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Social interaction is a fundamental part of our daily lives; however, exactly how our brains use social cues to
determine whether to cooperate without being exploited remains unclear. In this study, we used an
electroencephalography (EEG) hyperscanning approach to investigate the eﬀect of face-to-face contact on the
brain mechanisms underlying the decision to cooperate or defect in an iterated version of the Prisoner's
Dilemma Game. Participants played the game either in face-to-face or face-blocked conditions. The face-to-face
interaction led players to cooperate more often, providing behavioral evidence for the use of these nonverbal
cues in their social decision-making. In addition, the EEG hyperscanning identiﬁed temporal dynamics and
inter-brain synchronization across the cortex, providing evidence for involvement of these regions in the
processing of face-to-face cues to read each other's intent to cooperate. Most notably, the power of the alpha
frequency band (8–13 Hz) in the right temporoparietal region immediately after seeing a round outcome
signiﬁcantly diﬀered between face-to-face and face-blocked conditions and predicted whether an individual
would adopt a ‘cooperation’ or ‘defection’ strategy. Moreover, inter-brain synchronies within this time and
frequency range reﬂected the use of these strategies. This study provides evidence for how the cortex uses
nonverbal social cues to determine other's intentions, and highlights the signiﬁcance of power in the alpha band
and inter-brain phase synchronizations in high-level socio-cognitive processing.

Introduction
Social interaction is a fundamental part of our daily lives, and
understanding how it is achieved provides a window into how our
minds work. Sociality is beneﬁcial when helping each other (i.e.,
cooperation) pays oﬀ more than either acting independently or
competing with others. However, the willingness to cooperate entails
a risk—the possibility of being exploited. Indeed, the potential to
exploit a cooperator is available to everyone, producing a tradeoﬀ
between the utility (beneﬁts versus costs) of cooperating and exploiting. At the same time, the decision to cooperate requires an assessment
of what the other individual(s) will do—i.e., whether they will also
attempt to cooperate or exploit. The Prisoner's Dilemma Game
captures these fundamental issues in a formalized framework, and is
therefore used to study the mechanisms underlying cooperative (and
exploitive) behavior. In the game, two players decide whether to
“cooperate” or “defect” and then receive a payoﬀ based on the joint
outcome, in which mutual cooperation pays oﬀ more than mutual
defection, but a combined cooperation and defection leads to the
⁎

highest payoﬀ for the defector and the lowest for the exploited
cooperator (see Fig. 1B). There is thus incentive to cooperate and to
exploit. In the iterated version, the same choice is made over several
rounds with both players seeing the outcomes (choices and payoﬀs)
after each round, and we use “Prisoner's Dilemma Game” to denote the
iterated version unless otherwise noted as the “single-shot” case (i.e.,
only one round conducted). When decisions are made over multiple
rounds, individuals can potentially use verbal and nonverbal cues as
well as past choices to gauge the other's intentions in future rounds.
However, verbal communication is not always feasible, and moreover,
since verbal cues are a chief avenue for deception, it is likely that people
seek honest signals from nonverbal cues; yet how nonverbal cues
inﬂuence social decisions in contexts such as the Prisoner's Dilemma
Game remains unclear. Therefore, in the current study we sought to
examine the eﬀects of direct face-to-face interaction during the
Prisoner's Dilemma Game on both the behavioral choices and on the
underlying neural activity mediating the decisions.
Rilling et al. (2002) examined the brain via fMRI as participants
played the Prisoner's Dilemma Game. The regions activated during
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Fig. 1. Experimental setup and procedure. (A) The EEG data were simultaneously acquired using two EEG-recording systems that were synchronized using a hyperscanning
server (time.windows.com) (note that the opaque barrier is depicted as transparent to see overall setup). (B) Payoﬀ matrix of the iterated Prisoner's Dilemma Game. (C) For face-to-face
groups, the wallboard was removed for the players to face each other during the game (with each participant sitting next to the other player's monitor, enabling each person to view both
the other participant and the monitor adjacent to the other participant). For face-blocked groups, the wallboard remained in place so that the players could not see each other during the
game. (D) At the beginning of every round, a white ﬁxation cross appeared on the dark screen for 5 s, followed by the payoﬀ matrix. The two players then made their choices by pressing
either key 1 or 2 on the keyboard. After they made their decision, the outcome was presented for 3 s and the ﬁxation mark appeared again, beginning the next round. The game was
repeated 30 times.

found greater activity in the theta (4–7 Hz) and alpha (8–13 Hz) bands
of the orbitofrontal region during defection, but relatively little cortical
activity during cooperation. This relative lack of neural activity
associated with cooperation may reﬂect comparable ﬁndings to the
Rilling et al. (2004) single-shot Prisoner's Dilemma Game study, in
which deeper structures were implicated (i.e., the striatum and ACC).
In contrast, the relatively weak relationship to cooperation may also
reﬂect the fact that the cooperation strategy examined may have
occurred relatively automatically and independently of the partner's
behavior, and thus not requiring signiﬁcant higher-level socio-cognitive
processing, with the cooperation strategy deﬁned as cases in which the
individual either (a) cooperated in consecutive rounds regardless of the
partner's choice or (b) chose to cooperate even when the partner
defected on the previous round. At the same time, it remains unclear
the degree to which the participants observed each other during the
task and how much this may have inﬂuenced their choices. Their
interesting results thus warrant further investigation.
Indeed, sociality evolved under face-to-face interactions, and a
great deal of evidence shows that nonverbal cues (e.g., facial expressions) play a large role in the attempt to decipher other's intentions and
predict their behavior (Conty et al., 2012, 2007; Emery, 2000;
Kuzmanovic et al., 2009). Non-verbal communication conveys more
detailed and subtle feelings that verbal communication alone has
diﬃcultly expressing. For example, it is known that the eyes reveal
important social data of an individual such as gender, age, familiarity,
emotional expression and intention (Emery, 2000). During social
interactions, facial expressions, gaze direction, gaze duration, and

mutual cooperation were largely areas known for reward processing,
such as the caudate nucleus of the striatum and the anterior cingulate
cortex (ACC), suggesting that cooperation may be driven by the
rewarding eﬀects it produces.
To characterize the brain mechanisms further, studies using
electroencephalography (EEG) signals enable an examination of the
neural activity of people more directly (i.e., electrical recordings vs.
BOLD signal) and precisely, especially regarding the speciﬁc time and
frequency ranges of the neural processing (Astolﬁ et al., 2009, 2010,
2011; Babiloni et al., 2007a, 2007b; Chiu et al., 2008; De Vico Fallani
et al., 2010; Dumas et al., 2010; Kawasaki et al., 2013; King-Casas
et al., 2005; Logothetis and Wandell, 2004; Müller and Lindenberger,
2014; Müller et al., 2013; Sänger et al., 2012, 2013; Tomlin et al.,
2006; Yun et al., 2008, 2012). EEG studies also oﬀer the opportunity to
investigate more realistic social interaction, with the participants in the
same room (rather than interacting with a partner via photos and
choices displayed on a computer screen), and more details of the social
interaction, including potential neural relationships across their brains
(such as coherence), called hyperscanning (Montague et al., 2002).
This is particularly advantageous given that people are known to
behave diﬀerently when they are interacting with computers instead
of with other people (Rilling et al., 2008; Rilling and Sanfey, 2011).
Astolﬁ and colleagues conducted a hyperscanning EEG study with
two individuals playing the Prisoner's Dilemma Game (Astolﬁ et al.,
2009, 2010, 2011; De Vico Fallani et al., 2010). Comparing cooperation
and defection strategies during the time when the outcomes are shown
to the individuals (i.e., both player's choices and their payoﬀs), they
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informed consent was obtained from all participants after an explanation of the experimental procedures. The Institutional Review Board
(IRB) of KAIST approved all experimental procedures for this study.
Participant pools were restricted to men because sex diﬀerences during
the Prisoner's Dilemma Game have been reported both on the
behavioral and neural levels (Frank et al., 1993; Krach et al., 2009;
Ortmann and Tichy, 1999; Rapoport and Chammah, 1965). Groups of
two strangers were formed, resulting in 32 groups. They played the
game in one of two conditions: either face-to-face or face-blocked. 16
face-to-face and 16 face-blocked pairs in total were recruited. We ﬁrst
recruited 7 pairs per condition to record behavior only. 2 pairs from
each condition (total of 4 participants) were excluded because of
inappropriate behavior during the task (i.e., admittedly inattentive
and simply pressing the same key without thinking even after the
detailed instructions or dozing oﬀ due to sleep deprivation the previous
night). This yielded 5 initial pairs per condition for behavioral testing.
We then recruited 9 more pairs per condition for EEG recordings. Of
these 9 initial EEG pairs, however, the EEG data from 4 pairs per
condition (8 total participants) could not be analyzed due to the EEG
ampliﬁers of the pair inadvertently having diﬀerent settings, producing
EEG signals recorded under diﬀerent conditions, potentially compromising the integrity of the results. For these 4 pairs removed from EEG
analysis, their behavioral data could still be analyzed, yielding 9 total
pairs per condition for behavior alone, and 5 total pairs for behavior
and EEG signal analysis. Because 5 pairs of participants have been used
in other successful hyperscanning studies, we determined that this was
a suﬃcient number to use for our EEG analyses (e.g., Astolﬁ et al.,
2009, 2010, 2011). Thus, for the ﬁrst behavioral analysis that included
all participants, a total of 56 were included (14 face-to-face and 14
face-blocked pairs, aged 22.91 ± 4.36 years), and for the second
behavioral analysis that examined only the EEG participants, 20 of the
56 were included (5 face-to-face and 5 face-blocked pairs, aged 23.20
± 2.65 years).

gestures are known to be crucial visual cues of communicative
intentions (Conty et al., 2012, 2007; Kuzmanovic et al., 2009). It also
appears that direct eye contact activates regions of the brain related to
social cognition including the ventral and medial prefrontal cortex,
superior temporal gyrus, fusiform gyrus, cingulate gyrus and amygdala
(Senju and Johnson, 2009). Indeed, by virtue of their more automatic
and universal nature, nonverbal cues also can provide more reliable
and honest signals that should also help to reduce social exploitation—
i.e., used for ‘cheater detection’.
To examine the eﬀects of face-to-face contact on the behavior and
neural mechanisms of social interactions in a more formal game theory
framework, a recent study examined face-to-face eﬀects using another
classic game used to study sociality: the Ultimatum Game, in which two
people (a proposer and responder) are presented with a sum of money,
the proposer decides how to split it between them, the responder
subsequently decides whether to accept the proposal, with acceptance
resulting in both receiving the proposed split, and rejection resulting in
both receiving nothing (Tang et al., 2016). A prior neuroimaging study
using the Ultimatum Game without face-to-face interaction found
heightened activity for unfair oﬀers versus fair ones that suggested
cognitive processing (the dorsolateral prefrontal cortex) and the
involvement of negative social emotions comparable to disgust (the
anterior insula) (Sanfey, 2007). Examining face-to-face eﬀects more
directly (versus a face-blocked condition), Tang et al. (2016) used a
modiﬁed Ultimatum Game in conjunction with functional near-infrared spectroscopy (fNIRS) to examine the eﬀects on the dorsolateral
prefrontal cortex and the temporoparietal junction (TPJ). That latter
region was also studied given that the TPJ has been implicated in sociocognitive processing in several studies, particularly regarding the
assessment of what others are thinking (Adolphs, 2003, 2009;
Pavlova et al., 2006; Puce and Perrett, 2003; Saxe, 2006; Saxe and
Kanwisher, 2003; Tankersley et al., 2007). In their modiﬁed Ultimatum
Game, only the proposer saw the actual total amount and could
therefore lie about the total to the responder. Both the proposer and
responder were then queried about the other's expected behavior: was
the proposer honest; will the responder accept the oﬀer. In the face-toface compared with the face-blocked condition, the researchers found
both (a) a higher percentage of rounds in which both the proposer and
responder expected positive responses (honest proposer and oﬀer
acceptance) and (b) increased interpersonal brain synchronization in
the TPJ, suggesting further involvement of this area in the processing
of nonverbal cues to assess proposer honesty, fairness and the
responder's subsequent expected response.
How the nonverbal cues aﬀorded by face-to-face interactions aﬀect
decisions focused more directly on cooperation as examined in the
Prisoner's Dilemma Game, however, are unknown. To examine this, we
used the EEG hyperscanning approach to leverage its ability to
investigate more naturalistic social interactions, as well as the speciﬁc
timing, frequency bands, and brain synchronizations involved in the
social decision-making. On the behavioral level, we hypothesized that
the nonverbal cues from face-to-face contact would encourage the
players to cooperate more during the Prisoner's Dilemma Game. On the
neural level, we further assumed that we may ﬁnd greater involvement
of higher-level socio-cognitive areas, such as the temporoparietal
region, in the use of face-to-face information to determine the partner's
intentions; and if so, we could characterize the temporal dynamics and
between-brain neural features underlying this process.

Iterated Prisoner's Dilemma Game
The participants were comfortably seated and a wallboard was
placed between the two participants to prevent them from seeing each
other prior to playing the game (Fig. 1A, with opaque barrier depicted
as transparent to see overall setup). They were given a detailed
explanation of the rules of the iterated Prisoner's Dilemma Game by
the instructor. To distinguish the participants, they are referred to as
player 1 and player 2. The game was played 30 times, although the
number of iterations, i.e., rounds, was unknown to the participants
(they were told that there would be several rounds). This open-ended
description of game length was intended to simulate real-world
situations in which the actual ultimate number of interactions with
particular individuals is often unknown. In each round, they were able
to choose either to cooperate or to defect. As shown in the payoﬀ matrix
in Fig. 1B, they were told that on every round they would both earn
5000 KRW (approximately 4 US dollars) if they both chose to cooperate
but only 3000 KRW (approximately 2.5 US dollars) if they both chose
to defect. They were also told that if one chose to cooperate and the
other chose to defect, only the defector would earn 10,000 KRW
(approximately 8 US dollars) while the cooperator would earn nothing.
It was emphasized that they would receive the mean amount of what
they earned over the entire game as a reward and that they should aim
to maximize their earnings. The game began after the instructor made
sure both participants understood the rules. For participants in the
face-to-face condition the wallboard was removed to allow them to face
each other; whereas for participants in the face-blocked condition the
wallboard remained in place (Fig. 1C). In the face-to-face condition,
each participant sat next to the display monitor of the other participant—in this way, each participant could observe the other fully and
also observe the monitor adjacent to their partner. Except for eye
contact in the face-to-face condition, any other interactions in either

Material and methods
Participants
64 healthy male participants (aged 23.08 ± 2.54 years, mean ±
SD) were recruited from a local university (Chungnam National
University, Daejeon, South Korea). All participants were right-handed
and had no history of neurological or psychiatric disorders. Written
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open source toolbox operated in MATLAB (http://sccn.ucsd.edu/
eeglab) (Delorme and Makeig, 2004). ADJUST (an Automatic EEG
artifact Detector based on the Joint Use of Spatial and Temporal
features) plug-in 1.1 was also used together with EEGLAB to remove
EEG
artifacts
(http://www.unicog.org/pm/pmwiki.php/MEG/
RemovingArtifactsWithADJUST) (Mognon et al., 2011). In the EEG
data preprocessing, we applied a 0.5 Hz high pass ﬁlter, a 120 Hz low
pass ﬁlter, and a 55–65 Hz notch ﬁlter consecutively to remove 60 Hz
AC noise. After ﬁltering, signals were re-referenced to a linked mastoid
reference (M1, M2) to avoid the possibility of brain activity inﬂation in
one hemisphere and thus to prevent a laterality bias (Teplan, 2002).
We then extracted the rounds from the EEG recordings based on the
time period ranging from −1 to +3 s with reference to the outcome
presentation. We call these extracted recording segments epochs, with
one per round per electrode. One second prior to the outcome
presentation was removed as the baseline correction to detrend the
data. Epochs whose maximum magnitude exceeded 150 microvolts
were excluded (a widely-used threshold for gross artifact removal). If
the round contained at least one excluded epoch (i.e., from any
electrode), we removed the entire round from the EEG dataset (i.e.,
for all electrodes). Overall, 10 rounds and 5 rounds were excluded from
the EEG dataset of the face-to-face and face-blocked conditions
respectively, with Tables S2 and S3 listing the number of rounds
collected and those that needed to be removed. Then to remove ocular
artifacts (eye blinks, vertical eye movements, and horizontal eye
movements) and muscular artifacts, independent component analysis
(ICA) was ﬁrst applied to the epoched data (as implemented in the
EEGLAB toolbox) (Delorme and Makeig, 2004), and then the ADJUST
plug-in was used to remove the ICA components that contained the
artifacts according to the plug-in's default criteria (Mognon et al.,
2011). For outcome analysis, the EEG epochs were divided into 6 types
according to the 3 possible outcome combinations of the two players
(CC, CD, DD) for both the face-to-face or face-blocked conditions. For
strategy analysis, the EEG epochs were divided into 12 types according
to the 6 possible outcome combinations of the two players (CSCS, CSDS,
CSTS, DSDS, DSTS, and TSTS) for both the face-to-face or face-blocked
conditions. For further EEG analyses, we clustered the scalp electrodes
according to 6 corresponding brain regions: (1) frontal (FP1, FPZ, FP2,
AF3, AF4, F7, F5, F3, F1, FZ, F2, F4, F6, F8), (2) fronto-central (FC3,
FC1, FCZ, FC2, FC4, C3, C1, CZ, C2, C4), (3) parietal (CP3, CP1, CPZ,
CP2, CP4, P5, P3, P1, PZ, P2, P4, P6), (4) left temporoparietal (FT7,
FC5, T7, C5, TP7, CP5, P7), (5) right temporoparietal (FC6. FT8, C6,
T8, CP6, TP8, P8), and (6) occipital (PO7, PO5, PO3, POZ, PO4, PO6,
PO8, O1, OZ, O2).

condition such as conversation between players were forbidden
throughout the experiment.
As illustrated in Fig. 1D, when the game began, a white cross
appeared in the center of the black screen for 5 s as a ﬁxation point,
followed by the payoﬀ matrix. Participants made their choices by
pressing a keyboard: key 1 to cooperate, key 2 to defect. Thus, the
length of the decision period was not ﬁxed, with the two players taking
approximately 5–10 s to make their choices. After the players pressed a
key, the outcome was presented on the screen for 3 s. Participants
could therefore see both how much money each player earned and their
partner's choice. Then the ﬁxation mark appeared again beginning the
next round until the game ended. Thus, once set up, it took approximately 10 min to complete each game. MATLAB R2012b (Mathworks,
USA) was used for the task execution.
For analysis, we examined player choices based on both (a) the
round-by-round outcomes (i.e., whether each player chose to cooperate, C, or defect, D) and (b) player strategies. To provide the most
ﬂexible and dynamic measure of possible strategy-use we identiﬁed
strategies based on two consecutive rounds, i.e., by examining the
pattern of outcomes on the k-th and (k+1)-th rounds. We classiﬁed
three basic possible strategies on each round (De Vico Fallani et al.,
2010). The ﬁrst was a Cooperation strategy (CS), in which a player
chooses to cooperate after previously cooperating, or when a player
chooses to cooperate even after his/her partner defected. The second
was a Defection strategy (DS), in which a player defects continuously,
or when a player who was cooperating starts to defect as soon as the
other player cooperates. Finally, the third was a Tit-for-tat strategy
(TS), in which a player switches their choice to be the same as the other
player's previous decision. Thus, for every round there would be 6
possible combinations of strategies of the two players: CSCS, CSDS,
CSTS, DSDS, DSTS, and TSTS. The Supplementary material contains a
more detailed deﬁnition and illustration of each strategy type.
EEG data acquisition and hyperscanning setup
EEGs were simultaneously recorded using two Neuroscan EEGrecording systems (Compumedics Neuroscan, USA) with two Ag/AgCl
sintered electrode caps (Quik-cap, Compumedics Neuroscan, USA).
EEGs were recorded from 62 scalp positions (FP1, FPZ, FP2, AF3, AF4,
F7, F5, F3, F1, FZ, F2, F4, F6, F8, FT7, FC5, FC3, FC1, FCZ, FC2, FC4,
FC6, FT8, T7. C5, C3, C1, CZ, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPZ,
CP2, CP4, CP6, TP8, P7, P5, P3, P1, PZ, P2, P4, P6, P8, PO7, PO5, PO3,
POZ, PO4, PO6, PO8, CB1, O1, OZ, O2, and CB2) mounted in a cap
using what is termed a modiﬁed extended 10–20 electrode system
(Jasper, 1958). Two electrodes were placed above and below the right
eye for recording vertical ocular movements (vertical electrooculogram:
VEOG), and another two were placed at the outer side of each eye for
horizontal ocular movements (horizontal electrooculogram: HEOG).
An additional two electrodes were placed below each mastoid (M1,
M2). An electrode between CZ and FCZ was used as a reference and the
one between FPZ and FZ was used as a ground. Electrode impedance
was kept under 15 kΩ for all recordings. EEGs were continuously
recorded and digitized at a sampling frequency of 1000 Hz with DC
high-pass and 200 Hz low-pass system acquisition ﬁlter settings using
Scan 4.5 (Compumedics Neuroscan, USA). The signal was ampliﬁed
with a 64-channel SynAmps2 ampliﬁer (Compumedics Neuroscan,
USA). Overall, the preparation for EEG acquisition for each participant
pair took approximately an hour.
Before data acquisition, the times of the two EEG recording systems
were synchronized according to a common time server (time.windows.com), providing millisecond-range synchrony between the two EEG
systems (Fig. 1A).

EEG time-frequency analysis
Two general procedures were necessary to evaluate the EEG timefrequency data: (1) we ﬁrst obtained the proper signals for analysis and
then (2) we evaluated whether the signals in each of the 6 brain regions
were related to the eﬀect of face-to-face contact on cooperation. The
ﬁrst procedure required three steps. First, to obtain the amplitude of
the EEG spectra at each frequency as a function of time, we calculated
the event-related spectral perturbation (ERSP) of the artifact-free
epochs using EEGLAB (Delorme and Makeig, 2004):

ERSP (f , t) =

1
n

n

∑

Fk ( f , t ) 2

k=1

where, for n rounds, Fk ( f , t ) is the spectral estimate of round k at
frequency f and time t. Second, we then calculated the spectral powers
for all epochs based on a wavelet transformation using a default
wavelet cycle setting of [3 0.5] (Delorme and Makeig, 2004) with
reference to the baseline, which was 1 s prior to the outcome
presentation. The frequency range was determined to be from 5.86 to
50.00 Hz, the pad ratio was set to 8 (related to frequency resolution),

EEG data processing
EEG data analysis was conducted using EEGLAB 12.0.2.6b, an
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Astolﬁ et al., 2011). Evaluation of inter-brain synchronization also
required two general procedures: (1) obtaining the proper interbrain phase synchronies and (2) examining their relationship to the
experimental conditions (face-to-face vs. face-blocked) and response strategies, focusing on the time-frequency ROIs identiﬁed
by the previous analysis (described in EEG time-frequency analysis) as those associated with the face-to-face inﬂuence on cooperation. (Note that, as reported in EEG time-frequency results, no
results were found for response outcomes and thus, for behavior,
only strategies were examined here.) The ﬁrst procedure entailed
calculating and evaluating the time-varying phase-locking value
(PLV) (Lachaux et al., 1999) for all possible pairs of electrodes
between the two brains at speciﬁc time and frequency ranges of
interest: i.e., 4 frequency ranges (theta, alpha, beta, and gamma)
and 5 time ranges subsequent to the outcome presentation (0–
0.5 s, 0.5–1 s, 1–1.5 s, 1.5–2 s, and 2–2.5 s). This required four
steps. We ﬁrst computed the phase at a given frequency f and time t
as:

and the frequency bin width was 0.25 Hz. Third, to use only the
amplitudes signiﬁcantly higher than baseline, a bootstrap method with
alpha level set to 0.001 was conducted, with statistically insigniﬁcant
results set to zero (Delorme and Makeig, 2004).
For the second procedure, because the main goal of the study was to
examine the neural mechanisms that mediated cooperation during
face-to-face contact, we looked to isolate signals that were related to
both face-to-face contact and mutual cooperation during face-to-face
contact. This evaluation required three steps. First, we evaluated
whether the signals were related to the experimental conditions
(face-to-face vs. face-blocked). Second, we evaluated whether the
signals exhibited diﬀerences between mutual cooperation (CC or
CSCS) and the other joint outcomes (i.e., CC vs. CD or DD) or joint
strategies (i.e., CSCS vs. the ﬁve others) during the face-to-face
condition. Third, we determined whether any signals were related to
both condition diﬀerences (face-to-face vs. face-blocked) and diﬀerences between mutual cooperation and the other outcomes or strategies (e.g., CSCS vs. DSDS).
To conduct steps one and two of this evaluation — (1) to
determine whether the resulting ERSP values for each of the 6
brain regions were related to the experimental conditions (face-toface vs. face-blocked) and (2) related to mutual cooperation in the
face-to-face condition (versus the other behavioral outcomes and
strategies) — the same three methodological steps were required.
First, at every frequency f by time t point we conducted a Wilcoxon
rank sum test (p < 0.05) to compare the conditions, outcomes or
strategies by using the ERSPs for each participant on each electrode
of the brain region (e.g., for face-to-face vs. face-blocked at a given
f, t point, if 10 participants per condition and 3 electrodes for the
brain region: 10 vs. 10 ERSP values averaged over the region
compared). Note that the nonparametric test was utilized since the
ERSP data did not meet normality assumptions, and the p value
was set to 0.05 given that the subsequent step (region of interest
identiﬁcation) provided strict criteria to eliminate possible spurious results. Thus, for the second step, we collated these results by
identifying clear ‘hot spots’ of signiﬁcance. We deﬁned signiﬁcant
time and frequency regions of interest (time-frequency ROIs)
based on two criteria that were designed as stated to be strict
enough to eliminate potential spurious ﬁndings and at the same
time provide enough overlap in the time and frequency domains to
be interpreted as a time-frequency range of interest: (1) at least ﬁve
consecutive frequency points showed signiﬁcant diﬀerences at two
(or more) consecutive time points, with at least one of the two
consecutive time points being the same time point for all ﬁve
frequency points (thus, all ﬁve frequency points held at least one
signiﬁcant time point in common); and (2) of these ﬁve frequency
points, at least two consecutive frequency points had signiﬁcant
diﬀerences for at least ten consecutive time points (rather than just
two consecutive). Third, we then examined how the time-frequency
ROI results related to speciﬁc frequency bands: i.e., theta (4–7 Hz),
alpha (8–13 Hz), beta (14–30 Hz), and gamma (31–50 Hz).
Finally, we examined whether any time-frequency ROIs were
related to both condition diﬀerences (face-to-face vs. face-blocked)
and diﬀerences between mutual cooperation and the other outcomes or strategies.

φ (f , t) = tan−1 (

C ( f , t )i
)
C ( f , t )r

where C ( f , t )r and C ( f , t )i are the real and imaginary Fourier
coeﬃcients, respectively. Second, we then computed the phase
diﬀerence between the epochs of electrode i and j, denoted as
φij = φi −φj , for all time and frequency points within the speciﬁed
time and frequency range. Third, the PLV between electrodes i and j
at the given time and frequency range was given by:

PLVij =

1
N

∑ expφij

where N is the number of samples of the data set and “| |” the
complex modulus. The PLV has values between 0 and 1, where 1
means perfect phase synchrony between two signals. To examine
brain synchronization for the face-to-face versus face-blocked
conditions as well as across strategies (i.e., CSC S vs. DS DS ), the
PLVs were calculated for all epochs and electrode pairs between
participants (for the 4 frequency and 5 time ranges).
The ﬁnal step of the ﬁrst procedure was conducted to provide only
signiﬁcant synchronies that would be used for further brain-connectivity analyses. This step thus required determining the signiﬁcance of
the phase synchronizations, in which we tested the null hypothesis
(H0) that the two sets of phase values for electrodes i and j, φi and φj ,
recorded on a given round were independent. This test was conducted
in four steps. First, for each successfully recorded round with
electrodes i and j, we compared the actual PLVij with 200 values
obtained from shuﬄing the electrode j epochs (i.e., all successful
rounds) 200 times and computing the phase φ jshuffle , phase diﬀerence
φi −φ jshuffle and corresponding PLVijshuffle each time. Second, we deﬁned
the proportion of surrogate PLVijshuffle s exceeding the original PLVij as
the phase-locking statistic (PLS) for the test of the original PLVij
(Lachaux et al., 1999). Third, we then set the PLVij to 0 if the
corresponding PLSij was less than 0.05. This statistical procedure
(steps 1–3) was conducted for all PLVij s (i.e., all successful rounds of
all possible pairs of electrodes), thus leaving only signiﬁcant synchronies for the further brain-connectivity analyses. Finally, for PLVij
with electrodes i and j from the two diﬀerent players, the two values
PLViplayer1 jplayer 2 and PLViplayer 2 jplayer1 were averaged and deﬁned as the
inter-brain synchrony between electrodes i and j.
Now in position to carry out the second procedure, we used
repeated measures one-way analysis of variance (RMANOVA) with
the condition (face-to-face and face-blocked) as a between-participant
factor and the electrode pair (1953 pairs for inter-brain phase
synchrony) as a within-subject factor (condition×electrode pair), as
well as subsequent t-tests to examine the eﬀects of condition and
strategies on the synchronization values (signiﬁcant PLVijs).

Brain synchronization analysis
We ﬁrst note that although the synchrony analysis inherently
contains half as many data points as the time-frequency analysis
(given that the former is a pairwise measure of the latter), and
although more participants and rounds of the game per condition
are always preferred, previous research suggests that the number of
EEG participants and rounds conducted should be suﬃcient to
properly examine the behavior, neural time-frequency dynamics,
and neural synchrony (e.g., Astolﬁ et al., 2009; Astolﬁ et al., 2010;
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Fig. 2. Behavioral results of EEG participants. (A) Rate of each joint outcome (CC, CD, and DD) and (B) joint strategy (CSCS, CSDS, CSTS, DSDS, DSTS, and TSTS) in the face-to-face
and face-blocked conditions for all participants tested (56 participants, 14 face-to-face and 14 face-blocked pairs). (C) Rate of each joint outcome and (D) joint strategy in the face-to-face
and face-blocked conditions for the participants whose EEG recordings could be subsequently analyzed (20 participants, 5 face-to-face and 5 face-blocked pairs). For both the entire
sample and the EEG subset, the distribution of outcomes and strategies diﬀered signiﬁcantly between the face-to-face (shifted left, and thus toward greater cooperation) and face-blocked
(shifted right) conditions (all participants’ outcome distributions: χ2(2) = 20.590; all participants’ strategy distributions: χ2(5) = 49.781; EEG participants’ outcome distributions: χ2(2) =
21.605; EEG participants’ strategy distributions: χ2(5) = 17.576). **: p < 0.005, ***: p < 0.001. Error bars refer to the standard error of the mean.

entire participant pool and EEG subgroups, outcome and strategy). At
the same time, an examination of the individual scores (Tables S2 and
S3) revealed fairly large individual diﬀerences, suggesting that the
diﬀerent relevant factors, such as actual behavioral outcomes vs.
nonverbal cues, inﬂuenced individuals to varying degrees.
Nonetheless, inspection of the individual scores revealed an apparent
shift toward more cooperation in the face-to-face condition and a shift
away from it in the face-blocked condition, which was detected by the
χ2 distribution tests. Thus, face-to-face interaction appeared to shift the
participants’ decision to cooperate more frequently, yielding higher
mutual cooperation with respect to both outcomes chosen and strategies adopted.

Results
Behavioral results
For behavior, we examined both the entire participant sample (56
participants, 14 face-to-face and 14 face-blocked pairs) and the subset
of participants whose EEG recordings could be subsequently analyzed
(20 participants, 5 face-to-face and 5 face-blocked pairs) (see
Participants for more information). For both data sets we tested the
hypothesis that face-to-face contact would lead to a greater rate of
cooperation. We ﬁrst classiﬁed the behavioral results according to the
three possible joint outcomes (CC, CD, and DD) and six possible joint
strategies (CSCS, CSDS, CSTS, DSDS, DSTS, and TSTS), and then tested
the hypothesis by comparing the face-to-face and face-blocked distributions for both the joint outcomes and the joint strategies (using
IBM SPSS Statistics Version 20). Fig. 2A & B shows the results for the
entire participant sample and Fig. 2C & D for the EEG participant
subset. Both the entire sample and EEG subgroup exhibited signiﬁcantly diﬀerent distributions of joint outcomes and joint strategies,
with the face-to-face distribution shifted toward greater cooperation in
all cases (all participants’ outcome distributions: χ2(2) = 20.590, p <
0.001; all participants’ strategy distributions: χ2(5) = 49.781, p <
0.001; EEG participants’ outcome distributions: χ2(2) = 21.605, p <
0.001; EEG participants’ strategy distributions: χ2(5) = 17.576, p =
0.0035). Moreover, examining the direction of eﬀect, the face-to-face
rate was higher than the face-blocked rate for only joint cooperation
(i.e., for CC and CSCS) and lower than the face-blocked rate in all other
joint outcomes and joint strategies in all four instances (i.e., for both

EEG time-frequency results
The main goal of our neural investigations was to identify and
characterize the neural activity and brain regions that mediate cooperation during face-to-face contact. To do so, we ﬁrst conducted a
time-frequency analysis via three main steps. First, we identiﬁed neural
activity related to condition (face-to-face vs. face-blocked). Second, we
sought to identify neural activity during the face-to-face condition that
mediated mutual cooperation. To do this, we identiﬁed neural activity
that showed diﬀerences between mutual cooperation (CC or CSCS) and
the other joint outcomes (i.e., CC vs. CD or DD) or joint strategies (i.e.,
CSCS vs. others). As described further below, we did not ﬁnd activity
during the face-to-face condition that exhibited signiﬁcant diﬀerences
between the mutual outcome CC and CD or DD, but did so for strategy.

268

NeuroImage 157 (2017) 263–274

J. Jahng et al.

between them. Although these average heat maps suggest multiple
potential diﬀerences between the two conditions, actual statistical
diﬀerences are shown in the far right panel, with the identiﬁed timefrequency ROIs outlined in red rectangles (see EEG time-frequency
analysis for criteria to identify the time-frequency ROIs). Fig. 3B
shows the same results comparing the CSCS and DSDS strategies within
the face-to-face condition.
Finally, since the main goal of the current study was to investigate
how face-to-face contact aﬀected the willingness to cooperate, we
examined whether any time-frequency ROIs were related to both visual
condition diﬀerences (face-to-face vs. face-blocked) and diﬀerences
between mutual cooperation and the other strategies (e.g., CSCS vs.
DSDS). Three time-frequency ROIs exhibited these eﬀects: (1) alpha
band, 0–0.5 s, in the right temporoparietal (RTP) area (face-to-face >
face-blocked and CSCS > DSDS); (2) alpha band, 1–1.5 s, in the parietal
area (face-to-face > face-blocked and CSCS > CSTS); and (3) beta band,
1.5–2 s, in the occipital area (face-to-face > face-blocked and CSCS >
DSDS). We note that in all three cases, greater activation within these
time-frequency ROIs reﬂected both the inﬂuence of face-to-face contact
and the decisions of both players to follow the cooperation strategy.

Third, we examined both sets of results in steps one and two to identify
the neural activity that showed diﬀerences for both condition and the
mutual cooperation strategy (CSCS) versus other strategies.
To conduct these three main steps, we ﬁrst needed to assess
whether there were a suﬃcient number of rounds recorded. That is,
because the number of rounds per condition, outcome, or strategy
varied due to removal of rounds with gross artifacts (described in EEG
data processing and shown in Tables S2 and S3) or simply the choices
made by the participants, we ﬁrst assessed these diﬀerences in the
number of rounds recorded prior to subsequent analyses. We ﬁrst
tested if the number of rounds recorded for the face-to-face and faceblocked conditions signiﬁcantly diﬀered from each other for both
outcome and strategy: e.g., for outcome, we summed the ﬁrst ten rows
of Table S2 (giving 10 values for the face-to-face condition) and the
ﬁrst ten rows under the face-block condition (giving 10 values) and
compared these values with a two-sample t-test. For the face-to-face
and face-blocked conditions, the number of rounds of outcome and
strategy used for analysis did not diﬀer signiﬁcantly between the
conditions (showing mean ± SEM, face-to-face pairs: 29.00 ± 0.54
rounds of outcome, 28.00 ± 0.54 rounds of strategy; face-blocked
pairs: 29.50 ± 0.34 rounds of outcome, 28.50 ± 0.34 rounds of
strategy; two-tailed t(18) = −0.7851, p = 0.4426, with identical
statistical values for both outcome and strategy).
In addition, because the number of rounds recorded per outcome or
strategy may have diﬀered among the diﬀerent joint outcomes or
strategies, we also tested whether these diﬀerence were signiﬁcant.
Because our subsequent analyses attempted to isolate neural activity
related to mutual cooperation (CC or CSCS) in the face-to-face condition, we compared the number of rounds of CC or CsCs versus the
others in this condition. For outcome, the number of rounds of mutual
cooperation (CC) did not diﬀer from the others (CD or DD) in the faceto-face condition (CC: 8.90 ± 3.61 rounds, CD: 9.50 ± 1.83 rounds,
DD: 10.60 ± 1.81 rounds; t(18) = −0.1482, −0.4207, p = 0.8838,
0.6789, respectively — thus both comparisons insigniﬁcant whether
using the Bonferroni correction factor of two or not: p > 0.05 > 0.05/
2). For strategy, we also found no signiﬁcant diﬀerences in the number
of rounds between mutual cooperation (CsCs) versus the others in the
face-to-face condition (CSCS: 7.70 ± 3.61 rounds, CSDS: 7.70 ± 1.48
rounds, CSTS: 0.90 ± 0.28 rounds, DSDS: 5.80 ± 1.18 rounds, DSTS:
4.20 ± 1.00 rounds, TSTS: 1.70 ± 0.52 rounds; CsCs vs. CsDs, CsCs vs.
CsTs, CsCs vs. DsDs, CsCs vs. DsTs, CsCs vs. TsTs: t(18) = 0, 1.8788,
0.5004, 0.9348, 1.6458, p = 1, 0.0766, 0.6229, 0.3623, 0.1172,
respectively — thus all comparisons were insigniﬁcant whether using
the Bonferroni correction factor of ﬁve or not: p > 0.05 > 0.05/5).
To identify the neural activity underlying the face-to-face inﬂuence
on cooperation, we next conducted the ﬁrst two analysis steps of
evaluating whether the neural signals were related to (a) the experimental conditions (face-to-face vs. face-blocked), and (b) the behavioral outcomes and strategies. EEG time-frequency analysis describes
how the EEG signals were ﬁrst converted into ERSPs (event-related
spectral perturbations), and then how we tested the ERSP values for
diﬀerences between the face-to-face versus face-blocked conditions as
well as between joint cooperation (for outcome or strategies) versus the
other joint responses (e.g., for strategy, CSCS versus DSDS) for each of 6
brain regions (frontal, fronto-central, left temporoparietal, right temporoparietal, parietal, and occipital). The tests were conducted via two
steps: (1) using a Wilcoxon rank sum test (p < 0.05) to compare the
conditions, outcomes or strategies; and (2) collating these results by
deﬁning signiﬁcant time and frequency regions of interest (timefrequency ROIs). For outcome, again we found no signiﬁcant timefrequency ROIs in the comparisons of CC to CD or DD, so in what
follows, all relationships of neural activity to behavior are with the
behavioral strategies. Results are shown for the right temporoparietal
region in Fig. 3, and the other ﬁve brain regions in Figs. S1 and S2 (see
Supplementary material). Fig. 3A shows the ERSP magnitudes for the
face-to-face and face-blocked conditions, as well as the diﬀerence

Inter-brain synchronization
We used phase locking values (PLVs) to measure potential interbrain synchrony, which scales between 0 and 1, where 1 means perfect
phase synchrony between two signals (see Brain synchronization
analysis); and we examined the frequency and time ranges of the
three time-frequency ROIs found to be associated with the face-to-face
inﬂuence on cooperation, i.e., where both condition (i.e., face-to-face
> face-blocked) and strategy (i.e., CSCS > others) eﬀects were found as
reported in the previous section: (1) alpha band, 0–0.5 s; (2) alpha
band, 1–1.5 s; and (3) beta band, 1.5–2 s. Using these frequency and
time ranges, we ﬁrst investigated whether synchronization between the
brains of the two players depended on the presence of face-to-face
interaction and scalp positions. To do so, we used repeated measures
one-way analysis of variance (RMANOVA) with the condition (face-toface and face-blocked) as a between-participant factor and the electrode pair (1953 pairs for inter-brain phase synchrony) as a withinsubject factor (condition×electrode pair). Signiﬁcant eﬀects of the
between-subject factor were found in the inter-brain phase synchronies
of the alpha band, 0–0.5 s and 1–1.5 s (p < 0.05). In addition,
signiﬁcant interactions of condition×electrode pair were also found in
the inter-brain phase synchronies of all three time-frequency ROIs (p
< 0.05) (Table 1).
We then performed independent two-sample t-tests for every
electrode pair in the alpha band at 0–0.5 s and 1–1.5 s where
signiﬁcant between-group eﬀects were shown, and we found pairs that
showed signiﬁcant condition diﬀerences. Because the EEGs were
recorded at 62 electrode sites, the threshold of signiﬁcance was set to
p=0.05/62. For these electrode pairs, we performed one-way ANOVAs
and post-hoc tests to further identify pairs that might account for the
strategy diﬀerences within the face-to-face condition. Two-sample ttests were conducted as the post-hoc tests: 5 vs. 5 PLVs were compared
between strategies per each electrode pair. As a result, only 11 interbrain synchronies were found to be signiﬁcantly diﬀerent between
strategies in the face-to-face condition, with all showing a diﬀerence
between CSCS and DSDS in the alpha band at 0–0.5 s: FZ-P8, FCZ-P8,
C3-P6, CP6-P2, CP6-PO6, TP8-PZ, TP8-P2, PZ-PO6, P2-PO6, P4-PO4,
and PO4-PO6 (p < 0.05/62, where 62 is the Bonferroni correction
factor) (Fig. 4).
From these results, we see that signiﬁcant inter-brain synchronies
for CSCS vs. DSDS strategy selection in the face-to-face condition
involved right temporoparietal (6/22*100 = 27.3% of synchronization
participation), right parietal (31.8%), right occipital (27.3%), frontocentral (9.1%), and frontal (4.6%). The high participation rate of the
RTP area is consistent with that found for the ERSPs of the RTP area in
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Fig. 3. Time-frequency results for the right temporoparietal area. (A) ERSP magnitudes for the two conditions (face-to-face, FF, and face-blocked, FB), the diﬀerences
between them, and the statistical results. (B) ERSP magnitudes in the face-to-face condition when CSCS and DSDS were used, the diﬀerences between them (FF_CSCS vs. FF_DSDS), and
the statistical results. Signiﬁcant time-frequency ROIs (see EEG time-frequency analysis) are denoted as red dashed rectangles labeled ①-④ on the statistical diﬀerence plots. ① and ③ are
in the alpha band at the [0 0.5] sec time interval. ② is in the alpha band at [0.5 1] sec, and ④ is in the alpha band at [1 1.5] sec.

and the Prisoner's Dilemma Game provides a formal framework to
examine the critical tradeoﬀ of when to work with others, i.e.,
cooperate, or attend to one's self interests, i.e., defect. The payoﬀ also
depends upon what the other person decides to do, and thus sociality
also requires that individuals accurately predict the intentions of
others. To do so, one may use their partner’s previous behavior as
well as other social cues, such as facial expressions. In the current
study, we used the EEG hyperscanning approach to investigate (a) how
face-to-face interactions inﬂuence choices in the Prisoner's Dilemma
Game and (b) the corresponding brain mechanisms that mediate this
process.
To evaluate the eﬀects of face-to-face interaction, we examined both
outcome (the mutual choices and reward payoﬀ on the given round)
and strategy, which captured three key patterns of behavior, measured
across every two consecutive rounds: (1) cooperation (either consecutive cooperation choices by a player or cooperation after the partner
has defected—reﬂecting either a stable cooperation strategy or some
belief that the partner will change to cooperation), (2) defection (either
consecutive defections by a player or as an attempt to exploit the
partner when they cooperated), or (3) tit-for-tat (matching the
partner's previous choice) (Astolﬁ et al., 2009, 2010, 2011; Rilling
et al., 2002). Thus, tit-for-tat is based more strictly on using the
partner's previous choice to maximize longer-term reward; whereas,
for both cooperation and defection additional factors are involved,
such as using additional external cues to determine the partner's
intentions. In the current study, we ﬁrst note that we did ﬁnd fairly
large individual diﬀerences among the participants overall, which
suggests that individuals likely use diﬀerent factors, such as actual
behavioral outcomes vs. nonverbal cues, to varying degrees when
attempting to predict their partner's behavior. Nonetheless, overall
we found that face-to-face contact shifted the joint outcome and the
joint strategy distributions toward cooperation. This result was

Table 1.
Between-subject effects and interactions of condition×electrode pair of inter-brain phase
synchronies for the frequency and time ranges implicated in the EEG time-frequency
results. Condition (face-to-face and face-blocked) was a between-subject factor and
electrode pair was a within-subject factor.
Frequency range

Time
range

F-value

p-value

ηp2

Between-subject eﬀects: Inter-brain phase synchronies
Alpha (8–13 Hz)
0–0.5 s
32.132
3.5589×10−8
0.1064
Alpha (8–13 Hz)
1–1.5 s
3.8931
0.0495
0.0189
Beta (14–30 Hz)
1.5–2 s
1.3154
0.2524
0.0055
Interactions of condition×electrode: Inter-brain phase synchronies
Alpha (8–13 Hz)
0–0.5 s
1.5385
8.8639×10−48
0.0054
Alpha (8–13 Hz)
1–1.5 s
2.3351
7.2659×10−208
0.0082
−4
Beta (14–30 Hz)
1.5–2 s
1.1074
5.8378×10
0.0039

the alpha band at 0–0.5 s, showing signiﬁcant condition (face-to-face >
face-blocked) and strategy (CSCS > DSDS) diﬀerences. Interestingly, the
magnitudes of the synchronies between FZ-P8, FCZ-P8, and C3-P6
were found to be greater when both participants were cooperating
versus when they were defecting (i.e., CSCS > DSDS) (Fig. 4A blue lines
and Fig. 4B for magnitudes), thus implicating synchronization between
the RTP and frontal cortical areas (i.e., frontal and fronto-central)
during mutual cooperation with face-to-face contact. In contrast, the
other pairs were found to be greater when both participants were
defecting (i.e., DSDS > CSCS) (Fig. 4A red lines and Fig. 4B), implicating synchronization between RTP and right parietal and occipital
regions when defecting.
Discussion
Sociality is a critical aspect of our lives and what our brains process,
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Fig. 4. Brain synchrony results. (A) Dorsal view of the inter-brain phase synchronies in the alpha band in the [0 0.5] sec. time interval. Links between electrodes means that the
phase activities were synchronized (note the dot placed at the top of each electrode name, which the lines connect). All synchronies were higher in the face-to-face (FF) than in the faceblocked (FB) condition. Blue lines denote the synchronies that were higher in the CSCS rounds compared to the DSDS rounds in the face-to-face condition (CSCS > DSDS); whereas red
lines denote the synchronies that were higher in the DSDS rounds compared to the CSCS rounds in the face-to-face condition (CSCS < DSDS). (B) Magnitudes of phase synchronies that
showed signiﬁcant CSCS and DSDS joint strategy diﬀerences in the face-to-face condition, which correspond to the links depicted as blue and red lines in (A). *: p < 0.05, **: p < 0.01,
Bonferroni corrected. Inter-brain synchronies represent the average phase locking value (PLV) of the inter-brain analyses conducted for both brains (Player 1 electrode i to Player 2
electrode j and vice versa) (see Brain synchronization analysis). Error bars refer to the standard error of the mean.

achieve reliable results, and we hope our study will encourage others to
adopt and help advance the approach in the future. Nonetheless, our
study was able to collect a comparable amount of data to other recent
hyperscanning studies (e.g., Astolﬁ et al., 2009, 2010, 2011). Moreover,
our statistical analyses were able to identify neural activity signiﬁcantly
related to the behavioral ﬁndings of face-to-face contact promoting
cooperation. With respect to our main manipulation of face-to-face
versus face-blocked, ﬁve of six recorded brain regions (except left
temporoparietal) showed diﬀerences between the face-to-face and faceblocked conditions, suggesting that face-to-face interactions have a
marked inﬂuence throughout the brain, even though apparently not on
social processing conducted in the left temporoparietal region (discussed further below).
To investigate how face-to-face contact aﬀected the willingness to
cooperate in the Prisoner's Dilemma Game, we identiﬁed the brain regions
that showed both condition diﬀerences (face-to-face vs. face-blocked) and
diﬀerences between mutual cooperation and the other outcomes or
strategies. For outcome, we in fact found no cases in which the neural
activity for CC was signiﬁcantly diﬀerent from either CD or DD, suggesting
that either (a) the relevant brain regions were outside of the recording area
(such as deeper structures) or (b) the outcome results were driven by the
behavioral strategies of the participants. For strategy, we found three
regions that exhibited diﬀerences in activity between face-to-face and faceblocked as well as between CSCS and another joint strategy; and in all three
cases there was greater activity in the face-to-face condition (face-to-face >

obtained for both the entire sample of participants as well as for the
smaller EEG participant subgroup. Thus, face-to-face interaction did
appear to produce a higher degree of cooperation among the participants, yielding a higher degree of mutual cooperation both in terms of
speciﬁc round-by-round choices and the strategies employed. Given
that cooperation is a poor strategy if one's partner is expected to defect,
our results suggest that individuals used nonverbal cues to successfully
gauge the intentions of their partner to cooperate.
Mutual cooperation is achieved when each player has enough trust
that the other player would share the ‘best for both’ motivation. Players
in the face-to-face condition appeared to use external visible cues to
infer their partner's intentions, resulting in a greater number of
decisions to cooperate. These cues provided by face-to-face interaction
could (a) contribute to a socio-cognitive assessment of what the other
will do (based on what the other is thinking: i.e., ‘mind reading’) or (b)
lead to heightened socio-emotional processing, e.g., from the potential
social punishment (reﬂected in the partner's face and body language)
(Cromwell and Schultz, 2003; De Quervain et al., 2004; Decety et al.,
2004; Knutson and Cooper, 2005; McCabe et al., 2001; Moll et al.,
2006; O’Doherty, 2004; Rilling et al., 2002; Sanfey, 2007; Spitzer et al.,
2007). The neural ﬁndings can help shed light on the type of processing
promoted by the face-to-face condition.
Being mindful that more participants per condition are always
preferable, we also note that the EEG hyperscanning methodology
remains a relatively new approach, requiring a great deal of precision to
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during defection, but relatively little cortical activity during cooperation (Astolﬁ et al., 2009, 2010, 2011; De Vico Fallani et al., 2010).
Exactly why little was seen in the surface recordings with cooperation
remains unclear (e.g., whether activity was mostly occurring in deeper
structures). Taken together, the previous ﬁndings and ours suggest that
face-to-face contact provided additional cues besides previous behavior
and outcome to anticipate the future intentions of the partner to
determine whether to cooperate or defect.
Indeed, the Tang et al. (2016) study using the fNIRS hyperscanning
approach also reported evidence for RTP region involvement during
face-to-face contact in the Ultimatum Game (more speciﬁcally, in the
right TPJ). The fact that both their study and ours implicated the RTP
region in face-to-face interactions with both the Ultimatum Game and
Prisoner's Dilemma Game suggests that this region may mediate
factors common to both game scenarios (Lee, 2008; Rilling et al.,
2004; Yun et al., 2008); and other related studies help to clarify what
these common factors may be. Jiang et al. (2012) examined the
inﬂuence of face-to-face contact on communication, comparing the
changes in the inter-brain synchronies during a face-to-face dialog, a
back-to-back dialog, a face-to-face monologue, and a back-to-back
monologue using fNIRS hyperscanning. They found a signiﬁcant
increase in between-brain synchronization in the left inferior frontal
cortex during the face-to-face dialog (versus the other conditions),
implying that the degree of social interaction indeed aﬀects the neural
synchronization, which may in turn promote successful communication. Nonetheless, the implicated brain region (left inferior frontal
cortex) appears to be a more dedicated language region and thus
diﬀerent from our ﬁndings. Thus, the RTP activity does not appear to
derive from face-to-face contact alone nor apparently from potential
(nonverbal) communication or simple coordination aspects of the
social interaction. Indeed, with respect to potential lower-level coordination, such as coordinating hand or ﬁnger movements, other hyperscanning studies have implicated other brain regions, such as the
centroparietal (Dumas et al., 2010; Naeem et al., 2012; Tognoli et al.,
2007), superior frontal (Cui et al., 2012), and ventrolateral frontal
(Babiloni et al., 2012) areas. One study examined the coordination of
speech rhythm using an alternating speech task, and did ﬁnd activation
in the temporal and lateral parietal regions (Kawasaki et al., 2013);
however, whether this activity reﬂects auditory and language speciﬁc
processing versus higher-level social processing remains unclear. Thus,
the similarity of our ﬁndings to that of the Tang et al. (2016) study
suggests that the RTP region mediates the use of face-to-face cues to
predict what others will do in either the Ultimatum (accept my
proposed oﬀer; determine honesty of proposer) or Prisoner's
Dilemma (cooperate or defect) Games, particularly with respect to
prosociality (Ultimatum Game: honesty, fairness; Prisoner's Dilemma
Game: cooperation) versus self-interest.
At the same time, our ﬁndings also diﬀer from those of the Tang
et al. (2016) study, most notably (1) that RTP activity increased in the
current study for the prosocial choices (‘CSCS’) but decreased in theirs
(mutual positive predictions), and (2) the brain regions involved in the
inter-brain synchronizations. For the synchronization results, given
that the Tang et al. (2016) study only examined two brain regions (the
rTPJ and dorsolateral prefrontal cortex), potential involvement of
other regions is inconclusive. Nonetheless, they found synchronization
between the two RTP regions of the participants, which we did not.
The discrepancy between the studies’ ﬁndings might include
methodological diﬀerences, but each study also used diﬀerent tests of
social processing: the Ultimatum Game (a modiﬁed version) versus the
Prisoner's Dilemma Game. We consider two main diﬀerences between
these games. First, their Ultimatum Game tested honesty and fairness
of the proposer (and whether they would be punished by oﬀer
rejection) versus more of a direct focus on whether to cooperate in
the Prisoner's Dilemma Game. One might speculate that increased
activity in the RTP region with presumed dishonesty and unfairness
reﬂects the fact that honesty and fairness are normally the expected,

face-blocked) and for CSCS over the other joint strategy: for CSCS > DSDS,
the occipital and RTP regions; for CSCS > CSTS, the parietal region.
High resolution of the temporal dynamics enables precise pinpointing of the neural changes with respect to round events. The signiﬁcant
activity in the RTP region occurred at 0–0.5 s, in the parietal region at
1–1.5 s, and in the occipital area at 1.5–2 s, perhaps implying a topdown progression from the temporoparietal to the occipital region,
which would require further investigation to verify. In any case, the
results of the current study show that the neural activity correlated with
the decisions did not occur just prior to choice, but rather occurred just
after the outcomes were revealed, implicating the activity at this time in
the round in the assessment of the prior choices and outcomes as well
as the following choices. The temporal dynamics thus suggest that
previous choices and outcome played important roles in the future
decisions, that the face-to-face cues used for decision-making appeared
to be processed during this period, and that the RTP region was the
main driver underlying this processing.
The face-to-face condition also led to increased synchronization
between the player's brains; and the RTP area played a prominent role
in the brain-to-brain synchronizations: inter-brain synchronies between the RTP and frontal areas (FZ-P8 and FCZ-P8) were greater
when both players chose cooperative strategies (CSCS > DSDS),
whereas those between the RTP and parieto-occipital areas (CP6-P2,
CP6-PO6, TP8-PZ, and TP8-P2) were greater when both players chose
defection strategies (DSDS > CSCS). These ﬁndings again provide
evidence for RTP involvement in the decision to cooperate or defect
during face-to-face interactions, and further suggests that these interbrain synchronizations are key neural features associated with the
intention to either cooperate or defect by both partners. Moreover,
given that phase synchronization in the ‘CSCS’ case occurred between
one's RTP and the partner's sensorimotor areas, one possibility is that
the synchronization underlies the actual use of nonverbal cues to
predict the other's intentions. For the ‘DSDS’ case, the phase synchronization actually appears to be more broadly distributed, although
here, in posterior areas (Astolﬁ et al., 2009, 2010, 2011; Decety et al.,
2004; Fukui et al., 2006). In any event, further examination of
nonverbal processing in future studies is warranted, focusing on the
relationship between socio-cognitive processing and sensorimotor
areas (Adolphs, 2003, 2009; Saxe, 2006).
Whether the implicated brain regions such as RTP reﬂect sociocognitive assessment of what the partner will do (based on what the
other is thinking: i.e., mind reading) or socio-emotional processing,
e.g., from social punishment, our results leave open the possibility for
socio-emotional processing, particularly given that we did not examine
deeper structures that have been linked to social processing, including
in the Ultimatum Game and Prisoner's Dilemma (both iterated and
single-shot) Game (Lee, 2008; Rilling et al., 2008, 2002, 2004; Rilling
and Sanfey, 2011; Sanfey, 2007). However, according to previous
studies, the right temporal lobe also has been implicated in social
cognition such as visual processing of bodily motion (Pavlova et al.,
2006), perception of agency (Tankersley et al., 2007), perception of the
intentions and dispositions of others (Adolphs, 2003; Puce and Perrett,
2003), and theory of mind (Siegal and Varley, 2002). Speciﬁcally, the
right temporoparietal junction (rTPJ) has been implicated as a key site
that performs computations related to others’ mental states (Adolphs,
2009; Saxe, 2006; Saxe and Kanwisher, 2003; Tang et al., 2016). At the
same time, other neuroscience studies using game-theoretic frameworks have largely found diﬀerent brain regions underlying the social
processing, especially those that mediate outcome (reward and punishment) processing (Cromwell and Schultz, 2003; De Quervain et al.,
2004; Decety et al., 2004; Knutson and Cooper, 2005; Lee, 2008;
McCabe et al., 2001; Moll et al., 2006; O’Doherty, 2004; Rilling et al.,
2002; Sanfey, 2007; Sharp et al., 2012; Spitzer et al., 2007). As
described in the introduction, Astolﬁ and colleagues also conducted a
hyperscanning study using the Prisoner's Dilemma Game and found
greater activity in the theta and alpha bands of the orbitofrontal region
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default states (Sanfey, 2007), whereas the decision to cooperate or not
may depend more on task demands, and thus may not necessarily be
expected (Lee, 2008). Second, with respect to what each player must
consider, in the Prisoner's Dilemma Game, both players must anticipate the other's intentions; whereas in the modiﬁed Ultimatum Game,
although both players must anticipate the other's assessment, both
assessments are based on the proposer's prior behavior (was he/she
honest and fair). Thus, there may be signiﬁcant periods of time when
both individuals are thinking only about the proposer. Taken together,
our ﬁndings provide evidence for how nonverbal social cues from faceto-face contact are used to determine what the other individual is
thinking, especially with respect to whether they will engage in
prosocial, cooperative behavior: i.e., their future intention to cooperate.
We also found four other cases of EEG activity related to the
Prisoner's Dilemma Game strategies but were not aﬀected by the faceto-face interaction (i.e., no diﬀerence between the face-to-face/faceblocked conditions): three of which were the left temporoparietal
region (the other fronto-central cortex). Multiple regions may therefore
underlie the decision to follow a cooperation strategy, but the
temporoparietal region again appears to be a key area, with the right
region appearing to use face-to-face nonverbal cues, while the left
region may not.
Finally, our ﬁndings of signiﬁcantly diﬀerent spectra power and
inter-brain phase synchronization in the alpha band depending on the
degree of social interaction (i.e., face-to-face versus face-blocked
conditions) contribute to a growing number of EEG studies, including
hyperscanning studies, which point to the signiﬁcance of alpha band
activity for high-level cognitive processing. Alpha band activity appears
to mediate visual and auditory working memory (Kawasaki et al.,
2010), interactional synchrony between a model and an imitator of
hand movements (Dumas et al., 2010), cooperation and defection
during the Prisoner's Dilemma Game (Astolﬁ et al., 2011), emotional
empathy during the observation of a musical group's own performance
via video (Babiloni et al., 2012), and human-human communication
coordination (Kawasaki et al., 2013). We now show that both spectra
power and inter-brain phase synchronization in the alpha band
underlie the use of face-to-face cues to predict a partner's intention
to cooperate or defect in the Prisoner's Dilemma Game.
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