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Abstract

W Numerous studies suggest that both self-generated and ob-
served actions of others activate overlapping neural networks,
implying a shared, agent-neutral representation of self and
other. Contrary to the shared representation hypothesis, we
recently showed that the human motor system is not neutral
with respect to the agent of an observed action [Schiitz-
Bosbach, S., Mancini, B., Aglioti, S. M., & Haggard, P. Self and
other in the human motor system. Current Biology, 16, 1830—
1834, 2006]. Observation of actions attributed to another agent
facilitated the motor system, whereas observation of identical
actions linked to the self did not. Here we investigate whether
the absence of motor facilitation for observing one’s own ac-
tions reflects a specific process of cortical inhibition associated

INTRODUCTION

The ability to recognize and distinguish ourselves from
other persons is a fundamental component of our social
behavior. The brain normally attributes bodily:states and
actions to the self or to another agent'without difficulty
or conscious effort. Traditional epistemology suggested
that the private nature of somatic and efferent informa-
tion formed the basis of a sense of self: I can feel my pain
and understand my actions. because they involve my
body, but I cannot feel.your pain or know your inten-
tions because they involvesyour body (cf. Bernecker &
Dretske, 2000).

From a neuroscientific point of view, however, the
ability to recognize one’s own actions appears problem-
atic and poorly understood. In particular, the recent
discovery of shared representations of action (SRA; de
Vignemont & Haggard, in press), such as those provided
by mirror neurons (cf. Gallese, Arbib, Fadiga, & Rizzolatti,
1996; Di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti,
1992) suggests that action attribution is a key computa-
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with self-representation. We analyzed the duration of the silent
period induced by transcranial magnetic stimulation of the
motor cortex in active muscles as an indicator of motor inhi-
bition. We manipulated whetheran observed action was attrib-
uted to another agent, or to the subjects themselves, using a
manipulation of body ownership on the basis of the rubber
hand illusion. Observation of actions linked to the self led to
longer silent periods than observation of a static hand, but the
opposite effect occurred when observing identical actions at-
tributed to another agent. This finding suggests a specific inhi-
bition of the motor system associated with self-representation.
Cortical . suppression for actions linked to the self might pre-
vent/inappropriate perseveration within the motor system. W

tional problem for the sensorimotor systems of the
brain. The properties of mirror neurons suggest that
both self-generated and observed actions activate over-
lapping neural networks (for an overview, see Rizzolatti
& Craighero, 2004). For instance, transcranial magnetic
stimulation (TMS) studies showed that observing the
action of another person increased the amplitude of
motor-evoked potentials (MEPs) in muscles normally
involved in executing the particular action (Avenanti,
Bolognini, Maravita, & Aglioti, 2007; Urgesi, Candidi,
Fabbro, Romani, & Aglioti, 2006; Romani, Cesari, Urgesi,
Facchini, & Aglioti, 2005; Strafella & Paus, 2000; Fadiga,
Fogassi, Pavesi, & Rizzolatti, 1995). Action observation
thus triggers a somatotopically specific “mirror” modu-
lation of corticospinal excitability (Fadiga, Craighero, &
Olivier, 2005), mapping an observed movement onto a
motor representation of the same action in the observ-
er (Rizzolatti, Fogassi, & Gallese, 2001). Such a “mirror
matching mechanism” implies a shared, agent-neutral
representation of self and other (Jeannerod & Pacherie,
2004; Decety & Chaminade, 2003; Jeannerod, 2001a,
2001b). This shared representation hypothesis raises
the specific question of action attribution, and the more
general question of how we distinguish self and other,
given that the brain represents others’ actions in the
same way as it represents one’s own (cf. Jeannerod &
Pacherie, 2004). If action representations are indeed
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shared, as the hypothesis argues, then errors in assign-
ing actions to the respective agent should occur. Prob-
lems of action attribution indeed do occur when one’s
own and others’ actions are carried out at the same time
and lead to similar perceptual effects as, for instance,
when subjects may see either their own or another per-
son’s movements (cf. Tsakiris, Haggard, Franck, Mainy,
& Sirigu, 2005; Farrer & Frith, 2002; Van den Bos &
Jeannerod, 2002; Daprati et al., 1997). In such cases, ac-
tion attribution processes cannot rely on the subjective
experience of intending the action (cf. Haggard, 2005;
Jeannerod, 2003), the motor commands (cf. Blakemore,
Wolpert, & Frith, 2002; Wolpert, 1997), or morpholog-
ical differences between the agents’ respective bodies.

In line with “mirror theories” of social cognition,
most studies have tended to emphasize commonality
between self and other rather than distinctions in the
neural responses to observation of one’s own or anoth-
er's. We recently showed, however, that the human
motor system is not neutral with respect to attribution
of an observed action (Schiitz-Bosbach, Mancini, Aglioti,
& Haggard, 20006). Instead, observation of our own
actions and others’ actions influence the motor system
in qualitatively different ways. This finding indicates
social sensitivity in the human motor system and also
suggests that a sense of self might be embedded in
primary sensorimotor representations. We used an es-
tablished method, on the basis of the rubber hand
illusion (RHI; Botvinick & Cohen, 1998), for manipulat-
ing the subject’s sense of ownership over a hand which,
in fact, belonged to another person. We then compared
motor facilitation to TMS when the subject ebserved
actions of the other person’s hand that were or were not
illusorily attributed to himself or herself:=We found a
significant interaction between the agent to whom the
hand was attributed, and whether TMS_was delivered
just after an observed action or when viewing the static
hand. Specifically, observing actions facilitated the MEP
only when preceding multisensory stimulation linked
the observed hand to anether person, but not when it
was linked to the self. Action attribution therefore
modulated motor processes of action observation, con-
trary to the hypothesis of social equivalence or mirror-
ing. In fact, the pattern of results showed a slight, but
nonsignificant, inhibition of the MEP induced by actions
attributed to the self. This had not been predicted, but
raises the intriguing possibility that self-representation
involves motor cortical inhibition.

The Present Study

The present study focused specifically on the putative
process of cortical motor inhibition when observing
actions linked to the self. We again used the RHI to
manipulate the sense of body ownership. Thus, a hand
which, in fact, belonged to the experimenter could be
attributed either to the self or to another person. The
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attribution of a body part can be varied, while keeping
morphological, visual perspective, and kinesthetic cues
constant. When the observed hand then performs an
action, this action will therefore be attributed to the self
or to another.

Several studies have suggested that action observation
and inhibition are necessarily linked. If the brain’s motor
system, indeed, resonates to observed actions, some in-
hibitory mechanism is required to prevent us from imi-
tating all the time, and indeed, for imitating ourselves
(Baldissera, Cavallari, Craighero, & Fadiga, 2001; Brass,
Zysset, & von Cramon, 2001; Fadiga et al., 1995). How-
ever, few studies have investigated this inhibitory aspect
of action representation, and those that have done
focused on spinal rather than cortical levels (Baldissera
et al.,, 2001). Our previous study showed clear effects of
action attribution on corticospinal excitability and a
nonsignificant numerical trend for inhibition of cortical
responses when viewing actions attributed to the self.
The present study aimed first to investigate whether
cortical inhibition.is, indeed, part of the mechanism for
regulating cortical excitability during action observation,
and second te’ investigate whether inhibition during
action<ebservation is agent-specific, and thus, linked to
the process of action attribution.

The nature of inhibitory components within the ac-
tion_control system is not well understood (cf. Stuss &
Knight, 2002). Further, inhibition is normally difficult to
study because it produces no measurable output and
can thus not easily be quantified. However, a valuable
neurophysiological measure of inhibition in sensorimo-
tor systems is the duration of the silent period (SP)
induced by TMS in voluntarily contracted muscles. The
SP refers to the suppression of background electromyo-
graphic (EMG) activity recorded from contracted mus-
cles after single-pulse TMS to the primary motor cortex
(M1). Typically, SP follows the MEP elicited by TMS.
There is widespread agreement that SP and MEP reflect
physiologically distinct mechanisms (e.g., Wassermann
et al., 1993; Cantello, Gianelli, Civardi, & Mutani, 1992;
Triggs et al., 1992), although the relation between them
remains poorly understood (for an overview, see Hallett,
1995). Importantly, however, the SP acts as an indicator
of inhibitory processes (Werhahn, Kunesch, Noachtar,
Benecke, & Classen, 1999) and especially its late part
has been proven to reflect a cortical origin (e.g., Cruccu,
Inghilleri, Berardelli, Romaniello, & Manfredi, 1997;
Brasil-Neto et al., 1995; Schnitzler & Benecke, 1994;
Cantello et al., 1992; Triggs et al., 1992). Neuropharma-
cological studies suggest that SP is mediated by GABAg
receptors (e.g., Werhahn et al., 1999; Ziemann, Lonnecker,
Steinhoff, & Paulus, 1996). Thus, the duration of the SP
can be used as an index of GABAergic inhibitory activity
of putative local interneurons and corticospinal neurons
within the primary motor cortex. The longer the SP
duration, the stronger is the inhibition provided by this
circuit (Siebner & Rothwell, 2003; Hallett, 1995).
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To date, few studies have used the SP duration to
study cognitive top—down modulation of inhibitory sen-
sorimotor circuits. If self-representation is, indeed, asso-
ciated with cortical motor inhibition, we might expect
longer SP durations when observing actions attributed
to the self than identical actions attributed to another
person.

METHODS
Participants

Fifteen healthy subjects (mean age = 24.73 * 4.17 years,
6 men, 1 left-handed), free from any contraindication to
TMS (Wassermann, 1998), participated with ethical com-
mittee approval on the basis of informed consent. No
adverse events occurred due to the TMS applied during
the study.

EMG and TMS Recordings

EMG activity was recorded in both the subject and the
experimenter, from the right first dorsal interosseous
(FDI). Disposable Ag/AgCl surface electrodes were
placed over the muscle belly (active electrode) and
over the associated tendon (reference electrode). A
ground electrode was placed on the dorsal surface of
the right wrist. EMG was amplified, digitized at 5 kHz,
and band-pass filtered between 10 and 1000 Hz by a CED
1902 Signal Conditioner (Cambridge Electronic Design,
Cambridge, UK).

A figure-of-eight focal coil interconnected to,a Magstim
200 (Magstim, Whitland, UK) was placed.over the left
M1. The intersection of the coil was placed tangentially
to the scalp with the handle pointing backward and
laterally at a 45° angle away from the midline. In this way,
the current induced in the neural tissue was directed
approximately perpendicular to the line of the central sul-
cus, optimal for trans-synaptic activation of the cortico-
spinal pathways (Brasil-Neto et al., 1992; Mills, Boniface,
& Schubert, 1992). Using asslightly suprathreshold stim-
ulus intensity, the coil was moved over the left hemi-
sphere to determine the optimal position from which
maximal amplitude MEPs were elicited in the resting FDI
muscle (motor hot spot). The optimal position of the
coil was then marked on the scalp to ensure that motor
hot spot was stimulated throughout the experiment.

Before recording sessions, participants were trained
to maintain an isometric tonic contraction (20% of max-
imal force) of the FDI muscle by adjusting their visually
seen EMG activity on screen accordingly. To ensure that
subjects maintained the required isometric contraction
throughout the experiment, we placed a rubber band
over subject’s right hand (cf. Figure 1) so that the sub-
ject contracted the FDI against the band to maintain
the unseen index fingertip in contact with a small tactile
marker located on the tabletop. In this way, the FDI

Stroking stimulation
{synchronous or
asynchronous)

Action observation
followeed by TMS

Model

Subject

Figure 1. Experimental setup. A rubber band was placed over

the subject’s right hand to ensure that each subject could maintain
an isometric contraction of their index finger throughout the
experiment. The model experimenter wore an identical rubber
band. In hand action trials, the model experimenter performed a
maximal abduction of her index finger. See text for more details.

muscle was constantly in tension. This tonic muscle
precontraction was necessary to elicit an SP during
TMS trials (Cantello et al., 1992). Subject’s EMG activity
was constantly monitored by an experimenter. If sub-
jects varied their EMG levels or experienced fatigue, the
experiment was briefly interrupted and the contraction
adjusted. In 50% of the trials chosen at random, a
magnetic pulse was delivered, and MEPs and SP were
recorded.

We defined the minimal stimulation intensity required
to produce stable MEPs of about 1 mV in five out of five
consecutive trials during a voluntary isotonic contraction
of the FDI muscle (20% of maximal contraction). During
the experiment, we set the stimulator output at 130%
of this intensity. In this way, a clear TMS-induced EMG
response could be obtained in each trial. On average,
stimulus intensity was 49.0= 10.3% (range 35-68%) of
the stimulator output.

Our interest focused on the SP rather than on the
MEP. Amplifier gain was optimized for recording SP and
continuously monitoring appropriate background EMG
level during FDI contraction. This led, as expected, to
clipping of MEP signal peaks (5.9% of all trials). However,
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the SP duration could be reliably estimated from these
trials, and they were not excluded.

Apparatus and Experimental Procedure

Subjects sat resting their right arm on a table, hidden
under a mirrored surface. An experimenter’s right arm
was positioned in front of the subject’s midline, and
could be seen via a one-way mirror section mounted
within the surface. Tactile stimulation was applied si-
multaneously to the subject’s and the experimenter’s
index finger by two identical paintbrushes mounted on
computer-controlled motors (cf. Figure 1). In the syn-
chronous condition, the two paintbrushes stroked the
subject and the experimenter in perfect synchrony, with
identical onset time, direction, speed, and duration. In
the asynchronous condition, the two paintbrushes
moved with different onset times, directions, speeds,
and durations, but the total stimulation of the skin was
identical. Based on previous studies (Tsakiris & Haggard,
2005; Botvinick & Cohen, 1998), we hypothesized that
the subject should attribute the experimenter’s hand to
their own body in the synchronous but not in the
asynchronous condition. The distance between subject’s
and experimenter’s hands was about 34 cm.

Each subject underwent a block with either synchro-
nous or asynchronous visual-tactile stimulation in coun-
terbalanced order. The blocks were separated by a break
of about 5 min, during which subjects were asked to
leave the room to reduce transfer effects between blocks.
Furthermore, the synchronous and asynchronous blocks
were each subdivided into two phases. The induction
phase involved 3 min of stroking to induce the RHI (cf.
Tsakiris & Haggard, 2005). During this phase, subjects
simply looked at the experimenter’s static hand.

This was followed by an experimental phase of around
9 min in which short epochs of.stroking were unpre-
dictably interspersed with action observation trials. On
action observation trials, an audio, signal was delivered
via headphones to the experimenter only. The experi-
menter abducted her right index finger in response to
this signal. Subjects never made any voluntary actions
during the experiment. They were only required to
maintain the tonic contraction of the FDI muscle (20%
maximal) in both induction and experimental phases of
the experiment (see above).

Half of the hand action trials, chosen at random, were
followed by a single TMS pulse in order to probe how
observation of action influenced the duration of the SP.
To reduce TMS onset time predictability, TMS pulses were
timed to occur approximately 1180, 1280, or 1380 msec
after the auditory signal that served as a go-signal for
experimenter’s finger movement (hand action trials).
Further, on static hand trials, TMS was delivered at
identical times, but there was no preceding movement
of the experimenter’s hand. Finally, “catch trials” were
included, which involved a period of stroking followed
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by an interval that contained neither experimenter
action nor TMS. The intertrial interval was typically
about 11 sec. The choice of a long intertrial interval
was based on both the necessity to maintain the illusion
and the fact that prolonged TMS delivered at 0.1 Hz
frequency does not induce any change in excitability
(Chen et al., 1999). In total, there were four types of
experimental trials in each block arranged in a 2 x 2
factorial design of experimenter hand action (present or
absent) and TMS (present or absent). That is, the
experimenter performed hand actions, which were or
were not followed by a TMS pulse, or the experimenter’s
hand was at rest and a TMS pulse was or was not de-
livered. Each type of trial occurred 20 times. The order
of the different trial types was randomized, resulting in a
total of 80 trials per block.

To ensure stability of the recordings, that is, to control
for changes in corticomotor excitability related to time,
fatigue, or TMS per se, we'also measured SP durations in
each subject in a baseline condition. In this condition,
subjects simply fixated on/a small cross presented in the
midline. During the baseline recording condition, sub-
jects kept theirhand in the experimental position with a
slight tonic contraction of their index finger. Fifteen
pulses-were delivered. The baseline condition was re-
peated at the end of the experiment.

Manipulation of Body Ownership

We measured the RHI both implicitly and explicitly.
First, we measured the proprioceptively perceived po-
sition of subject’s index finger before and after the
induction and experimental phase of each block (cf.
Tsakiris & Haggard, 2005). A shift that occurred in the
felt position of the subject’s hand toward the rubber
hand after synchronous stroking but not after asynchro-
nous stroking provides an implicit measure of body
ownership (Tsakiris & Haggard, 2005). Second, subjects
completed an “RHI questionnaire” (Botvinick & Cohen,
1998) after the induction phase and again after the
experimental phase. This involved rating agreement on
a visual analog scale (from 0 to 10 maximal agreement)
with nine statements. The first three statements capture
the core of the illusion (Botvinick & Cohen, 1998): (1) “It
seemed as if I were feeling the touch of the paintbrush in
the location where I saw the rubber hand touched”; (2)
“It seemed as though the touch I felt was caused by the
paintbrush touching the rubber hand”’; (3) “Ifelt as if the
rubber hand were my hand.” Stronger agreement with
these statements indicates that subjects experienced a
RHI. We expected higher ratings after synchronous than
asynchronous visual-tactile stimulation.

Data Analysis

Data were analyzed off-line. Background EMG level prior
to TMS and duration of SP induced by TMS were
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calculated in each TMS trial. Background EMG level was
measured as the average of the rectified EMG signal
during the first 100 msec before the TMS pulse. The
duration of the SP was measured from the onset of the
MEP to the time when the nonrectified EMG activity
again reached the prestimulus level (Triggs et al., 1992).
To eliminate background noise in determining MEP
onset (i.e., SP onset), we used the averages of the
EMG signals of each condition and each subject. The
end of the SP was determined on each individual trial.
Both measurements were made by an experimenter
blind to the experimental conditions. A second blind
rater independently measured both the onset of the SP
on the basis of the averaged EMG signals in each
experimental condition and each subject as well as the
end of the SP in a randomly selected subset of 40 trials
performed by two subjects each. High degree of inter-
rater reliability was found for both SP onset (» = .83)
and end of SP (r = .93).

3.4% of all trials were excluded, either due to technical
failure of data recording, or because the end of an SP
was not clearly marked by a return of continuous EMG
activity, for example, due to muscle relaxation. A one-
way ANOVA on percentage of removed trials in each
condition (4 experimental, 2 baseline conditions) re-
vealed no significant difference between any of the
conditions (F < 1, p > .6). Each subject’s SP durations
and background EMG level were then averaged across
repeated trials in each condition, and the averages were
used for statistical analysis across subjects.

Measuring cortical silent periods requires a voluntary
muscle contraction. However, muscle contraction has a
strong and nonlinear effect on the MEP; whereas SP
duration is known to be insensitive to_echanges in EMG
level (e.g., Stetkarova, Leis, Stokic, Delapasse, & Tarkka,
1994; Cantello et al., 1992; Triggs et al., 1992). As a re-
sult, MEP amplitude would be expected to be less stable
and less sensitive to cognitive effects in the present
design than in classical action observation experiments
(Strafella & Paus, 2000; Fadiga et al., 1995). Nevertheless,
we analyzed the MEP dataas a function of experimental
condition (cf. Figure 4).

SP durations and background EMG level, as well as
MEP amplitudes, were analyzed in separate 2 X 2
ANOVAs with stroking (synchronous, asynchronous)
and experimenter action (static hand/hand action) as
within-subjects factors. Post hoc comparisons between
means were made by means of the Newman-Keuls test.
We also performed an ANCOVA by including the pre-
TMS EMG level as an additional covariate in the ANOVA
on SP durations. Behavioral and subjective indices of
RHI were analyzed with the same ANOVA design used
for SP, EMG, and MEP measures.

We also computed an effect size index (Cohen’s d)
for SP duration comparisons. Cohen’s d, unlike signifi-
cance tests, is independent from sample size. The
Cohen’s d value represents the number of standard

deviations that separate two means and is typically used
to compute effect sizes in a between group comparison
[(my — my)/o]. We calculated within-subject effect sizes
using a modified d: ¢[2(1 — r)/n]l/z, with ¢ as the test
statistic for paired samples and r as the correlation
across pairs of means (Morris & De Shon, 2002; Dunlap,
Cortina, Vaslow, & Burke, 1996). The SP durations for
each experimental condition were transformed into z-
scores to reduce correlations between conditions that
are due to overall interindividual differences in SP du-
ration and may bias d estimation. Cohen’s d effect size
indices were computed using the standardized mean SP
durations. According to Cohen (1992), the d values for
small, medium, and large effects are 0.2, 0.5, and 0.8,
respectively.

RESULTS
Proprioceptive Drift and Tllusion Questionnaire

We use the term proprioceptive drift to refer to the
change in‘the perceived position of subject’s index
finger between proprioceptive measures taken before
and after stimulation. A positive proprioceptive drift
indicates a displacement toward the viewed hand and
is used as a quantitative proxy of the RHI.

ANOVA on proprioceptive drift showed the expected
significant main effect for stroking condition [F(1, 14) =
4939, p = .043], indicating a larger drift in the synchro-
nous condition (2.4 cm) than in the asynchronous con-
dition (0.2 cm). Furthermore, a significant effect for
experimental phase occurred [F(1, 14) = 5.890, p =
.029], indicating a larger drift after the experimental
phase (2.2 cm) than after the induction phase (0.4 cm).
However, the interaction between these two factors
was not significant (F < 1, p > .6). We also specifically
tested the drifts during the experimental phase against
0, to assess whether the sense of body ownership was
manipulated at the time that SP durations and MEPs
were measured. We found a significant drift during the
experimental phase in the synchronous stroking block
(3.4 cm) [t(14) = 3.965, p = .01], but not in the asyn-
chronous block (0.93 cm) [¢(14) = 1.021, p = .32].

Questionnaire results showed that participants expe-
rienced that the experimenter’s hand was part of their
own body both during the induction and experimental
phases on the synchronous block. As expected, asyn-
chronous stroking had no effect. Separate ANOVAs were
carried out on responses to three key questionnaire
items. For Items 1 to 3, the RHI was stronger after
synchronous than asynchronous stroking condition (all
Fs > 5, ps < .05). For Items 1 and 3, neither the effect of
experimental phase nor the interaction with stroking
was significant (all ps > .1). For Item 2, the main effect
for experimental phase [F(1, 14) = 6.089, p = .027] and
the interaction between stroking condition and experi-
mental phase [F(1, 14) = 6.893, p = .020] were both
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significant. This occurred because of stronger agreement
after the experimental phase than the induction phase
in the synchronous condition (5.7 vs. 4.4), with the
reverse pattern in the asynchronous condition (3.1 vs.
3.4, respectively).

Taken together, both proprioceptive and question-
naire data indicate that the RHI was successfully induced
following synchronous stroking in the induction as well
as in the experimental phase. The latter indicates that
neither action observation nor the delivery of TMS
pulses break the illusion.

Duration of Silent Period—Inhibitory
Activity in M1

To investigate whether the sense of body ownership
affected cortical mechanisms of action observation, we
performed an ANOVA on SP duration recorded from the
FDI muscle.

SP durations showed neither a main effect of hand
ownership [F(1, 14) = 1.38, p = .26], nor of experi-
menter action [F(1, 14) = 0.02, p = .884], but a highly
significant interaction between these factors [F(1, 14) =
12.84, p = .003]."

Post hoc analysis showed that in the synchronous
stroking condition, mean SP duration (mean * SEM:
162 = 11) was significantly prolonged when subjects
viewed hand actions, compared to when subjects ob-
served a static hand (159 = 11, p = .030, d = 0.39). In
the asynchronous stroking condition, however, the ef-
fects were reversed: When subjects viewed hand actions,
mean SP duration was significantly shorter (153 = 11)
than when subjects observed a static hand (157 & 11,
p = .019, d = 0.66). Furthermore, mean SP.duration in
the condition synchronous-hand action was significantly
longer compared to the condition asynchronous-hand
action (153 = 11, p = .0002, d =.1.12)..In contrast, SP
duration during the observation of static hand was com-
parable during synchronous and asynchronous stroking
conditions (p = .09, d = 0.14). Results are illustrated in

Figures 2 and 3. Note that Figure 2 error bars show the
standard error across subjects in each individual condi-
tion. This shows quite high individual differences in
overall SP duration. In contrast, the differences between
conditions in SP duration, used for significance testing,
showed much lower variability. Thus, numerically small
effects were, nevertheless, statistically reliable. For ex-
ample, when the interaction between body ownership
and action observation was defined as a single numerical
term, its standard deviation across subjects was notice-
ably lower (7 msec) than the standard deviation in any
of the individual conditions contributing to the interac-
tion (40-44 msec).

In summary, the manipulation of body ownership
strongly affected the modulation of the SP contingent
upon action observation: When the hand was illusory at-
tributed to the self (synchronous stroking), the observa-
tion of index finger adduction—abduction prolonged SP
recorded from the FDI muscle, relative to static hand. In
contrast, when the hand was attributed to another per-
son (asynchronous streking), action observation short-
ened SPs, relative to.the observation of a static hand.

Furthermore; this pattern of results was corroborated
by a series of.controls. First, we compared the two
baseline blocks recorded at the beginning and at the
end of the experiment. The two blocks did not signifi-
cantly differ [¢t(14) = 0.53, p = .604], ruling out any
unspecific change in corticomotor excitability due to
time, fatigue, or TMS per se. Second, in order to com-
pare SP duration in the average of the two baseline
blocks with those in the four experimental conditions,
we conducted one-way repeated-measures ANOVA with
condition as within-subjects factors (average baseline,
self-action, self-static, other-action, other-static). The
ANOVA revealed a significant effect of condition [F(4,
56) = 2.96, p = .028]. Post hoc comparisons with
Dunnett tests showed that the conditions other-action
and other-static did not significantly differ from the
baseline conditions (p = .38 and p = .12, respectively).
The conditions self-action and self-static, however, both

Figure 2. Mean silent-period

. . 200 1
duration after action

viewing a static hand in each
ownership condition. Error
bars show standard error
across subjects in each
condition. See text for

observation or during ‘

180 1

160 1

statistical description of 2 x 2
interaction between factors
hand action and hand
ownership for experimental
conditions. Asterisks denote
*p < .005; **p < .005;

SP Duration (msec)

140 1

wHky < . 120 1
r 0005 Hand Action

Static Hand
Synchronous-Self
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static-self

action-other
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Figure 3. All recorded trials (superimposed gray lines) plus averages (black lines) from one subject showing motor-evoked potentials (MEPs)
and silent periods (SPs) from the first dorsal interosseous (FDI):muscle in the conditions used for statistical analysis (see Figure 2). The
subject is chosen as representative of the ANOVA interaction in Figure 2. Average SP duration in each trial was measured from the onset of

the MEP to return of EMG activity (arrow mark).

showed significant increases over. average baseline (p =
.009 and p = .042, respectively). This result indicates
that cortical inhibition is modulated by viewing a static
hand. This could perhaps reflecting the expectation of
the observer that this hand“may make a movement, or
some more general factor such as the salience of hands
relative to inanimate stimuli. In any case, it confirms the
importance of using a static hand as a control condition
in studies of action observation.

Second, we assessed the influence of muscle contrac-
tion on SP duration. In our study, the FDI was isomet-
rically contracted. The level of isometric contraction is
known to influence TMS measures of cortical excitabil-
ity. Thus, MEP amplitudes depend strongly on back-
ground EMG, although SP duration is reported to be less
sensitive (e.g., Taylor, Allen, Butler, & Gandevia, 1997;
Flament, Goldsmith, Buckley, & Lemon, 1993). Neverthe-
less, we investigated whether any variation in background
EMG undetected by the monitoring experimenter could
have contributed to the observed differences between
conditions in SP duration.

To do this, we first analyzed background-rectified FDI
EMG activity in the 100 msec prior to TMS using two-way
repeated measure ANOVA to detect differences between
any conditions. No significant main effects [Fs(1, 14) <
2.02, ps > .18] or interaction were found [F(1, 14) =
0.50, p = .49]. We also performed an ANCOVA, in which
we added the pre-TMS EMG level as an additional covar-
iate to the 2 x 2 ANOVA of SP duration. The additional
covariate did not show any significant relation with SP
duration (p = .64), and its inclusion did not change
either the pattern or significance of the ANOVA results.

Furthermore, we investigated whether our ANOVA re-
sults might be an artifact of the (modest) individual dif-
ferences in overall SP duration. We therefore normalized
SP durations in each condition using the average of the
each subject’s two baseline blocks (condition/averaged
baseline). This did not change the pattern or signifi-
cance of the ANOVA results. In particular, the interaction
between ownership and experimenter action in the anal-
ysis of normalized SP durations remained highly signif-
icant [F(1, 14) = 8.88, p = .0099].
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Corticomotor Excitability

Results of MEPs are shown in Figure 4.

The present results replicated the direction of the
interaction found in a previous study (Schiitz-Bosbach
et al., 20006). Specifically, the MEPs were facilitated more
when viewing actions attributed to another than when
viewing actions attributed to the self. In this experiment,
however, neither the main effects [Fs(1, 14) < 1.8, ps >
.19] nor the interaction reached significance [F(1, 14) =
0.12, p = .73]. We assume this is because of the lower
sensitivity and higher noise of MEP measures at the high
amplitudes found with precontraction. Moreover, MEPs
in the present study were overall much larger than in
Schiitz-Bosbach et al. (2006). In the previous study, the
MEP amplitude range was 1.37 to 1.59 mV across the
experimental conditions. Here MEPs were around twice
the previous amplitudes. This general increase in MEP
size is caused by the muscle precontraction. Background
EMG will inevitably vary randomly across trials, although
average EMG levels did not differ significantly between
conditions. This random variation would lead to noise in
MEP amplitudes, but not in SP durations.

DISCUSSION

We investigated whether observing actions that ap-
peared to be subject’s own or another’s modulate the
excitability of inhibitory mechanisms in the onlookers’
motor cortex. To this end, we used an established ex-
perimental method, the RHI, to manipulate body/own-
ership. This allowed us to control whether our.subjects
experienced another person’s hand as being part of
their own body or as belonging to anotherperson. Both
qualitative questionnaire data and quantitative sensori-
motor measures confirmed that this manipulation was
successful. The model’s hand made occasionally index
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Figure 4. Mean and standard error of motor-evoked potentials (MEPs,
mV) after action observation or during viewing a static hand in

each ownership condition. 6.5% of trials in the four experimental
conditions showed clipping of the MEP signal peaks. These trials
were excluded from further analysis. A one-way ANOVA on percentage
of removed trials in each condition revealed no significant difference
between any of the conditions (F < 1, p > .8).
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finger movements, observed by the subject. We com-
pared the effects of the observed actions linked either to
the self or another agent on the silent period, which can
be recorded from voluntary contracted muscles.

The TMS-induced silent period detectable in surface
EMG recordings of voluntarily contracted muscles is
regarded as an indicator of cortical motor inhibition,
and has been widely used in neurophysiological studies
to probe the instantaneous state of inhibitory circuits in
the primary motor cortex (Siebner & Rothwell, 2003;
Werhahn et al., 1999; Siebner et al., 1998; Ziemann et al.,
1996; Hallett, 1995). Lesion and epidural recording
studies clearly demonstrate that SP is generated corti-
cally, at least in its later part (e.g., Schnitzler & Benecke,
1994). Evidence of a dose-dependent prolongation of SP
after administration of GABA agonists (e.g., Werhahn
et al., 1999; Ziemann et al., 1996) has suggested that SP
duration reflects GABAg eceptor-mediated inhibitory
activity of cortical and corticospinal neurons within the
primary motor cortex (e.g., Siebner & Rothwell, 2003;
Werhahn et al., 1999).

To our knowledge; however, only one previous study
has shown modulation of SP duration according to cog-
nitive context (Stefan, Wycislo, & Classen, 2004). Stefan
et al. (2004) showed that directing attention to a target
hand significantly increased sensorimotor learning-related
changes in the duration of cortical SPs. Here we have
used SP duration to measure how action observation
and self-representation influence inhibitory intracorti-
cal circuits within the motor cortex. We hypothesize
that the level of activation of cortical inhibitory circuits
varies systematically during cognitive tasks (Eimer &
Schlaghecken, 1998), and that SP duration is directly
proportional to instantaneous inhibition. We compared
the duration of the silent period evoked by TMS over M1
just after observing an action which was attributed to the
self or another agent, and while observing the hand
being static.

We found that systematic changes in silent period
duration occurred as a function of hand ownership and
hand action: When subjects observed actions of a hand
that appeared to be their own, silent periods were
significantly prolonged relative to viewing the same
hand remaining static. Conversely, when subjects ob-
served actions of a hand that was clearly not their own,
silent periods were significantly reduced relative to
viewing the static hand. Neither the RHI nor the pres-
ence of an action had any effect on SP as main effects,
but their interaction was highly significant. That is,
action attribution modulated the effect of action obser-
vation on the motor system. Because the SP measure is
specifically linked to inhibitory activity in M1, our results
clarify the nature of this modulation. Observing an
action linked to the self produced motor cortex inhibi-
tion, as revealed by long SP durations. Observing other’s
actions reduced the level of M1 inhibition, thus reducing
SP durations.
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In a previous study, we measured changes in MEP
amplitudes using a similar design (Schiitz-Bosbach et al.,
20006). That study found a significant increase in cortico-
spinal excitability when viewing others’ actions, and a
numerical but nonsignificant decrease when viewing
actions attributed to the self. The present SP results
are broadly consistent with the previous MEP results if
one considers that SP duration is directly proportional
to the level of cortical inhibition. That is, viewing others’
actions increased corticospinal excitability and reduced
inhibitory activity in M1, whereas viewing actions linked
to the self decreased cortical excitability and increased
inhibitory activity in M1. Although it has been argued
that action observation implies cortical inhibitory mech-
anisms (cf. e.g., Baldissera et al., 2001), this assumption
has not yet been formally investigated. Our study there-
fore shows that action observation influences inhibitory
circuits in M1, as well as, and perhaps more reliably than
corticospinal excitability and further it establishes, for
the first time, that the involvement of those inhibitory
mechanisms is agent-specific.

The absence of main effects of RHI or action obser-
vation argues against a number of artifactual explana-
tions. Firstly, the changes in cortical processing cannot
simply be due to changes in arousal due to the illusion,
or the observed action. Second, this pattern of results is
also inconsistent with an interpretation based on multi-
sensory conflict. In the crucial condition where our
subjects observed an action which they attributed to
themselves, they were, in fact, completely immobile.
This might generate a multisensory conflict between
visual information that an action had occurred, and
somatomotor information that the subject did not move.
Could increased cortical inhibition simply be due to
such conflicts? Our design included a second type of
multisensory conflict, namely, between visual and tactile
information during the induction of the RHI itself. If
conflict per se increased«SP<duration, then one might
expect a significant main effect of synchronous versus
asynchronous stroking. However, this was far from
significant in our data. Further, functional imaging stud-
ies on conflict between motor intention and visual feed-
back have not reported suppression of primary motor
or premotor areas but rather activations in those areas
(Leube, Knoblich, Erb, & Kircher, 2003; Fink et al,,
1999). We speculate that cortical inhibition can be a
genuine response to observing one’s own actions for
preventing inappropriate perseveration or entrainment
(see below), whereas reduction of cortical inhibition can
be a genuine response to observing others’ actions.

The finding that observing others’ actions can modu-
late inhibitory circuits in M1 is in line with a previous
study (Strafella & Paus, 2000). In that study, observing
another person’s action reduced short- but not long-
interval intracortical motor inhibition as measured by
paired-pulse TMS technique (Strafella & Paus, 2000). Be-
cause short- and long-interval intracortical inhibition are

thought to be mediated by GABA, and GABAg recep-
tors, respectively (e.g., McDonnell, Orekhov, & Ziemann,
2000), the authors concluded that viewing others’ ac-
tions triggers activity mainly in GABA,-mediated inhibi-
tory motor circuits (Strafella & Paus, 2000). Given the
association between SP and GABAg circuits, our result
suggests that GABAg circuits may be suppressed by the
observation of others’ action. Although both long-interval
intracortical inhibition and SP duration are thought to
probe GABAp mechanisms, these two measures may
also reflect distinct inhibitory mechanisms (McDonnell
et al., 2000).

We now discuss the implication of our results for
motor representation and for social cognition. First,
our results confirm the concept of a “mirror system”
resonating with others’ actions (Strafella & Paus, 2000;
Fadiga et al., 1995). Specifically, we found that observing
another person’s finger movement leads to a significant
modulation of SP in the observer’s corresponding mus-
cle, relative to observing a static hand. However, our
results are not censistent with the concept of an SRA (de
Vignemont and Haggard, in press), in which a single
neural code represents both one’s own and others’
actions. We found that specific corticomotor processing
in response to observed actions operated in opposite
directions” for actions linked to the self and actions
linked to others. That is, the motor system clearly dis-
tinguishes between self and other. It shows social differ-
entiation, rather than the social equivalence proposed
by SRA. We previously reported a socially differentiative
effect on MEP facilitation, using a broadly similar design
(Schiitz-Bosbach et al., 2006). The present result shows
an even stronger form of social differentiation in inhib-
itory sensorimotor networks, with a significant inhibition
in the self condition not found previously.

Jeannerod and Pacherie (2004), Jeannerod (2001a,
2001b, 2003), and Fourneret and Jeannerod (1998) have
noted that the existence of agent-neutral SRAs necessi-
tates an additional “who system.” This system would
serve to attribute actions to agents, and thus, form the
foundation of all social cognition. The pattern of social
equivalence and social differentiation can be used to
localize the SRA and the putative “who system” in the
brain. Areas involved in SRA should show social equiv-
alence, whereas areas involved in the “who system,” or
in stages of action understanding subsequent to attribu-
tion should show social differentiation. Our result shows
therefore that the sensorimotor cortex, and specifically
its inhibitory networks, either house the putative “who
system,” or are located downstream from it. Because the
putative “who system” must logically, in turn, be located
downstream from the SRA, our results show that SRA
may not involve the sensorimotor cortex, in contrast to
some previous suggestions (Aziz-Zadeh, Maeda, Zaidel,
Mazziotta, & Iacoboni, 2002; Fadiga et al., 1995).

Additional evidence for distinctive representations of
self and other has also recently been provided by David
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et al. (2006). Subjects played a virtual ball-tossing game
with two avatars. In the active condition, subjects made
an avatar, viewed from a first- or third-person perspec-
tive, throwing a ball to another avatar by pressing a
button. In the passive condition, they just observed the
ball-tossing game and indicated which of the virtual
characters threw the ball. When subjects actively con-
trolled an avatar seen in a first-person perspective (i.e.,
self condition), increased activity was found in medial
prefrontal brain regions. However, when subjects pas-
sively watched an acting avatar from a third-person
perspective (i.e., other condition), increased neural
activity was found in temporal-occipital, and in the
premotor, inferior frontal, and posterior parietal regions
comprising the human mirror system (cf. Rizzolatti &
Craighero, 2004). Along similar lines, a recent study by
Fourkas, Avenanti, Urgesi, and Aglioti (2006) contrasted
first-person imagery and third-person imagery of index
finger movements. The authors found greater facilitation
of MEPs to TMS recorded from subjects’ FDI muscles in
third-person imagery, that is, when the imagined action
was clearly attributable to another person. Furthermore,
Désy and Théoret (2007) recently showed that cortico-
spinal excitability increased more strongly during obser-
vation of movements made by a hand having a different
skin color to that of the observer than for a same-color
hand. These findings are in line with our hypothesis of a
specific role of motor resonance in representing others,
which is not merely parasitic on representation of the
self (cf. Schiitz-Bosbach et al., 2006).

In apparent contrast with our finding that observing
one’s own hand movements may induce an inhibition of
hand motor representation, Garry, Loftus, and Summers
(2005) found that the observation of one’s. own hand
movement through a mirror (so that the moving hand
appeared in the place of the nonmoying hand), brought
about an increase of excitability of the nonmoving hand
motor cortex. It is important to mention that the study
by Garry et al. (2005) did not compare corticomotor
excitability induced by observation of own and other’s
action, and so does not demonstrate social equivalence
in the motor system. However, the increase of excitabil-
ity during the observation of self-movement deserves
discussion. A number of reasons may account for by the
facilitation found in the study of Garry et al., including
the fact that participants actively made movements with
one hand (which is know to facilitate the ipsilateral
motor cortex; see Muellbacher, Facchini, Boroojerdi, &
Hallett, 2000; Brasil-Neto, Arautjo, & Carneiro, 1999) and
the use of a circular coil, which recruits larger popula-
tions of cortical neurons and may thus disclose different
neural effects in the motor system (see, for example,
Tamburin, Manganotti, Zanette, & Fiaschi, 2001). Note
that by using a focal coil, Funase, Tabira, Higashi, Liang,
and Kasai (2007) found no difference in ipsilateral
corticomotor excitability during direct or indirect (i.e.,
with a mirror) observation of hand movements, suggest-
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ing that the excitability change in ipsilateral M1 during
observation of self-movements may reflect a transfer
of excitability across hemispheres, perhaps related to
mechanisms involved in bimanual motor coordination
(Muellbacher et al., 2000; Brasil-Neto et al., 1999).

A novel finding of the present study was the signifi-
cantly increased inhibitory activity in M1 associated with
viewing actions related to the self. We discuss two pos-
sible functional roles of this inhibition. First, it may play a
role in suppressing imitation. Several studies have found
that direct imitation of an observed action is a form
of prepotent response (Bertenthal, Longo, & Kosobud,
2006; Brass, Bekkering, Wohlschliger, & Prinz, 2000;
Meltzoff & Moore, 1990). This raises the question of
why people do not imitate all the time (Brass et al.,
2001). Voluntary inhibition /of motor execution areas
has been suggested as a possible answer to this question
(Baldissera et al., 2001). Weisuggest that imitation of
one’s own current action'(i.e., perseveration) poses an
even more acute problem than imitation of others. If view-
ing an action tends torautomatically entrain performing
the corresponding ‘action, then the voluntary motor
system requires a special mechanism to allow discrete
movements to be made under visual control, without
entraining, repetition. We speculate that the increased
sensorimotor inhibition in the self-condition of our study
may form part of this mechanism.

Second, attribution of action to the self appears to
engage a set of inhibitory processes reminiscent of sen-
sory suppression. Activity in primate and human somato-
sensory cortex evoked by afferent signals is reduced
during voluntary action (Kakigi et al., 1995; Chapman,
1994; Jiang, Chapman, & Lamarre, 1991; Chapin &
Woodward, 1982). Computational models of motor con-
trol suggest that sensory suppression reflects attribution
of stimuli either to external events or to one’s own
movement (Blakemore, Wolpert, & Frith, 1998; Claxton,
1975; Weiskrantz, Elliot, & Darlington, 1971) and it has
been suggested that a deficient mechanism may account
for abnormalities in awareness and control of action (e.g.,
delusions of control experiences associated with schizo-
phrenia) (Blakemore et al., 2002; Frith, Blakemore, &
Wolpert, 2000). Moreover, perseveration as a common
symptom which may result from lesions in frontal brain
regions can be conceptualized as inappropriate imitation
of one’s own previous action. Also, patients suffering
from the Tourette’s syndrome regularly exhibit motor
tics, which are well-formed actions performed under
inappropriate or unusual circumstances (cf. Miller &
Cunnings, 2000). It is a common observation that such
tics are often produced in groups rather than singly.
That is, the Tourette’s patient who coughs, swears, and
so forth will often do so in a series of several repeated
actions. We suggest that this can be seen as repeated
imitation of one’s own previous action. Indeed, TMS
studies have found decreased neuronal inhibition and a
reduced cortical silent period in the primary motor area
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in Tourette’s syndrome (Ziemann, Paulus, & Rothenberger,
1997). Furthermore, a body part specific compulsion to
execute the imagined movements was reported following
parietal lesions (Schwobel, Boronat, & Branch-Coslett,
2002).

Our study did not focus on sensory processes, but on
the level of excitation/inhibition in MI, with which SI has
functional local interconnections (Classen et al., 2004).
We found that merely observing an apparently voluntary
action increased sensorimotor cortical inhibition. Thus,
observation-evoked inhibition for one’s own actions
might involve a motor parallel to sensory suppression.
Previous studies showed that the preparation of motor
commands is sufficient for sensory suppression, even in
the absence of actual movement (Voss, Ingram, Haggard,
& Wolpert, 2006). We speculate that mere attribution of
observed actions to the self, in the absence of any motor
command, may partially recruit similar inhibitory circuits.
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Note

1. We conducted a further analysis in which we measured the
SP duration from the onset of TMS delivery to return of EMG
activity (see Methods). This analysis yielded the same pattern
of results. In particular the interaction between hand owner-
ship and action remained highly significant [F(1, 14) = 9.66,
p = .0077]. Again, no main effect of ownership [F(1, 14) =
1.48, p = .24] or action [F(1, 14) = 0.03, p = .85] was found.
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