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Abstract

People tend to be more prosocial after synchronizing behaviors with others, yet the underlying neural mechanisms are
rarely known. In this study, participant dyads performed either a coordination task or an independence task, with their
brain activations recorded via the functional near-infrared spectroscopy hyperscanning technique. Participant dyads in the
coordination group showed higher synchronized behaviors and greater subsequent inclination to help each other than
those in the independence group, indicating the prosocial effect of interpersonal synchrony. Importantly, the coordination
group demonstrated the significant task-related brain coherence, namely the interbrain synchronization, at the left middle
frontal area. The detected interbrain synchronization was sensitive to shared intentionality between participants and was
correlated with the mutual prosocial inclination. Further, the task-related brain coherence played a mediation role in the
prosocial effect of interpersonal synchrony. This study reveals the relevance of brain-to-brain synchronization among indi-
viduals with subsequent mutual prosocial inclination and suggests the neural mechanism associating with shared cogni-
tion for the facilitation of interpersonal synchrony on prosociality.

Key words: interbrain synchronization; prosociality; interpersonal synchrony; shared intentionality; functional near-infrared
spectroscopy

Introduction

Our everyday lives are filled with social interactions, which in-
volve varying degrees of person-to-person synchronies, i.e. the
behavior consistencies (temporal/spatial) among individuals
(Richardson et al., 2007; Nessler and Gilliland, 2009).
Synchronous behavior is socially important and plays a central
role in establishing and promoting social cohesion (McNeill,
1995). Accumulative studies have shown that moving in syn-
chrony with other persons fosters the prosociality to each other
(Endedijk et al., 2015; Reddish et al., 2013). For example,
synchronized walking, singing and tapping could lead to the
increased prosocial behaviors/inclination, such as cooperation
(Wiltermuth and Heath, 2009), helpfulness (Kirschner and

Tomasello, 2010; Cirelli et al., 2014), trust (Launay et al., 2013),
rapport (Hove and Risen, 2009), closeness (Valdesolo and
DeSteno, 2011) and empathy (Koehne et al., 2016). However, rela-
tively little is known about the underlying neural mechanisms.
In this study, we ask two individuals in dyads to behave syn-
chronously with partners, during which their brain activities
were simultaneously recorded. Our aim is to explore the neural
substrate of interpersonal synchrony and its effect on mutual
prosociality.

While two persons are behaving in a synchronized way, their
brain activities are at the same time coupled, demonstrating the
interbrain synchronization (IBS) (Hasson et al., 2012). Using
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multiple electroencephalography (EEG) setups, researchers have
captured the synchronous oscillatory activities (in alpha, delta or
theta frequency bands) across individuals in time counting (Mu
et al., 2016), fingertip moving (Yun et al., 2012), gesture imitating
(Dumas et al., 2010) and instrument playing (Lindenberger et al.,
2009; Müller et al., 2013). The synchronous brain activities were
mainly detected at the frontal, central and posterior areas and
were positively correlated with their behavioral synchrony (Mu
et al., 2016). Besides, with the low constraints on measurements
(e.g. high tolerance of head/body motion), functional near-infra-
red spectroscopy (fNIRS) technique has been used to examine
the dynamic interbrain activities in relatively natural settings.
There were enhanced synchronous brain activities among indi-
viduals in together key pressing (Funane et al., 2011), active motor
imitating (Holper et al., 2012), cooperative singing/humming
(Osaka et al., 2014, 2015) and coordinated group walking (Ikeda
et al., 2017). Consistent with the EEG studies, the fNIRS studies
found the increased IBS mainly at the frontal area (including pre-
motor cortex, left inferior frontal cortex and frontal pole), and
further, the detected brain synchronization was correlated with
the synchronized performance.

Recently, it is shown that synchronous brain activities across
two persons can occur with their prosocial behaviors.
Specifically, IBS has been observed among interacting persons
when they were performing prosocial tasks, i.e. behaving in co-
operative ways to achieve common goals. These tasks included a
building game completed by a builder and an assistant (Liu et al.,
2015), a simulative plane takeoff and landing operated by a cap-
tain and a copilot (Astolfi et al., 2012), a non-computerized game,
Jenga game, performed by two players (Liu et al., 2016) and a dual
n-back task conducted by two teammates (Dommer et al., 2012).
In other situations where individuals decide whether to show co-
operation to their partners, IBS also emerged at frontal regions
(King-Casas et al., 2005; Astolfi et al., 2010). The changes of con-
nectivity pattern in the interbrain network (prefrontal areas,
theta band) could predict individuals’ decision to cooperate (De
Vico Fallani et al., 2010). More recently, the association between
synchronous brain activities and prosociality was found in larger
participant group as 4 persons (Nozawa et al., 2016) and 12 per-
sons (Dikker et al., 2017).

There are at least two possible theories accounting for the
prosocial effect of interpersonal synchrony. When individuals
are performing the tasks requiring synchronized behaviors, they
share intentions of achieving the common goals, which ensures
that they take the joint actions of themselves and others into ac-
count at the same time (Kirschner and Tomasello, 2010). The
self-other overlap following shared intentionality can predict be-
haviors of cooperation (Reddish et al., 2013), as well as compas-
sion (Valdesolo and DeSteno, 2011). Interpersonal synchrony
combined with shared intentionality supports prosocial behav-
iors (Reddish et al., 2013). It seems that the shared intentionality
among individuals plays an important role in the effect of inter-
personal synchrony on prosociality (Keller et al., 2014). However,
other studies indicate that interpersonal synchrony increases
perceived similarity among individuals (Mazzurega et al., 2011;
Rabinowitch et al., 2015; Reddish et al., 2016), and the perceived
similarity can serve as a mediating factor between interpersonal
synchrony and prosociality (Valdesolo and DeSteno, 2011).
Moreover, people are inclined to help and mate with others simi-
lar to themselves (Fessler and Holbrook, 2014; Lumsden et al.,
2014). It is likely that interpersonal synchrony enhances a sense
of interpersonal similarity, blurs the self-other distinction, and
then raises prosociality (Hove and Risen, 2009; Valdesolo et al.,
2010; Tarr et al., 2014; Rabinowitch et al., 2015).

In this study, we arranged two groups of participant dyads
(i.e. the coordination and the independence groups). Participant
dyads in the coordination group were asked to synchronize their
behavior with partners, i.e. press keys as simultaneously as pos-
sible with partners after silent time counting (Mu et al., 2016),
while dyads in the independence group perform the same task
independently with respective partners (i.e. computers). Brain
activities of all dyads were recorded through the fNIRS-based
hyperscanning approach. This approach has been previously
used to measure the IBS from two or more persons during their
social interactions such as cooperation and communication (Cui
et al., 2012; Cheng et al., 2015; Jiang et al., 2015; Pan et al., 2017).

Following the experimental task, we measured the mutual
prosocial inclination between participants in dyads. We expected
that the coordination group would show greater prosocial inclin-
ation than the independence group. Further, we expected that
participants in the coordination group would demonstrate the
synchronous brain activities across them. To test the intention-
ality and the similarity hypotheses, subjective measurements of
shared intentionality and perceived similarity between partici-
pants were arranged. Noted that these two hypotheses are not
mutually exclusive, given that the coordination task may at the
same time induce the shared intentionality and the perceived
similarity between participants. We examined which hypothesis
could be more possible in elucidating the underlying mechanism
for the effect of interpersonal synchrony on prosociality.

Methods
Participants

Seventy female college students took part in this study as paid
volunteers. They were randomly assigned as 35 dyads, with 18
dyads in the coordination group (mean age 6 s.d.¼ 20.67 6 2.26
years) and 17 dyads in the independence group (mean
age 6 s.d.¼ 20.65 6 2.09 years). Two participants in a dyad were
unacquainted; they had not known each other or had never met
before the experiment. All participants were right-handed, with
normal or corrected-to-normal vision and no record of neuro-
logical or psychiatric disorders. Written informed consent was
obtained from each participant prior to the experiment. The
study procedures were approved by the University Committee
on Human Research Protection of East China Normal
University.

Tasks and procedures

Two participants were seated on the opposite sides of a table,
separated by a board (Figure 1A). They were labeled as partici-
pants #1 and #2, respectively. Monitors and keyboards were used
to present stimuli and receive the responses. In this study, par-
ticipants would first have a 30 s resting-state session, during
which they were required to relax mind and keep motionless as
much as possible (Jiang et al., 2015). Then, they would experience
two phases. In phase 1, they performed either a coordination
task or an independence task. The tasks were implemented
using E-prime 2.0 (Psychology Software Tools Inc, Pittsburgh, PA,
USA). In phase 2, they evaluated their prosociality, shared inten-
tionality and perceived similarity to their partner. Tasks and
related measurements were described as follows.

Coordination task. In this task, participants were instructed to
press keys simultaneously with their partner after counting a
time in mind (Mu et al., 2016).
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Each trial began with a 500 ms cue of an integer number
(Figure 1B). It indicated the standard counting time. After that,
there was a fixation screen reminding them of beginning to
count. When finishing the time counting, they pressed keys on
keyboards (‘1’ by participant #1 and ‘0’ by participant #2).
Participants were wearing earplugs so that they could not hear
the sounds of key pressing. Next, a feedback screen lasting 2 s
was presented. It consisted of a red bar and a green bar, the
heights of which indicated the duration of counting time for
participants #1 and #2, respectively. The intuitionistic informa-
tion would help participants recognize their mutual rhythmic
synchronization and adjust their counting speed accordingly.
This was followed by a blank screen (2–4 s), indicating the end
of a trial. Totally, there were three blocks of 15 trials each, last-
ing �18 min.

During the whole task, two participants in dyad were not
allowed to communicate with each other by verbal or gestures.
This setup made participants in dyad adjust their behaviors
based on the feedback, without any directly communicative
interaction between them. Prior to the formal task, six practice
trials (two trials for each counting time) were administered to
familiarize the participants with the task procedures and to en-
sure that task instructions were understood.

Independence task. The procedures of the independence task
were similar to that of the coordination task, except that: (i) the
partner of the task was a computer instead of a human; (ii) the
duration of computer’s counting time was set as the one indi-
cated by the beginning cue, which was same for participants #1
and #2; (iii) the feedback screen consisted of a white bar with ‘*’
indicating the duration of counting time by the computer, and a
red or green bar indicating the duration by participants #1 or #2,
respectively.

Mutual prosocial inclination assessment. Participants read the
story that a person was in trouble. The story was described as:
‘One afternoon on your way to the cinema, you are going to see
an anticipated movie. At the same time, you happen to see the
partner. She turns to you because she can’t find the way to the
classroom. She looks very worried and anxious. As the class-
room is far from your location and the route is complex, it is a
little difficult for you to explain the way clearly. The partner
hopes you take her to the classroom. If you help her, you will
miss the long-awaited movie’. Participants were asked that how
much time they would take to help the partner if they were in
this context. The rating was on a time scale of ‘0 min’ to ‘50 min’
(Oswald, 2002). The mutually prosocial inclination of a dyad
was calculated by averaging two participants’ rating scores.

Subjective measurements. For the shared intentionality, we ex-
tracted five questions from the rapport questionnaire
(Supplementary Material) (Puccinelli and Tickle-Degnen, 2004).
For example, ‘when I was interacting with my partner, there was
a shared flow of thoughts and feelings’. For the perceived simi-
larity, a self-report questionnaire was used (Supplementary
Material) (Rabinowitch et al., 2015). For example, ‘how much did
you feel similar to the other participants’. All questions in the
subjective measurements were rated on a 9-point Likert-type
scale (1 ¼ ‘not very much’ and 9¼ ‘very much’). The rating scores
for these questions in the shared intentionality or in the per-
ceived similarity were summed for each participant. The scores
of the two participants in a dyad were then averaged as the score
of shared intentionality or perceived similarity for that dyad.

Data acquisition

We used an ETG-7100 optical topography system (Hitachi,
Japan) to simultaneously record two brains’ cortical

Fig. 1. Experimental design. (A) Experimental setup. (B) Experimental tasks and procedures. Events and time flow in a trial (CG, coordination group; IG, independence

group; the same denotations for the following figures). (C) Probe configuration. The integers on the cerebral cortex indicate the recording CHs.
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hemodynamic activities, including oxyhemo-globin (HbO) and
deoxyhemoglobin concentrations. The sample rate was 10 Hz. A
3� 5 probe patch was placed on the participant’s prefrontal cor-
tex (Figure 1C). The patch placement was in accordance with
the international 10–20 system. The bottom row of the patch
was placed on top of the participant’ eyebrows, with the middle
optrode right at Fpz. The patch consisted of 22 recording chan-
nels (CHs). In this study, the virtual registration method was
used to determine the correspondence between the NIRS CHs
and the measured points on the cerebral cortex (Singh et al.,
2005; Tsuzuki et al., 2007).

Data analysis

The task-related brain coherence and the IBS. We focused on the
changes in the HbO concentration because of its sensitivity in
fNIRS measurements (Hoshi, 2003; Cui et al., 2012). The HbO
time series on the stage of resting and time counting were col-
lected from the NIRS CHs and the resting session was regarded
as a baseline. Principle component analysis (PCA) was used to
remove the global components (Zhang et al., 2016). After PCA, all
data were able to be included in the subsequent analysis. In this
study, the wavelet transform coherence (WTC) analysis of two
time series derived from two participants in dyad was con-
ducted to assess the IBS between them for each CH (Grinsted
et al., 2004; Murphy et al., 2009). According to previous studies
(Cui et al., 2012; Jiang et al., 2015), larger coherence value would
be observed when two persons interact, compared with that
during the resting state. Based on the same rationale, the aver-
age coherence value between 12.8 and 51.2 s (0.02 � 0.08 Hz) was
calculated. This frequency band was a range within the 20 s trial
cycle in our coordination/independence task and also found to be
more sensitive to our task based on the WTC analysis (Figure 3A,
Supplementary Figure S1). Moreover, adopting the frequency
band could remove high and low frequency noise as well.
Therefore, we focused on this frequency band in this study.

The averaged coherence values in the frequency band were
calculated during the resting and time counting stages. The
task-related coherence was defined as the time counting coher-
ence minusing resting coherence. Next, task-related coherence
was transformed into Fisher z-statistics. One-sample t-test for
the task-related coherences in a participant group was con-
ducted across each CH. If significant, the IBS was detected on a
CH for the group. False discovery rate (FDR) correction was
applied for multiple comparisons. Finally, the visualization of
the task-related coherence results was performed using the
xjview toolbox (http://www.alivelearn.net/xjview8/) and the
BrainNet Viewer toolbox (http://www.nitrc.org/projects/bnv/)
(Xia et al., 2013). Specifically, the nirs2img function in the xjview
toolbox was used to convert the t values of 22 CHs (along with
the corresponding Montreal Neurological Institute coordinates)
into an image file (t-test map), and then the image file was
visualized by BrainNet Viewer.

Movement synchronization. Movement synchronization between
two participants was evaluated by the synchronization index
(SI, Mardia and Jupp, 2000). For each participant, we calculated
the time deviation between participant’s duration of counting
time and the standard counting time for each trial. Then, the
phases of participants’ time deviation series were extracted by
using Hilbert transform. For a given dyad, the SI reflected the
phase difference between two participants and was defined as
(Tognoli et al., 2007):

SI ¼ 1
N

���
XN

k¼1

eði h1 kð Þ� h2 kð Þð ÞÞ
���;

where N represents the number of trials, h1 and h2 are the
phases of participants #1 and #2, respectively. SI is a unitless
number, with 0 representing the absence of synchronization
and 1 representing full synchronization.

Results
Prosocial effect of interpersonal synchrony

We first examined the difference of movement synchronization
between the coordination and the independence groups. The re-
sult of an independent-samples t-test showed the higher SI in
the coordination group (0.37 6 0.18) than in the independence
group (0.18 6 0.08), t (33)¼ 3.98, p< 0.001, Cohen’s d¼ 1.39 (Figure
2A), indicating the higher movement synchronization in the co-
ordination group compared with the independence group.

We then examined the difference of prosocial inclination be-
tween these two groups. The independent-samples t-test found
the greater inclination of helping each other in the coordination
group (20.83 6 5.14) than in the independence group
(17.21 6 3.52), t (33)¼ 2.42, p< 0.05, Cohen’s d ¼ 0.84 (Figure 2B).
This result indicated that the coordination group compared
with the independence group demonstrated the prosocial effect
of interpersonal synchrony.

Task-related coherence in two groups

A series of one-sample t-tests was conducted to explore the
task-related coherences in participant groups. For the coordin-
ation group, there was significant task-related coherence, i.e.
the IBS, at CH5, t (17)¼ 3.60, p< 0.05, Cohen’s d¼ 1.19 and at
CH21, t (16)¼ 2.73, p< 0.05, Cohen’s d¼ 0.91. Only the coherence
at CH5 survived after FDR correction (p< 0.05) (Figure 3B). This
CH was approximately located at the left middle frontal cortex
(LMFC). For the independence group, no IBS was detected for
any CH (before FDR correction) (Figure 3B). Further, an
independent-samples t-test showed that the task-related brain
coherence at CH5 was significant higher in the coordination
group (0.07 6 0.09) than that in the independence group
(�0.04 6 0.09), t (33)¼ 3.77, p< 0.001, Cohen’s d ¼ 1.31 (Figure 3C).
These results revealed that the coordination task elicited the
IBS between two participants at the frontal area; in contrast, no
IBS was detected in participants performing the independence
task.

Association of the detected IBS with the prosociality

For the coordination group, the Pearson-correlation analyses
were used to assess the association between the task-related
coherence at CH5 and the inclination of helping the other par-
ticipant in the same dyad. The correlation between the coher-
ence and mutual inclination to helping was significantly
positive, r (17)¼ 0.49, p< 0.05, (Figure 4). Similar analysis in the
independence group did not found the significant correlation, r
(16)¼�0.08, p> 0.05. We further examined whether there was a
significant difference between these two correlations. The stat-
istical comparison relied on tests implemented in the R package
cocor (Diedenhofen et al., 2015). Silver’s z procedure confirmed
the significant difference between these two correlations (Silver
et al., 2004). The result showed that the correlation in the coord-
ination group was stronger than that in the independence
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group, z¼ 1.66, p< 0.05 (one-tailed). These results indicated
that the increased mutual prosocial inclination in the coordin-
ation group was associated with the brain coherence (i.e. the
IBS); such association was not found in the independence
group.

The association of the detected IBS with subjective
measurements

A set of independent-samples t-tests was used to examine the
difference of subjective measurements between two participant
groups. The results showed the higher intentionality in the co-
ordination group (29.78 6 4.85) than in the independence group
(22.94 6 4.19), t (33)¼ 4.45, p< 0.001, Cohen’s d ¼ 1.55 (Figure 5A);
such difference was not found for perceived similarity, t
(33)¼ 0.01, p> 0.05, Cohen’s d ¼ 0.003 (Figure 5B). Next, the

Fig. 2. Behavioral performance. (A) The movement synchronization in two groups. (B) The prosociality (e.g. inclination of helping each other) in two groups. Error bars

indicate standard errors. *P<0.05, ***P<0.001.

Fig. 3. fNIRS results. (A) IBS indicated by WTC. The coherence based on HbO signal from CH5 in a representative pair in the CG. The red border represents the frequency

band of interest (12.8–51.2 s), indicating when the task was carried out. The color bar denotes the value of WTC (1¼highest coherence, 0¼ lowest coherence). (B) One-

sample t-test maps of task-related brain coherence for the CG and the IG. The IBS was detected only in the CG at CH5 after FDR correction (LMFC, left middle frontal cor-

tex). (C) The independent-samples t-test map of task-related brain coherence for group difference (i.e. CG vs IG). The task-related brain coherence at CH5 was signifi-

cant higher in the CG than in the IG. Error bars indicate standard errors. **P<0.01, ***P<0.001.

Fig. 4. Correlation between the task-related brain coherence at CH5 and the

prosociality in two groups. Positive correlative relationship was found in the CG.

*P<0.05.
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correlation analyses were used to assess the association of
task-related brain coherence with subjective measurements.
The results of analysis in the shared intentionality showed sig-
nificantly positive correlation in the coordination group,
r (17)¼ 0.50, p< 0.05, but not in the independence group,
r (16)¼�0.27, p> 0.05 (Figure 5C); the correlation in the coordin-
ation group was stronger than that in the independence group,
z¼ 2.22, p< 0.05 (one-tailed). Similar analyses for the perceived
similarity revealed no correlation either in the coordination
group, r (17)¼ 0.24, p> 0.05, or in the independence group, r
(16)¼�0.32, p> 0.05 (Figure 5D). In sum, these results revealed
that participant dyads performing the coordination task com-
pared with the independence task showed more shared inten-
tionality but not perceived similarity; the increased shared
intentionality in the coordination group correlated with the de-
tected IBS.

The role of task-related coherence in the prosocial effect
of interpersonal synchrony

Previous analyses revealed (i) the prosocial effect of interper-
sonal synchrony for the coordination group relative to the inde-
pendence group, (ii) the higher task-related coherence in the
coordination group than in the independence group. These
findings suggested that the revealed coherence might play a
mediation role in the prosocial effect of interpersonal
synchrony. To examine this possibility, a mediation analysis
was conducted on the data from two groups, with movement
synchronization, tasked-related coherence and mutual proso-
cial inclination as the independent variable, the mediating vari-
able and the dependent variable, respectively. The analysis
revealed a significantly mediation effect (bootstrap ab¼ 7.42,
95% confidence interval 0.92–17.12, Figure 6), suggesting the me-
diation role of the task-related brain coherence in the prosocial
effect of interpersonal synchrony.

Discussion

In this study, we investigated the prosocial effect of interper-
sonal synchrony when two brain activations were recorded
through the fNIRS-based hyperscanning technique. We found
the significant task-related brain coherence, i.e. the IBS, be-
tween two participants in the coordination group but not in the
independence group. The detected IBS was correlated with the
mutual prosocial inclination and the shared intentionality be-
tween participants. Further, there was a mediation effect of
task-related coherence in the prosocial effect of interpersonal
synchrony.

First, we estimated the task-related brain synchronization
among participant dyads during their task performance. The co-
ordination group showed the significant task-related brain syn-
chronization (i.e. the IBS), which was consistent with the
previous studies (Funane et al., 2011; Mu et al., 2016). The de-
tected IBS in this study was roughly located in the LMFC. The
area has been generally considered to engage in various cogni-
tive processes, such as response inhibition (Fu et al., 2008),
working memory (Luerding et al., 2008) and self-reference
(Lemogne et al., 2009). Recently, LMFC has been found to play an
important role in processing relevant information about others
in social interactions (Frith and Frith, 2001; Leslie et al., 2004;
Amodio and Frith, 2006; Aichhorn et al., 2009; Koster-Hale et al.,
2013). For example, the increased brain activity in LMFC was
observed when an individual was following partner’s sight to
gaze the target compared with gazing a target by himself
(Schilbach et al., 2010). Similarly, there was greater LMFC activa-
tion when participants took the third-person perspective than
the first-person perspective (David et al., 2006). Further, the
brain activities in LMFC were found when typical children
viewed other’s photos; however, the activities were absent in
autistic children who might have impaired social function
(Uddin et al., 2008). In a recent study, researchers found that the
volume in LMFC was positively correlated with understanding
of others (indexed as their ability to correctly understand
others’ belief states) (Lewis et al., 2011). In our study, the de-
tected IBS at the LMFC was positively correlated with the sub-
jective shared intentionality in the coordination group, r
(17)¼ 0.50, p< 0.05. Taken together, these findings indicated the
possible relation of LMFC with the representation of others in
social interaction.

Note that the IBS in LMFC in this study was induced by a
minimal social interaction. When two participants in a dyad
performing the coordination task, there was no direct commu-
nication between them, as they were visually separated by a
board and wearing ear plugs. They depended only on the feed-
back of each trial to coordinate with the partner/computer.
Therefore, compared with other social interactions (i.e. conver-
sation, eye contact, face-to-face interaction), our task had the
minimal nature of the social interaction. Previous studies have

Fig. 5. Results of subjective measures. (A) Shared intentionality in two groups.

(B) Perceived similarity in two groups. (C) Correlations between task-related co-

herence and shared intentionality in two groups. (D) Correlations between task-

related coherence and perceived similarity in two groups. *P< 0.05, ***P<0.001.

Fig. 6. The mediation effect. The effect of movement synchronization on proso-

ciality was significant reduced when task-related brain coherence was included

in the regression model. The estimates presented here were standardized val-

ues. *P<0.05, ***P<0.001.
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revealed that the IBS could be induced by this kind of social
interaction (i.e. without direct communication between individ-
uals), such as simultaneously key pressing (Pan et al., 2017),
time counting (Funane et al., 2011; Mu et al., 2016) and social di-
lemma gaming (King-Casas et al., 2005; Astolfi et al., 2010). Also,
it was found that there were larger brain activities in LMFC dur-
ing simply watching social interactions between other people
(Iacoboni et al., 2004), participating in one-way interactions
(Schippers et al., 2010) and being with virtual others (Schilbach
et al., 2006; Lotze et al., 2007). These findings supported the
emergence of IBS, as well as the possible role of LMFC in a kind
of minimal social interaction.

Second, the revealed IBS was associated with subsequent
mutual prosociality (Figure 4). The task-related brain coherence
played a mediating role in the prosocial effect of interpersonal
synchrony (Figure 6). These results imply that when partici-
pants synchronize behaviors with other persons, their brains
are immersed in interacting with others too; the interacting
brains among participants affect the subsequent prosocial in-
clination or behaviors. It is consistent with previous studies
showing that the brain activation involved in performing social
interactive tasks was correlated with subsequent prosociality.
In observing social exclusion, the brain activities at the medial
prefrontal cortex and anterior insula were related to the follow-
ing helping/comforting inclination (Masten et al., 2011). In play-
ing public goods game, the brain activity at posterior superior
temporal sulcus could predict the future trust behavior to others
(Fahrenfort et al., 2012). And also in group drumming, brain ac-
tivity at the caudate was associated with the helping behavior
to the partner (Kokal et al., 2011). More generally, brain activa-
tion in social interactions was associated with subsequent
sociocognitive processes as risky decisions (Cohen and
Ranganath, 2005), social compliance (Klucharev et al., 2009) and
emotional regulation (Denny et al., 2014). The alteration of neu-
ral activity in adolescents can predict the future risk-taking be-
havior (Qu et al., 2015), and there was a strong connection
between frontal activation and subsequent relapse risk of ad-
dictive behavior (Grüsser et al., 2004). All these results revealed
that functional neural activities occurring in social interaction
could be associated with the future social cognition and behav-
iors among individuals (Konvalinka and Roepstorff, 2012).

Third, we observed the higher shared intentionality in the
coordination group than in the independence group. The associ-
ation between the prefrontal IBS and shared intentionality was
confirmed, consistent with previous findings that the prefrontal
area was involved in sharing intentionality (Van Overwalle and
Baetens, 2009). Additional analysis revealed the significant cor-
relation of intentionality scores with the prosocial inclination in
the coordination group, r (17)¼ 0.61, P< 0.01 but not in the inde-
pendence group, r (16)¼ 0.36, P> 0.05. The mediation analysis
revealed the role of shared intentionality in the prosocial effect
of interpersonal synchrony (bootstrap ab¼ 7.54, 95% confidence
interval: 2.42–13.72). These results provide the evidence that the
intentionality hypothesis can possibly account for the effect of
interpersonal synchrony on prosocial inclination. As for the
similarity hypothesis, we did not find a difference in perceived
similarity between two groups. Previous studies also reported
no more perceived similarity after synchronized movements
compared with sequential movements (Kirschner, 2011). In our
study, there is no correlation between perceived similarity and
the revealed IBS in the coordination group. Thus, these findings
suggested that the similarity hypothesis could not be an ac-
count for the prosocial effect of interpersonal synchrony in our
study.

It is noted that the prosocial effect of interpersonal syn-
chrony in this study was showed at the group level. The coord-
ination group relative to the independence group showed
higher movement synchrony and greater prosocial inclination,
which was consistent with previous findings (Cirelli et al., 2014;
Reddish et al., 2016). However, at the participant level, we
observed the lack of correlation of movement synchronization
and prosocial inclination, no matter in the coordination group
(r¼ 0.05, P> 0.05) or in the independence group (r¼ 0.05,
P> 0.05). We explain these results by our measurement of
movement synchronization, i.e. the synchrony index, does not
absolutely reflect the task-induced synchrony between two par-
ticipants. One dyad may be characterized to perform in a more/
less synchronized way than other dyads. Thus, the factors of ex-
perimental task and the personal characterization have con-
founded effects on the movement synchronization of
participant dyads. Future studies need to distangle effects of the
factors and accurately estimate the relation of task-induced
movement synchrony to the prosocial inclination.

Several limitations should be addressed. First, we manipu-
lated the interpersonal synchrony explicitly through instruc-
tions, requesting participants synchronize with a partner or a
computer. Previous researches have investigated the dynamic
progress of implicit/spontaneous synchrony through swinging
handheld pendulums (Kugler and Turvey, 1987), walking side by
side (Zivotofsky and Hausdorff, 2007) and rocking in rocking
chairs (Richardson et al., 2007; Demos et al., 2012). Exploring the
effect of interpersonal synchrony from an implicit aspect can
assist us to foster a richer understanding of the prosocial effect
of interpersonal synchrony. Second, the measurement of proso-
ciality in this study was subjective report. Future research may
assess the prosociality by the experimental tasks, such as the
cold-pressor task (Piira et al., 2006) and the electrical stimulation
task (Inui et al., 2002). Third, recent studies found that dyads’
interaction could be represented and retained by pair-specific
neural synchronization as social memory, which affected the
behavioral and neural performance in the next day (Koike et al.,
2016). It would be worth exploring whether the effect of inter-
personal synchrony on prosocial inclination/behaviors could
last for a long period and if so, how long it would be. It is also
noted that the optode probe set of NIRS only covered the pre-
frontal cortex, leaving other regions unexplored. However, pre-
vious studies revealed that movement synchrony (i.e. group
drumming) elicited the brain activation at the caudate (Kokal
et al., 2011), implicit movement synchrony related to neural
coupling at the frontal, parietal and central regions (Yun et al.,
2012), IBS in right temporo-parietal junction based on shared in-
tentionality (Tang et al., 2016). The roles of these brain regions
could be further examined by measuring from the entire brain.

In summary, our work reveals the brain-to-brain synchron-
ization among individuals performing the coordination task.
The revealed IBS predicts subsequent mutual prosociality and is
sensitive to the shared intentionality rather than perceived
similarity between participants. The brain synchronization
plays a mediation role in the prosocial effect of interpersonal
synchrony. These findings elucidate, to some extent, the neural
mechanism relating to shared cognition for the facilitation of
interpersonal synchrony on prosociality. Our study also exem-
plifies an approach of the hyperscanning technique to examine
the effect of human interactions on social cognition. Future
studies can investigate the underpinning neural signatures in
the prosocial effect of interpersonal synchrony from the devel-
opmental perspective, as well as this effect in social deficit
brains as autism spectrem disorders.

Y. Hu et al. | 1841

Deleted Text: <bold>,</bold>
Deleted Text: <bold>;</bold> <xref ref-type=
Deleted Text: ,
Deleted Text: ; <xref ref-type=
Deleted Text: see 
Deleted Text: -
Deleted Text: see 
Deleted Text: -
Deleted Text: ,
Deleted Text:  to 
Deleted Text:  to
Deleted Text: e present
Deleted Text: ,
Deleted Text: et<?A3B2 show $146#?>al.
Deleted Text: ; <xref ref-type=
Deleted Text: e current
Deleted Text: ,
Deleted Text: inter-brain synchronization
Deleted Text: inter-brain synchronization
Deleted Text: ,


Funding

This research was supported by Peak Discipline Construction
Project of Education at East China Normal University (to Y. H.);
National Natural Science Foundation of China (31371052 to Y. H.).

Acknowledgements

We are grateful to Guillaume Dumas (from Institut Pasteur
de Paris) and Emmanuelle Tognoli (from Florida Atlantic
University) for their insightful comments and suggestions
on our work. We also thank Yi Zhu and Chenbo Wang for
their comments and corrections on earlier drafts.

Supplementary data

Supplementary data are available at SCAN online.

Conflict of interest. None declared.

References
Aichhorn, M., Perner, J., Weiss, B., Kronbichler, M., Staffen, W.,

Ladurner, G. (2009). Temporo-parietal junction activity in
theory-of-mind tasks: falseness, beliefs, or attention. Journal of
Cognitive Neuroscience, 21(6),1179–92.

Amodio, D., Frith, C. (2006). Meeting of minds: the medial frontal
cortex and social cognition. Nature Reviews Neuroscience,
7(4),268.

Astolfi, L., Cincotti, F., Mattia, D., et al. (2010). Simultaneous esti-
mation of cortical activity during social interactions by using
EEG hyperscannings. Conference Proceedings–IEEE Engineering in
Medicine and Biology Society, 2814–2817.

Astolfi, L., Toppi, J., Borghini, G., et al. (2012). Cortical activity and
functional hyperconnectivity by simultaneous EEG recordings
from interacting couples of professional pilots. Conference
Proceedings—IEEE Engineering in Medicine and Biology Society,
2012, 4752.

Cheng, X., Li, X., Hu, Y. (2015). Synchronous brain activity during
cooperative exchange depends on gender of partner: a
fNIRS-based hyperscanning study. Human Brain Mapping,
36(6),2039–48.

Cirelli, L.K., Einarson, K.M., Trainor, L.J. (2014). Interpersonal syn-
chrony increases prosocial behavior in infants. Developmental
Science, 17(6),1003–11.

Cohen, M.X., Ranganath, C. (2005). Behavioral and neural pre-
dictors of upcoming decisions. Cognitive, Affective, and
Behavioral Neuroscience, 5(2),117–26.

Cui, X., Bryant, D.M., Reiss, A.L. (2012). NIRS-based hyperscan-
ning reveals increased interpersonal coherence in superior
frontal cortex during cooperation. Neuroimage, 59(3),2430–7.

David, N., Bewernick, B.H., Cohen, M.X., et al. (2006). Neural rep-
resentations of self versus other: visual-spatial perspective
taking and agency in a virtual ball-tossing game. Journal of
Cognitive Neuroscience, 18(6),898–910.

De Vico Fallani, F., Nicosia, V., Sinatra, R., et al. (2010). Defecting
or not defecting: how to “read” human behavior during co-
operative games by EEG measurements. PLoS One, 5(12),e14187.

Demos, A.P., Chaffin, R., Begosh, K.T., Daniels, J.R., Marsh, K.L.
(2012). Rocking to the beat: effects of music and partner’s
movements on spontaneous interpersonal coordination.
Journal of Experimental Psychology: General, 141(1),49.

Denny, B.T., Ochsner, K.N., Weber, J., Wager, T.D. (2014).
Anticipatory brain activity predicts the success or failure of

subsequent emotion regulation. Social Cognitive and Affective
Neuroscience, 9(4),403–11.

Diedenhofen, B., Musch, J., Olivier, J. (2015). Cocor: a comprehen-
sive solution for the statistical comparison of correlations.
PLoS One, 10(4),e0121945.

Dikker, S., Wan, L., Davidesco, I., et al. (2017). Brain-to-brain syn-
chrony tracks real-world dynamic group interactions in the
classroom. Current Biology, 27(9),1375–80.
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