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Whether  we  hand  over  objects  to someone,  play a  team  sport,  or make  music  together,  social  interaction
often  involves  interpersonal  action  coordination,  both  during  instances  of  cooperation  and  entrainment.
Neural  mirroring  is thought  to  play  a crucial  role  in  processing  other’s  actions  and  is therefore  consid-
ered  important  for  social  interaction.  Still,  to  date, it is  unknown  whether  interindividual  differences  in
neural mirroring  play  a  role in  interpersonal  coordination  during  different  instances  of  social  interaction.
A  relation  between  neural  mirroring  and  interpersonal  coordination  has  particularly  relevant  implica-
tions  for  early  childhood,  since  successful  early  interaction  with  peers  is predictive  of  a  more  favorable
social  development.  We  examined  the  relation  between  neural  mirroring  and children’s  interpersonal
coordination  during  peer interaction  using  EEG  and  longitudinal  behavioral  data.  Results  showed  that
ooperation
ocial interaction
eers
arly childhood

4-year-old  children  with  higher  levels  of motor  system  involvement  during  action  observation  (as  indi-
cated  by  lower  beta-power)  were  more  successful  in  early  peer  cooperation.  This  is the  first  evidence  for
a  relation  between  motor  system  involvement  during  action  observation  and  interpersonal  coordination
during  other  instances  of  social  interaction.  The findings  suggest  that  interindividual  differences  in neural
mirroring  are  related  to  interpersonal  coordination  and  thus  successful  social  interaction.

ublis
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. Introduction

Our daily life contains a multitude of social interactions in which
e coordinate our actions with others. The involvement of the
irror system in action perception, monitoring, and prediction

e.g., Bekkering et al., 2009; Kilner et al., 2007; Southgate et al.,
009; Stapel et al., 2010) is thought to help us prepare and execute
ur own actions in coordination with others (Kourtis et al., 2013;
ebanz et al., 2006). Converging neuroimaging evidence has shown
hat our motor system becomes activated both when performing
n action, and when observing an action (Marshall and Meltzoff,
011; Rizzolatti and Craighero, 2004; Rizzolatti and Fogassi, 2014).
his neural overlap between action production and perception has
een called neural mirroring (e.g., Hari and Kujala, 2009). It has been

uggested that neural mirroring provides the neurocognitive basis
or processing others’ actions and therefore plays a crucial role
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in successful interpersonal coordination during social interaction
(Bekkering et al., 2009; Hari and Kujala, 2009).

Previous findings support this hypothesis of a close relation
between neural mirroring and interpersonal coordination. For
instance, adults who  showed more motor system involvement
when observing a partner’s movements in a finger tapping task
also coordinated their movements better with the partner (Naeem
et al., 2012). While imitative actions occur during social inter-
action, especially complementary actions are relevant in which
individuals perform different actions (Bekkering et al., 2009), for
example when passing and catching a ball. Complementary actions
were also related to motor involvement of the neural motor areas
during action observation (Ménoret et al., 2014). Comparable find-
ings are present for children, as young children who mirrored
an adult action partner more than another adult in a turn-taking
game made fewer errors in interpersonal coordination during that
game (Meyer et al., 2011). Similarly, recently, Filippi et al. (2016)
found that elevated levels of mirroring in 7-month-old infants pre-
dicted their imitation of others’ toy choices. These findings support
a link between neural mirroring and interpersonal coordination

within the same laboratory task. However, the degree to which
interindividual differences in neural mirroring support the success
in various instances of social interaction is unknown.

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.

https://doi.org/10.1016/j.dcn.2017.01.001
http://www.sciencedirect.com/science/journal/18789293
http://www.elsevier.com/locate/dcn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.dcn.2017.01.001&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:h.m.endedijk@uu.nl
mailto:m.meyer@donders.ru.nl
mailto:h.bekkering@donders.ru.nl
mailto:a.cillessen@psych.ru.nl
mailto:S.Hunnius@donders.ru.nl
https://doi.org/10.1016/j.dcn.2017.01.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


3 l Cogn

f
t
f
r
e
K
q
w
p
o

o
c
i
j
e
a
a
c
t
c
i
m
h
a
m
a

a
2
i
h
w
2
d
1
D
c
b
i
F
2
e
w
t
R
f
e
c
d

v
i
s
o
m
m
a
V
m
i
c
d
c
B
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While the role of interindividual differences in neural mirroring
or interpersonal coordination is unclear, studies of social cogni-
ion (e.g., empathy, perspective taking) highlight a role of mirroring
or social skills that are not task-specific. In adults, neural mir-
oring is related to higher levels of perspective taking (Woodruff
t al., 2011), empathy (Gazzola et al., 2006; Hooker et al., 2010;
aplan and Iacoboni, 2006), and social competence as assessed with
uestionnaires (Pfeifer et al., 2008). In this study, we investigated
hether interindividual differences in neural mirroring also might
lay a role in interpersonal coordination during social interactions
utside the specific task.

In social interaction, two types of interpersonal coordination
ccur often: cooperation and entrainment. While in cooperation,
oordination is planned and typically involves a goal-directed task,
n entrainment, coordination emerges spontaneously without a
oint goal (Knoblich et al., 2011). For instance, soccer players coop-
rate by keeping track of each other and adjusting their positions
ccordingly to obtain the ball and shoot it at the goal. During
pplause, on the other hand, people entrain by coordinating their
lapping behavior spontaneously. In cooperation, it is important
o monitor others’ actions with respect to the achievement of the
ommon goal. In entrainment the focus rather is on the monitor-
ng of the others’ movements. Importantly, both the observation of

ovements and goal-directed actions were found to activate the
uman mirror system (Rizzolatti and Craighero, 2004; Rizzolatti
nd Fogassi, 2014). Therefore, we expected that higher levels of
irroring would be related to both higher levels of cooperation

nd entrainment situations outside the specific mirroring task.
Activation of the mirror system during action observation

lready has been demonstrated in infancy (Marshall and Meltzoff,
011). Investigating the relation between neural mirroring and

nterpersonal coordination is especially important in early child-
ood, since proficiency in social interaction at this age, mainly
ith peers, predicts social competence later in life (e.g., Hay et al.,

009; Rubin et al., 2006). Children already demonstrate action coor-
ination with peers in toddlerhood (e.g., Ashley and Tomasello,
998; Brownell, 2011; Endedijk et al., 2015a; Hunnius et al., 2009).
uring the preschool years, children’s interpersonal coordination
ontinues to develop, as they begin to respond more quickly to the
ehavior of others and become more stable in coordination, both

n cooperation (Ashley and Tomasello, 1998; Endedijk et al., 2015a;
letcher et al., 2012) and in entrainment tasks (Endedijk et al.,
015b). Throughout early childhood, children gain ample experi-
nce with interpersonal coordination. Children who face difficulties
ith social interactions early in life more often experience rejec-

ion by peers later on (Friedlmeier, 2009; NICHD Early Child Care
esearch Network, 2008) with subsequent negative consequences

or their social functioning in adolescence and adulthood (Bagwell
t al., 1998). Clarifying the processes involved in early interpersonal
oordination with peers is very important for understanding social
evelopment.

The current study examined the relation between interindi-
idual differences in neural mirroring and young children’s social
nteraction skills. Children’s neural mirroring was assessed by mea-
uring oscillatory brain activity (by means of EEG) during action
bservation. In particular, the mu-  and beta-frequency bands over
otor areas have been associated with motor system involve-
ent during action observation (cf. Meyer et al., 2011; Pfurtscheller

nd Lopes da Silva, 1999; Pineda, 2008; Saby and Marshall, 2012;
anderwert et al., 2013). To investigate the relation between neural
irroring and interpersonal coordination with peers, motor system

nvolvement during action observation was assessed in 4-year-old

hildren. As part of a longitudinal study their interpersonal coor-
ination had been assessed earlier at 28, 36, and 44 months, in a
ooperation task and in an entrainment task with different peers.
ased on previous research suggesting the functional involvement
itive Neuroscience 24 (2017) 33–41

of neural mirroring during interpersonal coordination (Meyer et al.,
2011; Naeem et al., 2012), we hypothesized that interindividual dif-
ferences in children’s neural mirroring of others’ actions would be
associated with both forms of interpersonal coordination (cooper-
ation and entrainment).

2. Method

2.1. Participants

The sample consisted of 29 children (10 boys) who participated
in an EEG experiment at 52 months of age (M = 52.48, SD = 1.94).
Interpersonal coordination with peers had been assessed in play
sessions at 28 months (M = 27.96, SD = 0.33), 36 months (M = 35.98,
SD = 0.34), and 44 months (M = 43.83, SD = 0.34). The participants
were part of a larger sample of 181 children whose social develop-
ment was studied longitudinally from toddlerhood to early school
age. Children were selected from the larger sample if they had
participated in three play sessions (i.e. had not missed a session)
and were willing to participate in EEG research. The play sessions
took place in the lab with an unfamiliar same-gender peer (also
of the longitudinal study sample), each play session with a differ-
ent peer. All children were Dutch and from mixed socio-economic
backgrounds. All were healthy and had no indications of atypical
development. Parents were informed of the study and gave writ-
ten consent. After each testing session, children received a book or
a small amount of money “for their piggy bank” as a thank you for
participation.

2.2. Procedure

The EEG session took approximately 60 min  including familiar-
ization with the experimenters, preparing the EEG cap, and the
measurement itself (see Section 2.3). During testing, children were
videotaped from two  visual angles (with one camera directed at
the child’s upper body and the other one at the child’s legs) in
order to remove trials in which the child was  moving or did not
pay attention.

Previously, children had participated in three play sessions to
assess their interpersonal coordination (see Sections 2.4 and 2.5).
The play sessions started with 10–30 min  of free play during which
children got familiarized with each other and the experimenters.
The introductory phase was  followed by the cooperation task,
which took about 5 min. The entrainment task followed with a max-
imum duration of 5 min. Parents were instructed to minimize their
interactions with their child and if the child was clinging to them,
respond in ways to stimulate involvement in the session without
helping with the tasks. Each session lasted about 45 min  and was
videotaped from two  visual angles using two  video cameras.

2.3. Action observation task

To assess children’s individual levels of neural mirroring, EEG
was measured while they watched videos of actions. The task
had two  conditions: action observation and abstract movement
observation. In the action observation condition (Fig. 1, top row),
children observed a video of an adult performing different actions
on objects (e.g., stacking cups or moving a toy car into a garage).
In the abstract movement condition (Fig. 1, bottom row), chil-
dren observed abstract shapes moving across the screen, similar
to a screensaver. This abstract movement condition was  included
to control for non-human movement perception. There were six

action videos and six abstract movement videos, each lasting
approximately 7 s. During both action observation and abstract
movement observation condition, each video was repeated three
times and preceded by a 1000 ms  fixation cross that functioned
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Fig. 1. Example of the action observation (top row) and the abstract movem

s baseline (see Fig. 1). The action observation condition was  run
wice with two different task instructions (to imitate the action or
o name the color of the object after the observation of the videos;
locked and counterbalanced between children) as part of a dif-
erent study. Thus, each action observation video was shown six
imes in total and each abstract movement video three times. After
wo action observation videos, one abstract movement observa-
ion video was shown. To assess children’s neural activity during
ction execution, EEG also was recorded while children imitated
he actions after having observed them. EEG data during the verbal
esponse were not used in the analysis.

Behavioral responses were coded for both the imitation instruc-
ion and color naming. Children were proficient in the color naming
ask, with one child naming 3 out of 6, two children naming 5 out
f 6, and the remaining children naming all colors correctly. For the
mitation task, the actions were divided in three parts, e.g. driving
he car to, into, and out of the garage. Children received 1 point for
ach part of the action they imitated, resulting in a maximum score
f 3 for each imitation trial. Children were at ceiling level with an
verage imitation performance of 2.59 (range 1–3).

EEG recordings were conducted using child-sized EEG caps with
2 electrode sites on the scalp. The Ag/AgCl active electrodes were
laced in an actiCap, arranged according to the 10–20 system, and
eferenced to electrode FCz over the central midline. The signal was
mplified using a 32-channel BrainAmp DC EEG amplifier, band-
ass filtered (0.1–125 Hz), and digitized at 500 Hz. We  strived to
eep all impedances below 60 k�.

Analogous to previous studies (see Marshall and Meltzoff, 2011;
or a review), we analyzed motor system activity by means of

u-  and beta-oscillatory power over sensorimotor areas. Motor
ystem involvement was analyzed during action observation,
bstract movement observation, and action execution. Data analy-
is was performed using FieldTrip, an open source Matlab toolbox
Oostenveld et al., 2011). All data was divided into 1-s segments

nd re-referenced to the average of all electrodes. Segments dur-
ng which children moved or did not look at the stimulus display

ere removed. We  visually inspected the remaining segments to
xclude EEG artifacts (such as noisy channels or eye blinks). One
bservation (bottom row) stimuli preceded by the baseline (fixation cross).

child was removed from the analyses due to the lack of base-
line trials during the abstract movement observation condition. On
average, per child 120 segments remained for the action obser-
vation (range 33–246), 38 segments for the abstract movement
observation (range 4–81), 12 segments for the baseline preceding
the action observation stimuli (range 3–24), and 5 segments for the
baseline preceding the abstract movement stimuli (range 1–12). A
DFT filter was  used to remove line noise from the data, and for each
segment we  took out potential offset differences by subtracting the
mean signal of the entire trial from the signal at each time point.
We then calculated spectral power estimates using the Fast Fourier
transform on the 1-s segments in combination with a Hanning taper
as applied on the segments without overlap. Finally, we  calculated
an average power for each condition for each child, to use in the
analysis.

Based on previous research (see Pfurtscheller and Lopes da Silva,
1999), we  focused our analyses on electrodes over motor cortices
(C3, C4). To control for interindividual differences in absolute power
due to differences in scalp thickness and electrode impedance, the
ratio of power during the condition relative to baseline (fixation
cross) was computed for each condition. Since these ratios were
not normally distributed, a log transformation was  applied. These
scores were used to indicate children’s motor system involvement
in each condition (action observation, abstract movement obser-
vation) and during action execution. A smaller log ratio indicated
more suppression in a condition compared to baseline. Based on the
action execution ratio, the sample-specific mu- and beta-frequency
range was identified (see Section 3.1). Normalized power values
were pooled over the central electrodes (C3, C4) per condition in
the identified mu-  and beta-frequency bands for further analysis.

2.4. Cooperation task

The cooperation task was a peer version of Warneken et al.

(2006) double-tube task. The setup consisted of two 1-m-long tubes
mounted in parallel on a box with a 45◦ incline (see Fig. 2A). The
children were given a Playmobil figure in a swimsuit and a small
swimming pool. They were instructed that the figure wanted to go
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Fig. 2. Children performing the coop

hrough the sliding tube to the swimming pool. Because the tubes
ere too long for one child to simultaneously hold the swimming
ool and insert the figure into the tube, the two children had to
ooperate to perform the task successfully. A detailed description
f the task can be found in Endedijk et al., (2015a).

Each child’s behavior was coded off-line from the video record-
ngs. For each trial (defined as a slide of the figure through the tube),
t was coded whether cooperation was successful or not. Coopera-
ion trials were coded as successful if both the child who  inserted
he figure into the tube and the child who held the swimming pool
hose the same tube. Cooperation trials were coded as unsuccessful
f children chose different tubes or if one child performed the task
lone, resulting in the figure falling on the floor. To control for the
otal number of trials, the data were transformed into a proportion
f success on the task for each dyad. For the longitudinal study, the
ecordings of 20% of the dyads at each time point were coded by
wo observers. Cohen’s kappa was 0.94 on average (SD = 0.11).

.5. Entrainment task

For the entrainment task two 10-inch drums of a Hayman chil-
ren’s drum set and two plastic sticks were used (see Fig. 2B). The
rums were placed on a stand that could be adjusted to the height
f each child so that they could comfortably drum in standing posi-
ion. The drums were connected via piezo contact microphones
laced on the drumheads to collect MIDI data via an Alesis D4 drum
odule. Performances were recorded with Logic Express. Children
ere instructed separately to start drumming and did not receive

ny instructions about drumming together or coordinating their
rumming with their dyad partner.

Cross-correlations commonly are used in interpersonal coor-
ination studies to investigate entrainment (Repp, 2005). We
alculated maximum cross-correlations that indicated how a
hild’s hits best related to their partner’s hits rhythmically across
ime. For this purpose, the time between the hits produced by each
hild were measured. Time series of these inter-tap-intervals of the
wo children were shifted alongside each other to find the highest
orrelation between the two time series. Thereby, the maximum
ross-correlation measure describes the coordination of children’s
hythmic behaviors.
.6. Analyses

To examine whether interpersonal coordination predicted
otor system involvement during action observation (a proxy
n task (A) and entrainment task (B).

for neural mirroring), two hierarchical regressions were run, one
predicting normalized mu-power and one predicting normalized
beta-band power during action observation. To control for motor
system involvement due to non-human movement, the normal-
ized power during observation of abstract movement was entered
in Step 1 of each regression. In Step 2 of each regression, the mea-
sures of interpersonal coordination were entered: the proportion
of coordinated trials during cooperation, and the maximum cross-
correlation during entrainment. The scores for these two variables
were standardized for each play session and averaged across the
three sessions, resulting in measures of interpersonal coordina-
tion aggregated over sessions and interaction partners. These three
averaged z-scores were entered in Step 2 of the regression analysis.

3. Results

3.1. Neural mirroring

Based on the observed suppression of power during action exe-
cution (see Fig. 3, top), the frequency bands were identified on the
basis of the grand average as follows: mu  from 7 to 12 Hz and beta
from 16 to 20 Hz. The topographic distribution of these frequency
bands supports the a-priori selection of electrodes over motor cor-
tices (see Fig. 3, bottom).

The analysis of these specified frequency bands yielded posi-
tive normalized power values for both mu and beta during action
observation, M = 0.23, SD = 0.28, and M = 0.20, SD = 0.31, and abstract
movement observation, M = 0.25, SD = 0.44, and M = 0.22, SD = 0.44,
indicating relatively more power during experimental conditions
than at baseline. Similar to action execution, the topographic dis-
tribution of normalized power in mu- and beta-frequency bands
showed a relatively confined pattern of activation overlaying motor
cortices (especially at electrode sites C3 and C4) during action
observation (Fig. 4, top row). The topographic distribution during
abstract movement observation appeared less confined but more
widespread along the midline (Fig. 4, bottom row).

3.2. Relation between neural mirroring and interpersonal
coordination

Table 1 summarizes the results of the hierarchical regressions.

In step 1, motor system involvement during abstract movement
observation was related to action observation values for the mu-
frequency band, but not for the beta-frequency band. Adding the
measures of cooperation and entrainment in Step 2 resulted in a
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Fig. 3. Top: Normalized power represented as a function of frequency (Hz) with the left blue-shaded area indicating the selected mu-frequency band (7–12 Hz), and the right
yellow-shaded area indicating the selected beta-frequency band (16–20 Hz). Negative normalized power values represent suppression during action execution with respect
t nd be
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u

o  baseline. Bottom: The topographic distribution of the normalized power in mu-  a
ormalized power (enhancement) and cooler colors representing lower power (sup

ignificantly better model for the beta-frequency band, Fchange (2,
1) = 5.14, p = 0.02, �R2 = 0.39, but not for the mu-frequency band,
change (2, 21) = 0.31, p = 0.74, �R2 = 0.02. For beta, while controlling
or non-human movement, power reduction was  strongly related
o children’s performance on the cooperation task (� = −0.52,

 = 0.01). Children who were more successful in cooperation with
eers also showed more involvement of the motor system dur-

ng action observation. There was no significant relation between
ntrainment and beta-band power.
. Discussion

In this study, we examined the relation between interindivid-
al differences in neural mirroring in young children and their
ta-frequency bands during action execution, with warm colors representing higher
ion).

social interaction with peers in a cooperation and an entrainment
task. We found that young children who showed more motor sys-
tem involvement when observing others’ actions (as indicated by
a relative reduction in beta power), showed better cooperation
skills with peers. The explained variance was  high, suggesting that
interindividual differences in mirroring are relevant for interper-
sonal coordination with peers in early childhood.

The relation between motor system involvement during action
observation and children’s peer coordination is consistent with pre-
vious findings that mirroring is related to more reliable imitation
(Bernier et al., 2007; Filippi et al., 2016; Warreyn et al., 2013), bet-

ter interpersonal coordination of finger movements (Naeem et al.,
2012), and fewer turn-taking errors (Meyer et al., 2011). However,
these previous studies measured neural mirroring and behavioral
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Fig. 4. Topographic distribution of normalized power in mu-  (left) and beta-frequency bands (right) during action observation (top row) and abstract movement observation
(bottom row). Warm colors represent higher normalized power (enhancement) for the
(suppression) for the condition as compared to the baseline.

Table 1
Stepwise Regression Analysis With Normalized Mu and Beta Power Values Dur-
ing  Action Observation as Dependent Variables, and Normalized Mu and Beta
Power Values During Abstract Movement Observation, Cooperation Performance
and  Entrainment Performance as Independent Variables.

Mu  (7–12 Hz) Beta (16–20 Hz)

R2 � p R2 � p

Step 1
Abstract movement
observation

0.46 0.02* 0.29 0.15

Total 0.22 0.02* 0.09 0.15

Step 2
Abstract movement
observation

0.48 0.03* 0.17 0.38

Proportion coordinated
trials

0.14 0.47 −0.52 0.01*

Maximum
cross-correlation

0.05 0.79 0.19 0.31

Total 0.24 0.12 0.39 0.02*

Note.
R2 indicates the amount of explained variance by the predictors, and � are stan-
d

p
l
t
t

t
t
t
c

ardized regression coefficients.
* p (probability) < 0.05.

erformance during the same instance of social interaction (i.e. one
aboratory task) and thus did not address whether this relation is
ask-specific or reflects interindividual differences that generalize
o social interactions outside the specific task.

To capture various forms of peer interaction, we investigated

wo types of interpersonal coordination: goal-directed coopera-
ion, and entrainment without an overt common goal. We  found
hat neural mirroring was related to children’s performance in the
ooperation task but not in the entrainment task. This is consistent
 condition as compared to the baseline and cooler colors represent lower power

with previous research that highlighted the importance of goals
for action mirroring (Koski et al., 2002). Bekkering et al. (2009)
argued that monitoring and predicting another person’s goal rather
than their movements is important for interpersonal coordination
because it often requires co-actors to perform different movements
to achieve a common goal. In the current cooperation task also, chil-
dren had to assume complementary roles that required monitoring
of each other’s actions.

The observed link between neural mirroring and cooperation
was evident for beta power (16–20 Hz). For mu power (7–12 Hz),
however, no indication for such a relation was  found. Previous
research has shown that both mu  and beta power are modulated
during action observation, although they have been associated with
slightly different functions (Caetano et al., 2007; Meyer et al., 2011;
Quandt and Marshall, 2014; Schuch et al., 2010). Mu-band activ-
ity is suggested to be involved in translating sensory input into
motor processes (Naeem et al., 2012; Pineda, 2005; Vanderwert
et al., 2013), which matches with its more posterior localization
over sensorimotor regions of the brain (Ritter et al., 2009). In
contrast, the location of beta oscillatory activity is typically more
anterior and it is associated with activity in the motor and pre-
motor cortex (Ritter et al., 2009). It has been suggested that both
mu-  and beta-band oscillations are involved in action predictions
(Southgate et al., 2009; Stapel et al., 2010), while beta-band activity
is associated specifically with prediction updating and error mon-
itoring (Arnal et al., 2011; Koelewijn et al., 2008). Exactly these
processes – monitoring others’ actions and integrating informa-
tion in order to update action predictions – are important during

cooperation (Kourtis et al., 2013; Sebanz et al., 2006). Updating
action predictions and monitoring were essential for the current
peer cooperation task. Predicting which tube the partner would
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hoose, monitoring the partner’s behavior to check whether the
rediction was  correct, and updating one’s predictions were nec-
ssary to succeed on the task. This might also explain why a relation
etween cooperation performance and oscillatory modulation was
bserved in the beta-band, as continuous prediction and updating
f predictions are inherent to action observation (Falck-Ytter et al.,
006; Gredebäck and Melinder, 2010; Kilner et al., 2007). Still, the
xact functional differences between mu-  and beta-band oscilla-
ions and their respective roles during action observation have to
e determined in future research.

For both mu-  and beta-power, we observed that power val-
es were higher during action observation than baseline indicating
nhancement rather than suppression. At first sight, this is sur-
rising since previous research suggests that suppression of mu-
nd beta-power indicate increased involvement of the motor sys-
em (Marshall and Meltzoff, 2011; Rizzolatti and Fogassi, 2014).
owever, several recent studies also found that power in these

requency bands is not significantly suppressed during action
bservation (Cannon et al., 2016; Nyström, 2008; Perry and Bentin,
010) or even enhanced (Marshall et al., 2013). Although in our
tudy the neural response showed an unexpected directionality
ith regard to baseline, we are confident that the mu-  and beta-

and activity reflects a response of the motor system for two
easons. First, the effect was relatively confined to electrode sites
verlaying over motor areas (C3, C4), which suggests a modulation
f the motor system. Second, children were asked to sit motion-
ess and watch three repetitions of each action video on the screen
efore they were allowed to respond. Thus, children likely tried to
ctively inhibit an overt motor response during the action obser-
ation, and this was associated with an increase in beta-power
Gilbertson et al., 2005). Notably, this motor inhibition did not affect
he direction of the relation we found. That is, less beta power with
espect to baseline (indicating relatively more motor activity) was
elated to more success during peer cooperation. Although chil-
ren thus likely suppressed their motor activity in general to sit as
otionless as possible, interindividual differences with respect to

ow sensitive their motor system was to action observation were
till related to their cooperation behavior. To test whether inhibi-
ion indeed plays a role, it is important to structurally investigate
his in future studies by including a condition without any instruc-
ion in which children observe exactly the same actions.

Our results suggest that interindividual differences in neural
irroring are related to successful cooperation. Yet, the causal

irection underlying this relation remains an open question. Bet-
er interpersonal coordination likely is the result of higher general
evels of neural mirroring. Previous research has shown that neural

irroring supports prediction (e.g., Southgate et al., 2009; Stapel
t al., 2010) and monitoring of others’ actions (Becchio et al., 2012;
ekkering et al., 2009) as we can use our own action system to
redict the actions of a partner (Kilner et al., 2007). Enhanced pre-
iction and monitoring, in turn, might help us prepare for and
xecute our own actions accordingly (Kourtis et al., 2013; Sebanz
t al., 2006). Based on this reasoning, individuals with higher levels
f neural mirroring might be better at coordinating their actions
ith others. However, neural mirroring and cooperation might

lso both be the result of a third factor, such as social motivation.
hildren differ in their motivation to be involved in social interac-
ions (Brownell and Hazen, 1999), which could impact both their
evel of mirroring and their cooperation success. Neuroimaging
tudies in adults have shown a role of social motivation for mir-
oring as they found enhanced mirroring when participants were
ocially primed (Hogeveen and Obhi, 2012; Oberman et al., 2007),

nd enhanced mirroring for in-group members than for out-group
embers (Gutsell and Inzlicht, 2010; Molenberghs et al., 2013;

auchbauer et al., 2015). Studies with adults also support the role of
ocial motivation in interpersonal coordination: Adults with a pro-
itive Neuroscience 24 (2017) 33–41 39

social orientation coordinated their actions better than adults with
a pro-self orientation (Lumdsen et al., 2012). Whether children’s
neural mirroring is really at the base of their interpersonal coor-
dination or whether both are the result of their social motivation
has to be addressed in future research. Hereby, it would especially
be informative to develop stimulus videos acted by children for
children, as these videos would be more socially relevant for them.

The question arises to what extent interindividual differences
in neural mirroring play a role in children’s social development.
Friedlmeier (2009) suggested that adapting behavior might be
an indicator of social competence. And Cirelli et al. (2014) and
Kirschner and Tomasello (2010) found more helping behavior in
children after they experienced smooth interpersonal coordina-
tion. This increased prosociality could be an indicator of likeability,
thereby suggesting that higher levels of mirroring result in better
peer relations via successful interpersonal coordination. However,
a relation between interpersonal coordination and peer prefer-
ence was not present in a recent longitudinal study we  conducted
(Endedijk et al., submitted). On the other hand, the increased help-
ing behavior as response to interpersonal coordination also could
suggest that mirroring supports estimation of the needs of peers.
Baimel et al. (2015) argued that coordinating interpersonally helps
reasoning about others’ mind, thereby fostering perspective taking
and empathic concern. Although the exact social consequences of
peer coordination are unclear, these lines of reasoning suggest that
interindividual differences in neural mirroring may  have several
implications for children’s social development.

In summary, our findings suggest that interindividual differ-
ences in the degree to which children mirror others’ actions (as
indexed by relative beta-power decrease) are closely related to how
well they coordinate their own  actions during cooperation with
peers. To our knowledge, these findings provide the first evidence
that interindividual differences in motor activation during action
observation are related to interpersonal coordination outside the
specific mirroring task and thus successful social interaction.
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