening phase, moment of maximal ﬁnger aperture during the grasping
action; (iii) 1.6 s = Grasping phase, moment in which the avatar’s
ﬁngers grasp the ball; and (iv) 3 s = Holding phase, moment in which
the avatar’s hand lowers the ball on the table after having lifted it.
For each subject, 100 presentations were obtained, so that overall 25
MEP responses were recorded at each of the four delays (0, 1.0, 1.6
and 3.0 s). Presentations were grouped in ﬁve blocks of 20 trials, and
subjects were instructed that they could rest at the end of each block.
Within each block of 20 trials, MEPs were evoked and recorded ﬁve
times at each speciﬁc delay, chosen in a semi-random order
(completing a set of four delays before starting the next set) by the
data acquisition program. In order to do this, at the very ﬁrst frame of
the close-up part of the video a synchronizing signal in the video was
fed into the computer, which triggered both the TMS stimulator and
acquisition program at one of the selected delays. Presentations were
spaced by 8-s dark screen intervals (resulting in inter-stimulus
intervals lasting a minimum of 10 s). To exclude the possibility of
voluntary or involuntary mimic activity of the observer, the
background electromyographic activity was monitored in the muscles
throughout the whole video presentation.

Data analysis
Motor-evoked potential responses in each subject and for each muscle
were measured as peak-to-peak amplitude. In each subject single MEP
values in all four delays were normalized to the average of MEP
values in the ﬁrst delay (Baseline, time = 0 s, avatar’s hand just
beginning to move). After normalization, responses at each delay were
averaged across all subjects, as illustrated in Figs 3 and 4. Average
values of MEPs in the ﬁrst delay are shown in Table 1.
In both experiments, data were analysed with a 4 · 2 · 2 three-way
repeated-measures anova with delay (0, 1.0, 1.6 and 3.0 s) and
muscle (OP-ADM or OP-ECR) as within-subject factors and movement (natural and impossible) as between subject factor. Dunn’s t-test,

with Bonferroni correction for multiple comparisons was subsequently
used to evaluate differences between different delays in each separate
experimental group. Statistical analysis was conducted using spss
software (SPSS Inc., Chicago, IL, USA).

Results
Excitability of the neural pathways controlling the experimental
muscles was modulated by observation of both natural and impossible
grasping actions. MEP modulation was differently affected by
observation of the different delays during the different grasping
actions. The avatar’s hand was just as effective as a human hand
(Fadiga et al., 1995; Gangitano et al., 2001; Montagna et al., 2005) in
evoking a resonant MEP modulation of hand muscles during the
observation of a grasping action.

Experiment 1
Normalized OP and ADM MEP modulation data were analysed by
means of a 4 · 2 · 2 repeated-measures anova, with delay (0, 1.0, 1.6
and 3.0 s) and muscle (OP-ADM or OP-ECR) as within-subject factors
and movement (natural and impossible) as between-subject factor. A
signiﬁcant main effect was found for the delay factor (F3,954 = 7.014,
P < 0.001), indicating that considering both muscles in both movement
conditions together, MEP modulation was different at the different
delays. A signiﬁcant main effect was also found for the muscle factor
(F1,318 = 5.066, P < 0.025), indicating that, pooling all different delays
and movements, the normalized MEP average amplitude was different
in the two muscles; this effect is mainly due to the larger amplitude of
ADM MEPs in the impossible movement condition (see Table 1). The
muscle ⁄ movement and muscle ⁄ delay interactions were signiﬁcant
(F1,318 = 5.066, P < 0.025; F3,954 = 6.728, P < 0.001, respectively)
indicating that MEPs recorded from the two muscles were modulated
differently in the two movement conditions and across the different
delays. Most importantly, the three-way interaction between muscle,
delay and movement was signiﬁcant (F3,954 = 11.214, P < 0.001),
indicating that MEP facilitation patterns were different when all three
factors are considered.
Multiple comparisons, performed on the data from the four
experimental conditions (Dunn’s t-test, Bonferroni-corrected level of
signiﬁcance P < 0.01), revealed that during the observation of the
natural action, OP MEPs were signiﬁcantly facilitated in the Grasping
phase compared with all other phases (Grasping-Baseline P < 0.01,

Fig. 2. Examples of MEP amplitude modulation (lV) in the OP muscle from two representative subjects during observation of the possible (top) and impossible
(bottom) videos, recorded at the four experimental delays (0, 1, 1.6 and 3 s). Each trace represents the mean (± SE) of 20 recordings.
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Fig. 3. MEP amplitude variations in OP and ADM muscles (vertical gray bars, means ± SE) recorded at four selected delays (0, 1, 1.6 and 3 s) during the
observation of the avatar’s possible or impossible grasping action. The small ﬁgures on the bottom are the video frames illustrating positions of the hand at the four
delays. OP MEPs in the natural action (A) were signiﬁcantly facilitated during the Grasping phase with respect to all other phases (see text). OP MEPs in the
impossible action (B) were not modulated signiﬁcantly. ADM MEPs in the natural action (C) were signiﬁcantly facilitated in the Opening phase with respect to all
other phases. In the impossible action (D) ADM MEPs in the Opening and Grasping phases were not different from each other, but were signiﬁcantly facilitated with
respect to the Baseline and Holding phases.

Grasping-Opening P < 0.001, Grasping-Holding P < 0.01), which
were not different from each other (Fig. 3A), while ADM MEPs were
signiﬁcantly facilitated during observation of the natural action in the
Opening phase with respect to those in all other phases (OpeningBaseline P < 0.01, Opening-Grasping P < 0.01, Opening-Holding
P < 0.001), which were not different from each other (Fig. 3C).
During observation of the impossible grasping, OP MEPs were not
modulated in any phase of the observed movement (Fig. 3B). ADM
MEPs in the Opening and Grasping phases were not different from
each other, but signiﬁcantly facilitated with respect to those in the
Beginning and Holding phases (Opening-Baseline P < 0.001, Opening-Holding P < 0.01, Grasping-Baseline P < 0.001, Grasping-Holding P < 0.001), which were not different from each other (Fig. 3D).
Thus, OP and ADM MEPs were facilitated in a pattern fully
consistent with the normal activation of these muscles during the
execution of the observed actions: the thumb opponent was facilitated
during the observation of ﬁngers closing around the ball (Grasping
phase in the natural action), and the little ﬁnger abductor during ﬁnger
opening and extension (Opening phase in the natural action; Opening
and Grasping phases in the impossible action).
Experiment 2
Normalized OP and ECR MEP modulation data were also analysed by
means of a 4 · 2 · 2 repeated-measures anova. No signiﬁcant main
effect was found for any of the factors (delay, muscle or movement).

Both delay ⁄ movement and muscle ⁄ movement interactions were
signiﬁcant (F3,786 = 9.278, P < 0.001 and (F1,262 = 28.542, P <
0.001 respectively), indicating that MEP amplitude in the natural
and impossible movements was affected differently at the different
delays, and that MEPs recorded from the two muscles were modulated
differently in the two movement conditions. As in Experiment 1 the
muscle ⁄ delay ⁄ movement interaction was signiﬁcant (F3,786 = 13.178,
P < 0.001) indicating that MEP facilitation patterns were different
when all three factors were considered.
The pattern of facilitation in the OP muscle was very similar to
that obtained in the previous experiment – during the observation of
the natural action OP MEPs were signiﬁcantly facilitated during the
Grasping phase (Dunn’s t-test multiple comparisons, Bonferronicorrected level of signiﬁcance P < 0.01; Grasping-Baseline
P < 0.001,
Grasping-Opening
P < 0.001,
Grasping-Holding
P < 0.001) with respect to those in all other phases, which were
not different from each other (Fig. 4A). In this experiment, during
the observation of the impossible action, OP MEPs were signiﬁcantly dis-facilitated in the Grasping phase with respect to Baseline
(P < 0.001, Fig. 4B), but not with respect to the Opening and
Holding phases. This dis-facilitation of the OP with respect to
Baseline was probably due to the small number of subjects and
disappeared if the OP data from Experiments 1 and 2 were merged
(n = 16; Dunn’s t-test multiple comparisons, Bonferroni-corrected
level of signiﬁcance P < 0.01), while the facilitation of this muscle
during the Grasping phase of the natural action was conﬁrmed by
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Table 1. Mean MEP amplitudes (± SD) of the ﬁrst delay (Baseline = 0 s) in
all the different conditions of both experiments
Experiment

Action

Muscle

MEP amplitude (lV)

1

Natural

OP
ADM
OP
ADM

352.48
319.65
385.59
423.98

±
±
±
±

285
271
352
359

OP
ECR
OP
ECR

466.94
382.81
334.78
274.35

±
±
±
±

340
281
268
197

Impossible
2

Natural
Impossible

merging the data (Grasping-Baseline P < 0.001, Grasping-Opening
P < 0.001, Grasping-Holding P < 0.001). No signiﬁcant modulation
was measured in the ECR muscle, in either natural and impossible
conditions (Fig. 4C and D).

Discussion
The excitability of motor pathways controlling hand muscles normally
involved in grasping (OP and ADM) was modulated by the
observation of both the natural and the impossible grasping actions.
Observation of the two different actions elicited different motor
resonant responses, despite the fact that these actions shared an
identical intention, suggesting that intention is not encoded by the
MNS in the subliminal motor program produced by the primary motor

A

C

cortex. In fact, the lack of a motor resonant response in the OP muscle
during the observation of the impossible grasping implies that in this
condition observers do not utilize their own natural motor program for
grasping – ﬂexion of the thumb – to encode the grasping intention, but
have no difﬁculty understanding it. Furthermore, although the
resonant motor program developed in both OP and ADM muscles
provides a coherent neural representation of the natural action, during
the observation of the impossible action the resonant program evoked
in the ADM muscle codes for ﬁnger opening, while no resonant
program is evoked in the OP muscle to code for thumb closing. This
pattern of activation would not be useful in representing the grasping
intention of that action in the observer’s motor pathways.
The neural pattern of the observer’s resonant motor program, on the
other hand, reproduced faithfully the observed movements composing
both the natural and the impossible grasping actions, as illustrated by the
following considerations regarding the data. Motor pathways to the OP
muscle were activated during the observation of the natural but not of the
impossible grasping. From the motor point of view this is not surprising,
as thumb ﬂexion is a movement comprising the ﬁrst action, but not the
second, given that in the impossible grasping the thumb is always
extended. ADM MEPs, by contrast, were facilitated by the observation
of both possible and impossible grasping, and in fact, the ﬁfth ﬁnger is
actively abducted during the Opening phase in the natural action and of
both Opening and Grasping phases in the impossible action.
Therefore, during observation of the natural action the excitability
of corticospinal ﬁbers, and of their target spinal motoneurons driving
the muscles, changed in a consistent and predictable way, at speciﬁc

B

D

Fig. 4. MEP amplitude variations in the OP and ECR muscles (vertical gray bars, means ± SE) recorded at four selected delays (0, 1, 1.6 and 3 s) during the
observation of the avatar’s natural or impossible grasping action. The small ﬁgures on the bottom are the video frames illustrating positions of the hand at the four
delays. In the natural action (A) OP MEPs were signiﬁcantly facilitated in the Grasping phase compared with all other phases, which were not different from each
other (see text). OP MEPs in the impossible action (B) in the Grasping phase were signiﬁcantly dis-facilitated with respect to the Baseline phase only. ECR MEPs
were not different from each other in either the natural or the impossible action (C and D, respectively).
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points in times during the observed action, i.e. following the same
temporal pattern it would have followed had the action been actually
performed. As a consequence, MEPs in both OP and ADM were
modulated consistently with the motor commands that would have
been dispatched to each muscle during the actual execution of the
grasping action – facilitation of the OP for the opposition of the thumb
when the avatar’s hand was closing around the ball and in the ADM
for the abduction of the ﬁfth ﬁnger during hand opening. Consistently,
during the observation of the impossible action the MEP facilitation
was observed only in the ADM muscle; this facilitation also mirrored
the motor program necessary to obtain the movements observed,
i.e. the abduction of the ﬁfth ﬁnger during hand opening but also
during the closing of the hand around the ball, as in this case the
grasping was achieved by a ‘dorsal’ ﬁnger ﬂexion, in which the ﬁfth
ﬁnger is actively abducted.
An alternative interpretation of the OP data is that the lack of
modulation in the OP muscle during the observation of the impossible
action is due to a global failure of impossible actions to evoke a motor
resonant response, because they are either totally novel or mechanically unfeasible. In this case an inferential mechanism, different from
the embodied simulation, would be utilized by observers to understand
the observed action and its intention (Brass et al., 2007; Grammont,
2010). The MNS may not be engaged by an impossible action because
(i) it is simply not recognized as belonging to the observer’s natural
motor repertoire, (ii) it evokes a feeling of something bizarre or
uncomfortable for the acting person or (iii) it is seen as an action that
can only be performed by an avatar (i.e. it is only virtual). In all these
cases observation of the impossible grasping could fail to evoke a
corresponding motor program capable of modulating the excitability
of motor pathways and thus MEP amplitude. This interpretation is,
however, dispelled by the ADM results. To date, no studies have
investigated the effect of the observation of impossible actions on
motor resonance and only a few that of impossible movements
(Romani et al., 2005; Avenanti et al., 2007), utilizing simple intransitive ﬁnger movements. These studies have shown that motor
pathways are facilitated during the observation of impossible movements. The present results in the ADM muscle conﬁrm these ﬁndings,
and exclude the alternative interpretation, by showing that motor
pathways are activated during the observation of both natural and
impossible grasping in a way that is fully consistent with the
functional utilization of this muscle during active movement. Thus the
ﬁrst hypothesis, stating that the observation of the impossible action
does not evoke a motor resonant response because it does not engage
the observer’s MNS, can be rejected.
Interestingly, a signiﬁcant response in the ADM is elicited in the
Opening phase during the natural grasping, even though in the video the
ﬁfth ﬁnger is only partially visible in the background, consistent with
the behavior of mirror neurons in the ventral premotor cortex of the
monkey that can be activated by observed actions only partially seen by
the animal (Umiltà et al., 2001). This ADM result also strongly
suggests that the lack of modulation in the OP muscle during the
observation of the impossible action is not due to the fact that the thumb
is not fully visible in the forefront. Similarly, although the wrist was
always perfectly visible, observation of either natural or impossible
actions did not evoke a motor resonant response in the ECR muscle.
Finally, we interpret the absence of MEP modulation in both OP
and ADM during observation of the Holding phase in either natural
and impossible actions as a consequence of the fact that this is not a
critical phase of the grasping action, whereas the essence of grasping
is embodied in the hand opening and closing movements. Similarly,
we propose that the lack of modulation in the ECR muscle during the
observation of either natural or impossible actions results from the fact

that this muscle is mainly involved in stabilizing the wrist during the
grasping movement and thus is not directly involved in the primary
moving action.
The present results appear to be at odds with a recent report showing
that MEPs in the OP muscle are modulated by the goal and not by the
muscular pattern necessary to grasp an object with ‘reverse pliers’
(Cattaneo et al., 2009). However, we believe that the two studies
explore radically different processes because an action acquires
fundamentally different properties once it is performed with a tool.
In the study by Cattaneo et al., MEPs were recorded from the OP
muscle during observation of grasping actions performed with normal
or ‘reverse’ pliers, both with and without the presence of a small object
to be grasped (goal). In the absence of the goal, the modulation of MEP
amplitude reﬂected the muscular pattern involved in the execution of
the observed action, i.e. necessary to use the pliers. During the
observation of goal-directed actions, MEPs were instead modulated in
opposite ways with the two pliers, with reverse pliers increasing MEP
amplitude during object grasping, despite the hand-opening movement
necessary to obtain it. This different modulation, however, could be
due not so much to the presence of the goal per se, but to the fact that
goal has changed from grasping the pliers with the hand to grasping the
object with the pliers, so that the tool has become a natural extension of
the body (Iriki et al., 1996; Maravita & Iriki, 2004; Ferrari et al., 2005;
Hihara et al., 2006; Umiltà et al., 2008). Recordings from bimodal
neurons in the somatosensory cortex suggest that during tool use their
visual receptive ﬁelds are altered to include the entire length of the tool,
providing a modiﬁed neural representation of the hand schema in
which the tool has been incorporated (Iriki et al., 1996). Similar
recordings from neurons in the ventral premotor cortex and even some
neurons in the primary motor cortex of monkeys that had learned to use
a tool to grasp objects show that the tool is coded in the motor system
as if it were an artiﬁcial hand (Umiltà et al., 2008).
A second important result of our study is that simple movements, as
long as they can be programmed and executed by the observer, can be
effectively coded by the MNS in the primary motor cortex, even when
embedded in impossible actions. In order for these simple movements
to evoke a motor resonant response it might be necessary that they be
essential components of goal-oriented actions, i.e. the presence of the
goal may confer salience to these movements (Avenanti et al., 2007;
Gazzola et al., 2007; Cattaneo et al., 2009), which may not have
evoked a motor resonant response, especially if embedded in a novel,
non-familiar action. This hypothesis will have to be tested in future
studies. The underlying mechanism may be similar to what has been
proposed for motor learning and imitation (Iacoboni et al., 1999;
Wolpert et al., 2003; Buccino et al., 2004) – the MNS can be activated
by viewing known elementary modular movements easily recognized
by a naive observer and only subsequently recombined in new motor
sequences. In this view the existence of a goal might become the
premise, not the consequence, of motor resonance, so that recognizable simple movements can be encoded even when they are part of
actions that do not belong to the observer’s motor repertoire, as long as
the motor intention of the action is familiar. This would support the
hypothesis that it is not motor resonance that makes intention
understanding possible, but it is intention understanding that makes
motor resonance useful for other aspects of action perception, such as
anticipating how an action will unfold (Kilner et al., 2004; Csibra,
2007) or motor learning. In fact, it would seem that if the MNS is able
to select and activate a speciﬁc motor program to match the observed
action, then the action must have already been understood elsewhere,
upstream to primary motor areas.
In this perspective, once information has been gathered about an
observed action and its intention by higher sensory-motor brain areas
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(e.g. premotor and parietal cortices, Gallese et al., 1996; Fogassi
et al., 2005; Hamilton & Grafton, 2006; Kilner et al., 2007; Gallese,
2009; Rizzolatti & Sinigaglia, 2010), and this very information has
made the observed action relevant for the observer, it could also be
transmitted to and utilized by the primary motor cortex, where it could
play an important role in ‘simpler’ cognitive functions of the motor
system, such as motor learning and imitation. If we consider the
immediate results of motor resonance, in fact, we see that the
subliminal activation of a motor program results in a speciﬁc and
functionally well-timed increase in excitability of cortical and spinal
motorneurons (Fadiga et al., 1995; Gangitano et al., 2001; Strafella &
Paus, 2002; Borroni et al., 2005; Montagna et al., 2005), i.e. in a
lower threshold for their activation, should they be solicited to produce
actual movement. In other words, the immediate effect of motor
resonance is to favor the repetition of the action observed.
Although these results demonstrate that the representation of action
intentions cannot be based on the neural pattern of the observer’s
resonant motor program in the primary motor cortex, they do not
exclude the possibility that intention may be encoded as a sensorymotor representation in some higher area of the MNS, such as
premotor or parietal cortex (Gallese et al., 1996; Fogassi et al., 2005;
Hamilton & Grafton, 2006; Kilner et al., 2007; Rizzolatti & Sinigaglia, 2010). The available evidence about the role played by the MNS
in understanding actions and their intentions (Fogassi et al., 2005;
Iacoboni et al., 2005; Brass et al., 2007; de Lange et al., 2008; Umilta
et al., 2008; Cattaneo et al., 2009) is compelling but not deﬁnitive.
The results of the experiments that originally led to the formulation of
the direct-matching theory (di Pellegrino et al., 1992; Gallese et al.,
1996), namely the recording of mirror neurons in the ventral premotor
cortex (and subsequently parietal cortex) of macaque monkeys, have
been revolutionary in their power to unify the neural substrate of
action perception and action execution, and there is now ample
evidence that premotor ⁄ parietal circuits are activated by action
observation also in the human brain (Rizzolatti & Sinigaglia, 2010).
From the theoretical point of view, the direct-matching theory relies on
three reasonable but unproven assumptions. First, that the premotor ⁄ parietal circuits would follow the same functional rules in both the
production and the perception of movement – being involved in the
organization of complex actions rather than simple movements
(Fogassi et al., 2001; Umiltà, 2004) during execution, it is assumed
that the activation of the premotor ⁄ parietal cortex during observation
would represent this same level of organization. Second, that the
activity of the premotor ⁄ parietal cortex in organizing complex actions
in execution implies the translation of abstract intention into practical
action when, in fact, the question of where and how in the brain ideomotor transformations takes place is one of the fundamental
unresolved issues of motor control (Stock & Stock, 2004). Third,
even conceding that ideo-motor transformations took place in
premotor ⁄ parietal circuits, that the activation of this brain area during
action observation would automatically give access to the more
abstract intentional content of the action. The above assumptions, in
turn, ﬁnd their conceptual origin in the classical theoretical postulate
that an ‘efference’ copy of a descending motor command is normally
utilized by the agent as a neural simulator, and thus as a predictor, of
the sensory-motor consequences of the movement such command
would engender (von Holst & Mittelstaedt, 1950; Sperry, 1950; Bubic
et al., 2010; Press et al., 2010). The application of this concept to the
MNS requires a further extension of the theoretical forward model, in
which reading of the motor neural pattern of activation induced by
observation would be the functional equivalent of the ‘efference’ copy
and could be utilized by the observer to simulate and predict the
sensory-motor consequences of an observed movement (Wolpert

et al., 2003) thus understanding its intention (Kilner et al., 2007).
Although theoretically engaging as a working hypothesis, such broad
interpretation, which requires a series of important assumptions, is
somewhat overreaching with respect to our actual knowledge of the
neural mechanisms underlying it. Although a recent elegant study has
shown that the primary somatosensory cortex is activated during
voluntary movement in the absence of sensory feedback and pointed
to the ventral premotor cortex as a likely candidate area of origin of the
efference copy during voluntary movement (Christensen et al., 2007),
the complex interactions between movement (executed or observed)
and sensory consequences (predicted or experienced) are far from
understood.
From a more practical point of view, the experimental approach to
how intentions of observed actions are coded in the MNS has been
confounded by addressing at times proximal intentions (the motor goal
of an action, e.g. grasping an object), at times distal intentions (the
ultimate goal of an action, e.g. grasping an object for different
purposes), in different experimental conditions (with or without the
use of tools) and at different levels of the sensori-motor system (motor,
premotor and parietal cortex). The complexity of the data is probably
an inevitable consequence of the complexity of the problem; however,
if the hypothesis that comprehension of an observed action and its
intention are based on the activation of a motor program in the
observer’s motor pathways is to be conﬁrmed, then questions about
what aspects of the action are understood, what is meant by motor
program, which pathways are involved and whether this is true for any
kind of action must be answered.
The present study tries to address some of these questions by
recalling the physiological constraints and neural properties of the
motor system that necessarily underlie and deﬁne its function in both
action execution and perception (Borroni et al., 2008; Cabinio et al.,
2010). As motor programs are mediated by the primary motor cortex,
which organizes the precise spatial and temporal muscle activation
necessary to perform an action, it is relevant to ask whether observers
understand actions by reading subliminal motor programs in the
primary motor cortex. Our results suggest that they do not – although
our experimental subjects developed a perfectly good motor resonant
response during observation of both natural and impossible grasping
actions, they would not have been able to understand the goal of the
impossible grasping based on a direct reading of the neural pattern of
the resonant motor program. This program is coding for ﬁnger
opening, a motor strategy obviously never used to grasp, while it is not
coding for thumb closing, a motor strategy obviously necessary to
grasp. The results effectively dissociate the coding of the single
movements composing an observed action from the coding of its
proximal intention and demonstrate that low-level kinematics, not
intentions of actions, are encoded in the neural pattern of the
observer’s resonant motor program in the primary motor cortex.

Supporting Information
Additional supporting information may be found in the online version
of this article:
Video S1. Normal grasping action video clip observed by subjects.
Video S2. Impossible grasping action video clip observed by subjects.
Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset by Wiley-Blackwell.
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Umiltà, M.A. (2004) Frontal cortex: goal-relatedness and the cortical motor
system. Curr. Biol., 14, R204–R206.
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