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Abstract: Previous studies have shown that brain activity between partners is synchronized during
cooperative exchange. Whether this neural synchronization depends on the gender of partner (ie.,
opposite or same to the participant) is open to be explored. In current study, we used functional near-
infrared spectroscopy (fNIRS) based hyperscanning to study cooperation in a two-person game
(female—female, female-male, and male-male) while assaying brain-to-brain interactions. Cooperation
was greater in male-male pairs than in female—female pairs, with intermediate cooperation levels for
female-male pairs. More importantly, in dyads with partners with opposite gender (female-male
pairs), we found significant task-related cross-brain coherence in frontal regions (i.e., frontopolar cor-
tex, orbitofrontal cortex, and left dorsolateral prefrontal cortex) whereas the cooperation in same gen-
der dyads (female—female pairs and male-male pairs) was not associated with such synchronization.
Moreover, the changes of such interbrain coherence across task blocks were significantly correlated
with change in degree of cooperation only in mixed-sex dyads. These findings suggested that different
neural processes underlie cooperation between mixed-sex and same-sex dyadic interactions. Hum Brain
Mapp 36:2039-2048, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Cooperation, defined as interactions with others that
increase shared performance, is one of the most important
human social behaviors [Fehr and Fischbacher, 2003].
Previous studies have identified brain regions in individ-
ual participants where activity increases coincident with
cooperative behaviors, including prefrontal regions, orbito-
frontal cortex, left parietal operculum, anterior cingulate
cortex, nucleus accumbens, caudate nucleus, and right
dorsolateral prefrontal cortex [Chaminade et al., 2012;
Decety et al., 2004; McCabe et al., 2001; Rilling et al., 2002;
Suzuki et al., 2011]. More interestingly, recent studies have
revealed synchronous brain activity between two persons
in cooperative states, including synchronized increased
activity in right superior frontal cortices and medial
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prefrontal region across people [Cui et al., 2012; Dommer
et al.,, 2012; Funane et al., 2011]. Such increased prefrontal
interbrain coherence has also been found in other social
interactions, including imitation [Holper et al., 2012],
teaching-learning interactions [Holper et al., 2013], face-to-
face communication [Jiang et al., 2012], and mother-child
interactions [Hirata et al., 2014]

Some studies have shown that individual differences in
preferences for cooperation are reflected in difference in
brain activation and structure. For example, higher prefer-
ence for cooperation in females relative to males was
linked with differential activation of medial prefrontal cor-
tex [Garbarini et al., 2014], and larger gray matter volumes
in bilateral posterior inferior frontal and left anterior
medial prefrontal cortices [Yamasue et al., 2008]. With
these findings, it is worth determining whether coopera-
tion, as simultaneously measured brain activity in dyads, is
different across groups with different physiological or
social characteristics. In the current study, we tested for
such differences across dyads in which the partners were
of opposite gender (mixed-sex cooperation) compared with
same gender dyads (same-sex cooperation).

Cooperative behaviors were studied in three dyadic cat-
egories: female—female, male-male, and female-male coop-
eration. Based on social-cultural theory, female—female
cooperation may differ given their special social roles in
society [Eagly and Wood, 1999]. Historically, women are
expected to undertake predominantly domestic role and
thus were more communal (e.g., caring, friendly, and emo-
tionally expressive). By contrast, the roles of high status
and power in men made them more agentic (e.g., inde-
pendent, assertive, ambitious, and dominant) [Eagly,
2009]. The basis of male-male cooperation, based on the
evolutionary theory, could derive from having evolved
coalitional strategies critical for strategic interactions such
as hunting [Geary et al., 2003; Thayer, 2004]. For mixed-
sex interaction, evolution theory posits that both sexes
evolved strategies to signal desirable traits to potential
opposite sex partners [Buss and Schmitt, 1993]. Differences
in performance across female-female, male-male, and
female-male dyads during cooperation have been identi-
fied in previous behavioral studies. A comprehensive
meta-analytic study on 203 research articles revealed that
male-male groups are overall more cooperative than are
female—female groups [Balliet et al., 2011]. For the compar-
ison of mixed-sex cooperation and same-sex cooperation,
some studies have reported that women and men perform
better while interacting with opposite-sex partners than
with same-sex partners [Deaux and Major, 1987; Hirnstein
et al., 2014].

We tested for differences in synchronized brain activity
during cooperative behavioral based on genders in dyadic
interactions. We adopted the hyperscanning technique to
access correlated neural activity across two brains
[Montague et al., 2002]. Hyperscanning has mainly been
used with fMRI or EEG recording to studying multiagent
games and social interactions [Babiloni and Astolfi, 2014;

Duan et al., 2013; Dumas et al.,, 2010; Fliessbach et al.,
2007; King-Casas et al., 2005 Koike et al., 2015;
Scholkmann et al., 2013b]. It should be noted that fMRI or
EEG studies using hyperscanning technique require cali-
bration to account for different sensitivities of the devices.
In current study, we used near-infrared spectroscopy
(NIRS), which allows a single device to be used to mea-
sure two or more participants simultaneously. This offers
the advantage of obviating the need for the calibration
process. Our priori region of interest was frontal cortex,
where synchronous activity across brains increased was
identified in previous NIRS-based studies [Cui et al., 2012;
Dommer et al., 2012; Funane et al., 2011].

METHOD
Participants

A total of 90 (46 female) graduate and undergraduate
students (age: 21.96 = 2.15 yrs) participated in the study.
All participants were right handed, with normal or
corrected-to-normal vision. They were randomly assigned
as pairs; members of pairs were not acquainted with each
other before experiment. Forty-five pairs would then be
created, including 15 female—female (F-F) pairs, 14 male-
male (M-M) pairs, and 16 female-male (F-M) pairs.
Informed consent was obtained from each participant.
Participants would be paid based on their task perform-
ance (ranging from 30 to 50 yuan). The study procedures
were approved by the Institutional Review Board of East
China Normal University.

Tasks and Procedures

Each pair of participants sat side-by-side in front of a
computer screen. The participant on the left side was
denoted as participant #1 and the right one as participant
#2. They were asked to complete four computer-based
tasks that were the same as used in a previous study [Cui
et al., 2012]. The tasks included a cooperation task and
three control tasks (competition task and two single tasks)
(see Fig. 1).

Cooperation task

Each trial began with a hollow gray circle at the center
of the screen that stayed visible for a random interval
between 0.6 and 1.5 s. Subsequently, a green cue signaled
participants were to press keys simultaneously using the
index or middle finger of the right hands. Participant #1
was instructed to press the “1” key and participant #2 was
asked to press the “0” key. If the difference between their
response times was smaller than a threshold, both partici-
pants were rewarded with one point; otherwise, both par-
ticipants lost one point. The threshold (T) was defined by
the following formula: T = (RT1 + RT2)/8 [Cui et al., 2012],
where RT1 and RT2 were the response times of two
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Figure 1.
Procedures for the four experimental tasks. (A) Sequence of events for one trial. The four tasks
shared the same basic trial procedures. (B) Feedback was comparable in all of the four tasks.

participants, respectively. The parameter 1/8 was chosen
to keep task a moderate level of difficulty (the average cor-
rect response rates were around 50-70%). The average T
values were 118.12+40.65 ms, 81.57 599 ms, and
100.78 £ 13.14 ms in F-F cooperation, F-M cooperation, and
M-M cooperation task, respectively. There were no signifi-
cant differences among T values across groups, F (2,
42) =0.562, P>0.05, M7, =0.03. During task perform-
ance, the two participants were not allowed to communi-
cate with each other verbally or physically. After
responding, a 4-s feedback screen was present. It was
showing the result of the current trial (“Win!” or “Lost!”)
and the cumulative points earned in the task through the
current trial (see Fig. 1B). The feedback screen also indi-
cated which participant responded the soonest by showing
a green “+” on his/her side. The slower participant was
shown a white “—" on the other side of the monitor. This
feedback allowed participants to adjust their response
times between trials. After the feedback, the trial ended
(see below for intertrial interval and block lengths).

Control tasks

The other three tasks were used as controls. Specifically,
the tasks were designed to eliminate the possibility that
the action of pressing the key synchronously (competition)
or the closeness of two participants (single 1 and single 2)
could account for synchronous brain activity across partici-
pants. The competition task was similar to the cooperation
task, except that participants were rewarded for respond-
ing faster than his/her partner. In the task, the participant
who responded faster received a one-point reward and the

slower response incurred a one-point loss. In this way,
competition instead of cooperation developed between
two participants while key pressing remained almost syn-
chronous, as in the main task. After responses were made,
a 2-s feedback screen was presented, followed by a display
showing the trial winner (“Win!”), trial loser (“Lost!”), and
total points earned (see Fig. 1B). Unlike the cooperation
and competition tasks, the two final control tasks involved
only one participant (participant #1 in the single 1 task
and participant #2 in the single 2 task). He/she was
instructed to press the key as quickly as possible when the
“green” signal showed and received a one-point reward
for each key press. The cumulative points were shown on
the feedback screen (see Fig. 1B). During the single partici-
pant tasks, the other participant passively observed the
screen.

Each task included two blocks of 20 trials each. There
were 2-s intervals between trials and a 30-s rest period
between blocks. The order of the four tasks was counter-
balanced across pairs of participants in each group. All
points earned during the four tasks were summed and
was used to determine final payment. This gave the partic-
ipants an incentive to earn as many points as possible,
motivating them to be actively engaged in the experiment.

Subjective Measurements

We collected participants’ subjective ratings of partici-
pants’ attitudes towards their partners and task perform-
ance. When the participant pairs arrived, they were first
asked about the preference for the gender of partner when
they needed to cooperate each other in daily life (1-7,
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from the same-sex partner to the opposite-sex partner),
and about favorability for the partner who would perform
a two-person game subsequently in the experiment accord-
ing to first impressions (1-7, from “not very much” to
“very much”). Participants were not allowed to discuss
their ratings during experiment. After finishing the tasks,
participants were asked to rate the favorability of their
partners again. Three additional evaluations were com-
pleted by the participants, including rating of the quality
of their own performance, their cooperativeness, and how
pleasant they found cooperating on the task. All ratings
were made on 7-point Likert scales from negative “not
very much” to positive “very much”.

Data Collection

Continuous measures of concentrations of oxygenated
hemoglobin (Hbo) and deoxygenated hemoglobin (Hbr)
were measure during task performance using a NIRS sys-
tem (ETG-4000, Hitachi Medical Corporation, Japan). Two
3 X 5 probe patches (3 cm distance between emitter
probes and detector probes), each including 22 recording
channels, were put over the foreheads of two participants
separately. The sampling rate was 10 Hz. The placement
of the patch followed the International 10-20 system. The
lowest probe row of patch was aligned with the horizontal
reference curve, with the middle optode placed on the
frontal pole midline point (Fpz). Meanwhile, the middle
probe column of patches was aligned exactly along the
sagittal reference curve (see Fig. 2). The correspondence
between the NIRS channels and the measurement points
on the cerebral cortex was determined using the virtual
registration method [Lancaster et al., 2000; Singh et al.,
2005; Tsuzuki et al., 2007; Tzourio-Mazoyer et al., 2002],
and has been validated by a multisubject study of anatom-
ical craniocerebral correlation [Okamoto et al., 2004].

Data Analysis

The cooperation rate of individual dyads was defined as
the percentage of winning trials in each block of coopera-
tion task. We also calculated the cooperation rate change
across time, given by the changes in the percentage of the
win trials between two blocks (i.e., [block 2 cooperation
rate] —[block 1 cooperation rate]).

Two signals, namely the Hbo and Hbr time series, were
collected from the NIRS channels. As the Hbo signal is
more sensitive to the changes in cerebral blood flow than
the Hbr signal [Hoshi, 2003; Lindenberger et al., 2009],
only Hbo time series were analyzed in current study. We
did not perform any preprocessing (i.e., high- or low-pass
filtering) on the signals.

For each NIRS channel, the wavelet coherence indicating
the synchronous activity between two brains was com-
puted [Grinsted et al., 2004; Murphy et al., 2009]. We used
the wavelet coherence MatLab package to examine rela-
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Figure 2.
Cap configuration. The patch covers the frontal area of each
participant. The locations of NIRS channels are probabilistically
estimated and anatomically labeled in standard brain space. The
numbers indicate measurement channels.

tionships in time frequency space between the time series
generated by two participants. The crosswavelet and
wavelet coherence software were from A. Grinsted et al.,
[2004] (http:/ /noc.ac.uk/using-science/crosswavelet-wave-
let-coherence). Our analyses focused on the frequencies
ranging from 0.08 Hz (period 12.8 s) and 0.31 Hz (period
3.2 s), which corresponds to the duration of a trial in our
tasks.

We calculated the average interbrain coherence in our
frequency band of interest (i.e. 0.08-0.31 Hz) during two
task-blocks and the rest period. Task-related coherence
was defined as increased coherence in a task (task — rest).
Also, the coherence change was defined as the difference
in coherence between two task blocks (block 2-block 1).
The values of task-related coherence and coherence change
were converted to Fisher z-statistics before statistical tests
were performed [Chang and Glover, 2010; Cui et al., 2012].

RESULTS
Cooperation Performance

A two-way ANOVA was conducted on the cooperation
rates with the between-subject variable of group (F-F, F-M,
and M-M) and the within-dyad variable of block (block 1
and block 2). The results showed significant differences for
the main effect of block, F (1, 42)=38.61, P<0.001,
Mo =048, with the better cooperation performance in
brock 2 (0.667, SE=0.02) compared to block 1 (0.55,
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The cooperation rate changes (block 2 — block I) of three
groups. The changes are significant in the female-male (F-M) and
male-male (M-M) groups. The change is larger in male-male
group than female—female group. * P<0.05, ** P<0.0l, and
##k P<0.001. Error bars indicate the standard error of the mean.

SE =0.02). Although no significant difference was found
for the main effect of group, F (2, 42)=0.29, P>0.05,
ngarm:o.m, the interaction of group by time was signifi-
cant, F (2, 42) =3.42, P<0.05, nfmﬁal:O.M. These findings
indicated that the genders of participants in a dyad influ-
enced the rate of successful cooperation across time.

We next tested how the change in performance between
block 1 and block 2 differed across the three groups. Pair-
wise tests revealed significant improvements in rates of
cooperation in the F-M groups, t (15) =3.88, P =0.001, and
in M-M groups, t (13)=5.33, P<0.001, but not in F-F
group, t (14)=1.69, P =0.11. Post hoc tests showed that
the cooperation rate change was larger in M-M group than
in F-F group (see Fig. 3).

Subjective Measurements

A one-way ANOVA on the preference for gender of part-
ner while cooperating in daily life revealed that there was
no group effect, F (2, 87)=059, P>0.05 m?,,=0.01.
Moreover, the three groups did not demonstrate differences
in evaluations about their own performance, cooperative-
ness, or pleasantness ratings of the cooperation task (all
ps>0.05). Concerning partner favorability, a two-way
ANOVA with the between-subject variable of group (F-F, F-
M, and M-M) and the within-subject variable of time (before
and after performing the tasks) showed that there was a
main effect of time, F (1, 87) = 31.28, P < 0.001, néarﬁal=0.26,
indicating that participants formed more favorable impres-
sion of their counterparts over the course of performing the
tasks. However, neither the main effect of group nor the

interaction between group and time were significant in this
analysis. These results implied that the three groups had
similar attitudes derived from cooperation in the study.

The Task-Related Coherence in
Cooperation Task

Measured coherence of interbrain activity reflects synchro-
nous brain activity in cooperation task. To identify such
coherence, we first conducted a series of one-sample f-tests
on task-related coherence (task - rest) for the cooperation
task. For all participants, channel 2 and channel 17 demon-
strated significant increases in task-related coherence relative
to rest [channel 2: t (44)=2.30; channel 17: t (44)=2.10,
ps <0.05] (see Fig. 4A). Moreover, the coherence change
from block 1 to block 2 in channel 17 was significantly cor-
related with the cooperation rate change (r=0.38; see Fig.
4A). However, after FDR correction, no channels showed a
significant change in task-related coherence among dyads.

Next, we examined the task-related coherence for three
groups separately. In the F-M group, Channels 2, 3, 4, and
14 showed significant differences in task-related coherence
[channel 2: t (15)=3.30, P <0.05; channel 3: t (15)=3.08,
P <0.05; channel 4: t (15)=4.02, P<0.05, channel 14: ¢
(15) =3.48, P <0.05, FDR corrected] (see Fig. 4B). However,
the same analyses in F-F group and M-M group revealed
no significance difference at any channel (ts <2.02, ps > 0.05,
FDR corrected; see Fig. 4B). A series of one-way ANOVAs
further showed that there were significant group effects at
channels 3, 4, and 14. Post hoc tests (Bonferroni corrected)
revealed significantly higher task-related coherence in F-M
group than in F-F group (ps <0.05). These results imply
that the task-related coherence estimated in current study
was selective for opposite-sex dyads, with so no significant
cross-brain synchronization among same-sex dyads.

To observe whether the significant task-related coher-
ence in the F-M group was related to behavior perform-
ance, we performed a number of correlation analyses. The
results showed positive correlations between coherence
change (block 2 — block 1) and cooperation rate change
(block 2 — block 1) at channel 3 (r=0.55, P <0.05), channel
4 (r=0.64, P <0.01), and channel 14 (» = 0.55, P <0.05) (see
Fig. 4B). Some surrounding channels also showed signifi-
cant correlations (channel 1: r=0.71, P <0.01; channel 15:
r=0.57, P<0.05). However, the equivalent correlations
were not found in female-female or male-male groups at
these channels (channels 3, 4, 14, ps > 0.05). These results
indicated that the correlation between brain synchroniza-
tion and performance on the cooperation task was specific
to interactions in opposite-sex dyads.

The Task-Related Coherence in Control Tasks

We conducted parallel analyses to those reported above
for activity measured during the competition task and the
single-participant control tasks. No significance changes in
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Task-related coherence on cooperation task. (A) Across all
participants: the t-test map for taskrelated coherence (signifi-
cances at channel 2 and channel 17, FDR uncorrected); signif-
icant correlation between coherence change and cooperation
rate change (channel 17). (B) Three groups: the t-test maps

task-related coherence were found at any of 22 channels in
three groups (ts <3.65, ps>0.05, FDR controlled). These
results showed that brain activity was not synchronized
across participants in the control tasks.

DISCUSSION

Our experiment was motivated by the hypotheses that
the gender of partners in a two-person task would influ-
ence the degree of synchronous brain activity evident dur-
ing bouts of cooperative behavior. We found that both
male-male and female-male dyads were capable of coop-
erating, with increased cooperation performance across
time. male-male dyads further showed larger increase in
performance during the task than did female-female
dyads. More importantly, our fNIRS-based study revealed

for task-related coherence (only significances at channels 2,
3, 4, and 14 in female-male interaction, FDR controlled);
significant correlation between coherence change and cooper-
ation rate change (channel 3, 4, and 14 in female-male
interaction).

that task-related coherence in brain activity was evident in
regions of frontal cortex (i.e., channels 2, 3, 4, and 14) spe-
cifically during cooperation among opposite-sex partners.
Measured interbrain coherence (i.e., channels 3, 4, and 14)
was significantly correlated cooperative performance. In
contrast, no significant task-related coherence was found
in cooperation including the same-sex partners. To our
knowledge, this is the first hyperscanning study attempt-
ing to elucidate neural processes related to differences in
mixed-sex/same-sex cooperation.

Cooperation among opposite-sex partners was associ-
ated with the significant task-related coherence in fronto-
polar cortex (FPC, area 10, channel 3 and 4), orbitofrontal
area (OFC, area 11, channel 4), and dorsolateral prefrontal
cortex (Area 46, channel 14) [Lancaster et al., 2000]. Those
areas have been linked to social cognition [Amodio and
Frith, 2006; Contreras et al., 2012; Kringelbach and Rolls,
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2004], such as thinking about the psychological attributes
of self or another person [Amodio and Frith, 2006], judg-
ments of social categories, and the attributes of men and
women and their concepts of gender [Milne and Grafman,
2001]. Conversely, some studies found that FPC and OFC
are also important for monitoring of outcomes and hence
prefrontal activity scales with reward value [Kringelbach
and Rolls, 2004, Ramnani and Owen, 2004; Rushworth
et al., 2011]. The most anterior region of FPC has been sug-
gested to be important for maintaining meta-cognitive rep-
resentations that enable us to reflect on the values linked
to outcomes and actions—that is, thinking about thinking
[Amodio and Frith, 2006]. Whether these social, reward,
and meta-cognitive processes have a combined effect or
how they differ for mixed-sex interactions are fruitful ave-
nues for further investigation.

With respect to cooperation among same-sex partners, it
is intriguing that task-related coherence was absent in cur-
rent study. Previous studies have suggested that during
peer interactions, participants might be sensitive to peer
norms or peer pressure, which may be reflected specifi-
cally in amygdala activity [Grosbras et al., 2007; Guyer
et al., 2008]. Additionally, brain areas other than frontal
cortex might be involved in producing cooperative behav-
ior, including the left inferior parietal lobule (IPL), the
medial and superior temporal gyrus, and the occipital cor-
tex [Egetemeir et al., 2011]. Moreover, the level of coopera-
tion could modify the magnitude of activation in IPL area
[Egetemeir et al., 2011], left parietal operculum, and ante-
rior cingulate cortex [Astolfi et al.,, 2010; Chaminade et al.,
2012]. However, these areas were not measured in the cur-
rent study. Therefore, we cannot rule out the possibility
that the significantly task-related coherence for same-sex
cooperation might be found in brain regions outside of
frontal cortex.

The findings in current study were partly confirming of
those reported in previous studies [Cui et al, 2012;
Dommer et al., 2012; Funane et al.,, 2011]. The previous
studies of cooperation identified increased coherence at
the right superior frontal cortex [Cui et al., 2012] and
medial prefrontal region [Funane et al., 2011]. In our
study, the mixed-sex group demonstrated increased coher-
ence in the medial prefrontal region but not in right supe-
rior frontal cortex (channel 17 or the channels nearby).
However, when we considered all participants (N =45
pairs), there was a strong trend in right superior prefrontal
cortex, with the degree of correlation seeming to relate to
cooperation performance (see Fig. 4A). It is worth noting
that there were some differences in the experimental pro-
cedure in our study relative to previous experiments.
Specifically, we intentionally controlled for familiarity
among participants in each dyad (i.e. they were all strang-
ers). We also queried and controlled for subjective atti-
tudes about each participant’s partner. The findings in
previous studies were based on the average of both
mixed-sex and same-sex dyads, whereas our specific inten-
tion was to identify differences across these subgroups

(i.e., mixed versus same-sex groups). Our finding that
there were differences in task-related coherence between
mixed-sex and same-sex dyads suggests that cooperation
ought to be investigated at the subgroup level in the
future studies.

In current study, the participants in each dyad did not
know each other before experiment. All subjective meas-
urements did not show any significant differences between
mixed-sex and same-sex cooperation. These results could
exclude the possible role of subjective feelings in task-
related interbrain coherence. However, previous studies
have shown that cooperation is greater with familiar social
partners than with unknown partners in both humans
[Majolo et al., 2006] and animals [Raihani et al., 2012]. It is
reasonable to hypothesize that familiar partners (including
friends, couples, and so on) would induce higher level of
cooperation performance and stronger interbrain coher-
ence, which needs to be tested in the future.

Several other factors could affect interbrain coherence.
First, subtle motion resulting from pressing keys might
produce synchronous artifacts that could impact our
results. The participants in current study also performed a
competition task, in which the level of motion should be
the same to that generated in the cooperation task. We cal-
culated the percentage of win trials in competition task by
following the same formula for cooperation rate, and did
not find any significant difference between two tasks
(cooperation: 0.61 vs. competition: 0.65). However, the
increased interbrain coherence in the cooperation task was
absent in the competition task. Moreover, task related
interbrain coherence was significantly correlated with per-
formance in the cooperation task (see Fig. 4) but not in the
competition task (channel 3: r = —0.07, P > 0.05; channel 4:
r=-0.14, P>0.05; channel 14: r=-0.18, P>0.05).
Therefore, we propose that the synchronous of motion
(pressing the key) had little explanatory power for under-
standing our identified task-related interbrain coherence.
Second, previous studies have shown that peripheral
physiological effects could influence functional NIRS sig-
nals. For example, the larger interbrain coherence that
derived from both heart rate-related frequency band rang-
ing 0.7-4 Hz (corresponding to period length of 0.25-1.5 s)
and low-frequency bands ranging from 0.06 to 0.2 Hz (cor-
responding to period length of 5-16 s) was obtained dur-
ing performance of a n-back task in paired players as
compared to single players [Dommer et al., 2012]. Further
evidence indicates that blood flow in the skin was closely
correlated with task-related NIRS responses when subjects
performed a verbal fluency task [Cui et al., 2012]. The fre-
quency band from 0.7 to 4 Hz (corresponding to period
length of 0.25-1.5 s) is sensitive to heart rate, while bands
lower than 0.2 Hz in frontal cortex are considered to be
cognition-related NIRS activity [Cui et al., 2012; Dommer
et al., 2012; Duan et al., 2013; Jiang et al., 2012]. The
increased interbrain coherence in present study was
observed at the low-frequency band (see Supporting infor-
mation Fig. S1), which suggests that heart rate should not
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be the primary determinant of our results, although we
cannot completely rule out effects of synchronous cardiac
cycles.

This study has some limitations. Participants shared a
keyboard in the study, so that they could see the other
person’s hand and action. Therefore, the observed signifi-
cant coherence might derive in part from participant’s
reaction to the other’s motor activities. We were also lim-
ited by the relative poor spatial resolution of NIRS. If we
wish to more specifically identify which areas of frontal
cortex are important for cooperation, it will be important
to use MRI [Emonds et al.,, 2014; Fett et al., 2014], high-
density optical probes [Yamamoto et al.,, 2002], or diffuse
optical tomography [Zeff et al., 2007]. A previous study
showed that end-tidal CO, (PgrCO,) levels in prefrontal
cortex change a lot as subjects perform different speech
tasks [Scholkmann et al, 2013a]. This finding indicates
that CO, intensity can be monitored during neuroimaging
recordings, including the fNIRS and fMRI, to improve
interpretations of changes in hemodynamics and blood
oxygenation measures. Therefore, it would be beneficial to
collect CO, measurements during our cooperation task to
rule out or identify effects of CO, on the task-related inter-
brain coherence in future study. Previous work has shown
that there was a highly significant sex-related difference in
COs-induced cerebral vasomotor reactivity [Kastrup et al.,
1997], and cerebral autoregulation [Wang et al.,, 2005].
Such gender-related difference should not be critical fac-
tors affecting task-related interbrain coherence in our cur-
rent study. Instead, these factors should have equal impact
on fNIRS responses during the cooperation and competi-
tion tasks. These effects can therefore not explain the fact
that we found increased interbrain interaction only in the
cooperation task.

To conclude, the current study revealed coherent brain
activity across dyads related with the cooperation specifi-
cally with opposite-sex partners. This synchronization
occurred roughly in frontopolar, orbitofrontal, and left
dorsolateral prefrontal cortex. Task-related coherence can
therefore be used to differentiate the neural processes that
underlie mixed-sex cooperation compared to same-sex
cooperation. This study also provides some insight into
the using of hyperscanning technique to understand social
interactions in humans. Future studies could focus on neu-
ral correlates related to same-sex cooperation and their dif-
ferences from those of mixed-sex cooperation, to
determine how social context moderates performance
among participants.
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