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Abstract

Collaboration between two individuals is thought to be associated with the synchrony
of two different brain activities. Indeed, prefrontal cortical activation and alpha fre-
quency band modulation has been widely reported, but little is known about inter-
brain synchrony (IBS) changes occurring during social interaction such as collabora-
tion or competition. In this study, we assess the dynamic of IBS variation in order
to provide novel insights into the frequency band modulation underlying collabora-
tion. To address this question, we used electroencephalography (EEG) to simultane-
ously record the brain activity of two individuals playing a computer-based game
facing four different conditions: collaboration, competition, single participation, and
passive observation. The computer-based game consisted of a fast button response
task. Using data recorded in sensor space, we calculated an IBS value for each fre-
quency band using both wavelet coherence transform and phase-locking value and per-
formed single-subject analysis to compare each condition. We found significant IBS in
frontal electrodes only present during collaboration associated with alpha frequency
band modulation. In addition, we observed significant IBS in the theta frequency band
for both collaboration and competition conditions, along with a significant single-
subject cortical activity. Competition is distinguishable through single-subject activity
in several regions and frequency bands of the brain. Performance is correlated with
single-subject frontal activation during collaboration in the alpha and beta frequency
band.
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1 | INTRODUCTION

Driven by technological progress and insights provided by social neu-
roscience concerning the interactive nature of interpersonal and team
cognition, understanding brain activity dynamics when performing col-
laborative or competitive tasks has gained importance and popularity
(Babiloni & Astolfi, 2014). However, it remains unclear whether col-
laboration or competition is associated with specific brain networks
and frequency band modulation. Therefore, refining and increasing our
understanding of the underlying brain dynamics and mechanisms of
social interactions during task activities will contribute to the further
development of the field and related applications.

Collaboration is perhaps the most studied social interaction in
social neuroscience (Babiloni & Astolfi, 2014). Collaboration between
humans is defined as the act of working together to achieve either mul-
tiple or singular goals, where the success of an individual depends on
the success of another person with which the first individual is interact-
ing in order to achieve that common goal (Mead, 2018; Wood & Gray,
1991). In contrast, competition between humans is defined as the act
of seeking or striving to gain, what another or others are endeavor-
ing to gain at the same time (Mead, 2018). From a neurophysiological
perspective, these two interactions represent specific cases within the
field of social neuroscience, when considering that interactions related
to either collaboration or competition are shaped by the dynamics of
any actions undertaken to achieve a particular goal (e.g., playing music
vs. problem-solving).

Collaboration and competition also echo an important conceptual
model in social neuroscience, referred to as the theory of mind (ToM;
Gallagher & Frith, 2003). ToM outlines a conceptual framework that
provides a basis for assessing an individual’s capacity for empathy and
understanding of others by partitioning human social cognition into
“self” and “other.” Within this framework, the investigation, explana-
tion, and prediction of an individual’s behavior within a social grouping
are enabled by attributing independent mental states, such as beliefs,
desires, emotions, or intentions and proposing which states may reach
consonance during shared activities.

More precisely, inter-human collaboration has been associated with
specific brain networks. Indeed, research results from studies involv-
ing collaborative tasks appear to converge toward an increase of inter-
brain synchrony (IBS) in the frontal (Astolfi, Toppi, et al., 2010; Babiloni
et al., 2012; Dumas et al., 2010; Konvalinka et al. et al., 2014; Wilson
et al., 2008; Yun et al., 2008) and prefrontal areas (Astolfi et al., 2010;
Babiloni et al., 2006; Cui et al., 2012; Funane et al., 2011; Labonte-
Lemoyne et al., 2016; Lindenberger et al. et al., 2009; Schippers et al.,
2010). These studies indicate that the modulation of multiple fre-
quency bands may play a crucial role in the collaboration process.
Indeed, there are indications that these modulations are expressed as
an increase within the alpha, beta, and theta frequency bands depend-
ing on task type (Babiloni et al., 2012; Dikker et al., 2017; Dumas et al.,
2010; Labonte-Lemoyne et al., 2016; Pérez et al., 2017; Sinha et al.,
2017; Toppi et al., 2016).

From a technical and technological perspective, research within
social neuroscience and IBS has opened a window to multiple dis-
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coveries and clinical applications. Indeed, meta-analysis and research
findings have deepened our understanding of the neural structures
and cognitive processes contributing to social behaviors through the
development of new experimental methods, sensor technologies, and
tools for data analysis (Babiloni & Astolfi, 2014; Hagan et al., 2008;
Phan et al., 2002). Furthermore, these new methods and findings have
been amalgamated into clinical practice contributing to the quality of
life improvements among patients presenting social deficits (Astolfi,
Toppi, et al., 2012; Babiloni & Astolfi, 2014; Chiu et al., 2008; Piggot
et al., 2004; Reiss, 2004; Watson et al., 2008). In addition, social neu-
roscience has provided contributions to the direction of human cogni-
tive augmentation in human-human, human-machine teaming, provid-
ing insight to improve team cooperation optimization (Schmorrow &
Fidopiastis, 2011; Stevens et al., 2013). Finally, when viewed as awhole,
the field now offers alternative research paradigms and additional lay-
ers of interpretation through the development of new analysis meth-
ods and protocols (Cui et al., 2012).

Montague et al. (2002) identified a significant limitation within the
field in which most studies only record the brain activity of one per-
son at a time and fail to take into account any synergistic or antagonis-
tic brain activity between multiple participants during social teaming.
However, to address this limitation, a new experimental paradigm was
developed using hyperscanning to study the underlying mechanisms of
social interactions.

Hyperscanning is a technique that consists of recording brain
activity from multiple subjects simultaneously while also simultane-
ously ensuring the temporal synchronization of these data, such that
recorded signals can be compared between and across individuals
(Montague et al., 2002). This technique was first applied within func-
tional magnetic resonance imaging (fMRI) studies (Chiu et al., 2008;
Kauppi, 2010; King-Casas et al., 2005; Li et al., 2009; Montague et al.,
2002; Saito et al., 2010; Schippers et al., 2010; Tomlin et al., 2006) and
was later expanded to include studies utilizing functional near infra-
red spectroscopy (fNIRS) (Babiloni & Astolfi, 2014; Cui et al., 2012;
Dommer et al., 2012; Funane et al., 2011; Liu et al., 2016; Scholkmann
et al., 2013), magnetoencephalography (Ahn et al., 2018; Zhou et al.,
2016), and recently to electroencephalography (EEG; Astolfi et al.,
2010; Babiloni et al., 2006; Dikker et al., 2017; Dumas et al., 2011; Kin-
reichetal.,,2017; Lindenberger et al.,2009; Mu et al.,2017; Pérezet al.,
2017); for a tabular summary of findings from hyperscanning research
utilizing each sensor technology, see Table 1, and for a more recent and
detailed review of the hyperscanning literature, see (Czeszumski et al.,
2020).

Hyperscanning studies utilizing EEG has been used to investigate
collaborative team task-orientated social interaction in several con-
texts, such as when playing music (Babiloni et al, 2012; Linden-
berger et al., 2009), observing team dynamics and the cerebral pro-
cesses involved while playing the “chicken’s game” derived from game
theory (Astolfi et al, 2012; Toppi et al., 2016). Moreover, hyper-
scanning has been used to investigate social decision-making neu-
roeconomics such as when playing the ultimatum game (Horat et al.,
2017; Yun et al., 2008) or in the trust game (King-Casas et al.,

2005). These studies show that hyperscanning is fast becoming a
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reliable and contributive technique for advancing social neuroscience
knowledge.

The common theme linking this body of research is the hypothesis
that collaboration is associated with frontal and prefrontal cortical
synchronization, a phenomenon likened to a “tuning” effect between
individuals. However, it remains uncertain whether collaboration is
associated with an increase of IBS within specific frequency bands
as the dynamics of inter-individual frequency modulations has yet
to be studied in detail (Astolfi et al., 2010; Dumas et al.,, 2010; Pérez
et al, 2017; Sinha et al, 2017). Consequently, studies that refine
and increase the depth of our understanding of brain dynamics and
inter-individual collaborative effort mechanisms will contribute to the
further development of the field and related applications.

To contribute both to a refinement of methods and add depth to
our understanding of the neurophysiological changes in activity associ-
ated with collaborative and competitive effort, we report methods and
results from a study that seeks to replicate and extend the research
performed by Cui et al. (2012). We further develop the experimen-
tal protocol using EEG in place of fNIRS to assess whether collabora-
tion is associated with specific frequency modulations of neurophysi-
ological activation. We seek to determine if collaboration is linked to
an increase of IBS while performing a collaborative task. Furthermore,
we aim to assess if the level of IBS is correlated with performance.
We hypothesize that collaboration while performing a task will induce
collaboration-specific cortical activation and that this activation will be
located predominantly in frontal cortical areas and expressed within
the alpha frequency band. That IBS between participants will increase
during collaboration and that increase in IBS will be correlated with

performance.
2 | METHODS
2.1 | Subjects

Forty-six (23 dyads) healthy participants (17 female), aged (u = 26.48,
o =4.04) were recruited on the basis of normal or corrected to normal
vision and no history of neurological disorder to take part in the exper-
iment. Dyads were randomly selected throughout the sample, and par-
ticipants possessed no prior knowledge of each other prior to taking
part in the experiment. Data from three dyads were redacted due to
technical issues impacting data recording. Each participant was com-
pensated $CAD 30 following the experiment. The study protocol was
approved by the Institutional Review Board of our institution (#2015-
1533-1529), and participants provided written informed consent prior

to participation.

2.2 | Experimental protocol
The protocol used for this study is an iteration and replication of
the study performed by Cui et al. (2012). The experiment consists of

a computer-based game divided into four conditions (collaboration,

competition, single 1 & 2) where both players from each dyad are
seated side-by-side. The collaboration and competition conditions aim
to investigate the potential cortical activation related to these specific
interactions. The two single conditions act as controls to contrast each
individual’s normal levels of cortical activation related to the compe-
tition and collaboration conditions independently. Dyad participants
play on the same computer screen using the same keyboard. A split-
ter panel is installed on the keyboard in order to prevent them from
seeing each other’s hands (see Figure 1). Participants are asked not
to speak or move during testing; several breaks were offered to allow
rest. The experimental tasks were divided into two distinct blocks of
30 trials each, separated with a 30 s resting period, such that each con-
dition consists of three parts block1, rest, block2. The order of tasks
performed within a block for each of the four conditions was random-
ized. For example, a dyad might complete the four tasks in the following

order: single 2, competition, cooperation, single 1.

2.3 | Cooperation

For the cooperative condition, a hollow green circle is presented at
the beginning of each trial (see Figure 2), and a 2-s interval separates
each trial. After arandom delay of 0.6-1.5 s (uniformly distributed), the
greencircle was filled with alighter green disk (“go" signal). Participants
were instructed to press their respective response keys only after the
“go” signal. The time between the “go” signal and the keypress was cap-
tured and stored as “response time” (RT). If the difference between the
RT of the two participants was smaller than a threshold (Equation 1),
both participants earned one point; otherwise, they both lost one point.
Participants were instructed to maximize the number of points earned.
The participant on the right (denoted as participant 1) was instructed
to use the “2” key, and the participant on the left (denoted as partici-
pant 2) was instructed to use the “z” key. A feedback screen was dis-
played for 4 s at the end of each trial showing the total number of points
accumulated. This screen also indicated feedback to the participants
using a green symbol on the left and right edges of the computer screen
highlighting which participant was the fastest (+) and slowest (-), a 2-s

inter-trial interval separated each trial.

24 | Competition

The same experimental timeline and settings were used for the compe-
tition condition. However, in this case, each participant within a dyad
was instructed to respond faster than their counterpart at the “go” sig-
nal. For each trial, the participant who responded more quickly won a
point, while the other kept the same amount of points. If a participant
responded before the “go” signal, they lost a point. To reduce the effec-
tiveness of anticipatory responses, the timing of the “go” signal onset
was randomized (0.6-1.5 s; uniformly distributed) as in the coopera-
tion condition. The feedback screen displayed the word “win!” on the
winner’s side and the word “lose!” on the loser’s side for 1.5 s. Addition-

ally, for consistency purposes, in the cooperation condition, the screen
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FIGURE 1

Diagrammatic representation of the experimental setup, depicting a dyad of participants performing tasks and outlining the signal

processing and analysis methods. Participants are facing a shared screen with a splitter panel installed on the shared keyboard, preventing them

from seeing each other hand movements
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FIGURE 2 Task flow of the cooperation experiment. (a) The ready
signal, (b) the “go” signal indicating participants are to press their
assigned button, (c) feedback window for a given trial. The word
“gagné” means “win” in French, and (d) time in seconds

showed the (+) and (-) signs corresponding to which player was the
fastest and the slowest and the cumulative score for each participant.

2.5 | Single 1 and 2

For the control conditions, all experimental settings were identical

to the competition task, except that in this case, only one partici-

pant was responding while the other passively observed the screen.
As in previous conditions, the active participant was instructed to
press their key as quickly as possible upon seeing the “go” signal, while
the passive participant was instructed to observe the screen passively.
No time limit was imposed upon the responder; if the responder
pressed a wrong key on the keyboard, they lost a point. The feedback
screen displayed responder points. At the end of the task run, the
participation role activity was reversed to allow the current passive
participant to become the active participant and complete the same
task.

2.6 | Data acquisition and preprocessing

We recorded continuous EEG signal using two 32-electrode geodesic
sensor net arrays and Netstation acquisition software and EGI ampli-
fiers (Electrical Geodesics Inc). Impedance levels were measured as
below 50 kQ with a sampling rate of 500 Hz with no online process-
ing performed. The experimental stimuli were presented using E-Prime
2.0 software (Psychology Software Tools Inc.) on a 22-inch LCD screen
with a resolution of 1680 x 1050 pixels. Each EEG sensor net had a sep-

arate dedicated signal amplifier and acquisition computer.
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To synchronize EEG signal acquisition within a dyad, one partici-
pant’s signal amplifier and acquisition computer were designated as the
master clock, with the other set as “slave” to the master clock. This pro-
cess provided data synchronization within 2 ms (+1 ms). Experimental
event markers were synchronized with these data and imported with
the use of Noldus’ Observer XT and Syncbox (Noldus Information Tech-
nology).

EEG raw data were transformed via conversion into a Matlab com-
patible file using BrainVision Analyzer 2.1.1 (Brain Products GmbH).
EEG analysis was then performed using Matlab 2018a (Mathworks)
and the EEGLab Toolbox 14.1.2b (Delorme & Makeig, 2004). The EEG
signal was first downsampled to 256 Hz, and a bandpass filter of 1-40
Hz (60 Hz notch) was applied. Noisy channels or data segments were
identified and marked using artifact subspace reconstruction (SD = 20)
and visual inspection (C.Y.Changet al., 2019; Plechawska-Wojcik et al.,
2018). Independent component analysis (ICA) using the ICA toolbox
(Makeig et al., 2000) with extended infomax set to 1 was applied to
the resulting signal data for all electrode sources to classify signal vari-
ance associated with vertical and horizontal eye-blinks and heart rate
(where applicable), with a maximum of 12 components. When identi-
fied, these components were corrected through manual inspection and
automated action (Jung et al., 2000). An average of 2.05 components
was removed (SD =0.61).

All EEG signal was re-referenced offline using the common linked
mastoid average reference. An FFT was applied to the EEG data to split
the signal into frequency bands, and then the theta (4-7 Hz), alpha (8-
12 Hz), and beta (13-30 Hz) frequency bands were extracted; these
data were then segmented into 3-s epochs starting 1 s (-1-2 s) before
stimulus presentation.

2.7 | Data analysis
An analysis of wavelet coherence, also known as wavelet transform
coherence (WTC), was conducted to assess the relationship between
the EEG signals from both members of a dyad for each frequency
band. WTC is an analysis method that measures the cross-correlation
between two time series as a function of frequency and time (Balconi
& Vanutelli, 2017; Cui et al., 2012; Torrence & Compo, 1998). It can
be considered as the local correlation between two time series (Grin-
sted et al., 2004). WTC is a useful analysis method that allows for
local phase-locked phenomena to be uncovered that are not be dis-
cernible using traditional time-series analysis (Cui et al., 2012; Grinsted
et al.,, 2004). This analysis method is widely applied in specific fields
such as meteorology (Torrence & Compo, 1998) and seismology (Grin-
sted et al., 2004). However, according to Addison (2017), it remains an
infrequent analysis method for neuroscience using EEG signal though
precedent was set in both fMRI and NIRS (C. Chang & Glover, 2010;
Cui et al., 2012) studies, which utilized a hyperscanning experimental
protocol.

To perform the WTC analysis reported here, the Matlab Wavelet
Toolbox (MathWorks Inc.) was utilized. For each channel from each

dyad of participants in the cooperation experiment, we had frequency
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FIGURE 3 (a) Example coherence map showing dyad (#1)
coherence synchrony in the alpha frequency band for channel Fpz, (b)

alpha frequency band coherence synchrony for all
electroencephalography channels for dyad (#1)
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band time-series data (e.g., theta, alpha, and beta in FPz from partici-
pant 1 and theta, alpha, and beta in FPz from participant 2). These time
series were obtained by calculating an average frequency band power
value for each frequency at every second of the recording. WTC anal-
ysis was performed on these data and generated both numerical out-
put and a 2-D coherence map (Figure 3). Within each task block, there
are 30 trials. We aggregated three stimulus events to create a 9-s fixed
interval (3.2-12.8 s) in which we posited meaningful task-brain activ-
ity occurred, giving an average of 10 fixed time intervals. We then cal-
culated an average coherence value for each frequency band during
the two task blocks (block1, block2) of each experimental condition
(collaboration-competition). The same procedure was then applied to
data from the within condition resting period between each task block.

Additionally, we calculated IBS as a “coherence increase” index
defined as the average coherence value for the two task blocks minus
the average coherence value in the task rest period (Equation 2). To
indicate positive synchrony, we set a threshold value of one half, above
which increased synchrony was shown to have been achieved (Cui
et al,, 2012). Once calculated for each channel and frequency band,
coherence increase values were converted to Fisher z-statistics (C.
Chang & Glover, 2010; Cui et al., 2012). Finally, a one-sample t-test of
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Coherence Results Topographic Representation

Collaboration

Participant 1 Participant 2

Competition

Participant 1

Participant 2

Single 1
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FIGURE 4 Topographic representation of coherence results. lllustrative connections represent a significant level of coherence between the
two participants (p < .05). Each color is associated with a frequency band: purple-theta, blue-alpha, yellow-beta

“coherence increase” was performed across all participant dyads. Sig-
nificant results (p <.05) are represented in Figure 4 as indicating dyadic

coherence synchrony.
1
IBS = 5 (IBSpiock1 + IBSpiockz) — IBSest (1)
where inter-brain synchrony index (IBS) is the mean coherence value-

IBSpiock1 and IBSpjock2 are the coherence values for task block 1 and

2. IBSgest is the coherence value during the resting period.

In addition to WTC analysis, single-subject analyses were performed
to compare frequency band modulation across every condition in
order to contrast the WTC results. Thus, all epochs of frequency band
power from a given condition were averaged, and analysis of vari-
ance (ANOVA) was performed with frequency band power as a within-
subject factor across all of the four conditions. As a post hoc test,
paired-sample t-tests were performed on significant ANOVAs. In order
to avoid either type | or type Il error, we fixed a significance level of 5%
determined with a 10,000-iteration permutation test, for both ANOVA
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and paired-sample t-test.

S == (RL+R2) (2)

eI =S

Equation (2) indicates response times threshold. S is the threshold-
R1 and R2 are the response times of the participants 1 and 2. The
parameter 1/8 was chosen to ensure the task achieved a reasonable
level of difficulty.

Finally, reaction times were defined as the duration in milliseconds
between stimulus presentation and participant button response. For
each condition, a mean reaction time value was calculated. ANOVA was
performed with reaction time as a within-subject factor across all con-
ditions. Note that the single 1 and single 2 conditions, where one partic-
ipant observes the other performing the task, are not included in these
behavioral analyses. Task performance was calculated as the number
of points accumulated and converted into a percentage for each condi-
tion. Correlation analyses were performed in order to assess the rela-
tionship between performance and both “coherence increase” and sin-
gle subject cortical activation.

Phase-locking value (PLV)

To explore a different and potentially complementary IBS mea-
sure and how this compares with wavelet coherence, the EEG data
were analyzed to derive the PLV to detect synchronicity between each
dyad’s brain recording (Dumas et al., 2010). EEG data were first filtered
to the desired frequency band (theta, alpha, and beta) using a finite
impulse response filter (Lachaux et al., 1999; Namburi, 2011). Data
were then transformed using Hilbert methods for specific bands: theta
(4-8 Hz), alpha (8-13 Hz), and beta (13-30 Hz). Finally, the PLV was
extracted/calculated using a Matlab function (Namburi, 2011). Thus,
for a given dyad, these data consisted of a vector of 768 samples of
PLV per condition and electrode. Following Namburi’s (2011) guide-
lines, the first and last 100 samples of each stimulus epoch were dis-
carded to remove edge artifacts due to the PLV transform, leaving 568
samples for a given dyad condition and electrode pair.

To determine whether the PLV were significantly different, we then
averaged all PLV for each dyad, per stimulus epoch for a given condi-
tion and electrode. We then performed a repeated-measures ANOVA
(p-values Bonferroni-corrected for multiple comparisons) with a three-
by-four design using frequency (3) and task condition (4) as fixed fac-
tors for each target electrode. Electrode targets were derived from the
significant activity reported from the WTC analysis. Only significant
values with the Greenhouse-Geisser correction applied were reported
(Greenhouse & Geisser, 1959).

3 | RESULTS

Our goal using frequency band activity in sensor space as a proxy
to infer increased activation was to determine if collaboration was
associated with specific cortical activation by assessing the corti-
cal activation synchrony of multiple dyads using wavelet coherence
and PLV.

3.1 | Coherence results

Shown in Figure 4 is a topographical representation of the coher-
ence results. In this figure, connections represent false detection rate
(FDR)-corrected significant synchrony between dyad participants for
each condition. All coherence results were produced via ANOVA (FDR-
corrected) analysis of the fixed period interval (3.2-12.8 s) discussed
in Section 3. This period includes the trial period (~7 s), inferring that
any reported coherence synchrony increase during this interval is task-
related.

In the collaboration condition higher coherence levels were
reported in Fpz (t(18) = -2.077, p = .042) and F7 (t(17) = 2.239,p =
.039) in the alpha frequency band. Similar increases in coherence in
the alpha frequency band were also observed in the competition and
single 1 conditions at Pz (t(15) = -2.223, p = .042) and P7 (t(17) =
3.476, p = .003) respectively. In this analysis, both the collaboration
and competition conditions showed significantly increased theta
frequency band coherence synchrony in both occipital and parietal
electrodes. More precisely, for the competition condition, higher
coherence synchrony was detected at Oz (t(17) = 2.813, p = .012)
and in both the left P9 (t(14) = 4.737, p < .001) and right P4 (t(18) =
-2.225, p = .039) parietal electrodes, while those in the collaboration
condition demonstrated higher coherence synchrony at P9 only (t(14)
= -2.126, p = .042). This compares favorably against the single con-
ditions that did not show a similar theta frequency band coherence
synchrony increase (p > .05). However, enhanced levels of coherence
synchrony were found in parietal electrodes in the beta frequency
band across all conditions (P3cojiaboration, t(18) = 2.388, p = .028;
P7 competition: t{17) = 3.476, p = .003; T8gjngle 1, t(16) = -2.269, p =
037; P7gingle 1, t(17) = 2.345, p = .031; Pzgjnge 1, t{15) = 3.878, p =
002; P7gingle 2, t(17) = 2.730, p = .014). An illustrative coherence map
from a dyad of subjects can be seen in Figure 3.

3.2 | Single-subject results

The coherence synchrony increase observed in several conditions and
frequency bands present interesting results. However, for complete-
ness, these results require comparison with single-subject trials to
ascertain if any significant social-condition-specific effects remain. To
determine this, we compared frequency band power in the alpha, beta,
and theta bands across conditions through ANOVA and paired t-test
post hoc testing.

The results from the ANOVA analysis reported significant differ-
ences in all frequency bands for all conditions. However, only the com-
petition condition was determined to be significantly different from
all other conditions after post hoc testing (p < .05, FDR-corrected).
First, differences were observed in the theta frequency band in frontal,
frontal left, and left temporal electrodes (p < .05). Moreover, post
hoc tests confirmed that social conditions were associated with higher
theta power in frontal (F7, Fz) and temporal (T8) regions (p < .05)

when compared to single conditions. Furthermore, post hoc tests also
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revealed that competition was different from all other conditions in
the frontocentral FCz (p < .05). Second, significant differences were
found in the alpha frequency band in frontal and parietal electrodes
(b < .05). Post hoc testing confirmed that social conditions are associ-
ated with activity in both the frontal left (F3) and frontal right (F8) elec-
trodes, with significant activity also reported in the parietal electrodes
(Pz, P7, P10; p < .05). Third, significant differences in beta frequency
band were found in frontal/frontal right, temporal left, and right pari-
etal electrodes. Post hoc testing confirmed differences between social
conditions compared to non-social single conditions in frontal (Fz, F10),
temporal left (T7), and right parietal (P10; p <.05).

3.3 | PLV results

To analyze PLV data, we utilized the significant results reported
from the wavelet coherence analysis to target specific electrodes
to determine if significant frequency activity remained consistent
across different measures of synchronous activity. The aim was
to determine if the same significant activity remained consistent
between these two different and potentially complementary forms of
analysis.

We utilized a three-by-four repeated measures ANOVA design to
test the main effect of frequency (3) variation within task conditions
(4). Where significant effects were found, additional pairwise compar-
isons (Bonferroni-corrected) were performed.

As per the WTC analysis, the frontal Fpz, F7, F3, F8, Fz, F10, Fp1,
Fp2; parietal Pz, P7, P4, P9, P3; temporal T8, T7; and occipital Oz elec-
trodes were selected as targets for testing. While not strictly neces-
sary for this form of analysis, for completeness, we detail any significant
reported effects, as these may potentially increase our understanding
of overall frequency band activity during social collaborative and com-
petitive activities when compared to single active and single passive

activities.

3.3.1 | Frontal
For electrode Fpz, the test of within-subjects effects reported a sig-
nificant variation in frequency (F(2,11.670) p = .000). However, no
significant main effect was reported for task condition or interaction
between frequency variation within task condition. Pairwise compar-
isons showed that the significant effect of frequency was predomi-
nantly in the theta band, compared to beta (p = .001). In the cases of
Fp1 and Fp2, the test of within-subjects reported a significant variation
in frequency in both cases Fp1 (F(2,6.603) p =.009), Fp2 (F(2,3.685) p =
.039). Pairwise comparisons showed that for Fp1, the frequency effect
was in the beta frequency band when compared to theta (p = .008).
However, Fp1 comparisons failed to report any significant variance. In
both cases, no significant main effect within task condition or interac-
tion between frequency variation within task condition was reported.
The tests for electrode F3 reported a significant variation in fre-

quency (F(2,7.340) p = .003). However, no significant main effect for
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task condition or interaction between frequency variation within task
condition was reported. Pairwise comparisons showed that the sig-
nificant effect of frequency was predominantly in the beta frequency
band, compared to theta (p = .006). Similarly, the tests performed for
electrode Fz reported a significant variation in frequency (F(2, 9.284)
p = .001). However, no significant effect of task condition or fre-
quency variance within task condition was reported. Pairwise com-
parisons showed the frequency effect to be predominantly beta when
compared with theta (p = .001) activity. No significant effects were
reported for electrodes F7 and F8 in any frequency band or task
condition.

Additionally, a significant effect of frequency was reported for elec-
trode F10 (F(2,4.680) p = .016) and frequency within task condition
(F(6,2.755) p = .034). Pairwise comparisons showed the variance in
frequency was principally in the beta frequency band when compared
with theta (p =.017). However, the significant interaction of frequency
within task condition failed to reach significance in any task group com-

parisons.

3.3.2 | Parietal

Moving to parietal electrodes, the test of within-subjects for elec-
trode P3 reported no significant variation within the frequency, task
condition, or frequency within task condition. However, the test
of within-subjects for electrode P4 reported a significant variance
in frequency (F(2,19.736) p = .000), and frequency by task condi-
tion (F(6, 3.315) p = .024). Pairwise comparisons showed that this
effect of frequency variance occurs in the theta band during the
collaborative task condition when compared with the competition
(p = .041) and also when compared with the single active condition
(p=.004).

The tests for electrode Pz reported a significant variation in fre-
quency (F(2,9.597) p=.001). However, no significant effect of task con-
dition or frequency variance within task condition was reported. Pair-
wise comparisons showed the frequency effect to be predominantly
in the theta band when compared with beta (p = .001). Similarly, with
P7 a significant variation in frequency was reported (F(2,22.237) p =
.000). However, no significant main effect of task condition or interac-
tion between frequency within condition was reported. Pairwise com-
parisons showed that the variance in frequency was predominantly for
greater theta band activity when compared with alpha (p = .000) and
beta (p =.000).

For electrode P9 a significant variation in frequency was reported
(F(2,9,772) p = .003), and pairwise comparisons showed this variance
to be predominantly in the theta frequency band when compared with
alpha (p = .012) and beta (p = .022). However, this activity failed to
reach significance for frequency within task or task condition. Similarly,
for electrode P10, a significant variation in frequency was reported
(F(2,10.787) p =.002), and pairwise comparisons showed this variance
to be predominantly in the beta frequency band when compared with
theta (p = .002). However, this activity failed to reach significance for

task condition or frequency within task condition.
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FIGURE 5 Mean and variance in reaction times across conditions

3.3.3 | Temporal

Inthe case of electrodes T7 and T8, the test of within-subjects reported
a significant variation in frequency for T7 (F(2,5.360) p = .014). How-
ever, no significant activity was reported in pairwise comparisons in
any frequency but rather a trend toward higher beta frequency activity
(p = .053), compared with theta activity. In both cases, no significant
main effect within task condition or interaction between frequency

band variation within task condition was reported.

3.34 | Occipital

The test of within-subject effects for electrode Oz reported a signifi-
cant main effect of frequency (F(2,19.308) p = .000) and task condition
(F(3,3.215) p = .042). Pairwise comparisons showed that the frequency
variance was predominantly for greater theta activity, compared to
alpha (p =.18) and beta (p = .00). Further comparisons showed that the
significant theta activity was present in the collaborative task condition
when compared to the single active task (p =.013) and trending toward
significance, compared with the single passive task (p = .055). This sig-
nificant activity remained when comparing frequency within task con-
dition, comparing collaboration with single active task conditions (p =
.015). However, the trend toward significance comparing collaboration
with the single passive task condition disappeared.

3.4 | Behavioral results
We compared the mean reaction times between collaboration, compe-
tition, and single-active conditions. We did not find any significant dif-
ferences across these conditions (p = .056; see Figure 5).

Concerning performance, correlations with reports of increased
coherence synchrony values in any channels were not significant (p >
.05) for any of the conditions. However, correlations between perfor-

mance and single subject activation showed significant results in col-

laboration. In fact, activity in the alpha frequency band in F4 is neg-
atively correlated with performance (r = -0.338, n = 40, p < .05).
Although, performance is also correlated with beta frequency band
inFz(r=-0.350,n=40,p <.05), Fpz (r=-0.484,n = 35,p < .01), Fp1
(r=-0.357,n=35,p <.05),and Fp2 (r=-0.384,n = 35, p < .05). Other

conditions were not correlated with performance.

4 | DISCUSSION

This study aimed to replicate the work of Cui et al. (2012) by adapt-
ing the reported hyperscanning experimental procedure using syn-
chronous EEG recordings taken from dyad participants, to assess the
level of coherence synchrony between EEG frequency bands during
collaborative and competitive social tasks. We utilized both wavelet
coherence transform and PLV as measures from which to perform our
analysis. In this regard, it appears that for this study, WTC is potentially
more sensitive to frequency variance than PLV for instances involving
IBS during the task conditions. Moreover, while PLV was less sensitive
in some of these instances, it did capture significant gross frequency
activity at the same locations as the WTC providing some convergent

validity to our results.

4.1 | Hypothesis testing
In terms of our initial hypothesis, that collaboration while performing
a task will induce collaboration-specific cortical activation. The EEG
data analysis results provide some evidence to support this hypoth-
esis, indicating an increase in coherence synchrony in the prefrontal
cortex between dyad members in the alpha frequency band during
the collaborative task. Therefore, we postulate that tasks induce col-
laboration while performing collaboration-specific cortical activation
focused in frontal cortical areas within the alpha frequency band and
that coherence synchrony occurs between participants during collabo-
ration. There is support for this assertion provided by the identification
of phase-locked alpha (9—14 Hz) in the centro-parietal region during
coordinated hand movements (Dumas et al., 2010) and imitated finger-
pointing (Naeem et al., 2012). Furthermore, the parietal cortex has
been implicated in the flexible representation of task-reward and later
switching to task processing (Wisniewski et al., 2015). This may help
explain our observed parietal beta frequency activity across all condi-
tions, notably competition, in which a constant reevaluation of actions
associated with perceptions of self and others is required to complete
the tasks, which switches to a purely “self” evaluation with associated
reward and cognitive load balancing mechanisms for competitive task
completion. However, this increase in coherence synchrony between
participants does not equate to increased task performance in terms of
reaction speeds. Furthermore, it is our opinion that this lack of perfor-
mance increase is not generalizable to other forms of collaborative task
but rather an artifact of this specific synthetic task.

Moreover, it was observed that collaborative effort appears to

induce phase-locked coherence synchrony of cortical activity in the
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thetafrequency band. The occurrence of theta band activity during col-
laborative efforts is an interesting finding and one that has been pre-
viously observed (Pérez et al., 2017; Sciaraffa et al., 2017; Szymanski
et al,, 2017; Toppi et al., 2016) yet remains largely unexplained. There
is some evidence to suggest that the processing of stimuli is controlled
through top-down processing mechanisms that strongly influence the
intrinsic dynamics of thalamocortical networks to create predictions
concerning forthcoming sensory stimulus events constantly. It is sug-
gested that these predictions may be embodied in the temporal struc-
ture of stimulus-evoked and ongoing activity and that synchronous
oscillations are of particular importance in this process (Engel et al.,
2001).

4.2 | Social alignment feedback loop as a mean
to interpret coherence synchrony

Interpreting the increase in theta activity reported from our analysis
in the context of coherent interpersonal interaction during an active
task, we speculate that the observed increase in theta activity during
the cooperative task could be related to the recruitment and synchro-
nization of the mirror neuron (lacoboni et al., 2005) and predictive cod-
ing systems (Clark, 2013) during cooperative task completion, serving
to aid in the synchronization of explicit motor activity between both
active agents. That is, when performing a cooperative task, executive
control and synchronized motor activity may be facilitated through the
mirror neuron system as a part of a feedback system mediated by per-
ceived success or failure. Over time, this network-specific feedback
system could potentially allow for synchrony of brain and motor activ-
ities between cooperating human agents while performing a cooper-
ative task as one of multiple elements within an intra-interpersonal
gestalt of top-down processing. Shamay-Tsoory et al. (2019) recently
proposed a three-component social alignment feedback loop consist-
ing of three systems: one system to react to alignment and another
system that reacts to misalignment third, which determines misalign-
ment and realigns behavior at the point of perceived alignment. This
social alighment feedback loop appears to provide a framework in
which theta oscillations, mirror neuron, and predictive coding network
activity and other high-level factors such as motivational, empathetic,
and cognitive energetical processes integrate with “ToM” (Gallagher &
Frith, 2003) and top-down processing to give rise to IBS during cooper-
ative tasks.

Indeed, theta frequency oscillations have been shown to carry
stimulus-specific information to the visual cortex in the case of focused
attention and are related to successful working memory performance
(Ekstrom et al., 2005). Moreover, there is evidence that these oscilla-
tions have far-reaching effects that branch out from the hippocampus
to distant cortical areas (Caplan et al., 2003). Therefore, it may be fair
to posit that IBS is facilitated by theta oscillations in a social context
as each agent within a cooperative social task consciously or uncon-
sciously attempts to synchronize behavior in order to complete the
task. Thus, using the social alignment feedback loop as a framework to

explain IBS, a recognition system activates to identify that cooperative
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synchronous activity that is required to complete a task. This then leads
to mirror neuron and predictive coding network activation, and theta
oscillations emerge to synchronize intra- and inter-brain activity and
task behaviors to provide a degree of behavioral mimicry potentiated
by social dynamics mediated through higher-level factors (ToM).

Alternatively, if we interpret our results in terms of similar task
activity, this observed increase in theta activity in parietal and occipital
cortices could be due to participants performing very similar actions
to complete the task potentially enhanced by proximity in group set-
tings. This explanation has been explored in studies involving listen-
ing to music (Abrams et al., 2013) and watching movies (Nummenmaa
et al,, 2012); in these studies, the emotional response was posited as
the interbrain synchronizing factor. Another study investigating the
synchronization of human-machine speech rhythms (Kawasaki et al.,
2013) posited the possibility that motor movement similarity could
explain the theta-alpha IBS. In these social context studies, participants
performed the same tasks without any form of interpersonal interac-
tion. However, IBS was observed after analysis, leading to a conclusion
that similar tasks involve similar neurophysiological solutions, thus giv-
ing rise to the appearance of synchronous activity when data is ana-
lyzed post hoc.

In the current study, participants are in the same room performing
the cooperative task simultaneously. Given this context, we would
posit that the observed increase in theta activity emerges as part of
cooperative interaction as opposed merely to a property of a shared
task. However, a shared task effect cannot be ruled out, and future
work with refined experimental design may highlight this effect.

As a replication study, the results reported in this manuscript
are well aligned with those of Cui et al. (2012) concerning the
increase in dyadic coherence synchrony taking place in the frontal
cortex. However, our results provide additional insight in which we
observed significant beta frequency parietal and occipital coher-
ence synchrony in every condition. Furthermore, this multi-frequency
oscillatory dynamic across the cortical hierarchy has been recently
observed (Lundqvist et al., 2020), indicating that identifying specific
frequency band synchrony as evidence of dyadic task-related adapta-
tion may not be as strong as capturing a full-spectrum heuristic of oscil-
latory and inferred neural activity. In light of our results, we can infer
that coherence synchrony is not inherently coupled to a collaborative
effort but rather that collaboration requires the recruitment of the pre-
frontal cortical areas, which is expressed as an observable increase in
alpha-band activity. However, contrary to the work of Cui et al. (2012),
we did not find any significant difference in reaction times during col-
laboration but instead observed a similar trend regarding somewhat
faster reaction times in the competition condition. Similarly, we did not
find any correlation between inter-brain synchrony and performance,
leading to an interpretation of the results that favors the null hypothe-
sis that increases in IBS will not be correlated with performance in this spe-
cific instance.

From a single subject perspective, we observed a condition-related
modulation of frequency band activity. We interpret these results such
that task-related social interaction can be associated with activation of

specific brain regions, that is, prefrontal regions and higher frequency
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band power when compared to either passive or active single condi-
tion tasks. Such regions are consistently activated across different spe-
cific paradigms and experiments (Babiloni & Astolfi, 2014), not only
in the isolated brain of a given participant but also when considering
the coherence synchrony of both signals from a dyad of participants
(Babiloni & Astolfi, 2014; Babiloni et al., 2007; Dikker et al., 2017). The
presence of the activation of the prefrontal cortices in almost all of
the research studies in the field strongly suggests that activity in the
associative cortex contributes to social interaction (Babiloni & Astolfi,
2014; Cui et al., 2012; Toppi et al., 2015). Therefore, our findings add
further evidence to strengthen the hypothesis that increased coher-
ence synchrony during collaborative tasks and social interactions rely
on the dynamic activation of frontal, temporal, and parietal cortical
regions.

When taken as a whole, our analysis results provide additional, if
tentative, evidence to confirm the role given to prefrontal regions in
relation to social behavior. More precisely, the superior frontal cortex
is considered by several researchers in the field as playing a central role
in the ToM (Cui et al., 2012; Ritter et al., 2011). A pragmatic investiga-
tion involving certain populations such as individuals with autistic syn-
drome disorder (ASD) may further research in this area, through the
comparison of brain activity of those from the ASD population with
those classified as “neurotypical” under collaborative or competitive
task conditions, considering that ASD has been associated with deficits
in ToM (Baron-Cohen, 2006).

5 | LIMITATIONS AND FUTURE WORK

There are a number of potential research approaches that may add
valuable data to the field. First, by investigating the dynamics of coher-
ence synchrony increases with regard to the familiarity of dyad mem-
bers to include the nature of their relationship (e.g. professional vs.
intimate), it may be interesting to question whether higher familiar-
ity is associated with higher coherence synchrony during a collabo-
rative task. A second approach may investigate the reported correla-
tion between performance and coherence synchrony increase through
task difficulty or feedback modulation. For example, it would be possi-
ble to give predetermined feedback (false information) after each trial
to dyad participants and observe how this affects IBS. It would then
be possible to determine how feedback and perceived performance
modulates a participant’s brain activity. Third, the research reported
here could be replicated as a technology-mediated protocol, where
participants are not located side-by-side locally but rather separated
by locale. The goal would be to assess the importance of physical pres-
ence to social interaction and increases in coherence synchrony dur-
ing task performance. Last, a more ecological task (e.g., a cooperative
video game) could be used to investigate the relationship between
brain activity and social interaction. Other than flight simulation stud-
ies (Astolfi et al., 2012; Toppi et al., 2016), few experimental studies
utilize ecologically valid tasks and environments. However, some early
work has been reported using a cooperative video game (Labonte-

Lemoyne et al., 2016), yet there remains a vast knowledge gap in our

understanding regarding cooperative and competitive social interac-
tions. Finally, considering the growing interest in the industry for new
technologies that optimize team cooperation and efficiency, methods
such as wavelet coherence transform and hyperscanning may become
important tools to develop these technologies.

6 | CONCLUSION

In summary, our results suggest that social interaction during collab-
orative and competitive tasks can be associated with brain activity in
specific cortical regions, namely, the prefrontal and parietal regions
expressed as higher frequency band power, compared to single con-
dition tasks, either passive or active. Our results consolidate previ-
ous research findings that are converging toward the key role of the
alpha and theta frequency band activity within the frontal and pre-
frontal cortices (Babiloni & Astolfi, 2014) and raise questions concern-
ing the unclear role of the beta frequency band during collaborative
or competitive tasks. From a methodological point of view, our study
illustrates that wavelet coherence analysis applied to EEG hyperscan-
ning data offers a powerful tool to study social cognition in a variety
of contexts and populations. Not only does it contribute to increas-
ing the depth of our understanding of the underlying brain dynamics
and mechanisms of social interactions, but it also opens a completely
new field of research-oriented toward industry and the development

of technologies focused on increasing team efficiency.

ACKNOWLEDGMENTS

We thank the staff and in particular the research assistants at the
Tech3Lab from HEC Montréal for their support and devotion. All the
time, passion, and hard work from the operational team who faced
technological challenges to make this hyperscanning experiment areal-
ity. This research is supported by a Natural Sciences and Engineering
Research Council discovery grant (NSERC/CRSNG - #435591-2013).
The funders had no role in study design, data collection, and analysis,

decision to publish, or preparation of the manuscript.

CONFLICT OF INTEREST

The authors assert that they have no competing interests.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on request
from the corresponding author. The data are not publicly available due
to restrictions from the institutional review board (IRB) of our institu-
tion, as they contain information that could compromise the privacy of

research participants.

TRANSPARENT PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.2270

ORCID

Paul Léné " https://orcid.org/0000-0002-6318-5933


https://publons.com/publon/10.1002/brb3.2270
https://publons.com/publon/10.1002/brb3.2270
https://orcid.org/0000-0002-6318-5933
https://orcid.org/0000-0002-6318-5933

. Brain and Behavior
vt | WILEY fOpen Access)

REFERENCES

Abrams, D. A, Ryali, S., Chen, T,, Chordia, P, Khouzam, A, Levitin, D. J,
& Menon, V. (2013). Inter-subject synchronization of brain responses
during natural music listening. European Journal of Neuroscience, 37(9),
1458-1469. https://doi.org/10.1111/ejn.12173

Addison, P.S. (2017). The illustrated wavelet transform handbook: Introductory
theory and applications in science, engineering, medicine and finance. CRC
Press.

Ahn, S., Cho, H., Kwon, M., Kim, K., Kwon, H., Kim, B. S.,Chang, J. W., & Jun,
S. C. (2018). Interbrain phase synchronization during turn-taking ver-
bal interaction—a hyperscanning study using simultaneous EEG/MEG.
Human Brain Mapping, 39(1), 171-188. https://doi.org/10.1002/hbm.
23834

Astolfi, L., Cincotti, F., Mattia, D., De Vico Fallani, F., Salinari, S., Vecchiato, G.,
Toppi, J., Wilke, C., Doud, A, Yuan, H., He, B., & Babiloni, F. (2010). Imag-
ing the social brain: Multi-subjects EEG recordings during the "Chicken’s
game. 2010 Annual International Conference of the IEEE Engineeringin
Medicine and Biology Society, EMBC’10, Buenos Aires, Argentina (pp.
1734-1737). https://doi.org/10.1109/IEMBS.2010.5626708

Astolfi, L., Toppi, J., Borghini, G., Vecchiato, G., He, E. J.,, Roy, A., Cincotti,
F., Salinari, S., Mattia, D., He, B., & Babiloni, F. (2012). Cortical activity
and functional hyperconnectivity by simultaneous EEG recordings from
interacting couples of professional pilots. Proceedings of the Annual
International Conference of the IEEE Engineering in Medicine and Biol-
ogy Society, EMBS, San Diego, CA, USA, (pp. 4752-4755). https://doi.
org/10.1109/EMBC.2012.6347029

Astolfi, L., Toppi, J., De Vico Fallani, F., Vecchiato, G., Salinari, S., Mattia, D.,
Cincotti, F., & Babiloni, F. (2010). Neuroelectrical hyperscanning mea-
sures simultaneous brain activity in humans. Brain Topography, 23(3),
243-256. https://doi.org/10.1007/s10548-010-0147-9

Babiloni, F., Cincotti, F., Mattia, D., Mattiocco, M., De Fallani, F. V., Tocci, A.,
Binachi, L., Marciani, M. G., & Astolfi, L. (2006). Hypermethods for EEG
hyperscanning. 28th Annual International Conference of the IEEE Engineer-
ing in Medicine and Biology, New York, NY, USA (pp. 3666-3669). https://
doi.org/10.1109/IEMBS.2006.260754

Babiloni, F., Cincotti, F.,, Mattia, D., De Vico Fallani, F.,, Tocci, A., Bianchi,
L., Salinari, S., Marciani, M., Colosimo, A., & Astolfi, L. (2007). High-
resolution EEG hyperscanning during a card game. 29th Annual Inter-
national Conference of the IEEE Engineering in Medicine and Biology,
Lyon, France (pp. 4957-4960). https://doi.org/10.1109/IEMBS.2007.
4353453

Babiloni, C., Buffo, P, Vecchio, F., Marzano, N., Del Percio, C., Spada,
D., Rossi, S., Bruni, I., Rossini, P. M., & Perani, D. (2012). Brains “in
concert”: Frontal oscillatory alpha rhythms and empathy in profes-
sional musicians. Neurolmage, 60(1), 105-116. https://doi.org/10.1016/
j.neuroimage.2011.12.008

Babiloni, F., & Astolfi, L. (2014). Social neuroscience and hyperscan-
ning techniques: Past, present and future. Neuroscience & Biobehavioral
Reviews, 44,76-93. https://doi.org/10.1016/j.neubiorev.2012.07.006

Balconi, M., & Vanutelli, M. E. (2017). Cooperation and competition with
hyperscanning methods: Review and future application to emotion
domain. Frontiers in Computational Neuroscience, 11, 86. https://doi.org/
10.3389/fncom.2017.00086

Baron-Cohen, S. (2006). The hyper-systemizing, assortative mating theory
of autism. Progress in Neuro-Psychopharmacology and Biological Psychiatry,
30(5),865-872. https://doi.org/10.1016/j.pnpbp.2006.01.010

Caplan, J. B., Madsen, J. R., Schulze-Bonhage, A., Aschenbrenner-Scheibe,
R., Newman, E. L, & Kahana, M. J. (2003). Human 6 oscillations
related to sensorimotor integration and spatial learning. Journal of
Neuroscience, 23(11), 4726-4736. https://doi.org/10.1523/jneurosci.
23-11-04726.2003

Chang, C. Y., Hsu, S. H., Pion-Tonachini, L., & Jung, T. P. (2019). Evaluation
of artifact subspace reconstruction for automatic artifact components
removal in multi-channel EEG recordings. IEEE Transactions on Biomedi-
cal Engineering, 67(4), 1114-1121.

Open Access

LENEETAL.

Chang, C., & Glover, G. H. (2010). Time-frequency dynamics of resting-
state brain connectivity measured with fMRI. Neuroimage, 50(1), 81-
98.

Chiu, P. H., Kayali, M. A, Kishida, K. T.,, Tomlin, D., Klinger, L. G., Klinger,
M. R,, & Montague, P. R. (2008). Self responses along cingulate cortex
reveal quantitative neural phenotype for high-functioning autism. Neu-
ron, 57(3), 463-473. https://doi.org/10.1016/j.neuron.2007.12.020

Clark, A. (2013). Whatever next? Predictive brains, situated agents, and the
future of cognitive science. Behavioral and Brain Sciences, 36(3), 181-204.
https://doi.org/10.1017/50140525X12000477

Cui, X, Bryant, D. M., & Reiss, A. L. (2012a). NIRS-based hyperscanning
reveals increased interpersonal coherence in superior frontal cortex
during cooperation. Neurolmage, 59(3), 2430-2437. https://doi.org/10.
1016/j.neuroimage.2011.09.003

Czeszumski, A., Eustergerling, S., Lang, A., Menrath, D., Gerstenberger, M.,
Schuberth, S., Schreiber, F., Rendon, Z. Z., & Kénig, P. (2020) Hyperscan-
ning: A valid method to study neural inter-brain underpinnings of social
interaction. Frontiers in Human Neuroscience, 14, 39. https://doi.org/10.
3389/fnhum.2020.00039

Delaherche, E., Dumas, G., Nadel, J., & Chetouani, M. (2015). Auto-
matic measure of imitation during social interaction: A behavioral and
hyperscanning-EEG benchmark. Pattern Recognition Letters, 66, 118-
126. https://doi.org/10.1016/j.patrec.2014.09.002

Delorme, A., & Makeig, S. (2004). EEGLAB: An open sorce toolbox for analy-
sis of single-trail EEG dynamics including independent component anlay-
sis. Journal of Neuroscience Methods, 134, 9-21. https://doi.org/10.1016/
j.jneumeth.2003.10.009

Dikker, S.,Wan, L., Davidesco, ., Kaggen, L., Oostrik, M., McClintock, J., Row-
land, J., Michalareas, G., Van Bavel, J. J,, Ding, M., & Poeppel, D. (2017).
Brain-to-brain synchrony tracks real-world dynamic group interactions
in the classroom. Current Biology, 27(9), 1375-1380. https://doi.org/10.
1016/j.cub.2017.04.002

Dommer, L., Jiger, N., Scholkmann, F., Wolf, M., & Holper, L. (2012).
Between-brain coherence during joint n-back task performance: A two-
person functional near-infrared spectroscopy study. Behavioural Brain
Research, 234(2),212-222. https://doi.org/10.1016/j.bbr.2012.06.024

Dumas, G., Lachat, F., Martinerie, J., Nadel, J., & George, N. (2011). From
social behaviour to brain synchronization: Review and perspectives
in hyperscanning. IRBM, 32(1), 48-53. https://doi.org/10.1016/j.irbm.
2011.01.002

Dumas, G., Nadel, J., Soussignan, R., Martinerie, J., & Garnero, L. (2010).
Inter-brain synchronization during social interaction. PloS One, 5(8),
e12166. https://doi.org/10.1371/journal.pone.0012166

Ekstrom, A. D., Caplan, J. B,, Ho, E., Shattuck, K., Fried, I., & Kahana, M. J.
(2005). Human hippocampal theta activity during virtual navigation. Hip-
pocampus, 15(7), 881-889. https://doi.org/10.1002/hipo.20109

Engel, A. K., Fries, P,, & Singer, W. (2001). Dynamic predictions: Oscillations
and synchrony in top-down processing. Nature Reviews Neuroscience,
2(10), 704-716. https://doi.org/10.1038/35094565

Funane, T., Kiguchi, M., Atsumori, H., Sato, H., Kubota, K., & Koizumi, H.
(2011). Synchronous activity of two people’s prefrontal cortices during a
cooperative task measured by simultaneous near-infrared spectroscopy.
Journal of Biomedical Optics, 16(7), 077011. https://doi.org/10.1117/1.
3602853

Gallagher, H. L., & Frith, C. D. (2003). Functional imaging of ‘theory of
mind’. Trends in Cognitive Sciences, 7, 77-83. https://doi.org/10.1016/
S$1364-6613(02)00025-6

Greenhouse, S.W., & Geisser, S. (1959). On methods in the analysis of profile
data. Psychometrika, 24(2), 95-112.

Grinsted, A., Moore, J. C., & Jevrejeva, S. (2004). Application of the cross
wavelet transform and wavelet coherence to geophysical time series.
Nonlinear Processes in Geophysics, 11(5/6), 561-566.

Hagan, C. C.,, Hoeft, F., Mackey, A, Mobbs, D., & Reiss, A. L. (2008).
Aberrant neural function during emotion attribution in female subjects
with fragile X syndrome. Journal of the American Academy of Child and


https://doi.org/10.1111/ejn.12173
https://doi.org/10.1002/hbm.23834
https://doi.org/10.1002/hbm.23834
https://doi.org/10.1109/IEMBS.2010.5626708
https://doi.org/10.1109/EMBC.2012.6347029
https://doi.org/10.1109/EMBC.2012.6347029
https://doi.org/10.1007/s10548-010-0147-9
https://doi.org/10.1109/IEMBS.2006.260754
https://doi.org/10.1109/IEMBS.2006.260754
https://doi.org/10.1109/IEMBS.2007.4353453
https://doi.org/10.1109/IEMBS.2007.4353453
https://doi.org/10.1016/j.neuroimage.2011.12.008
https://doi.org/10.1016/j.neuroimage.2011.12.008
https://doi.org/10.1016/j.neubiorev.2012.07.006
https://doi.org/10.3389/fncom.2017.00086
https://doi.org/10.3389/fncom.2017.00086
https://doi.org/10.1016/j.pnpbp.2006.01.010
https://doi.org/10.1523/jneurosci.23-11-04726.2003
https://doi.org/10.1523/jneurosci.23-11-04726.2003
https://doi.org/10.1016/j.neuron.2007.12.020
https://doi.org/10.1017/S0140525X12000477
https://doi.org/10.1016/j.neuroimage.2011.09.003
https://doi.org/10.1016/j.neuroimage.2011.09.003
https://doi.org/10.3389/fnhum.2020.00039
https://doi.org/10.3389/fnhum.2020.00039
https://doi.org/10.1016/j.patrec.2014.09.002
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.jneumeth.2003.10.009
https://doi.org/10.1016/j.cub.2017.04.002
https://doi.org/10.1016/j.cub.2017.04.002
https://doi.org/10.1016/j.bbr.2012.06.024
https://doi.org/10.1016/j.irbm.2011.01.002
https://doi.org/10.1016/j.irbm.2011.01.002
https://doi.org/10.1371/journal.pone.0012166
https://doi.org/10.1002/hipo.20109
https://doi.org/10.1038/35094565
https://doi.org/10.1117/1.3602853
https://doi.org/10.1117/1.3602853
https://doi.org/10.1016/S1364-6613(02)00025-6
https://doi.org/10.1016/S1364-6613(02)00025-6

LENEETAL.

Brain and Behavior

Adolescent Psychiatry, 47(12), 1443-1454. https://doi.org/10.1097/CHI.
0b013e3181886e€92

Horat, S. K., Prévot, A, Richiardi, J., Herrmann, F. R, Favre, G., Merlo, M.
C. G., & Missonnier, P. (2017). Differences in social decision-making
between proposers and responders during the ultimatum game: An
EEG study. Frontiers in Integrative Neuroscience, 11, 13. https://doi.org/10.
3389/fnint.2017.00013

lacoboni, M., Molnar-Szakacs, |., Gallese, V., Buccino, G., & Mazziotta, J. C.
(2005). Grasping the intentions of others with one’s own mirror neuron
system. PLoS Biology, 3, 0529-0535. https://doi.org/10.1371/journal.
pbio.0030079

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

Jung, T-P, Makeig, S., Westerfield, M. Townsend, J., Courch-
esne, E. Sejnowski, T. J. (2000). Removal of eye activity arti-
facts from visual event-related potentials in normal and clin-
ical subjects. Clinical Neurophysiology, 111, (10), 1745-1758.
http://doi.org/10.1016/s1388-2457(00)00386-2.

Kauppi, (2010). Inter-subject correlation of brain hemodynamic responses
during watching a movie: Localization in space and frequency. Frontiers
in Neuroinformatics, 4, 1-10. https://doi.org/10.3389/fninf.2010.00005

Kawasaki, M., Yamada, Y., Ushiku, Y., Miyauchi, E., Yamaguchi, Y. (2013).
Inter-brain synchronization during coordination of speech rhythm in
human-to-human social interaction. Scientific Reports, 3, (1), http://doi.
org/10.1038/srep01692.

King-Casas, B., Tomlin, D., Anen, C., Camerer, C. F,, Quartz, S. R., & Mon-
tague, P. R. (2005). Getting to know you: Reputations and trust in a two-
person economic exchange. Science, 308(5718), 78-83. https://doi.org/
10.1126/science.1108062

Kinreich, S., Djalovski, A., Kraus, L., Louzoun, Y., & Feldman, R. (2017). Brain-
to-brain synchrony during naturalistic social interactions. Scientific Reports,
7(1), 17060. https://doi.org/10.1038/s41598-017-17339-5

Konvalinka, I., Bauer, M., Stahlhut, C., Hansen, L. K., Roepstorff, A., & Frith,
C. D. (2014). Frontal alpha oscillations distinguish leaders from follow-
ers: Multivariate decoding of mutually interacting brains. Neurolmage,
94,79-88. https://doi.org/10.1016/j.neuroimage.2014.03.003

Labonte-Lemoyne, E. (2016). Are we in flow? Neurophysiological correlates
of flow states in a collaborative game. CHI Extended Abstracts on Human
Factors in Computing Systems, San Diego, CA, USA (pp. 1980-1988). https:
//doi.org/10.1145/2851581.2892356

Lachaux, J. P, Rodriguez, E., Martinerie, J., & Varela, F. J. (1999). Mea-
suring phase synchrony in brain signals. Human Brain Mapping, 8, 194~
208.

Li, J., Xiao, E., Houser, D., & Montague, P.R. (2009). Neural responses to sanc-
tion threats in two-party economic exchange. Proceedings of the National
Academy of Sciences, 106(39), 16835-16840. https://doi.org/10.1073/
pnas.0908855106

Lindenberger, U,, Li, S. C., Gruber, W., & Miiller, V. (2009). Brains swinging in
concert: Cortical phase synchronization while playing guitar. BMC Neuro-
science, 10, 22. https://doi.org/10.1186/1471-2202-10-22

Liu, N., Mok, C., Witt, E. E., Pradhan, A. H., Chen, J. E,, & Reiss, A. L.
(2016). NIRS-based hyperscanning reveals inter-brain neural synchro-
nization during cooperative jenga game with face-to-face communica-
tion. Frontiers in Human Neuroscience, 10, 82. https://doi.org/10.3389/
fnhum.2016.00082

Lundqvist, M., Bastos, A. M., & Miller, E. K. (2020). Preservation and changes
in oscillatory dynamics across the cortical hierarchy. Journal of Cogni-
tive Neuroscience, 32(10), 2024-2035. https://doi.org/10.1162/jocn_a_
01600

Mead, M. (2018). Cooperation and competition among primitive peoples. Rout-
ledge.

Montague, P. R, Berns, G. S., Cohen, J. D., McClure, S. M., Pagnoni, G.,
Dhamala, M., Wiest, M. C,, Karpov, I., King, R. D., Apple, N., & Fisher, R.
E. (2002). Hyperscanning: Simultaneous fMRI during linked social inter-

WILEY- 2

actions. Neurolmage, 16(4), 1159-1164. https://doi.org/10.1006/nimg.
2002.1150

Mu, Y., Han, S., & Gelfand, M. J. (2017). The role of gamma interbrain syn-
chrony in social coordination when humans face territorial threats. Social
Cognitive and Affective Neuroscience, 12(10), 1614-1623. https://doi.org/
10.1093/scan/nsx093

Naeem, M., Prasad, G., Watson, D. R., & Kelso, J. A. S. (2012). Functional dis-
sociation of brain rhythms in social coordination. Clinical Neurophysiology,
123(9), 1789-1797. https://doi.org/10.1016/j.clinph.2012.02.065

Namburi, P. (2011). Phase locking value. https://praneethnamburi.com/
2011/08/10/plv/

Nummenmaa, L., Glerean, E., Viinikainen, M., Jdaskeldinen, I. P, Hari, R., &
Sams, M. (2012). Emotions promote social interaction by synchronizing
brain activity across individuals. Proceedings of the National Academy of
Sciences of the United States of America, 109(24), 9599-9604. https://doi.
org/10.1073/pnas.1206095109

Pérez, A., Carreiras, M., & Dunabeitia, J. A. (2017). Brain-to-brain
entrainment: EEG interbrain synchronization while speaking and
listening. Scientific Reports, 7(1), 4190. https://doi.org/10.1038/
s41598-017-04464-4

Phan, K. L., Wager, T, Taylor, S. F,, & Liberzon, 1. (2002). Functional neu-
roanatomy of emotion: A meta-analysis of emotion activation studies
in PET and fMRI. Neurolmage, 16(2), 331-348. https://doi.org/10.1006/
nimg.2002.1087

Piggot, J., Kwon, H., Mobbs, D., Blasey, C., Lotspeich, L., Menon, V.,
Bookheimer, S., & Reiss, A. L. (2004). Emotional attribution in high-
functioning individuals with autistic spectrum disorder: A functional
imaging study. Journal of the American Academy of Child and Ado-
lescent Psychiatry, 43(4), 473-480. https://doi.org/10.1097/01.chi.
0000111363.94169.37

Plechawska-Wojcik, M., Kaczorowska, M., & Zapala, D. (2018). The artifact
subspace reconstruction (ASR) for EEG signal correction. A comparative
study. 3%th International Conference on Information Systems Architecture
and Technology, Nysa, Poland (pp. 125-135).

Reiss, A. L. (2004). An experiment of nature: Brain anatomy parallels cogni-
tion and behavior in Williams syndrome. Journal of Neuroscience, 24(21),
5009-5015. https://doi.org/10.1523/JNEUROSCI.5272-03.2004

Ritter, K., Dziobek, 1., Prei3ler, S., Riter, A., Vater, A., Fydrich, T., Lammers,
C.-H., Heekeren, H.R., & Roepke, S. (2011). Lack of empathy in patients
with narcissistic personality disorder. Psychiatry Research, 187(1-2),241-
247.

Saito, D. N., Tanabe, H. C., Izuma, K., Hayashi, M. J., Morito, Y., Komeda,
H., Uchiyama, H., Kosaka, H., Okazawa, H., Fujibayashi, Y., & Sadato,
N. (2010). “Stay tuned”: Inter-individual neural synchronization during
mutual gaze and joint attention. Frontiers in Integrative Neuroscience, 4,
127. https://doi.org/10.3389/fnint.2010.00127

Schippers, M., Roebroeck, A., Renken, R., Nanetti, L., & Keysers, C. (2010).
Mapping the information flow from one brain to another during gestu-
ral communication. Proceedings of the National Academy of Sciences of the
United States of America, 107, 9388-9393. https://doi.org/10.1073/pnas.
1001791107

Schmorrow, D. D., & Fidopiastis, C. M. (2011). Foundations of augmented cog-
nition. Directing the future of adaptive systems (Vol. 6780). Springer Science
& Business Media.

Scholkmann, F., Holper, L., Wolf, U., & Wolf, M. (2013). A new methodi-
cal approach in neuroscience: Assessing inter-personal brain coupling
using functional near-infrared imaging (fNIRI) hyperscanning. Frontiers
in Human Neuroscience, 7, 813. https://doi.org/10.3389/fnhum.2013.
00813

Sciaraffa, N., Borghini, G., Arico, P, Di Flumeri, G., Colosimo, A., Bezerianos,
A., Thakor, N. V., & Babiloni, F. (2017). Brain interaction during cooper-
ation: Evaluating local properties of multiple-brain network. Brain Sci-
ences, 7(7), 90. https://doi.org/10.3390/brainsci7070090

Shamay-Tsoory, S. G., Saporta, N., Marton-Alper, |. Z., & Gvirts, H. Z. (2019).
Herding brains: A core neural mechanism for social alignment. Trends in


https://doi.org/10.1097/CHI.0b013e3181886e92
https://doi.org/10.1097/CHI.0b013e3181886e92
https://doi.org/10.3389/fnint.2017.00013
https://doi.org/10.3389/fnint.2017.00013
https://doi.org/10.1371/journal.pbio.0030079
https://doi.org/10.1371/journal.pbio.0030079
http://doi.org/10.1016/s1388-2457(00)00386-2
https://doi.org/10.3389/fninf.2010.00005
http://doi.org/10.1038/srep01692
http://doi.org/10.1038/srep01692
https://doi.org/10.1126/science.1108062
https://doi.org/10.1126/science.1108062
https://doi.org/10.1038/s41598-017-17339-5
https://doi.org/10.1016/j.neuroimage.2014.03.003
https://doi.org/10.1145/2851581.2892356
https://doi.org/10.1145/2851581.2892356
https://doi.org/10.1073/pnas.0908855106
https://doi.org/10.1073/pnas.0908855106
https://doi.org/10.1186/1471-2202-10-22
https://doi.org/10.3389/fnhum.2016.00082
https://doi.org/10.3389/fnhum.2016.00082
https://doi.org/10.1162/jocn_a_01600
https://doi.org/10.1162/jocn_a_01600
https://doi.org/10.1006/nimg.2002.1150
https://doi.org/10.1006/nimg.2002.1150
https://doi.org/10.1093/scan/nsx093
https://doi.org/10.1093/scan/nsx093
https://doi.org/10.1016/j.clinph.2012.02.065
https://praneethnamburi.com/2011/08/10/plv/
https://praneethnamburi.com/2011/08/10/plv/
https://doi.org/10.1073/pnas.1206095109
https://doi.org/10.1073/pnas.1206095109
https://doi.org/10.1038/s41598-017-04464-4
https://doi.org/10.1038/s41598-017-04464-4
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1006/nimg.2002.1087
https://doi.org/10.1097/01.chi.0000111363.94169.37
https://doi.org/10.1097/01.chi.0000111363.94169.37
https://doi.org/10.1523/JNEUROSCI.5272-03.2004
https://doi.org/10.3389/fnint.2010.00127
https://doi.org/10.1073/pnas.1001791107
https://doi.org/10.1073/pnas.1001791107
https://doi.org/10.3389/fnhum.2013.00813
https://doi.org/10.3389/fnhum.2013.00813
https://doi.org/10.3390/brainsci7070090

Brain and Behavior

16 of 16 Wl LEY

Cognitive Sciences, 23, 174-186. https://doi.org/10.1016/j.tics.2019.01.
002

Sinha, N., Maszczyk, T., Zhang, W., Tan, J., & Dauwels, J. (2017). EEG hyper-
scanning study of inter-brain synchrony during cooperative and compet-
itive interaction. 2016 IEEE International Conference on Systems, Man,
and Cybernetics (SMC), Budapest, Hungary (pp. 4813-4818). https://
doi.org/10.1109/SMC.2016.7844990

Stevens, R., Galloway, T., Wang, P, Berka, C., Tan, V., Wohlgemuth, T., Lamb,
J., & Buckles, R. (2013). Modeling the neurodynamic complexity of sub-
marine navigation teams. Computational and Mathematical Organization
Theory, 19(3), 346-369.

Szymanski, C., Pesquita, A., Brennan, A. A, Perdikis, D., Enns, J. T., Brick, T.
R., Muller, V., & Lindenberger, U. (2017). Teams on the same wavelength
perform better: Inter-brain phase synchronization constitutes a neural
substrate for social facilitation. Neurolmage, 152, 425-436. https://doi.
org/10.1016/j.neuroimage.2017.03.013

Tomlin, D., Amin Kayali, M., King-Casas, B., Anen, C., Camerer, C. F, Quartz,
S.R., & Read Montague, P. (2006). Agent-specific responses in the cingu-
late cortex during economic exchanges. Science, 312, 1047-1050.

Toppi, J., Borghini, G., Petti, M., He, E. J., De Giusti, V., He, B., Astolfi, L., &
Babiloni, F. (2016). Investigating cooperative behavior in ecological set-
tings: An EEG hyperscanning study. PloS One, 11(4), e0154236. https:
//doi.org/10.1371/journal.pone.0154236

Toppi, J., Member, E., Ciaramidaro, A., Vogel, P,, Mattia, D., Member, F. B.
E., & Member, L. A. E. (2015). Graph theory in brain-to-brain connec-
tivity : A simulation study and an application to an EEG hyperscanning
experiment. 37th Annual International Conference of the IEEE Engineering
in Medicine and Biology Society, Milan, Italy (pp. 2211-2214). https://doi.
org/10.1109/EMBC.2015.7318830

Torrence, C., & Compo, G. P. (1998). A practical guide to wavelet analysis.
Bulletin of the American Meteorological Society, 79(1), 61-78.

Watson, C., Hoeft, F, Garrett, A. S., Hall, S. S., & Reiss, A. L. (2008). Aber-
rant brain activation during gaze processing in boys with fragile X

Open Access

LENEETAL.

syndrome. Archives of General Psychiatry, 65(11), 1315-1323. https://doi.
org/10.1001/archpsyc.65.11.1315

Wilson, S. M., Molnar-Szakacs, I., & lacoboni, M. (2008). Beyond supe-
rior temporal cortex: Intersubject correlations in narrative speech com-
prehension. Cerebral Cortex, 18(1), 230-242. https://doi.org/10.1093/
cercor/bhm049

Wisniewski, D., Reverberi, C., Momennejad, |., Kahnt, T, & Haynes, J.
D. (2015). The role of the parietal cortex in the representation
of task-reward associations. Journal of Neuroscience, 35(36), 12355-
12365.

Wood, D. J, & Gray, B. (1991). Toward a comprehensive theory of
collaboration. The Journal of Applied Behavioral Science, 27(2), 139-
162.

Yun, K., Chung, D., & Jeong, J. (2008). Emotional interaction in human deci-
sion making using EEG hyperscanning. Proceedings of the 6th International
Conference on Cognitive Science, Seoul, Korea.

Zhou, G., Bourguignon, M., Parkkonen, L., & Hari, R. (2016). Neural signa-
tures of hand kinematics in leaders vs. followers: A dual-MEG study. Neu-
rolmage, 125, 731-738. https://doi.org/10.1016/j.neuroimage.2015.11.
002

How to cite this article: Léné, P, Karran, A. J.,
Labonté-Lemoyne, E., Sénécal, S., Fredette, M., Johnson, K. J., &
Léger, P-M. Is there collaboration specific neurophysiological
activation during collaborative task activity? An analysis of
brain responses using electroencephalography and
hyperscanning. Brain Behav. 2021;11:e2270.
https://doi.org/10.1002/brb3.2270


https://doi.org/10.1016/j.tics.2019.01.002
https://doi.org/10.1016/j.tics.2019.01.002
https://doi.org/10.1109/SMC.2016.7844990
https://doi.org/10.1109/SMC.2016.7844990
https://doi.org/10.1016/j.neuroimage.2017.03.013
https://doi.org/10.1016/j.neuroimage.2017.03.013
https://doi.org/10.1371/journal.pone.0154236
https://doi.org/10.1371/journal.pone.0154236
https://doi.org/10.1109/EMBC.2015.7318830
https://doi.org/10.1109/EMBC.2015.7318830
https://doi.org/10.1001/archpsyc.65.11.1315
https://doi.org/10.1001/archpsyc.65.11.1315
https://doi.org/10.1093/cercor/bhm049
https://doi.org/10.1093/cercor/bhm049
https://doi.org/10.1016/j.neuroimage.2015.11.002
https://doi.org/10.1016/j.neuroimage.2015.11.002
https://doi.org/10.1002/brb3.2270

	Is there collaboration specific neurophysiological activation during collaborative task activity? An analysis of brain responses using electroencephalography and hyperscanning
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Subjects
	2.2 | Experimental protocol
	2.3 | Cooperation
	2.4 | Competition
	2.5 | Single 1 and 2
	2.6 | Data acquisition and preprocessing
	2.7 | Data analysis

	3 | RESULTS
	3.1 | Coherence results
	3.2 | Single-subject results
	3.3 | PLV results
	3.3.1 | Frontal
	3.3.2 | Parietal
	3.3.3 | Temporal
	3.3.4 | Occipital

	3.4 | Behavioral results

	4 | DISCUSSION
	4.1 | Hypothesis testing
	4.2 | Social alignment feedback loop as a mean to interpret coherence synchrony

	5 | LIMITATIONS AND FUTURE WORK
	6 | CONCLUSION
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST
	DATA AVAILABILITY STATEMENT
	TRANSPARENT PEER REVIEW

	ORCID
	REFERENCES


