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SOCIAL REWARD IN ACTION: REWARD MAGNITUDE AND
VALENCE EFFECTS ON THE EEG MU RHYTHM
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ETKiSININ MO AKTIVITESi UZERINE ETKISI
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Abstract

In social interactions, the values we associate with observed actions can influence how we process others’ behaviors and the
decisions we make. Some studies have suggested that different social contexts, and particularly the reward value of perceived
actions can modulate motor system activity when observing others’ actions. However, sensitivity to reward magnitude has never
been tested in the action observation system. Here we used electroencephalography (EEG) to investigate the independent effects
of reward valence and magnitude on the mu rhythm, an index of the motor mirror system, while participants (N=23) passively
observed actions that led to high or low rewards or losses. Behavioral measures of social approach/avoidance, theory of mind and
empathy were also taken. Results showed that reward valence significantly modulated mu rhythm, where losses led to greater mu
suppression, but reward magnitude had no effect. The findings also demonstrated a novel association between the specific reward-
related modulation of the mu rhythm and social cognitive skills, particularly cognitive empathy and emotional reactivity. This study
provides further evidence for the role of reward processing in the mirror motor system, and highlights the relationship between
value-based action perception and social cognitive traits, implicating a role for the mirror system in social decision-making.
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Ozet

Sosyal etkilesimlerde, gézlemlenen eylemlerle iliskilendirdigimiz degerler, baskalarinin davraniglarini ve aldigimiz kararlar nasil
yorumladigimizi etkileyebilir. Bazi aragtirmalar, farkli sosyal baglamlarin ve dzellikle de algilanan eylemlerin Gdiil degerinin,
bagkalarinin eylemlerini gdzlemlerken motor sistem aktivitesini diizenleyebilecegini Gne siirmektedir. Bununla birlikte, ddiil
biiyiikliigiine olan duyarlilik, eylem gdzlem sistemi boyutunda highir zaman test edilmemigtir. Burada, katilimeilarin (N = 23) pasif
olarak yiiksek veya diigiik ddiillere veya kayiplara yol agan eylemleri gizlemlerken, ddiil ritim degerinin ve biiyiikliigiiniin mu ritm
iizerindeki bagimsiz etkilerini ve motor ayna sisteminin bir endeksini arastirmak adina elektroensefalografi (EEG) kullandik. Sosyal
yaklasim / kaginma, zihin teorisi ve empatinin davranissal dlgiimlemeleri de alinmigtir. Sonuglar, ddiil degerliliginin, kayiplarin
daha biiyiik mu siipresyona yol agtigini, ancak ritmin biiyiikliigiiniin etkili olmadigini ve mu ritmde Gnemli digiide modiile oldugunu
gasterdi. Elde edilen bulgular, mu ritim ve sosyal biligsel beceriler arasinda, dzellikle bilissel empati ve duygusal reaktivite ile
ilgili ddiil ile ilgili modiilasyon arasinda yeni bir iligki oldugunu gdstermigtir. Bu galigma, ayna motor sistemindeki ddiil isleme
roliine iligkin daha fazla kanit sunmakta ve deger bazli eylem algisi ile sosyal biligssel dzellikler arasindaki iligkiyi vurgulamakia
birlikte toplumsal karar almada ayna sisteminin roliinii vurgulamaktadir.

Anahtar Kelimeler: mu ritmi; aksiyon gézlemi; EEG, ayna néronlar; ddiil; sosyal igerik
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1. Introduction

A crucial component required for successful social
interaction involves the encoding of others’ actions and
intentions. The ability to learn from others’ actions is
critical for the development of social cognitive skKills
through interactive experiences early in life (Cook,
Bird, Catmur, Press, & Heyes, 2014). The discovery of
the mirror neuron system in primates, in which specific
neurons fire during both the execution and observation
of an action (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996;
Rizzolatti, Fadiga, Gallese, & Fogassi, 1996), led to
suggestions that others’ actions are mapped onto one’s
own sensorimotor cortices (Keysers & Gazzola, 2006).
There is much evidence to suggest that a comparable
neural system exists in humans, which has common
functional characteristics as the monkey mirror system
(Bimbi et al., 2018; Chong, Cunnington, Williams,
Kanwisher, & Mattingley, 2008; Kilner, Neal, Weiskopf,
Friston, & Frith, 2009; Molenberghs, Cunnington, &
Mattingley, 2012; Mukamel, Ekstrom, Kaplan, Iacoboni, &
Fried, 2010; Press, Weiskopf, & Kilner, 2012). Subsequent
studies have identified modulations of the mu-rhythm to
be a possible electrophysiological marker of the putative
human mirror system (hMS), which could provide insight
into the underlying neural mechanisms behind social
interaction (Oberman, Pineda, & Ramachandran, 2007).

Suppression of the rolandic mu rhythm represents an
event-related desynchronization indicated by a reduction
in power in the alpha (8-13Hz) frequency band resulting
from excitation of the sensorimotor cortex associated with
an action (Babiloni et al., 2002; Hari, 2006; Pfurtscheller
& Neuper, 1994; Salmelin & Hari, 1994). The mu rhythm
suppression is considered to be an index of the hMS
because both show similar functional properties, primarily
that they both respond not only to the execution of actions
but also the observation of an action, and both respond
only to goal-directed actions (Le Bel, Pineda, & Sharma,
2009; Oberman et al., 2007; Pineda, 2005). Furthermore,
studies measuring functional magnetic resonance imaging
(fMRI) and EEG concurrently during action execution
and observation tasks demonstrated a close relationship
between activity in the hMS and suppression of the mu
rhythm (Arnstein, Cui, Keysers, Maurits, & Gazzola, 2011;
Braadbaart, Williams, & Waiter, 2013). More specifically,
a negative correlation was found between mu power and
the BOLD response in putative mirror neuron areas, as
a reduction, or suppression in mu power, thus reflecting
greater sensorimotor cortical activity. Several studies
have shown that the degree of mu rhythm suppression
is modulated by the context of the perceived action, not
only in terms of visual and spatial properties but also the
social context. For example, differences in the orientation
of spatial and temporal attention of the observer can
modulate the mu suppression, whereby the direction of the
spatial attention can have a somatotopic effect (Anderson
& Ding, 2011; Ede, Koéster, & Maris, 2012; Jones et al.,
2010). Some studies have demonstrated that observed
actions within a social interactive setting, or even when
facial stimuli are directed towards participants, greater
mu suppression can be induced, as compared to non-
interactive contexts (Ensenberg, Perry, & Aviezer, 2017;
Oberman et al.,, 2007; Perry, Stein, & Bentin, 2011).
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There is also evidence to show that the intention and
social relevance of actions can influence the degree of mu
suppression (Kilner, Marchant, & Frith, 2006; Perry, Troje,
& Bentin, 2010). The social relationship between observer
and performer can also affect activity in this system.
One study demonstrated that an action perceived from
an interactive partner induced greater mu suppression
than actions seen performed by a non-interactive partner
(Kourtis, Sebanz, & Knoblich, 2010). Another study found
ethnic ingroup / outgroup biases in the mu rhythm, with
stronger suppression when observing painful actions from
an ingroup member (RieCansky, Paul, Kolble, Stieger, &
Lamm, 2015). Furthermore, there is the hypothesis that
populations with impairments in social functioning, such as
autism spectrum disorders, may also show abnormalities
in mu rhythm suppression (Oberman, Ramachandran, &
Pineda, 2008). Therefore, it is evident that the mu rhythm
likely has some special relevance for social context and
social information.

In most social situations in our everyday lives we
perform numerous value computations, which in turn,
influence our subsequent behavior. Recently, there has
been an increasing interest in the interplay between social
cognition and decision-making (Frith & Singer, 2008) and
particularly, the role of value computations and reward
processing in social decision-making (Ruff & Fehr, 2014),
which ultimately drive motivated social behaviors and
social learning (Heyes, 2012). FMRI studies have found
activation in common brain regions during the evaluation
of both monetary and social rewards (Izuma, Saito,
& Sadato, 2008; Lin, Adolphs, & Rangel, 2012). The
striatum, an area central to reward processing and value
computation, has consistently been shown to be activated
when processing others’ rewards and in linking one’s
own rewards to others’ actions (Baez-Mendoza, Harris,
& Schultz, 2013). There has been substantial work in
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patients with Parkinson’s disease, a population known to gz
have impairments in theory of mind, suggesting that thatQ
the basal ganglia may be involved in social cognition and =
mirror system activity (Alegre et al., 2010; Alegre, Guridi, ™ @

& Artieda, 2011; Bodden et al., 2013). Taken together,
these studies suggest that some regions central to reward
processing are also involved in the integration of social
actions and rewards. Further evidence comes from single
neuron recordings in area F5 of primate premotor cortex,
showing that mirror neurons are sensitive to the value
associated with an observed grasping action (Caggiano
et al., 2012). Rewards associated with an observed action
have also previously been shown to modulate the mu
rhythm in humans, whereby actions leading to monetary
gains and losses showed greater mu suppression than
actions that led to a neutral outcome (Brown, Wiersema,
Pourtois, & Brine, 2013) . Recently, a study confirmed
these findings, demonstrating greater mu suppression for
face stimuli associated with rewards (Trilla Gros, Panasiti,
& Chakrabarti, 2015), further highlighting the influence of
rewards on the mu rhythm. In addition to reward valence,
affective valence has been shown to affect putative mirror
system function in humans, as observed by corticospinal
excitability during action observation (Enticott et al.,
2012; Hill et al., 2013), as well as more directly in the
degree of EEG mu suppression (Moore, Gorodnitsky, &
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Pineda, 2012).

In summary, it is clear that the degree of mu rhythm
suppression during the observation of others’ actions can
be modulated by the rewards associated with the seen
actions, which has particularly been demonstrated in
terms of the valence of rewards and losses. However, the
relationship between reward processing and the hMS is
still unclear. In addition, it is not clear as to how reward-
related modulations in the motor system are specific to
rewarding nature of stimuli. More specifically, it is not
clear whether the reward-related modulations of the mu
rhythm previously seen are driven primarily by reward
per se, or by another process associated with rewards.
To investigate this further, we developed an action
observation paradigm to measure the EEG mu rhythm
while participants observed actions that differed in reward
valence and magnitude, independently. Our primary aim
was to test whether the mu rhythm was affected by both
valence and magnitude of rewards associated with the
observed actions. As a secondary aim, we wanted to see
if this modulation was related to the capacity of relevant
social cognitive skills, particularly the ability to understand
others’ minds (i.e. theory of mind and empathy) and
motivated social approach/avoidance behavior. We
predicted that both reward valence and magnitude would
modulate the degree of mu rhythm suppression during
observed actions. More specifically, we hypothesized that
we would see a graded effect of reward magnitude and
valence, in which the greatest degree of mu suppression
would be seen for large rewards, and the least for small
losses. We also hypothesized that the degree of overall
mu rhythm suppression would be related to theory of
mind and empathy, and reward-related modulation of
mu suppression would be related more specifically to
motivated social approach/avoidance behavior.

2. Methods
2.1. Participants

Twenty-three healthy right-handed students (13 female)
were recruited from Uskudar University with a mean
age of 22.13 (£2.80; range 20-30), and mean years of
education of 14.95 (£0.78). Participants with any history
of psychiatric diagnosis or physical health problems
that could potentially impair performance on the task
were excluded. Everyone had normal or corrected-to-
normal vision. All participants also gave written consent
to participate, and the study was approved by the local
ethics committee.

2.2. Behavioral measures

2.2.1. The Behavioral Inhibition and Activation
System Scale (BIS/BAS):

The BIS/BAS self-report questionnaire measures
individual differences in two motivational systems that
drive behaviors: one being the behavioral approach /
activation system (BAS) that regulates appetitive motives
to move towards a desired goal, and the other being the
behavioral avoidance / inhibition system (BIS), which
regulates aversive motives to move away from undesired

goals or unpleasant stimuli (Carver & White, 1994). The
BIS/BAS consists of 24 items that are answered with a
4-point Likert scale, with answers ranging from ‘1=very
true for me’ to ‘4=very false for me’. Four factor scores
are derived from the BIS/BAS scale, including one BIS
and three BAS scales: BAS Drive, BAS Fun Seeking, and
BAS Reward Responsiveness. It is not recommended to
combine the three BAS factors to give one total BAS score.

2.2.2. Reading the Mind in the Eyes Test (RMET):

The RMET is a measure of theory of mind, emotion
recognition and the ability to infer others’ mental states
(Baron-Cohen, Wheelwright, Hill, Raste, & Plumb, 2001).
In the test, there are 36 items in which participants
are presented with photographs of the eye-regions of
individuals along with 4 possible adjectives describing
emotional states. Participants are required to choose
which emotional adjective corresponds best to the emotion
that the person in the photograph is experiencing. Correct
responses are summed to give the final score.

2.2.3. The Empathy Quotient (EQ)

The EQ is a self-report measure originally designed to
measure multi-dimensional empathy in populations with
impairments in social functioning, but is also a suitable
measure of temperamental empathy in adults in the
general population (Baron-Cohen & Wheelwright, 2004).
The test consists of 60 items in which answers range
from ‘1=strongly agree’ to ‘4=strongly disagree’. 40 of
these items are summed to give a total EQ score, with the
other 20 being filler items. Three factors of the EQ have
also been shown to tap into more specific components of
empathy, namely cognitive empathy, emotional reactivity
and social skills, in which the sums of different groups of
questions reveal emotional capacity along these factors
(Lawrence, Shaw, Baker, Baron-Cohen, & David, 2004).

2.3. Procedure, task design and stimuli

The action observation EEG task consisted of videos
comprising a series of photographs presented sequentially
in short succession (~12 frames per second). Each
video showed a person (the performer) sitting at a table
facing the camera, initially with their hands resting flat
on a table. The table had three bowls on it: one in the
center closer to the performer, and two others further
from the performer, one black and the other white. As
the video sequence began, the performer reached into
the bowl closest to them, took out a colored coin that
was either red or green, and placed it into one of the
two other bowls. The performer then returned their hands
back to the original resting position. Each trial consisted
of one video in which either a red or green coin was
taken from the center bowl and placed into one of the
other two bowls. A red coin always represented a loss
and a green coin always represented a win. Performers’
faces were not included in the stimuli in order to try to
control for possible confounding effects, such as ingroup
and outgroup preferences. One trial lasted for a total
of 4500ms, with the observed action lasting 2000ms,
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followed by a 2500ms inter-stimulus interval in which the
performer was seen sitting still in the resting position. One
short practice block consisting of 8 trials was completed
before the main experimental blocks. Two sets of three
blocks of 50 trials each made up the experiment, which
comprised a total of 300 trials. In one version of the
experiment, for the first three blocks of trials coins only
went into the white bowl, whereby red coins represented
a small (-10 cents) loss and green coins representing a
small win (+10 cents). In this version, for the second set
of three blocks of trials, each coin represented big losses
(-100 cents) and wins (+100 cents). Another version of
the experiment presented the converse, i.e. big wins and
losses in the first three blocks of trials, and small wins and
losses in the second set of three blocks of trials. These
two versions of the experiment were counterbalanced
across participants.

Throughout the EEG experiment, participants were
seated in front of the computer screen that was
presenting stimuli, with their hands resting flat on the
table. All participants were clearly instructed to stay as
still as possible and to only keep in mind the cumulative
amount they won in each block. At the start of each block,
participants were told that they would start with 100 cents
(for all blocks and conditions) and that the money will be
added up at the end of the experiment. The experimenter
recorded the amount participants had counted at the end
of each block. This was done to ensure that participants
were paying attention to wins and losses during each
trial. Figure 1 illustrates the experimental task design,
with example screenshots of stimuli.

Figure 1. EEG experimental task design
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2.4. EEG data acquisition and analysis

EEG activity was recorded at a sampling rate of 1000
Hz (Pycorder 1.9) using a Brain Products actiCHamp 32
channel system with active electrodes (Brain Products,
Munich, Germany). Electrodes were positioned on the
participant’s heads according to the international 10-20
system, held in place by an elasticated electrode cap,
with the reference and ground electrodes between Fz and
Cz, and between FC1 and FC2, respectively. Horizontal
eye movements were recorded by bilaterally electro-
oculogram (EOG) electrodes placed at the outer canthi
of both eyes. All electrode impedances were kept below
10 kQ.

Preprocessing of EEG data was done offline using the
BrainVision Analyzer software package (Brain Products,
Munich, Germany). All data was first down-sampled from
1000Hz to 500Hz, and then re-referenced to the linked
mastoids, and a high-pass filter of 0.1Hz, with a 50Hz
notch filter applied. Ocular correction was done using an
independent component analysis method (Jung et al.,
2000). The 2000ms action epoch was segmented into
1000ms epochs and averaged for each condition (small
win, small loss, big win, big loss), and these 1000ms
epochs were then used as the main action epochs for
further analysis. Movement artifacts were identified
with criteria that rejected signal gradients greater than
50pV, or epochs where signal exceeded -300pV or 300uV,
which resulted in ~5% of the data being removed. For
the baseline epoch, the 1000ms preceding the onset of
the action was taken and averaged across conditions.
Baseline epochs were submitted to the same artifact
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rejection procedure. A Fast Fourier Transform (FFT) was
performed on each of the 1000ms epochs and an average
was then taken for each condition, and power values in
the alpha frequency band (8-13Hz) were extracted.

Following previous studies, we determined mu
suppression by calculating event-related desynchronization
/ synchronization (ERD/ERS) for central electrodes
overlaying sensorimotor cortex (C3, Cz and C4) using
the standard formula: [(alpha power during action epoch
- alpha power during baseline) / alpha power during
baseline) x 100] (Pfurtscheller & Neuper, 1994).

2.5. Statistical analysis

To investigate relationships between the behavioral
measures, we performed a Pearson’s correlation analysis
with all scales and subscales of behavioral data collected.

For the EEG data, to test for effects of reward magnitude
and valence on the mu rhythm, a repeated-measures
ANOVA was performed using the mu rhythm suppression
values for reward magnitude conditions (large, small),
reward valence conditions (win, loss) and electrode
positions (C3, Cz and C4) as within-subject factors. Post-
hoc comparisons were conducted for significant main
effects. In order to check for the regional specificity of
significant effects, relevant post-hoc statistical tests were
also performed on the frontal, parietal, and occipital
electrodes that spanned the midline (F3, Fz, F4; P3, Pz,
P4; 01, Oz, 02). Several studies have shown that age and
sex are related to the degree of mu rhythm suppression
(Cheng et al., 2008; Marshall, Bar-Haim, & Fox, 2002),
therefore a further ANCOVA was performed to verify
reward-related effects after covarying out the influence
of age and sex.

In order to investigate relationships between the mu
rhythm differences in response to reward valence /
magnitude and behavioral measures, we calculated mu
reward valence and reward magnitude effect scores.
This was done by subtracting the mu rhythm for large
wins / losses from small wins / losses (reward magnitude
mu effect), and all wins subtracted from all losses
(reward valence mu effect). Reward valence and reward
magnitude mu effects were calculated for each individual
to reflect the relative differences and individual variability
in mu power between reward valence and magnitude
conditions. Pearson correlation analyses were performed
with behavioral scores and reward magnitude and valence
mu effect scores. Furthermore, to control for the potential
influence of age and sex, a partial correlation analysis was
also done with significant correlations to further confirm
significant relationships.

3. Results

Table 1 shows means and standard deviations for
demographic data and scores on measures of social
cognition.

3.1. EEG mu rhythm suppression

The results of the repeated-measures ANOVA revealed

Tablo 1. Demographics showing means and standard
deviations (SD) for participants.

Age 22.13 2.80
Sex 10M/13F

Education (yrs) 14.95 0.78
BIS 20.13 4.34
BAS reward 17.83 2.76
BAS fun 13.30 2.51
BAS drive 11.70 3.23
RMET 23.22 3.33
EQ total 25.78 13.04
EQ cog empathy 12.65 7.20
EQ emotional react 12.83 4.51
EQ social skills 6.30 2.88

Notes: M = male, F = female,; BIS = Behavioral Inhibition
System scale; BAS = Behavioral Activation System scale; RMET
= Reading The Mind in the Eyes Test; EQ = Empathy quotient (3
factors; cognitive empathy, emotional reactivity, social skills).

a main effect of reward valence (i.e. wins and losses),
(F(1, 22)=7.260, p=0.013, np2=0.248). However, no
other main effects or interactions were found in any
other factors (all p>0.05). Post-hoc comparisons showed
significantly greater mu rhythm suppression for losses,
compared to wins when pooling mu suppression values
over central electrodes and reward magnitude conditions
(t=2.694, p=0.013). Importantly, post-hoc comparisons
for wins and losses over other regions showed that there
were no significant differences over frontal, parietal or
occipital areas (all p>0.05). Figure 2 shows mu rhythm
suppression for wins and losses pooled over central
electrodes.

Figure 2. Bar chart showing percentage change in mu rhythm
power for wins and losses during the action observation task,
relative to baseline. Error bars represent one standard error of the
mean (¥*p<0.05)

After controlling for age and sex as covariates with an
ANCOVA with mu suppression values, the main effect
of reward valence remained (F(1, 20)=7.425, p=0.013,
np2=0.271). As expected, we additionally saw a
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significant interaction between reward valence and age
(F(1, 20)=6.285, p=0.021, p=, np2=0.239). No other
main effects or interactions were significant (all p>0.05).

3.2. Relationship between mu suppression and
behavioral data

Due to the significant main effect of reward valence,
but a lack of effects for other conditions, mu rhythm
values were pooled across reward magnitude conditions
and electrodes, and only the reward valence mu effect
was used for the correlation analysis with demographic
variables and social cognition measures.

In line with the results from our ANCOVA analysis, we
see a significant negative correlation between age and the
reward valence mu effect (r=-0.443, p=0.034) whereby
the effect of reward valence on the mu rhythm was less
for older participants.

Most interestingly, we see a strong positive correlation
between the reward valence mu effect and empathy as
measured by the total EQ score (r=0.731, p<0.001). A
scatterplot for this relationship is shown in figure 3. After
controlling for age, the correlations between the reward
valence mu effect and EQ scores remained significant,
and even became stronger (r=0.806, p<0.001). In
addition, significant correlations were found between
the mu reward valance effect and the cognitive empathy
(r=0.433, p=0.039) and emotional reactivity (r=0.693,
p<0.001) factors of the EQ, but not with the social skills
factor of the EQ (r=0.164, p=0.454). The correlations
with cognitive empathy (r=0.641, p=0.001) and
emotional reactivity (r=0.712, p<0.001) also remained
significant after controlling for age. There were no other
significant correlations between the reward valence mu
effect and other behavioral measures. Importantly, there
were also no other significant correlations between the
mean mu rhythm values (pooled over all electrodes,
reward magnitude and reward valence conditions) and
any behavioral measures (all p>0.05).

Figure 3. Scatterplot showing the relationship between the reward-
valence mu rhythm effect (i.e. difference between wins and losses)
and total scores on the Empathy Quotient.

ORIGINAL ARTICLE-ARASTIRMA

4. Discussion

In this study, we sought to investigate the effects of
reward valence and magnitude on the degree of EEG mu
rhythm suppression during an action observation task
in which the observed actions led to rewarding or loss
outcomes of different financial values. As a secondary
aim, we asked the question of whether the effect of
rewards on the mu rhythm were related to demographic
and social cognition variables, including age, motivated
social approach/avoidance behavior, theory of mind and
empathy. We showed that the mu rhythm was modulated
by reward valence, but in the opposite direction to
which we hypothesized, whereby greater mu rhythm
suppression was evoked by action outcomes associated
with losses, when compared to action outcomes
associated with rewards. We demonstrated that this
effect could not be accounted for by differences in age
or sex. However, contrary to our hypothesis, we did not
see any effect of reward magnitude on the degree of mu
suppression. Interestingly, the effect of reward valence
on the mu suppression correlated with levels of empathy,
in which people with more empathy exhibited a greater
reward valence mu suppression effect. Furthermore, the
relationship between the effect of reward valence on the
mu suppression and empathy was specific to cognitive
empathy and emotional reactivity, but not social skills nor
affective theory of mind. To our knowledge, this is the first
study demonstrating a specific effect of reward valence
on the mu rhythm, and not magnitude, and the first to
show that this reward-related modulation was associated
with levels of cognitive empathy and emotional reactivity.

Our main findings provide further evidence to support
the role of reward processing in the mirror motor system,
particularly during the observation of others’ actions,
which has previously been suggested by other mu
rhythm studies (Brown et al., 2013; Brown, Gonzalez-
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Liencres, Tas, & Briine, 2016) . The greater mu rhythm @9
suppression in response to losses was in contrast to what @2
we had hypothesized, as we had predicted that greaterz
suppression would be seen for wins overall. Other studies ?

from our group have shown some divergence in the
direction of the mu rhythm change in response to monetary
wins and losses using a similar paradigm (Brown et al.,
2016), where we have found greater mu suppression for
relative losses, compared to winning and neutral actions.
This suggests that the link between rewards and the
mirror system may not be as straightforward as we had
expected. There has been some work investigating the
influence of affective valence on motor cortex excitability,
though it did not directly address reward processing. One
such study by Hajcak et al. (Hajcak et al., 2007) used
transcranial magnetic stimulation (TMS) to demonstrate
that the magnitude of motor evoked potentials (MEPs)
were greater when presenting participants with pleasant
or unpleasant images, when compared to neutral
images. Other more recent studies have also shown this
bidirectional relationship with both positive and negative
emotions increasing activity in the motor system (Hill et
al., 2013). In contrast, there is also evidence showing
that negatively valenced stimuli evoked greater motor-
related corticospinal excitability when compared to
positively valenced stimuli (Enticott et al., 2012; Anaelli
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A. Nogueira-Campos et al.,, 2016; Anaelli Aparecida
Nogueira-Campos et al., 2014). The mixed results from
these previous findings, and the possible bidirectional
relationship between positive and negative emotions and
possible modulations on the mu rhythm may depend
upon individual differences in emotional processing and
empathetic responses, especially as our findings show a
relationship between empathetic capacity and the degree
of reward-related mu suppression. Taken together, it is
evident that both reward valence and affective valence
have a role in the processing of one’s own and of others’
actions, which could shape motivational drives and thus
influence our behaviors in social contexts.

One interpretation of our results is that the reward
valence modulation of the mu suppression may be driven
by salience, which could be a product of the subjective
experiences of monetary losses or gains. The suggestion
that salience drives our main findings may be supported by
the correlation we see between emotional reactivity and
the reward valence mu effect. In the reward processing
literature, it is currently accepted that there are two
motivational systems that drive reinforcement-learning
processes, namely ‘liking’ and ‘wanting’ (Berridge, 2007).
As no learning was involved in our paradigm, our results
may speak more to the ‘liking’ dimension of reward
processing, which represents the hedonic impact of the
receipt of rewards, whereas the dopamine-mediated
‘wanting’ dimension induces incentive salience, which
drives goal-directed behaviors to seek rewards. However,
one very elegant study using a Pavlovian-to-Instrumental
paradigm with real-time fMRI found enhanced responses
in motivational areas including ventral striatum and
amygdala upon presentation of reward-related cues
during motor imagery (Mendelsohn, Pine, & Schiller,
2014). The authors highlight work showing the
importance of ventral striatum and amygdala in signaling
the incentive value of stimuli (Berridge, Robinson, &
Aldridge, 2009; Everitt, Cardinal, Parkinson, & Robbins,
2003), and thus conclude that their results demonstrate a
concurrent activation of the ‘value’ and ‘action’ networks.
Additionally, Klein-Flugge et al. (Klein-Fliigge, Kennerley,
Friston, & Bestmann, 2016) demonstrated activation in a
network that encompassed the dorsal anterior cingulate
cortex (dACC) and supplementary motor area during both
a reward value comparison task and an effort-discounting
task. As we know that mu suppression is evoked by motor
imagery (Pfurtscheller, Brunner, Schlégl, & Lopes da Silva,
2006), taking these findings into consideration, it would be
reasonable to suggest that the reward-related mu rhythm
effects we see in our study may also be representative
not only of the experience of reward receipt, but also of
the differences in reward valuation, especially as high and
low rewards are presented relative to each other. There is
also other evidence from patients with Parkinson’s disease
where authors have suggested a link between the reward
circuit of the basal ganglia and the human mirror system
(Alegre et al., 2010; Alegre et al.,, 2011). It is difficult
to disentangle salience from the hedonic experience of
rewards, although future studies could seek to integrate
conditions of positively and negatively valenced salience
and gains and losses of rewards in combination to compare

the magnitude of these effects on mu suppression.
Measuring emotional reactivity in future studies could
also provide more insight into the possibility that salience
could be contributing to the reward-related modulation of
the mu rhythm. Future studies using combined EEG and
fMRI with reinforcement-learning paradigms could also
help to determine whether the reward-related modulation
we see in the mu suppression also extends to the learning
and ‘wanting’ aspects of reward processing.

The relationship we see between empathy and the mu
suppression effect is supported by other studies, which
have consistently demonstrated a generalized relationship
between activity in the mirror system and trait levels of
empathy (Cheng et al., 2008; Pfeifer, Iacoboni, Mazziotta,
& Dapretto, 2008; Schulte-Rither, Markowitsch, Fink, &
Piefke, 2007; Yang, Decety, Lee, Chen, & Cheng, 2009).
However, none of those studies have characterized this
relationship specifically in terms of reward-related mu
rhythm modulation. There is some evidence to suggest
a relationship between empathetic capacity and a
vicarious reward prediction error signal in the ACC when
observing others’ receiving a reward (Lockwood, Apps,
Roiser, & Viding, 2015). The fMRI study from Lockwood
et al. (2015) found that activation in the anterior
cingulate cortex (ACC) in participants with less empathy
corresponded to receipt of rewards for the self and others,
whereas ACC activation in those with high trait empathy
was related only to others’ rewards. Interestingly, one
study investigating the kinematic response during the
simulation of feeding others in various emotional contexts
found different kinematic profiles depending on the
emotions expressed by the actors being fed (Ferri et al.,
2010). These salience-driven effects on the motor system
were modulated by the participants’ empathetic attitudes,
supporting our findings with regards to the relationship
between individual differences in empathy and action
processing in a social setting. It is important to note
here, that one possible reason for not seeing a correlation
with the other behavioral measures was because of their
low variance. It seems that the empathy score was the
only measure in which there was substantial variance
between participants. Our results add to the literature by
suggesting that the influence of trait empathy on social
action processing also extends to reward valuation in the
mirror system.

There were some unexpected findings in our study,
some of which have already been discussed. A main
finding that was contrary to our hypothesis was the
lack of reward magnitude effects on the degree of mu
suppression. One explanation for this may be due to our
design and the distribution of our experimental conditions
in trials and blocks. The conditions of reward magnitude
were presented across different blocks of trials, whereas
different reward valences were presented within each
block. In other words, the relative comparisons of reward
magnitude were more separated in time than comparisons
of reward valence. Therefore, the relative difference
between high and low reward magnitudes may have
been less salient than the relative difference between
wins and losses, resulting in the effect of reward valence
overshadowing the relative response to differences in

146 THE JOURNAL OF NEUROBEHAVIORAL SCIENCES VOLUME-CILT 5/ NUMBER-SAYI 3 / 2018



magnitude. This issue of the relativity between conditions
may have also accounted for the unexpected finding of
a small mu suppression for wins, relative to losses. Due
to the fact that we did not have a neutral condition, the
trials that led to a win may have evoked a mu rhythm
response that was relatively neutral when compared to a
loss, which appeared to be more salient. Having a mixed
design rather than the block design used here, may have
made the relative effects of the reward conditions more
balanced.

There were a number of limitations to our study, one
of which was our lack of a neutral condition in which
participants experienced neither reward nor loss. As
already mentioned, this makes it hard for us to draw
strong conclusions about the relative effects of high and
low rewards and losses on mu suppression. Furthermore,
there was no visual difference between small and large
wins and losses, which may have dampened potential
reward magnitude effects. Future studies may wish to
make more distinct visual differences across conditions,
and may also consider using a mixed block design to
enhance possible reward magnitude effects. Another
limitation of this study was due to the inherent lack
of spatial resolution in EEG, which makes it difficult to
make inferences about the source of the reward-related
modulation of the mu suppression. Using a combination
of fMRI and EEG to utilize both high spatial and temporal
resolution in future studies would provide further insight
into the source of this effect, alternatively, independent
component analysis and dipole fitting could be used
with EEG alone to localize the source of the signal. As
already mentioned, the reward-related modulation may
have been driven by salience, and so a final limitation
of the study was that no behavioral measures related to
individual differences in trait salience processing were
collected.

This study is the first to demonstrate that the reward-
related modulation of the human mirror system, as
indexed by the mu rhythm suppression, is specific to
reward valence but not reward magnitude. Furthermore,
we reveal a novel relationship between the effect of
reward on the human mirror system and trait empathy.
We conclude that the mirror system may be sensitive to
reward value encoding, which could be related to salience
processing. In the larger context of social decision-
making, the subjective value and salience we associate
with social stimuli is likely to play a central role in what we
attend to, and are drawn towards. Thus, value may shape
the degree to which we engage in social interactions, as
well as influencing from who, what and where we learn
our social skills, and could guide the choices we make in
our social lives.

Funding details

The author ECB was currently supported by a fellowship
from Alberta Innovates Health Solutions (AIHS), and
previously supported by a fellowship from the Mathison
Centre for Mental Health Research & Education for a
part of the duration of data analysis and manuscript
preparation.

ORIGINAL ARTICLE-ARASTIRMA

Disclosures

The authors report no conflicts of interest.

References

Alegre, M., Rodriguez-Oroz, M. C., Valencia, M., Pérez-Alcazar, M.,
Guridi, J., Iriarte, J., ... Artieda, J. (2010). Changes in subthalamic activity
during movement observation in Parkinson’s disease: is the mirror system
mirrored in the basal ganglia? Clinical Neurophysiology: Official Journal of
the International Federation of Clinical Neurophysiology, 121(3), 414-425.
https://doi.org/10.1016/j.clinph.2009.11.013

Alegre, M., Guridi, J., & Artieda, J. (2011). The mirror system, theory of
mind and Parkinson’s disease. Journal of the Neurological Sciences, 310(1-
2), 194-196. https://doi.org/10.1016/j.jns.2011.07.030

Anderson, K. L., & Ding, M. (2011). Attentional modulation of the
somatosensory mu rhythm. Neuroscience, 180, 165-180. https://doi.
org/10.1016/j.neuroscience.2011.02.004

Arnstein, D., Cui, F.,, Keysers, C., Maurits, N. M., & Gazzola, V. (2011).
u-Suppression during Action Observation and Execution Correlates
with BOLD in Dorsal Premotor, Inferior Parietal, and SI Cortices. Journal
of Neuroscience, 31(40), 14243-14249. https://doi.org/10.1523/
JNEUROSCI.0963-11.2011

Babiloni, C., Babiloni, F., Carducci, F., Cincotti, F., Cocozza, G., Del Percio,
C., ... Rossini, P. M. (2002). Human cortical electroencephalography (EEG)
rhythms during the observation of simple aimless movements: a high-
resolution EEG study. NeuroIlmage, 17(2), 559-572.

Baez-Mendoza, R., Harris, C. J., & Schultz, W. (2013). Activity of striatal
neurons reflects social action and own reward. Proceedings of the National
Academy of Sciences of the United States of America, 110(41), 16634-
16639. https://doi.org/10.1073/pnas.1211342110

Baron-Cohen, S., Wheelwright, S., Hill, J., Raste, Y., & Plumb, I. (2001).
The “Reading the Mind in the Eyes” Test revised version: a study with
normal adults, and adults with Asperger syndrome or high-functioning
autism. Journal of Child Psychology and Psychiatry, and Allied Disciplines,
42(2), 241-251.

Baron-Cohen, S., & Wheelwright, S. (2004). The empathy quotient:
an investigation of adults with Asperger syndrome or high functioning
autism, and normal sex differences. Journal of Autism and Developmental
Disorders, 34(2), 163-175.

Berridge, K. C. (2007). The debate over dopamine’s role in reward:
the case for incentive salience. Psychopharmacology, 191(3), 391-431.
https://doi.org/10.1007/s00213-006-0578-x

Berridge, K. C., Robinson, T. E., & Aldridge, J. W. (2009). Dissecting

components of reward: “liking”, “wanting”, and learning. Current Opinion in
Pharmacology, 9(1), 65-73. https://doi.org/10.1016/j.coph.2008.12.014

Bimbi, M., Festante, F.,, Coudé, G., Vanderwert, R. E., Fox, N. A., &
Ferrari, P. F. (2018). Simultaneous scalp recorded EEG and local field
potentials from monkey ventral premotor cortex during action observation
and execution reveals the contribution of mirror and motor neurons to
the mu-rhythm. NeuroImage, 175, 22-31. https://doi.org/10.1016/j.
neuroimage.2018.03.037

Bodden, M. E., Kibler, D., Knake, S., Menzler, K., Heverhagen, J. T,
Sommer, J., .. Dodel, R. (2013). Comparing the neural correlates of
affective and cognitive theory of mind using fMRI: Involvement of the basal
ganglia in affective theory of mind. Advances in Cognitive Psychology, 9(1),
32-43. https://doi.org/10.2478/v10053-008-0129-6

Braadbaart, L., Williams, J. H. G., & Waiter, G. D. (2013). Do mirror
neuron areas mediate mu rhythm suppression during imitation and action
observation? International Journal of Psychophysiology, 89(1), 99-105.
https://doi.org/10.1016/j.ijpsycho.2013.05.019

Brown, E. C., Wiersema, J. R., Pourtois, G., & Brine, M. (2013).
Modulation of motor cortex activity when observing rewarding and punishing
actions. Neuropsychologia, 51(1), 52-58. https://doi.org/10.1016/j.
neuropsychologia.2012.11.005

Brown, E. C., Gonzalez-Liencres, C., Tas, C., & Briine, M. (2016). Reward
modulates the mirror neuron system in schizophrenia: A study into the
mu rhythm suppression, empathy, and mental state attribution. Social
Neuroscience, 11(2), 175-186. https://doi.org/10.1080/17470919.2015.
1053982

Caggiano, V., Fogassi, L., Rizzolatti, G., Casile, A., Giese, M. A., & Thier,
P. (2012). Mirror neurons encode the subjective value of an observed
action. Proceedings of the National Academy of Sciences of the United
States of America, 109(29), 11848-11853. https://doi.org/10.1073/
pnas.1205553109

Carver, C. S., & White, T. L. (1994). Behavioral inhibition, behavioral
activation, and affective responses to impending reward and punishment:

VOLUME-CILT 5 NUMBER-SAYI 3 / 2018 THE JOURNAL OF NEUROBEHAVIORAL SCIENCES 147

S 2018 Published by Uskiidar University / 2018 Uskiidar Universitesi tarafindan yayimlanmaktadir www.jnbs.org

=
-



J N BS 2018 Published by Uskiidar University / 2018 Uskiidar Universitesi tarafindan yayimlanmaktadir www.jnbs.org

ORIGINAL ARTICLE-ARASTIRMA

The BIS/BAS Scales. Journal of Personality and Social Psychology, 67(2),
319-333. https://doi.org/10.1037/0022-3514.67.2.319

Cheng, Y., Lee, P.-L., Yang, C.-Y., Lin, C.-P,, Hung, D., & Decety, J. (2008).
Gender Differences in the Mu Rhythm of the Human Mirror-Neuron System.
PLoS ONE, 3(5). https://doi.org/10.1371/journal.pone.0002113

Chong, T. T.-J., Cunnington, R., Williams, M. A., Kanwisher, N., &
Mattingley, J. B. (2008). fMRI adaptation reveals mirror neurons in human
inferior parietal cortex. Current Biology: CB, 18(20), 1576-1580. https://
doi.org/10.1016/j.cub.2008.08.068

Cook, R., Bird, G., Catmur, C., Press, C., & Heyes, C. (2014). Mirror
neurons: from origin to function. The Behavioral and Brain Sciences, 37(2),
177-192. https://doi.org/10.1017/S0140525X13000903

Ede, F. van, Koster, M., & Maris, E. (2012). Beyond establishing involvement:
quantifying the contribution of anticipatory a- and B-band suppression
to perceptual improvement with attention. Journal of Neurophysiology,
108(9), 2352-2362. https://doi.org/10.1152/jn.00347.2012

Ensenberg, N. S., Perry, A., & Aviezer, H. (2017). Are you looking at
me? Mu suppression modulation by facial expression direction. Cognitive,
Affective & Behavioral Neuroscience, 17(1), 174-184. https://doi.
org/10.3758/s13415-016-0470-z

Enticott, P. G., Harrison, B. A., Arnold, S. L., Nibaldi, K., Segrave, R. A.,
Fitzgibbon, B. M., ... Fitzgerald, P. B. (2012). Emotional valence modulates
putative mirror neuron activity. Neuroscience Letters, 508(1), 56-59.
https://doi.org/10.1016/j.neulet.2011.12.018

Everitt, B. J., Cardinal, R. N., Parkinson, J. A., & Robbins, T. W. (2003).
Appetitive behavior: impact of amygdala-dependent mechanisms of
emotional learning. Annals of the New York Academy of Sciences, 985,
233-250.

Ferri, F., Stoianov, I. P,, Gianelli, C., D'Amico, L., Borghi, A. M., & Gallese,
V. (2010). When action meets emotions: how facial displays of emotion
influence goal-related behavior. PloS One, 5(10). https://doi.org/10.1371/
journal.pone.0013126

Frith, C. D., & Singer, T. (2008). The role of social cognition in decision
making. Philosophical Transactions of the Royal Society B: Biological
Sciences, 363(1511), 3875-3886. https://doi.org/10.1098/rstb.2008.0156

Gallese, V., Fadiga, L., Fogassi, L., & Rizzolatti, G. (1996). Action
recognition in the premotor cortex. Brain: A Journal of Neurology, 119 (
Pt 2), 593-609.

Hajcak, G., Molnar, C., George, M. S., Bolger, K., Koola, J., & Nahas, Z.
(2007). Emotion facilitates action: a transcranial magnetic stimulation
study of motor cortex excitability during picture viewing. Psychophysiology,
44(1), 91-97. https://doi.org/10.1111/j.1469-8986.2006.00487.x

Hari, R. (2006). Action-perception connection and the cortical mu rhythm.
In C. N. and W. Klimesch (Ed.), Progress in Brain Research (Vol. 159, pp.
253-260). Elsevier. Retrieved from http://www.sciencedirect.com/science/
article/pii/S007961230659017X

C. (2012). What's social about social learning? Journal of
1983), 126(2), 193-202.

Heyes,
Comparative Psychology (Washington, D.C.:
https://doi.org/10.1037/a0025180

Hill, A. T., Fitzgibbon, B. M., Arnold, S. L., Rinehart, N. J., Fitzgerald, P.
B., & Enticott, P. G. (2013). Modulation of putative mirror neuron activity
by both positively and negatively valenced affective stimuli: a TMS study.
Behavioural Brain Research, 249, 116-123. https://doi.org/10.1016/j.
bbr.2013.04.027

Izuma, K., Saito, D. N., & Sadato, N. (2008). Processing of social and
monetary rewards in the human striatum. Neuron, 58(2), 284-294.
https://doi.org/10.1016/j.neuron.2008.03.020

Jones, S. R., Kerr, C. E.,, Wan, Q., Pritchett, D. L., Hdmaldinen, M., &
Moore, C. I. (2010). Cued Spatial Attention Drives Functionally-Relevant
Modulation of The Mu Rhythm in Primary Somatosensory Cortex. The Journal
of Neuroscience : The Official Journal of the Society for Neuroscience,
30(41), 13760-13765. https://doi.org/10.1523/INEUROSCI.2969-10.2010

Jung, T. P, Makeig, S., Humphries, C., Lee, T. W., McKeown, M. J., Iragui,
V., & Sejnowski, T. J. (2000). Removing electroencephalographic artifacts
by blind source separation. Psychophysiology, 37(2), 163-178.

Keysers, C., & Gazzola, V. (2006). Towards a unifying neural theory of
social cognition. Progress in Brain Research, 156, 379-401. https://doi.
org/10.1016/S0079-6123(06)56021-2

Kilner, J. M., Marchant, J. L., & Frith, C. D. (2006). Modulation of the mirror
system by social relevance. Social Cognitive and Affective Neuroscience,
1(2), 143-148. https://doi.org/10.1093/scan/nsl017

Kilner, J. M., Neal, A., Weiskopf, N., Friston, K. J., & Frith, C. D. (2009).
Evidence of mirror neurons in human inferior frontal gyrus. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 29(32),
10153-10159. https://doi.org/10.1523/INEUROSCI.2668-09.2009

Klein-Fligge, M. C., Kennerley, S. W., Friston, K., & Bestmann, S.

(2016). Neural Signatures of Value Comparison in Human Cingulate Cortex
during Decisions Requiring an Effort-Reward Trade-off. The Journal of
Neuroscience: The Official Journal of the Society for Neuroscience, 36(39),
10002-10015. https://doi.org/10.1523/INEUROSCI.0292-16.2016

Kourtis, D., Sebanz, N., & Knoblich, G. (2010). Favouritism in the motor
system: social interaction modulates action simulation. Biology Letters,
6(6), 758-761. https://doi.org/10.1098/rsbl.2010.0478

Lawrence, E. J., Shaw, P.,, Baker, D., Baron-Cohen, S., & David, A. S.
(2004). Measuring empathy: reliability and validity of the Empathy
Quotient. Psychological Medicine, 34(5), 911-919.

Le Bel, R. M., Pineda, J. A., & Sharma, A. (2009). Motor-auditory-visual
integration: The role of the human mirror neuron system in communication
and communication disorders. Journal of Communication Disorders, 42(4),
299-304. https://doi.org/10.1016/j.jcomdis.2009.03.011

Lin, A., Adolphs, R., & Rangel, A. (2012). Social and monetary reward
learning engage overlapping neural substrates. Social Cognitive and
Affective Neuroscience, 7(3), 274-281. https://doi.org/10.1093/scan/
nsr006

Lockwood, P. L., Apps, M. A. J., Roiser, J. P., & Viding, E. (2015). Encoding
of Vicarious Reward Prediction in Anterior Cingulate Cortex and Relationship
with Trait Empathy. The Journal of Neuroscience: The Official Journal of the
Society for Neuroscience, 35(40), 13720-13727. https://doi.org/10.1523/
JNEUROSCI.1703-15.2015

Marshall, P. J., Bar-Haim, Y., & Fox, N. A. (2002). Development of the
EEG from 5 months to 4 years of age. Clinical Neurophysiology: Official
Journal of the International Federation of Clinical Neurophysiology, 113(8),
1199-1208.

Mendelsohn, A., Pine, A., & Schiller, D. (2014). Between thoughts
and actions: motivationally salient cues invigorate mental action in
the human brain. Neuron, 81(1), 207-217. https://doi.org/10.1016/j.
neuron.2013.10.019

Molenberghs, P., Cunnington, R., & Mattingley, J. B. (2012). Brain regions
with mirror properties: a meta-analysis of 125 human fMRI studies.
Neuroscience and Biobehavioral Reviews, 36(1), 341-349. https://doi.
org/10.1016/j.neubiorev.2011.07.004

Moore, A., Gorodnitsky, I., & Pineda, J. (2012). EEG mu component
responses to viewing emotional faces. Behavioural Brain Research, 226(1),
309-316. https://doi.org/10.1016/j.bbr.2011.07.048

Mukamel, R., Ekstrom, A. D., Kaplan, J., Iacoboni, M., & Fried, I. (2010).
Single-neuron responses in humans during execution and observation of
actions. Current Biology: CB, 20(8), 750-756. https://doi.org/10.1016/j.
cub.2010.02.045

Nogueira-Campos, Anaelli A., Saunier, G., Della-Maggiore, V., De Oliveira,
L. A. S., Rodrigues, E. C., & Vargas, C. D. (2016). Observing Grasping
Actions Directed to Emotion-Laden Objects: Effects upon Corticospinal
Excitability. Frontiers in Human Neuroscience, 10, 434. https://doi.
org/10.3389/fnhum.2016.00434

Nogueira-Campos, Anaelli Aparecida, de Oliveira, L. A. S., Della-Maggiore,
V., Esteves, P. O., Rodrigues, E. de C., & Vargas, C. D. (2014). Corticospinal
excitability preceding the grasping of emotion-laden stimuli. PloS One,
9(4), e94824. https://doi.org/10.1371/journal.pone.0094824

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(1), 62-66. https://doi.
org/10.1093/scan/nsl022

Oberman, L. M., Ramachandran, V. S., & Pineda, J. A. (2008). Modulation
of mu suppression in children with autism spectrum disorders in
response to familiar or unfamiliar stimuli: the mirror neuron hypothesis.

Neuropsychologia, 46(5), 1558-1565. https://doi.org/10.1016/j.
neuropsychologia.2008.01.010
Perry, A., Stein, L., & Bentin, S. (2011). Motor and attentional

mechanisms involved in social interaction--evidence from mu and alpha
EEG suppression. NeuroImage, 58(3), 895-904. https://doi.org/10.1016/j.
neuroimage.2011.06.060

Perry, A., Troje, N. F, & Bentin, S. (2010). Exploring motor system
contributions to the perception of social information: Evidence from EEG
activity in the mu/alpha frequency range. Social Neuroscience, 5(3), 272-
284. https://doi.org/10.1080/17470910903395767

Pfeifer, J. H., Iacoboni, M., Mazziotta, J. C., & Dapretto, M. (2008). Mirroring
others’ emotions relates to empathy and interpersonal competence in
children. Neurolmage, 39(4), 2076-2085. https://doi.org/10.1016/j.
neuroimage.2007.10.032

Pfurtscheller, G., Brunner, C., Schldgl, A., & Lopes da Silva, F. H. (2006).
Mu rhythm (de)synchronization and EEG single-trial classification of
different motor imagery tasks. NeuroImage, 31(1), 153-159. https://doi.
org/10.1016/j.neuroimage.2005.12.003

Pfurtscheller, G., & Neuper, C. (1994). Event-related synchronization of

148 THE JOURNAL OF NEUROBEHAVIORAL SCIENCES VOLUME-CILT 5/ NUMBER-SAYI 3 / 2018



mu rhythm in the EEG over the cortical hand area in man. Neuroscience
Letters, 174(1), 93-96.

Pineda, J. A. (2005). The functional significance of mu rhythms: translating
“seeing” and “hearing” into “doing.” Brain Research. Brain Research
Reviews, 50(1), 57-68. https://doi.org/10.1016/j.brainresrev.2005.04.005

Press, C., Weiskopf, N., & Kilner, J. M. (2012). Dissociable roles of human
inferior frontal gyrus during action execution and observation. NeuroImage,
60(3), 1671-1677. https://doi.org/10.1016/j.neuroimage.2012.01.118

Riecansky, I., Paul, N., Kélble, S., Stieger, S., & Lamm, C. (2015). Beta
oscillations reveal ethnicity ingroup bias in sensorimotor resonance to pain
of others. Social Cognitive and Affective Neuroscience, 10(7), 893-901.
https://doi.org/10.1093/scan/nsu139

Rizzolatti, G., Fadiga, L., Gallese, V., & Fogassi, L. (1996). Premotor
cortex and the recognition of motor actions. Brain Research. Cognitive Brain
Research, 3(2), 131-141.

Ruff, C. C., & Fehr, E. (2014). The neurobiology of rewards and values
in social decision making. Nature Reviews. Neuroscience, 15(8), 549-562.
https://doi.org/10.1038/nrn3776

Salmelin, R., & Hari, R. (1994). Spatiotemporal characteristics of
sensorimotor neuromagnetic rhythms related to thumb movement.
Neuroscience, 60(2), 537-550. https://doi.org/10.1016/0306-
4522(94)90263-1

Schulte-Rather, M., Markowitsch, H. J., Fink, G. R., & Piefke, M. (2007).
Mirror neuron and theory of mind mechanisms involved in face-to-
face interactions: a functional magnetic resonance imaging approach to
empathy. Journal of Cognitive Neuroscience, 19(8), 1354-1372. https://
doi.org/10.1162/jocn.2007.19.8.1354

Trilla Gros, 1., Panasiti, M. S., & Chakrabarti, B. (2015). The plasticity of the
mirror system: How reward learning modulates cortical motor simulation
of others. Neuropsychologia, 70, 255-262. https://doi.org/10.1016/j.
neuropsychologia.2015.02.033

Yang, C.-Y.,, Decety, J., Lee, S., Chen, C., & Cheng, Y. (2009).
Gender differences in the mu rhythm during empathy for pain: an
electroencephalographic study. Brain Research, 1251, 176-184. https://
doi.org/10.1016/j.brainres.2008.11.062

ORIGINAL ARTICLE-ARASTIRMA

VOLUME-CILT 5 NUMBER-SAYI 3 / 2018 THE JOURNAL OF NEUROBEHAVIORAL SCIENCES 149

J N BS 2018 Published by Uskiidar University / 2018 Uskiidar Universitesi tarafindan yayimlanmaktadir www.jnbs.org



