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Corticospinal excitability during the observation of social behavior

Giulia Bucchioni

, Andrea Cavallo , Davide Ippolito , Gianluca Marton , Umberto Castiello

ABSTRACT

Evidence suggests that the observation of an action induces in the observers an enhancement of motor
evoked potentials (MEPs) recorded by the observer's muscles corresponding to those involved in the
observed action. Although this is a well-studied phenomenon, it remains still unclear how the viewer's
motor facilitation is influenced by the social content characterizing the observed scene. In the present
study we investigated the facilitation of the corticospinal system during the observation of either an
action that does not imply a social interaction (i.e., an actor throwing a ball against a wall), or an action
which implies a social interaction (i.e., an actor passing a ball to a partner). Results indicate that MEPs
amplitude is enhanced during the observation of a social rather than an individual action. We contend
that the increase in MEPs activation might reflect an enhancement of the simulative activity stemming
from the mirror system during the observation of social interactions. Altogether these findings show that
the human corticospinal system is sensitive to social interactions and may support the role of the mirror

neurons system in social cognition.

1. Introduction

The capability to understand the meaning of others’ actions is
an essential characteristic for the human adaptation to social and
physical environments. Insights into the neural mechanisms of ac-
tion understanding comes from the discovery of neurons activated
during both the execution and the observation of a given action
(the so-called mirror neurons) in the monkey premotor and parie-
tal cortices (di Pellegrino, Fadiga, Fogassi, Gallese, & Rizzolatti,
1992; Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; Rizzolatti, Fogas-
si, & Gallese, 2001). Following this discovery, neurophysiological
(Fadiga, Fogassi, Pavesi, & Rizzolatti, 1995; Hari et al,, 1998;
Romani, Cesari, Facchini, & Aglioti, 2005) and neuroimaging
(Buccino et al,, 2001; Decety et al,, 1997; Grafton, Arbib, Fadiga,
& Rizzolatti, 1996; Rizzolatti et al,, 1996; Turella, Pierno, Tubaldi,
& Castiello, 2009) studies have uncovered a similar system in hu-
mans. In particular, it has been suggested that the action observa-
tion-execution matching system would offer a parsimonious
answer to how it is possible to understand others’ behavior. In this
view, the observation of another’s behavior elicits changes in the
cortical and corticospinal activity indicating that, in the observer,

a motor representation for the same act is activated (e.g., Buccino
et al,, 2001; Fadiga, Craighero, & Olivier, 2005).

More recently, it has been proposed that the action observa-
tion-execution matching system is not only modulated by the
physical aspects of an action, but also by the social context within
which an action is embedded (Becchio et al,, 2012; lacoboni et al,,
2004; Kourtis, Sebanz, & Knoblich, 2010; Oberman, Pineda, &
Ramachandran, 2007). For example, in a functional magnetic reso-
nance imaging study, lacoboni et al. (2004) reported an increase in
activation within a key ‘mirror’ area, namely the inferior frontal
gyrus, following the observation of a scene depicting two individ-
uals interacting, as compared to a scene depicting one individual
engaging in everyday activities. Oberman et al. (2007) measured
mu rhythm oscillations (an index of mirror neurons activity), dur-
ing the observation of actions characterized by a different degree of
social interaction. They found a correspondence between the level
of mu wave suppression and the degree of social interaction to
which the subject was exposed - i.e., the highest amount of mu
wave suppression was recorded for the interacting condition. Sim-
ilarly, Kourtis et al. (2010) by analyzing the amplitude of the con-
tingent negative variation (CNV) and the oscillations of beta
rhythm as a measure of anticipation of other’s actions, have shown
that the simulation of another person’s action depends on the de-
gree of social relation between the actor and the observer - i.e,
motor resonance is increased when subjects perceived the other
person as an interacting partner. Further support to the idea that
action simulation is sensitive to the social features characterizing



an observed action comes from a series of transcranial magnetic
stimulation (TMS) studies (Sartori, Bucchioni, & Castiello, 2012;
Sartori, Cavallo, Bucchioni, & Castiello, 2011a; Sartori, Cavallo, Buc-
chioni, & Castiello, 2011b). This series of experiments has shown
that corticospinal excitability varies depending on whether the ob-
served action is performed in either an individual or a social con-
text implying a complementary action by the observer.

Although the above evidence is indicative of a social sensitivity
by the action observation-execution matching system, the scenar-
ios considered in these experiments called for either an explicit or
implicit involvement by the observer in terms of social interaction.
What remains unclear is how the system reacts to either social or
individual actions that in principle do not imply a first person
involvement by the observer. Therefore the key question addressed
in the present study is to highlight the role of the action observa-
tion-execution matching system in the processing of social stimuli
from an external perspective. Specifically, we investigated the de-
gree to which corticospinal excitability would be modulated based
on the extent of the social content characterizing an observed ac-
tion. To this end, we applied single pulse TMS on the participant’s
left primary motor cortex (M 1) and simultaneously recorded mo-
tor evoked potentials (MEPs) from the flexor carpi ulnaris (FCU)
and the abductor digiti minimi, (ADM) while participants observed
video-clips depicting the same action embedded in two different
contexts: (i) a model passing a ball to a partner (social condition);
and (ii) a model throwing a ball against a wall (individual condi-
tion). These two muscles are actually involved in the observed ac-
tion. More specifically, we investigated both the degree to which
corticospinal excitability would be modulated based on the social
content of a given human action as well as whether the observer
becomes somewhat involved by the scene.

2. Materials and methods
2.1. Participants

Twenty-three healthy volunteers (16 men and 7 women) aged
21-26 (mean 22.9 years) took part in the experiment. All were
right-handed according to the Standard Handedness Inventory
(Briggs & Nebes, 1975), had normal or corrected-to-normal visual
acuity and were free from any contraindication to TMS (Rossi,
Hallett, Rossini, & Pascual-Leone, 2009; Wassermann, 1998). At
the beginning of each experimental session the participant, that
was naive as to the purposes of the study, signed an informed con-
sent; information about the experimental hypothesis was given
only at the end of the experiment. The procedures were approved
by the ethical committee of the University of Padova and were car-
ried out in accordance with the principles of the 1964 Declaration
of Helsinki. None of the participants reported discomfort or ad-
verse effects during TMS.

2.2. Stimuli

Two different types of colored video-clips were used as experi-
mental stimuli: (i) a model standing in profile throwing a ball with
her right arm to another actor standing in front of her (social con-
dition; Fig. 1, left panels); and (ii) a model standing in profile
throwing a ball with her right arm against a wall (individual con-
dition; Fig. 1, right panels). At the beginning of each video-clip
the actor was holding the ball only with her right hand and her left
arm was out of view. After 500 ms, the model started her move-
ment. Each video-clip lasted 3000 ms. The animation effect was
obtained by presenting series of single frames each lasting 30 ms
(resolution 720 x 576 pixels, with color depth of 24 bits, and frame
rate of 30 fps). Only the first and the last frame lasted 500 ms and

1000 ms, respectively. In order to avoid any effect related to the
interpretation of gaze we adopted a spatial occlusion procedure:
the head of the models was not shown in the video clips.

2.3. Stimulation and recording

TMS pulses were administered by using the Master Magstim
200 Unit of a Magstim Bistim2 stimulator (Magstim, Whitlan,
Dyfed, Wales, UK) connected to a 70 mm figure-of-eight coil posi-
tioned over the left primary motor cortex (M) corresponding to
the hand region and was fixed tangentially to the scalp with the
handle pointing backwards and laterally with a 45° angle to the
midline. This orientation permits to achieve the lowest motor
threshold, optimizing the stimulation (Brasil-Neto et al,, 1992;
Mills, Boniface, & Schubert, 1992). The coil was kept stable by a tri-
pod in correspondence with the optimal scalp position (OSP), de-
fined as the position from which MEPs with maximal amplitude
were recorded simultaneously from the flexor carpi ulnaris (FCU,
the muscle involved in forearm flexion) and the abductor digiti
minimi (ADM, the muscle involved in little finger abduction).
These two muscles have been chosen because they are involved
when the observed action is performed. Activity at the level of
the ADM and FCU muscles might differ across conditions because
of the need to maximize the level of accuracy by the ADM muscle
in handling the ball and by the FCU muscle in determining a pre-
cise direction to the ball when the task implies a precise pass to an-
other person (i.e., social condition) rather when the task implies to
throw a ball against a wall (i.e., individual condition).

The OSP was found for each subject moving the coil in steps of
lcm around MI. Then the individual resting motor threshold
(rMT) was determined as the lowest stimulus intensity that in-
duced at least five MEPs (no less than 50 pV of pick-to-pick ampli-
tude) out of ten consecutive TMS pulses in both the considered
muscles (Rossini et al,, 1994). During the recording session stimu-
lation intensity was 110% ofthe rMT and it ranged from 47% to 67%
(mean 59.3%) of the maximum stimulation intensity.

MEPs were recorded simultaneously from the FCU and the ADM
muscles of the right limb. For recording the electromyographic
(EMC) signal from both muscles two couples of surface Ag-AgCl
electrodes (9 mm diameter) were used. The belly-tendon tech-
nique was applied for the electrode montage: one electrode of
the couple was placed over the muscle belly, the second one was
placed over the joint or tendon. Electrodes were connected to an
isolated portable EXG input box linked to the main EMC amplifier
for signal transmission via twin fiber optic cable (Professional
BrainAmp ExG MR; Brain Products, Munich, Germany). The ground
was placed over the participants’ left wrist and connected to the
common input of the EXG input box. In the recording session
EMG signals were sampled, amplified, band-pass filtered (20 Hz-
2 kHz), and stored on a PC for off-line analysis. In order to prevent
contaminations of MEPs by background EMG activity, a window of
100 ms before TMS pulse was used to check for trials with any
background activity greater than 100 pV. EMG data were collected
for 200 ms after the TMS pulse and trials contaminated were ex-
cluded from MEP analysis.

2.4. Procedure

Participants were tested in a single experimental session lasting
40 min approximately. Experimentation was carried out in a dimly
illuminated room in which each subject sat in a comfortable arm-
chair in front of a 19-in. monitor (resolution 1280 x 1024 pixels,
refresh frequency 75 Hz, background luminance of 0.5 cd/m2) set
at the eye-screen distance of 80 cm. The right arm was positioned
on a pillow and the head was positioned on a fixed head rest. Par-
ticipants were instructed to fully relax their muscles and to pay
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Fig. 1. Schematization of the event sequencing during a single trial for the social (left panels) and individual conditions (right panels). The "light” symbols along the timeline
represent the two trigger delays at which the single TMS pulse was delivered: three frames before the detachment of fingers from the ball (release-minus-three, R -3) and

the frame that shows the detachment of fingers from the ball (release, R).

attention to the visual stimuli. As a control for attention, they were
told they would be questioned at the end of the experiment about
what they had seen. Baseline corticospinal excitability was as-
sessed at the beginning and at the end of each experimental ses-
sion recording two series of ten MEPs while participants
passively observed a white-colored fixation cross presented on a
black background on the computer screen. Comparisons of MEP
amplitudes for the two series allowed us to check for any cortico-
spinal excitability change related to TMS per se.

For each video-clip a single MEP from the right FCU and the
right ADM muscles was acquired. For each condition (social and
individual) the magnetic pulse was randomly delivered at two dif-
ferent delays: (i) on the frame showing the detachment of fingers
from the ball (release, R); (ii) three frames before the frame show-
ing the detachment of fingers from the ball (release minus three,
R-3). These different trigger delays were set just to control for
simulation effects occurring before the start of the action and that
could affect MEP size. Twelve trials were presented for each of the
two types of videoclips for the two delays, for a total of 48 trials.
The order of presentation of the trials was randomized across
participants. The inter trial interval ranged from 13-14 s: during

the first 5 s a message was presented on the PC screen informing
participants to keep their limbs still and fully relaxed, than this
was replaced by a fixation cross for the remaining 5 s. This inter-
pulse interval, based on the research by Chen et al. (1997), ensures
that none experimental effect may be caused to TMS per se. In fact,
it was shown that even 1 h of repetitive TMS at 0.1 Hz did not in-
duce any change in corticospinal excitability (ibid). Stimulus-pre-
sentation timing, randomization of stimuli and TMS triggering
were controlled by using E-Prime V2.0 software (Psychology Soft-
ware Tools Inc., Pittsburgh, PA, USA) running on a PC. Another PC
was equipped with Brain Vision Recorder software for the EMC
recording (Brain Products GmbH, Munich, Germany).

2.5. Data analysis

Data were analyzed off-line using Brain Vision Analizer software
(Brain Products GmbH, Munich, Germany) and SPSS 17.0.1 (SPSS
Inc., Chicago, IL, USA). MEP amplitudes that fell two standard
deviations above or below each individual mean for the two exper-
imental conditions and single trials contaminated by muscular pre-
activation were excluded respectively as outliers (1%) and



Table 1

MEPs amplitudes recorded during baseline blocks together with the mean for normalized and log-transformed MEPs data at the two trigger delays for the two experimental

conditions.

Baseline Social condition
61 62 6 -3

FCU raw (juV) 282 255

Normalized 1.29

Log transformed 0.33

ADM raw (juV) 410 374

Normalized 1.39

Log transformed 0.37

Individual condition

6 Mean 6-3 6 Mean
1.30 1.29 1.15 1.13 1.14
0.34 0.35 0.32 0.32 0.32
1.30 1.34 1.14 1.00 1.07
0.35 0.36 0.33 0.29 0.31

Note: FCU: from the flexor carpi ulnaris. ADM: abductor digiti minimi. B1: baseline block recorded at the start of the experimental session. B2: baseline block recorded at the

end of the experimental session. R- 3: release-minus-three. R: release).

precontracted trials (<1% of total). Individual mean peak-to-peak
amplitudes of the collected MEPs recorded from the FCU and ADM
muscles were separately measured and averaged for the two base-
line blocks, the two experimental conditions (social, individual) and
the two different trigger delays (R, R - 3). The individual mean
amplitude of MEPs recorded from the FCU and ADM muscles in
the two series of trials presented at the beginning and at the end
of the experimental session served as baseline. A paired sample t-
test (2-tailed) was used to compare the amplitude of MEPs collected
from the two muscles in the baseline trials. For both participants
muscles, MEP amplitudes were converted into a proportion of the
baseline value and a logarithmic transformation was applied to
the mean MEP size in order to normalize data distribution. In partic-
ular, to address non-normality resulting from positive skew, log10
and constant value of 1 were chosen while maintaining as closely
as possible the order and spacing of the original distribution (Os-
borne, 2002). The log-transformed data, calculated for each muscle
separately, were embedded into a2 x 2 x 2repeated-measuresAN-
OVAs with muscle (FCU, ADM), type of action (social, individual)
and trigger delay (R, R - 3) as within-subjects factors. Before per-
forming statistical analysis all data were inspected for adherence
to the assumptions of ANOVA and in particular it was checked the
Sphericity of the data with the Mauchly’s test (P >0.05). Post hoc
pairwise comparisons were carried out by using t-tests, and Bonfer-
roni corrections were applied. Differences were considered statisti-
cally significant when the probability P of a type | error was <0.05.

3. Results

Mean raw MEP amplitudes during the two baseline blocks run
at the beginning and at the end of the experimental session were
not significantly different for either the FCU (t22=1.713,
P =0.101) or the ADM muscle (t2 =1.046, P =0.307). This suggests
that TMS per se did not induce any changes in corticospinal excit-
ability in our experimental procedures. Table 1 shows mean raw
MEP amplitudes recorded from the FCU and ADM muscles during
the two baseline blocks, the two conditions (social and individual)
and the two different trigger delays (R- 3, R). The 2 x 2 x 2 ANO-
VA on normalized MEP amplitudes yielded a statistically signifi-
cant main effect of type of action [P(122) =9.528, P<0.01]. This
indicates that MEPs activation is modulated by the social nature
ofthe action independently from the type of muscle and trigger de-
lay (Fig. 2). Specifically, MEP amplitude for both FCU and ADM
muscles were greater for the social than for the individual condi-
tion (Fig. 2). The main effects of muscle [P(i,22) =0.083, P =0.776]
and trigger delay ]P(i,22) = 1.725, P =0.203], as well as all the inter-
actions, were not significant.

4. Discussion

Understanding the relations between others is a crucial unique
component of human social cognition that we can easily recognize

in a variety of everyday life situations. Predicting the behavior of
others as well as planning one’s own action in a social context pre-
supposes this ability. Discriminating whether they act on one’s
own or are engaged in interaction may be regarded as a first, basic
step in representing social relations. In our experiment participants
were requested to observe social or individual actions. We showed
that corticospinal excitability was greater during the observation
of social interactions as compared to individual actions.

Previous understanding of the role played by the action obser-
vation execution matching system in coding social interaction
has been confined to on-line interactions or situations implying
an implicit request to socially interact. Here we demonstrate that
corticospinal excitability is sensitive to the observation of social
interaction between agents that, in principle, should not involve
the observer. Crucially, MEPs activity seems to be substantially in-
creased by the social content of an observed action. A results which
is in line with previous evidence of a role played by the action
observation/execution matching mechanism in social cognition
(Becchio et al,, 2012; Kourtis et al,, 2010; Oberman et al,, 2007;
Sartori et al,, 201 la,b; 2012). A mechanism that has typically being
interpreted in the terms of the “mirror system”.

In this connection, the present findings are in line with the idea
that the mirror system may play a pivotal role in social under-
standing even when, as in our study, the top-down bias due to face
perception (for a review see Brown & Briine, 2012) is controlled by
showing headless bodies. Support to the social understanding con-
tention comes from research demonstrating a link between the ac-
tion observation-execution matching system and social cognition
(Carr, lacoboni, Dubeau, Mazziotta, & Lenzi, 2003; Kaplan & laco-
boni, 2006; Sebanz, Rebbechi, Knoblich, Prinz, & Frith, 2007;
Theoret et al,, 2005). Of relevance, it has been posited that the
action observation-execution matching system is more attuned
to social than individual behavior. In other words, mirror system
activation could be enhanced for the observation of motor behav-
iors that occur within a social context (lacoboni et al,, 2004; Kour-
tis et al,, 2010; Oberman et al,, 2007). For instance, using fMRI,
lacoboni et al. (2004) observed increased inferior frontal gyrus
(IFG) activation when viewing everyday activities in which two
people interacted compared with individual activity. In a similar
vein, Oberman et al. (2007) found increased “mu suppression”
while viewing cooperative behaviors when compared with individ-
ual behavior, and further increased mu suppression when viewing
behavior that suggested an interaction between the actor and the
observer. The present study extends this literature by revealing
that our social stimuli appear to produce an increase in corticospi-
nal excitability. And it suggests that this system is also sensitive to
the degree of sociality, as evidenced by the modulation in the
degree of MEPs activity between the two experimental conditions.
This characteristic might provide a link between simple action
observation and more complex social skills.

Continuing on this analysis, other recent studies have found in-
creased activation of regions implicated in mirror system during
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Fig. 2. Panel A and Panel C: Means of the normalized peak-to-peak amplitude scores from the FCU (A) and the ADM (C) muscles recorded during the observation of the two
conditions (social, individual) with two different trigger delays (release-minus-three, R 3 and release, R). Vertical bars represent the standard error of means. Asterisks
indicate significant post hoc comparisons (P <0.05). Beneath each graph the typical FCU (A) and ADM (C) MEPs for social and individual actions and for the two moments at
which the magnetic pulse was delivered are represented. Black dots on the limbs figures indicate to which muscle MEPs data refer to. Panel B: Graphical representation of the

frames presented to participants for the two experimental conditions.

the coordination of joint and complementary actions
(Newman-Nordlund, Bosga, Meulenbroek, & Bekkering, 2008;
Newman-Nordlund, van Schie, van Zuijlen, & Bekkering, 2007; Sar-
tori et al., 201 1a,b; 2012). As an example, Newman-Nordlund et al.
(2008, 2007) reported greater mirror system activity as partici-
pants prepared for complementary rather than imitative actions,
and during partnered rather than solitary virtual tasks. These find-
ings have been substantiated by a series of TMS studies reporting
that observing a two-step action characterized by an implicit,

complementary request by the observer determined a greater mo-
tor facilitation than when actions not implying a complementary
request were being observed (Sartori et al,, 2011a,b; 2012).

An alternative possibility is that, compared to the observation of
a single agent, observing an action involving two agents might
determine an higher level of perceived goal-directness for that spe-
cific action (Donne, Enticott, Rinehart, & Fitzgerald, 2011). In this
perspective, the increase in CSE could be due to an enhancement
of goal processing rather than to the social nature of the observed



action. Therefore it might well be that in the present study the pro-
cessing of the goal underlying the very same action, that is throw-
ing the ball, become more prominent when there were two agents
interacting. Along these lines, it should be noticed that the
enhancement in CSE due to the observation of interacting agents
might also be due to emotional elements (Enticott, Kennedy, Brad-
shaw, Rinehart, & Fitzgerald, 2011). To elaborate, Enticott et al.
(2011) claimed that the inclusion of an interactive context might
not be sufficient to modulate CSE without an interpersonal under-
standing facilitation driven by stronger emotional elements. Unfor-
tunately this is an aspect that our experimental design as well as
that by Donne et al. (2011) does not allow to address.

Finally, we cannot exclude that the observer’s corticospinal
excitability was not only driven by the observation of the passing
action, but attuned to the complementary response that the receiv-
ing agent performed. Indeed, in order to take hold of the ball prop-
erly a similar muscular mobilization should have been put in place
by a receiving agent. In this view, the brain’s ability to mirror mo-
tor integration processes while observing social actions might help
an onlooker to perceive what people are doing and to predict their
motor alternatives. Tracking the behavior of conspecifics in real
time to generate predictions of the unfolding action would allow
the perceiver to rapidly interpret the perceptual signal, to react
quickly, and to disambiguate what is observed (Wilson & Knoblich,
2005).

Furthermore, given the complementary nature of the observed
action, what might have occurred is that the observer herself pre-
pared for the complementary action. And the pattern of muscular
activity reflected the inclination to prepare for the complementary
gesture. Thus, associations would be made between the observed
action and the movement needed to accomplish a complementary
goal. This idea might imply that MEPs are greater when the stim-
ulus is social because of the level of personal involvement (Decety
& Sommerville, 2003; Schilbach et al., 2006). Although in our study
participants were not personally involved, but simply observed a
triadic interaction between two agents (off-line triadic interac-
tion), it might well be that the complementary “call” is so powerful
as to inevitably determine a personal involvement by the observer.

5. Conclusions

Here we propose three main possibilities for explaining the re-
ported increase in corticospinal excitability for the social rather
than the individual condition. First, a generalized enhancement
of the mirror system activity for observed actions occurring within
a social context. Second, a greater simulation of the muscular pat-
tern evidenced by the passing agent. Third, a simulation of the
complementary response that the receiver (or the observer herself)
should perform. Unfortunately, limitations in the experimental de-
sign do not allow espousing one idea with respect to the others.
What remains to be investigated is whether the level of perceived
sociality of the showed stimuli as well as the observation of two
interacting agents are able to determine a better comprehension
of other’s behavior. Emotional elements driven by the presence
of an interaction between two agents, together with a better
awareness of the goal of the action might have also generated an
enhancement of CSE. Further research considering separate mea-
sures of social cognition and action comprehension is needed. An-
other aspect that future studies should consider is the recording of
MEPs from muscles that are differently involved in terms of the ac-
tion performed by the interacting agents at different time points
during observation. This might allow to dissociate between the
proposed hypotheses and confirm at what stage the information
regarding social content is processed. Nevertheless the present
study corroborates an implication of the mirror systems in social

cognition. It supports the contention that observation of behavior
that occurs within a social interactive context yields greater activa-
tion in the primary motor cortex.

Acknowledgment

This work was supported by a Grant from the MIUR to UC.

References

Becchio, C., Cavallo, A, Begliomini, C, Sartori, L., Feltrin, G., & Castiello, U. (2012).
Social grasping: From mirroring to mentalizing. Neuroimage, 61, 240-248.
Brasil-Neto, J. P, Cohen, L. G., Panizza, ML, Nilsson, J., Roth, B.J., & Hallett, M. (1992).
Optimal focal transcranial magnetic activation of the human motor cortex:
Effects of coil orientation, shape of the induced current pulse, and stimulus

intensity.Journal of Clinical Neurophysiology, 9, 132-136.

Briggs, G. G.,, & Nebes, R. D. (1975). Patterns of hand preference in a student
population. Cortex, 11, 230-238.

Brown, E. C., & Briine, M. (2012). The role of prediction in social neuroscience.
Frontiers in Human Neuroscience, 6 ,147.

Buccino, G., Binkofski, F., Fink, G. R., Fadiga, L., Fogassi, L., Gallese, V., et al. (2001).
Action observation activates premotor and parietal areas in a somatotopic
manner: An fMRI study. EuropeanJournal of Neuroscience, 13, 400-404.

Carr, L., lacoboni, M., Dubeau, M. C., Mazziotta, J. C.,, & Lenzi, G. L (2003). Neural
mechanisms of empathy in humans: A relay from neural systems for imitation
to limbic areas. Proceedings of the National Academy of Sciences USA, 100,
5497-5502.

Chen, R., Classen, J., Gerloff, C., Celnik, P., Wassermann, E. M., Hallett, M., et al.
(1997). Depression of motor cortex excitability by low-frequency transcranial
magnetic stimulation. Neurology, 48,1398-1403.

Decety, J., Grezes, J., Costes, N., Perani, D., Jeannerod, M., Procyk, E., et al. (1997).
Brain activity during observation of actions. Influence of action content and
subject’s strategy. Brain, 120,1763-1777.

Decety, J., & Sommerville, J. A. (2003). Shared representations between self and

others: A social cognitive neuroscience view. Trends in Cognitive Sciences, 7,

527-533.

Pellegrino, G., Fadiga, L. Fogassi, L., Gallese, V. & Rizzolatti, G. (1992).

Understanding motor events: A neurophysiological study. Experimental Brain

Research, 91,176-180.

Donne, C. M., Enticott, P. G, Rinehart, N.J., & Fitzgerald, P. B. (2011). A transcranial
magnetic stimulation study of corticospinal excitability during the observation
of meaningless, goal-directed, and social behaviour. Neuroscience Letters, 489,
57-61.

Enticott, P. G., Kennedy, H. A, Bradshaw, J. L, Rinehart, N.J., & Fitzgerald, P. B.
(2011). Motor corticospinal excitability during the observation of interactive
hand gestures. Brain Research Bulletin, 85, 89-95.

Fadiga, L., Craighero, L., & Olivier, E. (2005). Human motor cortex excitability during
the perception of others’ action. Current Opinion in Neurobiology, 15, 213-218.

Fadiga, L., Fogassi, L., Pavesi, G., & Rizzolatti, G. (1995). Motor facilitation during
action observation: A magnetic stimulation study. Journal of Neurophysiology,
73,2608-2611.

Gallese, V., Fadiga, L., Fogassi, L, & Rizzolatti, G. (1996). Action recognition in the
premotor cortex. Brain, 119, 593-609.

Grafton, S. T., Arbib, M. A, Fadiga, L., & Rizzolatti, G. (1996). Localization of grasp
representations in humans by positron emission tomography.2. Observation
compared with imagination. Experimental Brain Research, 112,103-111.

Hari, R., Forss, N., Avikainen, S., Kirveskari, E., Salenius, S., & Rizzolatti, G. (1998).
Activation of human primary motor cortex during action observation: a
neuromagnetic study. Proceedings of the National Academy of Science USA, 95,
15061-15065.

lacoboni, M., Lieberman, M. D. Knowlton, B. J., Molnar-Szakacs, I., Moritz, M.,
Throop, C.J., et al. (2004). Watching social interactions produces dorsomedial
prefrontal and medial parietal BOLD fMRI signal increases compared to a resting
baseline. Neuroimage, 21(3), 1167-1173.

Kaplan,J. T., & lacoboni, M. (2006). Getting a grip on other minds: Mirror neurons,
intention understanding and cognitive empathy. Social Neuroscience, 1,
175-183.

Kourtis, D., Sebanz, N., & Knoblich, G. (2010). Favouritism in the motor system:
Social interaction modulates action simulation. Biology Letters, 6, 758-761.
Mills, K. R., Boniface, S.J., & Schubert, M. (1992). Magnetic brain stimulation with a
double coil: The importance of coil orientation. Electroencephalography and

Clinical Neurophysiology, 85,17-21.

Newman-Nordlund, R. D, Bosga, J., Meulenbroek, R. G., & Bekkering, H. (2008).
Anatomical substrates of cooperative joint-action in a continuous motor task:
Virtual lifting and balancing. Neuroimage, 41,169-177.

Newman-Nordlund, R. D.,van Schie, H. T., van Zuijlen, A. M., & Bekkering, H. (2007).
The mirror neuron system is more activated during complementary compared
with imitative action. Nature Neuroscience, 10, 817-818.

Oberman, L. M., Pineda, J. A, & Ramachandran, V. S. (2007). The human mirror
neuron system: A link between action observation and social skills. Social
Cognitive and Affective Neuroscience, 2, 62-66.

Osborne, J. (2002). Notes on the use of data transformation. Practical Assessment
Research and Evaluation. <8http://PAREonline.net/getvn.asp?v=8&n=6>.

di


http://PAREonline.net/getvn.asp?v=8&n=6

Rizzolatti, G., Fadiga, L., Matelli, ML, Bettinardi, V., Paulesu, E., Perani, D., et al.
(1996). Localization of grasp representation in humans by PET: 1. Observation
versus execution. Experimental Brain Research, 111, 246-252.

Rizzolatti, G., Fogassi, L., & Gallese, V. (2001). Neurophysiological mechanisms
underlying the understanding and imitation of action. Nature Reviews
Neuroscience, 2, 661-670.

Romani, M., Cesari, P., Facchini, S., & Aglioti, S. M. (2005). Motor facilitation of the
human cortico-spinal system during observation of biomechanically impossible
movements. Neuroimage, 26, 755-763.

Rossi, S., Hallett, M., Rossini, P. M., & Pascual-Leone, A. (2009). Safety, ethical
considerations, and application guidelines for the use of transcranial magnetic
stimulation in clinical practice and research. Clinical Neurophysiology, 120,
2008-2039.

Rossini, P. M., Barker, A T., Berardelli, A., Caramia, M. D., Caruso, G., Cracco, R. Q.,
et al. (1994). Non-invasive electrical and magnetic stimulation of the brain,
spinal cord and roots: basic principles and procedures for routine clinical
application. Report of an IFCN committee. Electroencephalography and Clinical
Neurophysiology, 91, 79-92.

Sartori, L., Bucchioni, G., & Castiello, U. (2012). When emulation becomes
reciprocity. Social Cognitive and Affective Neuroscience, http://dx.doi.org/
10.1093/scan/nss044.

Sartori, L., Cavallo, A.,, Bucchioni, G., & Castiello, U. (201 la). Corticospinal excitability
is specifically modulated by the social dimension of observed actions.
Experimental Brain Research, 211, 557-568.

Sartori, L., Cavallo, A, Bucchioni, G., & Castiello, U. (2011b). From simulation to
reciprocity: The case of complementary actions. Social Neuroscience, 7,146-158.

Schilbach, L, Wohlschlaeger, A. M., Kraemer, N. C., Newen, A, Shah, N.J., Fink, G. R,
et al. (2006). Being with virtual others: Neural correlates of social interaction.
Neuropsychologia, 44, 718-730.

Sebanz, N., Rebbechi, D., Knoblich, G., Prinz, W., & Frith, C. (2007). Is it really my
turn? An event-related fMRI study of task sharing. Social Neuroscience, 2, 81- 95.

Theoret, H., Halligan, E., Kobayashi, M., Fregni, F., Tager-Flusberg, H., & Pascual-
Leone, A. (2005). Impaired motor facilitation during action observation in
individuals with autism spectrum disorder. Current Biology, 15 84-85.

Turella, L, Pierno, A. C,, Tubaldi, F., & Castiello, U. (2009). Mirror neurons in humans:
Consisting or confounding evidence? Brain and Language, 108, 10-21.

Wassermann, E. M. (1998). Risk and safety of repetitive transcranial magnetic
stimulation: Report and suggested guidelines from the International Workshop
on the Safety of Repetitive Transcranial Magnetic Stimulation, June 5-7,1996.
Electroencephalography and Clinical Neurophysiology, 108, 1-16.

Wilson, M., & Knoblich, G. (2005). The case for motor involvement in perceiving
conspecifics. Psychological Bulletin, 131, 460-473.


http://dx.doi.org/

