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Recent work suggests that social interaction modulates the sensorimotor simulation of an observed
action. Recording electroencephalograms during a triadic social interaction, we investigated the effects of
two speciﬁc aspects of social interaction on action simulation: the recent history of interaction and the
distribution of individual parts of a simple joint task between actors. Activation of sensorimotor areas
was larger during observation of the individual action of an interaction partner compared to observation
of the same action of a person performing only individual actions, unless this person had interacted with
the observer in the recent past. In addition, it is likely that the participants simulated the action onset of
the individual actions of their interaction partner, but only when their partner was the one who initiated
the joint action. These results demonstrate that action simulation can be modulated by present and past
interactions between the actor and the observer and by how a joint task is distributed between actors.
& 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Action observation is a frequent activity in our everyday life. It
allows people to derive numerous aspects of a person's behaviours,
goals, and mental states. Many of these aspects are potentially
beneﬁcial for ongoing and future interactions. An increasingly popular
view in Cognitive Science is that the representation of observed
actions is modulated and possibly shaped through people's interactions with others (e.g., Schilbach, Timmermans, Reddy, Costall & Bente
in press) at multiple levels. The objective of the present study was to
investigate two speciﬁc aspects of social interaction that may modulate basic repre-sentations involved in action observation (1) the
recent history of the interaction and (2) the task distribution between
the actors involved in the interaction.
The starting point for our investigation was the extensive research
on action simulation during action observation which has demonstrated that actions, sensations and emotions perceived in others are
represented in a similar manner as the actions, sensations, and
emotions in the perceiver (for reviews, Jeannerod, 2001; Keysers,
Kaas, & Gazzola, 2010; Rizzolatti & Sinigaglia, 2010; Sommerville &
Decety, 2006). Key neurophysiological support was provided by the
discovery of “mirror neurons”, located in primates' ventral premotor
cortex (PMv) and inferior parietal lobule (IPL), which ﬁre during both
action execution and action perception (Di Pellegrino, Fadiga, Fogassi,

n

Corresponding author. Tel.: +32 9 264 64 77.
E-mail addresses: dimitrios.kourtis@ugent.be,
dimkourtgr@yahoo.com (D. Kourtis).
0028-3932/$ - see front matter & 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.neuropsychologia.2013.04.001

Gallese and Rizzolatti, 1992; Fogassi et al., 2005; Gallese, Fadiga,
Fogassi, & Rizzolatti, 1996). Subsequent studies in humans have
repeatedly shown that “mirror-like” activation is not limited to PMv
and IPL, but is exhibited in a number of brain areas, including
superior temporal sulcus (STS), dorsal premotor cortex (PMd) supplementary motor area (SMA), primary motor cortex (MI), somatosensory cortices (SI and SII) and subcortical structures (for reviews,
Keysers & Gazzola, 2009; Molenberghs, Cunnington, & Mattingley,
2012; Rizzolatti & Sinigaglia, 2010).
With regard to the functional role of the “mirror system” in the
action domain, a number of accounts claim that it may serve action
recognition (Bonini & Ferrari, 2011), and/or action understanding
“from the inside” (Rizzolatti & Sinigaglia, 2010) as well as the prediction of the outcome of others' actions (Kilner, Friston, & Frith, 2007).
The latter view is supported by studies showing that the mirror
system is activated when the last part of an action cannot be directly
observed (Umiltà et al., 2001), and also when participants are asked to
predict the effectiveness of an action (Lamm, Fischer, & Decety, 2007)
or infer the actors' motor intentions (Iacoboni et al., 2005).
Previous investigations have also shown that the neural representation of an observed action is not a purely automatic process,
but it may depend on factors such as the motor expertise/familiarity
of the observer with the observed action (Calvo-Merino, Glaser,
Grèzes, Passingham, & Haggard, 2005; Orgs, Dombrowski, Heil, &
Jansen-Osmann, 2008), and the bodily orientation and gaze of the
actor (Kilner, Marchant, & Frith, 2006, 2009). Furthermore, a number
of EEG studies have linked the suppression of the 10-Hz mu brain
rhythm, which is regarded as a reliable index of sensorimotor
activation (Hari, 2006) to the social context of an observed action
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(Oberman, Pineda, & Ramachandran, 2007; Perry, Stein, & Bentin,
2011; Streltsova, Berchio, Gallese, and Umiltà 2010). The results of
these studies converge towards the idea that action simulation is
enhanced by the social relevance of the observed action and also by
the involvement of the observer in a social situation.
We assessed the effects of social interaction on action simulation in
a recent EEG study (Kourtis, Sebanz, & Knoblich, 2010), which involved
three participants. Two of them performed both individual actions
(i.e. lifting an object) and joint actions (i.e. passing the object), while
the third participant (“loner”) performed only individual actions.
The results showed that a person's motor system was more active
when anticipating to observe an individual action performed by the
interaction partner than when anticipating to observe the same action
performed by the loner. This ﬁnding suggests that interpersonal
aspects of the relation between an actor and an observer affect the
extent to which predictive action simulation takes place. In particular,
the observer's motor system seems to “favour” simulation of the
actions of interaction partners. This also provides a ﬁrst indication
that the history of interaction between an actor and an observer may
indeed affect action simulation. A recent ﬁnding (Hogeveen & Obhi,
2012) seems to support a similar point. They reported greater
activation of the motor system during observation of recorded human
actions when the observers had previously engaged in a social
interaction. However, unlike our previous study (Kourtis et al., 2010),
Hogeveen and Obhi (2012) did not investigate differences in action
simulation during a triadic social interaction (participants always
observed a hand manipulating an object on a video screen). Rather,
they describe a general effect of social interaction on subsequent
action observation.
In the present study we attempted to directly test the hypothesis
that action simulation would depend on the prior interaction history
with a particular partner. We employed a similar experimental
set-ting as in our previous study (Kourtis et al., 2010) with some
modiﬁcations. There was one participant and two confederates and
EEG was only recorded from the participant. During the ﬁrst part of
the experiment, the participant interacted with one of the confederates (the partner) and not with the other (the loner). In the second
part of the experiment, the confederates switched roles. Thus, the
loner of the ﬁrst part became the partner in the second part and the
partner of the ﬁrst part became the loner in the second part.
Given the adaptability of the mirror system within the timecourse of an experiment (Catmur, Walsh, & Heyes, 2007; Catmur
et al., 2008), we investigated whether the pattern of action simulation in the second part of the experiment would mirror the expected
pattern of the ﬁrst part (i.e. greater simulation for the partner's
action) or whether the fact that the new loner had previously
interacted with the observer would affect action simulation. Focusing
mainly on the modulation of the 10-Hz mu rhythm, which is typically associated with mirror system activity (Arnstein, Cui, Keysers,
Maurits, & Gazzola, 2011), we predicted that observation of the
partner's action would induce larger mu suppression than the loner's
action in the ﬁrst part of the experiment. However, if the history of
interaction matters, this difference should be smaller, if not absent, in
the second part of the experiment, because the new loner had
interacted with the observer in the ﬁrst part of the experiment.
An additional objective was to investigate whether simulation of
another's action depends on the task distribution, which is a critical
factor in effective interpersonal coordination (Bosga, Meulenbroek,
& Cuijpers, 2010; Konvalinka, Vuust, Roepstorff, & Frith, 2010).
“Passing an object” is an asymmetric joint action, where the giver
has the task of initiating the action and the receiver needs to adjust
the onset of his or her actions to the giver. We have recently shown
that when passing an object, it is the receiver who simulates the
temporal aspects of the giving action and drives the coordination in
give and receive type joint actions (Kourtis, Sebanz, & Knoblich,
2013). Thus, we expected that only the receiver but not the giver
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would accurately simulate the action onset of his/her partner's
actions even when knowing that the partner was instructed to
perform an individual action.
To test our hypothesis, we assigned each participant only one
part of the joint action (i.e. giving or receiving the object) in each
part of the experiment. Based on our previous ﬁndings, our predictions focused on the late part of Contingent Negative Variation
(CNV) (Walter, Cooper, Aldridge, McCallum, & Winter, 1964), a slow
brain potential of negative polarity developing between a cue and a
go-signal. During its late stages the CNV reﬂects primarily timebased motor preparation at an effector-unspeciﬁc level (Leuthold &
Jentzsch, 2009; Leuthold, Sommer, & Ulrich, 2004). We predicted
that differences in the CNV between partner and loner would be
modulated by the action the partner is required to perform. When
the observer is in the mindset of receiving, the difference should be
larger than when he or she is in the mindset of giving.

2. Methods
2.1. Participants
Continuous EEG data were recorded from 24 right-handed participants.
All participants (21 female and 3 male; age¼21.472.2 yrs) had normal or corrected-to-normal vision. They had no history of hand or arm injuries or diseases or
any mental, cognitive, and other neurological disorder. All participants provided their
informed consent after full explanation of the study.
2.2. Experimental setup and procedure
The experiment was run in a quiet, normally illuminated, well-ventilated, and
electromagnetically shielded room. Two confederates participated in the experiment;
one of them was the interaction partner and the other one the loner (i.e. the person
performing only individual actions). The roles of the confederates were reversed in
the second part of the experiment. The participant and the two confederates were
seated around a table, forming an equilateral triangle (Fig. 1).
A cylindrical candle (height: 13.3 cm, radius: 2.54 cm) was placed on a ﬁxed base at
the centre of the table. A white wooden disc (radius: 6.35 cm) was attached on the top
of the candle. Colour-coded stimuli were projected onto the surface of the disc by an
LCD projector (EPSON, EMP-X52). The projector was encased in a metallic contraption,
mounted on the ceiling directly above the centre of the table. A (4.5 cm  4.5 cm) Force
Sensing Resistor (FSR) was centrally placed on the table ( 7–8 cm from the table edge)
in front of each person to record reaction times. We employed a choice-reaction
paradigm where a fully informative visual cue, presented for 200 ms, indicated the type
of action to be performed. It was followed by an imperative visual stimulus (“go signal”:
a white “X” on black background; inter-stimulus-interval¼1000 ms), prompting the
participants to act (Fig. 2).

Fig. 1. Photo of the experimental setup. The participants were seated around a
table forming an equilateral triangle. A candle with a white wooden disc attached
on its top was placed onto a ﬁxed base at the centre of the table. A projector,
mounted to the ceiling, was displaying stimuli on the surface of the disc. In the
instance showed here, the participant (right) is giving the object to her partner
(left), while the loner (middle) remains motionless.
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7 increasing distances to each other. The participants were asked to respond to the
following questions “How close did you feel to the person on the left/right”, by
selecting the pair of circles that corresponded to their feeling of closeness to the
interaction partner and to the loner. This procedure took place after the completion of
each experimental part.

Fig. 2. Timeline of an experimental trial. Each trial started with the presentation of a
focusing cross for 1000 ms. The cross was then replaced by a fully informative visual
Cue, presented for 200 ms, which indicated the type of action to be planned (i.e.
lifting the object – passing the object – no action). The Cue stimulus was replaced by
the focusing cross, presented for 800 ms, which was subsequently replaced by a
visual Go signal, presented for 200 ms, which prompted the participants to swiftly
perform the indicated action. The participants as well the confederates were
motionless during the 100 ms foreperiod and initiated their actions after the display
of the Go signal. All stimuli were presented on top of the object.
The cue stimuli were projected onto the disc on top of the candle. They consisted
of three white-framed equilateral triangles, overlaid on a black square, the apexes of
which met at the centre of the square (see Fig. 2, under the word “Cue”). There were
three different types of stimuli: (i) a cue with one triangle ﬁlled with green colour
indicated individual action planning, (ii) a cue with one triangle ﬁlled with green
colour and another one with orange colour indicated joint action planning, (iii) a cue
where no triangles were ﬁlled with colour indicated that no action should be
performed in that trial (“no-go” condition).
In the individual action condition, the cue instructed the person seated at the
side of the green triangle to plan a reaching action towards the object, in order to lift
it vertically to an approximate height of 30 cm, and to return it back to its original
position. In the joint action, the cue instructed the person seated at the side of the
green triangle (“giver”) to plan a reaching action towards the object in order to lift it
vertically to an approximate height of 30 cm and to hand it to their interaction
partner seated at the side of the orange triangle (“receiver”). The receiver needed to
plan to reach out and to receive the object from the giver and to then place it back to
its original position. In the no-go condition the cue signalled that none of the
participants was going to perform an action.
The experiment was divided into two parts. During each part, the participant
performed only one type of joint action. More speciﬁcally, for half of the participants
(Group A, see Fig. 3) and in the ﬁrst part of the experiment, there were ﬁve different
conditions: (1) the participant lifted the object (performing an individual action),
while the partner and the loner were passive observers, (2) the partner lifted the
object (performing an individual action), while the participant and the loner were
passive observers, (3) the loner lifted the object (performing an individual action)
while the participant and the partner were passive observers, (4) the participant
(Giver) passed the object to his/her partner (Receiver), while the loner was a passive
observer, and (5) all participants remained motionless (no-go condition). The crucial
comparison was between conditions 2 and 3, where the participant was a passive
observer of the individual action of the partner or a passive observer of the individual
action of the loner, respectively.
In the second part of the experiment, the confederate who acted as the
interaction partner in the ﬁrst part of the experiment acted as the loner and vice
versa. In addition, the roles of the interaction partners in condition 4 were reversed:
the participant acted as the Receiver and the confederate/partner acted as the Giver
in the performance of the joint action. Consequently, each participant performed
different parts of the joint action with different confederates in each of the two parts
of the experiment (Fig. 3).
The other half of the participants (Group B) performed the exact same actions.
The only difference compared to Group A was that the roles in the joint action
condition were reversed. More speciﬁcally, the participants were Receivers in the
ﬁrst part of the experiment and Givers in the second part of the experiment
(condition 4).
Each experimental part consisted of 6 blocks of 80 trials each, preceded by a
practice block of equal length, which resulted in 96 experimental trials per condition
in each part. In half of the blocks in each part, all participants used their right hand
and in the other half of the blocks they used their left hand. The ﬁve experimental
conditions occurred with equal probability within each block. The order of blocks
and the order of trials within a block were randomized.

2.3. Data acquisition
2.3.1. Questionnaires
In order to measure the subjective feeling of closeness that participants experienced towards the confederates, we employed a variation of the Inclusion of the
Other in the Self (IOS) scale (Aron, Aron, & Smollan, 1992). The IOS is a single item
pictorial measure of self-other inclusion and relationship closeness, with scores
ranging from 1 to 7, where higher numbers reﬂect greater closeness. In our study, the
IOS scale was presented on an A4 sheet of paper where two circles were placed at

2.3.2. Behavioural data
Action onset was deﬁned as the time interval between the onset of the go signal
and the release of the FSR. For each participant, all action onsets that were smaller
than 100 ms or differed more than two standard deviations (SD) from the mean
action onset within each condition were removed from further analysis. There were
no statistically signiﬁcant differences between left hand performance and right hand
performance (all ps40.24). Therefore, the analysis was performed on pooled data
from both hands, by means of a 2  2 ANOVA with factors Experimental Part (ﬁrst vs.
second) and Relation (partner vs. loner) (see 3).
2.3.3. Electrophysiological data
EEG was recorded continuously using a carefully positioned, equidistant cap
(EasyCap, Herrsching, Germany) with 64 Ag/AgCl electrodes relative to an (off-line)
average mastoid reference. Vertical eye movements were monitored using one pair
of bipolar electro-oculography (EOG) electrodes positioned above and directly under
the right eye, while horizontal eye movements were monitored using a pair of
bipolar electro-oculography (EOG) electrodes positioned at the outside of each of the
eyes. Electrode impedance was kept below 20 kOhm. EEG and EOG signals were
ampliﬁed with a band-pass of 0–125 Hz by two BrainAmp DC Ampliﬁers (Brain
Products GmbH, Gilching, Germany) and sampled at 500 Hz.
2.4. Data processing and analysis
EEG data processing was performed off-line using the Brain Vision Analyzer
(V. 1.05, Brain Products GmbH, Gilching, Germany) software. Initially, ocular correction using the Gratton–Coles algorithm (Gratton, Coles, & Donchin, 1983) implemented in Brain Vision Analyzer was used to eliminate or reduce in amplitude
artefacts induced by horizontal or vertical eye movements. The corrected EEG data
were then segmented off-line into epochs from 300 ms before cue onset to 2200 ms
after cue onset. The data were ﬁltered using a low-cut-off ﬁlter of 0.05 Hz (24 dB/
octave) and a high-cut-off ﬁlter of 60 Hz (24 dB/octave) in order to remove slow
drifts and excessive noise, respectively. Individual trials containing eye movement
artefacts or incorrect responses were removed before averaging.
For analysis of event-related changes in spectral power, epochs were further
processed to obtain temporal–spectral-evolution (TSE) waveforms (Salmelin & Hari,
1994). Hence, the individual epochs were ﬁrst band-pass ﬁltered between 8 and
12 Hz, using Butterworth zero phase-shift ﬁlters (24 dB/octave). The ﬁltered epochs
were then rectiﬁed before averaging to prevent phase cancellation. The resulting
average waveforms represent the time-varying magnitude of activity in the
selected frequency band.
There were no statistically signiﬁcant differences between left hand performance
and right hand performance (all ps40.15). Therefore, all analyses were performed on
pooled data from both hands. Mu-suppression was deﬁned as the decrease in voltage
in the 8–12 Hz frequency band, relative to a 200 ms pre-stimulus baseline period. The
statistical analysis of the mu-suppression was conducted by pooling the mean activity
from electrodes over left and right primary sensorimotor areas (i.e. electrodes 1, 3, 4,
5, 6, 7, 11, 12, 16, and 17) from 300 until 700 ms after go stimulus onset, which
approximately coincided with the ﬁrst 400 ms of movement (see 3). The resulting
vales were statistically compared by means of a 3  2 ANOVA (Greenhouse–Geisser
correction applied) with factors Condition (partner, loner, no-go) and Experimental
Part (ﬁrst, second).
The ERP (i.e. CNV) statistical analysis was conducted by pooling the mean activity
(relative to a 200 ms pre-stimulus period) from electrodes 1, 5, 6, 7, 16 and 17, which
are located over the left sensorimotor cortex, during the last 200 ms before the onset
of the go stimulus (see 3). The resulting values were statistically compared by means
of a 3  2 ANOVA with factors Condition (giver, loner, no-go) and Experimental Part
(ﬁrst, second).

3. Results
There were no statistically signiﬁcant differences in the behavioural and EEG results between left hand performance and right
hand performance (ps40.15). Therefore, all analyses were performed
on pooled data from both hands.
3.1. IOS-scale
The analysis of judgments on the IOS scale showed that the
participants reported a greater degree of closeness to the interaction
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Fig. 3. Participants' tasks during the experiment. The experiment was divided into two parts. The participants as well as the confederates were performing individual actions
(i.e. lifting the object) throughout the experiment. In addition, half of the participants (Group A) were giving the object to their partner (Confederate A) in the ﬁrst part of the
experiment, whereas Confederate B performed only individual actions (i.e. the “loner”). In the second part of the experiment, the participant was receiving the object from
Confederate B (the new partner), whereas Confederate A became the new “loner”. The other half of the participants (Group B) were performing the opposite tasks compared
to Group A.

partner compared to the loner, irrespective of the partner's task in
joint trials (give or receive) for a given part of the experiment
(ps40.49). For this reason, we grouped the ratings given to givers
and receivers under the term “partner” and compared them to the
ratings given to the loners. The average rating during the ﬁrst part of
the experiment was 4.9 (SD¼0.9) for the partners and 3.7 (SD¼0.9)
for the loners. During the second part, partners were rated with 4.9
(SD¼0.9) and loners with 4.0 (SD¼1.2) on the IOS scale. A 2  2
ANOVA (Greenhouse–Geisser correction applied) with factors Experimental Part (ﬁrst vs. second) and Relation (partner vs. loner), showed
that there was a signiﬁcant main effect of Relation (F(1,11)¼23.5,
po0.001). The main effect of Experimental Part as well as the
interaction did not reach statistical signiﬁcance. This means that the
participants experienced a greater feeling of closeness towards their
current interaction partner irrespective of the person they were
interacting with and irrespective of their speciﬁc task (i.e. giving or
receiving the object).
3.2. Action onset
The action onsets for the givers were 342 ms (SD¼77) and 364 ms
(SD¼ 91) in the ﬁrst and in the second part, respectively. Action onsets
for the receivers were 347 ms (85) and 327 ms (74) in the ﬁrst and
second part. Action onsets for the loners were 352 ms (SD¼101) and
321 ms (SD¼74) in the ﬁrst and second part. Because both confederates were responding equally fast irrespective of their speciﬁc task of
giving or receiving the object (p40.5), we grouped givers and
receivers under the term “partner” and compared their action onsets
to the loners' action onsets. A 2  2 ANOVA (Greenhouse–Geisser
correction applied) with factors Experimental Part (ﬁrst vs. second)

and Relation (partner vs. loner) showed that there was a signiﬁcant
main effect of Experimental Part (F(1,23)¼6.5, p¼.018), due to shorter
action onsets in the second part of the experiment. The main effect of
Relation and the interaction did not reach statistical signiﬁcance. This
shows that partners and loners initiated their action equally fast and
all of them initiated their actions faster in the second part of the
experiment.
3.3. Electrophysiological data
3.3.1. Temporal spectral evolution—10 Hz mu rhythm
The amplitude analysis of cortical oscillations between 8 and12 Hz
revealed that the suppression of mu oscillations, induced by observation of the partner's individual actions, did not depend on the
partner's task in joint trials for a given part of the experiment
(ps40.58). For this reason, we grouped the data obtained during
observation of individual action of giving and receiving partners.
These data were compared to the data obtained in a condition where
the loner performed the same individual actions as the partner and
the no-go condition where no action was performed.
In the ﬁrst part of the experiment, the amplitude suppression of
the mu rhythm was larger during observation of a partner's individual action than during observation of the same action performed by
a loner (Fig. 4). However, in the second part of the experiment, the
actions of the partner and the loner induced equal amounts of mu
suppression. Both patterns were already present when participants
anticipated the upcoming action by a partner or a loner. In addition, a
small suppression in mu amplitude was present during the foreperiod in the no-go condition throughout the experiment, but it was
completely absent after the onset of the go signal (Fig. 4).
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anticipated a partner's individual action and a loner's individual
action when the partner was the receiver of the object in the joint
task (Fig. 5, left). However, when the participant anticipated a
giver's individual action the CNV amplitude was larger in the
partner condition than in the loner condition. The voltage topography of this difference during the last 200 ms before go signal
onset (Fig. 5, right) showed that it was larger over mid- and left
sensorimotor cortices, irrespective of the responding hand, possibly
reﬂecting the documented dominance of the left hemisphere in
motor control for right-handed persons (Taylor & Heilman, 1980).
The pre-movement CNV amplitude was quantiﬁed by pooling the
voltage amplitudes during the last 200 ms before the onset of the go
stimulus from electrodes 1, 5, 6, 7, 16 and 17 (Fig. 5). A 3  2 ANOVA
(Greenhouse–Geisser correction applied) with factors Condition (giver,
loner, no-go) and Experimental Part (ﬁrst, second) revealed a main
effect of Condition (F(1,11)¼4.9, p¼ 0.039). The main effect of Experimental Part and the interaction were not statistically signiﬁcant
(ps40.4). Post-hoc t-tests revealed that the CNV was larger when
the participant was anticipating to observe the giver's individual action
compared to anticipating the loner's identical action (t(11)¼−4.1,
p¼0.002) or the no-go condition (t(11)¼−2.3, p¼0.045). There was
no difference between the loner condition and the no-go condition (t
(11)¼−0.6, p¼0.583).

4. Discussion

Fig. 4. 10 Hz mu rhythm suppression. Colour-coded grand average mu rhythm
waveforms in the ﬁrst and the second part of the experiment, recorded from
electrodes overlying left and right sensorimotor cortices (i.e. highlighted electrodes
1, 3, 4, 5, 6, 7, 11, 12, 16 and 17). The grey rectangles indicate the latency window for
amplitude analysis. The topographical maps depict the difference in voltage
between the “partner” and the “loner” conditions from 300 to 700 ms after go
signal onset in the ﬁrst part of the experiment. The vertical dashed line at times
0 and 1000 denotes cue and go signal onset, respectively.

We quantiﬁed the mu suppression by pooling the mean activity
from electrodes over left and right primary sensorimotor areas
(i.e. electrodes 1, 3, 4, 5, 6, 7, 11, 12, 16, and 17, Fig. 4) from 300 until
700 ms after go signal onset, which approximately coincided with
the ﬁrst 400 ms of movement. A 3  2 ANOVA (Greenhouse–Geisser
correction applied) with factors Condition (partner, loner, no-go) and
Experimental Part (ﬁrst, second) revealed a signiﬁcant main effect of
Condition (F(2,46)¼ 14.5, po0.001) and a signiﬁcant main effect of
Experimental Part (F(1,23)¼8.6, p¼ 0.008) conﬁrming that the mu
suppression was larger in the second part of the experiment. In
addition, there was a signiﬁcant interaction between the two factors
(F(2,46)¼3.7, p¼ 0.035), because the partner's action induced larger
mu suppression than the loner's action (t(23)¼−2.8, p¼0.011) in
the ﬁrst part of the experiment, whereas no such difference was
present in the second part of the experiment (t(23)¼−0.2, p¼ 0.823).
Furthermore, the mu suppression induced by the partner's as well as
the loner's action was larger than the mu suppression induced in the
no-go condition in both experimental parts (pso0.015).

3.3.2. ERP analysis
A CNV-like slowly rising negativity, developing during the one
second long preparation interval between the onset of the cue and
the onset of the go-signal was evident in all conditions. The CNV
amplitude was of similar amplitude when the participant

The present work builds on the idea that social interaction
modulates the activation of the motor system in anticipation of an
action and also during action observation (Hogeveen & Obhi, 2012;
Kourtis et al., 2010). Consistent with our previous study (Kourtis
et al., 2010), the present ﬁndings show that sensorimotor areas are
more active when anticipating and observing the individual actions
of an interaction partner, compared to anticipating and observing
actions performed by a person that the observer never interacts
with (i.e. the loner). Notably, the partner and the loner performed
the same action (lifting an object) equally fast and at the same
location. Therefore, this “favouritism” of the sensorimotor system
towards the interaction partner is unlikely to be caused by differences in sensory input (cf. Becchio et al., 2012). Instead, the most
likely explanation is that the occasional performance of joint actions
enforced the development of a social relation between the interaction partners, which exerted a top-down inﬂuence on the sensorimotor simulation of the partner's individual actions. This may be
interpreted as a difference in task representation that reﬂects an
individual's propensity to view the partner's individual action as a
potential component of a joint action (Tsai, Sebanz, & Knoblich,
2011; Vesper, Butterﬁll, Knoblich, & Sebanz, 2010).
Our ﬁndings are consistent with the “associative learning hypothesis” of action understanding (Heyes, 2010), which states that the
mirror system is forged through sensorimotor experience, a large part
of which is obtained through interaction with others. Previous studies
have shown that mirror system activation can be abolished (Heyes,
Bird, Johnson, & Haggard, 2005), enhanced (Press, Gillmeister, &
Heyes, 2007) or temporarily reversed (Catmur et al., 2007, 2008) by
sensorimotor training. Expanding these results, we showed that sensorimotor activation depends on past and present interactions with
others and also on the distribution of a joint task. Our study does not
provide arguments in favour or against the assumed role of the mirror
system in action understanding (Rizzolatti & Sinigaglia, 2010), which
in fact is not incompatible with the associative learning hypothesis
(Press, Heyes, & Kilner, 2011). However, in accordance with the
recently formulated “interactive account of social cognition”
(Schilbach et al., in press), it highlights the important role of present
and past human interaction in social cognition.
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Fig. 5. CNV waveforms. Colour-coded grand average ERP waveforms, recorded from electrodes overlying mid- and left sensorimotor cortices (i.e. highlighted electrodes 1, 5,
6, 7, 16, and 17), when the interaction partner was assigned the receiving part of the joint action (left) or the giving part of the joint action (right). The grey rectangle indicates
the latency window for amplitude analysis. The topographical map depicts the difference in voltage between the “giver” and the “loner” conditions during the last 200 ms
before go signal onset. The vertical dashed line at times 0 and 1000 denotes cue and go signal onset, respectively.

4.1. History of interaction
In the ﬁrst part of the experiment, the suppression of the mu
rhythm was larger in relation to the partner's individual action
compared to the mu suppression in relation to the loner's identical
individual action. This difference was numerically evident during
action anticipation, but became statistically signiﬁcant after response
onset over primary sensorimotor areas (Fig. 4). The movementrelated suppression of the mu rhythm is considered a reliable index
of sensorimotor activation (Arroyo et al., 1993; Hari, 2006) and it is
believed to reﬂect the transformation process from “perceiving” into
“doing” (Pineda, 2005). This integrative role of the mu rhythm, along
with its topographical cortical distribution has led to the idea that
the mu suppression is associated with activation of the mirror
system (Arnstein et al., 2011; Bernier, Dawson, Webb, & Murias,
2007; Lepage & Théoret, 2006; Muthukumaraswamy, Johnson, &
McNair, 2004; Pineda, 2005).
Our results provide further evidence that the mirror system
favours the observed actions of persons that the observer occasionally interacts with. Moreover, the joint task distribution does not
seem to be of particular importance, since the action of giver and
receiver induced equal mu suppression. This also speaks against the
possibility that the mu suppression reﬂected the observer's involuntary preparation to receive the object, as speciﬁed by her or his
individual contribution to the joint task because half of the participants were givers in the joint task and thus never received the object
from their partners.
Unlike during the ﬁrst part of the experiment, the mu suppression during the second part was equally large in relation to the new
partner's and the new loner's action. This is unlikely to be caused by
fatigue or disengagement from the task because the mu suppression was larger than in the ﬁrst part of the experiment. Instead, it
implies that the loner maintained his or her previous status of an
interaction partner in the participant's mind. Thus, the present
study demonstrates for the ﬁrst time that action simulation may not
only be modulated by the current actor–observer relationship, but
also by their (recent) history of their interaction.
4.2. Task distribution
The assignment of speciﬁc roles in the joint task (i.e. giver and
receiver) had a clear effect on the amplitude of the late CNV potential,
which developed during the preparation period. The late CNV was
larger when the participant anticipated observing a partner's individual action rather than a loner's individual action. Notably, this
difference was only present when the partner was the one giving
the object in the joint task.
The late CNV is considered to reﬂect predominantly time-locked,
effector-unspeciﬁc activation of (pre)motor areas in anticipation of a
relevant event (Leuthold & Jentzsch, 2009; Leuthold et al., 2004; Van
Rijn, Kononowicz, Meck, Ng, & Penney, 2011). In addition and

depending on the task, frontal, temporal and parietal areas often
contribute to the late CNV (Praamstra, Kourtis, Kwok, & Oostenveld,
2006; Verleger, Wauschkuhn, van der Lubbe, Jaśkowski, & Trillenberg,
2000). The centro-parietal distribution of the difference waveforms
between the giver and the loner (Fig. 5) suggests that the participants
may have employed their sensorimotor system to represent in
advance the action onset of their partner. However, this was only
the case when the observed actor initiated the joint task (performed
the giving part in joint trials). Consistent with the ﬁndings of our
previous study (Kourtis et al., 2010), this suggests that social interaction may indeed constrain anticipatory action simulation, and this
effect depends on the speciﬁc roles of the actor and observer in the
interaction.
However, an alternative interpretation of this effect needs to be
considered. Given the fact that the CNV amplitude modulation was
only present in participants who had the role of the Receiver in the
joint task, it is possible that when the participants anticipated
observing the partner's action, they were involuntarily preparing a
complementary receiving action. Recent studies speak against this
interpretation as they have shown that even in cases when a complimentary action is primed by the action context, observers ﬁrst
simulate the action of another person, and prepare a complementary
response only after the actor directs her movement at them (Sartori,
Cavallo, Bucchioni, & Castiello, 2011, 2012). Thus, although the
possibility that the participants were covertly preparing a receiving
action cannot be ruled out with certainty, it is more likely that they
were simulating the onset of their partners' anticipated action.
4.3. Judgements of closeness
The analysis of the IOS questionnaire showed that the participants judged the interaction partners to be closer to them compared
to the persons that did not interact with them. Consistent with the
view that social connection can emerge from interpersonal coordination (Marsh, Richardson, & Schmidt, 2009), our study shows that
the performance of a coordinated joint task can induce a subjective
feeling of closeness towards the interaction partner. However, this
feeling does not seem to depend on the history of interaction or the
role of the partner (giving or receiving) in the joint task. Judgements
of closeness did not correlate with the modulation of the CNV
amplitude or the mu suppression, both of which depended on task
distribution and history of interaction. Thus, the present results
indicated that judgements of closeness may arise (at least partly)
independently of sensorimotor simulation of another person's action
(Frith & Frith, 2008).
5. Conclusion
The present study shows that social interaction, in the form of
coordinated joint action, can exert a top-down inﬂuence on the
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sensorimotor simulation of another person's action and can also
induce feelings of closeness, even if at that time the observer does
not intend to interact with the actor. This is the case not only when
the observer and the actor occasionally engage in interaction with
each other, but also when they have interacted in the recent past.
In addition, it highlights the importance of joint task distribution,
suggesting that the observer simulates in advance the movement
onset of the actor, only if the actor is the person who initiates the
joint task. The present study provides valuable insights into the
factors that affect action simulation and it may potentially have
implications for several lines of social cognition research, such as
emotion processing and in-group vs. out-group relations. Our ﬁndings suggest that people should not only be studied detached from
their environment, but present and past interactions with others
should also be taken into account.
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