communications biology

Article

A Nature Portfolio journal

https://doi.org/10.1038/s42003-025-07776-8

Neural synchronization and its impact on
intergroup attitudes in dynamic

interactions

M| Check for updates

Yatian Lei ® 2, Siyuan Liu'?, Xinyuan Guo'?, Bin Zuo ®°

& Fangfang Wen © '>*

Dynamic transitions between competition and cooperation are common in real-world intergroup
interactions, yet prior research has typically examined competition or cooperation in isolation. This
study explored how transitions between competition and cooperation influenced intergroup attitudes
and the neural processes involved. Using functional Near-Infrared Spectroscopy (fNIRS)
hyperscanning, we recorded brain activity from 69 dyads during interactions. Results showed that
cooperation enhanced neural synchronization in the right temporoparietal junction (rTPJ), leading to
more positive outgroup attitudes. In contrast, competition increased synchronization in the right
dorsolateral prefrontal cortex (rDLPFC), correlating with decreased outgroup likability. The sequence
of interactions was critical, with the first interaction exerting a carryover effect on the next. Cooperation
buffered the negative effects of later competition, while competition weakened the positive effects of
subsequent cooperation. These findings emphasized the importance of understanding dynamic
intergroup interactions and highlighted the potential of cooperation to mitigate biases and improve

intergroup relations.

Understanding the dynamics of intergroup relationships is increasingly
important in today’s interconnected world. Intergroup interactions,
encompassing both competition and cooperation, play a fundamental role
in shaping intergroup attitudes and behaviors. Competition often exacer-
bates intergroup bias, fostering hostility and prejudice'~, while cooperation
fosters trust and mutual understanding, promoting positive intergroup
relations' ™. Neural synchronization reflects the alignment of brain activity
during interactions, facilitating coordinated behavior and serving as a cru-
cial indicator of interpersonal coordination’”. Research has shown that
neural synchronization is stronger during cooperative activities compared
to competitive ones'’ and is also more pronounced in ingroup interactions
than in intergroup interactions''. Enhanced synchronization in cooperation
is associated with improved mutual understanding and joint decision-
making®*"”, which are critical for promoting positive intergroup
evaluations'’. Thus, stronger neural synchronization during cooperation
may serve as a neural mechanism underlying improved intergroup attitudes.

In many real-world situations, intergroup interactions are not static but
shift between competition and cooperation depending on context and goals.
For example, while countries may compete economically or politically, they
often transition to collaboration when addressing global challenges such as
climate change or public health. Historically, rival nations have evolved

from adversaries to allies, especially in an era that increasingly emphasizes
cooperation for mutual benefit. Despite extensive research on intergroup
interactions, much of the focus has been on competition or cooperation in
isolation. The effects of transitions between these states—and the order in
which they occur—on intergroup attitudes remain largely unexplored.

Dynamic interaction sequences might elicit carryover effects, where
initial interactions establish neural and behavioral baselines that influence
subsequent encounters. The secondary transfer effect suggests that contact
with an outgroup can impact attitudes towards another secondary
outgroup". Similarly, the emotional carryover effect posits that emotional
and neural states from one interaction persist, shaping responses to sub-
sequent interactions'*". Together, these frameworks highlight how initial
interactions may set the stage for subsequent dynamics, suggesting that the
sequence of competition and cooperation with the same outgroup could
leave lasting impacts on intergroup attitudes and neural mechanisms. In this
study, we aimed to explore how these transitions affect intergroup attitudes
and the underlying neural mechanisms, which are key to understanding
intergroup dynamics.

Functional Near-Infrared Spectroscopy (fNIRS) hyperscanning
enables the simultaneous recording of brain activity from multiple indivi-
duals, providing valuable insights into the neural mechanisms underlying
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Fig. 1 | Experimental procedures. a Timeline for an
experimental session. Before coming to the labora- a
tory, participants completed an online survey that
included a personality questionnaire and demo-

graphic information. b Participants’ experimental

Online survey
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through fNIRS
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arrangement. Two same-gender participants sat
opposite each other with screens blocking their
direct view. They wore armbands to indicate group
membership and individual neural activity was
recorded using fNIRS during the intergroup inter-
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action. ¢ Timeline of a single round. Each round

consisted of four phases: an 8-s inter-round interval,

a 20-s decision-making phase, an 8-s waiting phase,
and a 10-s outcome phase, totaling 46 s per round. b
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real-time social interactions'®. Previous studies have identified the prefrontal
cortex (PFC) and temporoparietal junction (TP]) as key regions involved in
social decision-making and interaction'*""***. Specifically, the PFC is asso-
ciated with cognitive control and strategic decision-making™*, while the
TP]J is linked to perspective-taking and social understanding’>’. These
functions are integral to both cooperative and competitive interactions,
making the PFC and TP] particularly relevant for studying the neural
dynamics of intergroup interactions™. Additionally, it has been suggested
that the functional connectivity between the rDLPFC and rTPJ plays a
critical role in coordinating social behaviors™. By analyzing synchronization
patterns in these regions, we aimed to uncover the neural mechanisms
during intergroup interactions and how transitions between these interac-
tions influence neural processes and intergroup attitudes.

In this study, pairs of participants engaged in both competitive and
cooperative tasks. Each pair was randomly assigned to opposing teams, with
one participant on the Red Group and the other on the Blue Group, and
wore armbands corresponding to their team color to signify group affiliation
(Fig. 1b). Thirty-four dyads completed interactions in a competition-to-
cooperation sequence, while thirty-five completed them in the opposite
order. Each interaction type—competition and cooperation—comprised 12
rounds, simulating real-world scenarios where competing for resources or
collaborating to achieve shared objectives. The competitive task was adapted
from the intergroup Point Subtraction Aggression Paradigm (IPSAP), and
the cooperative task from the intergroup Public Good Game (IPGG)™. After
every three rounds, participants rated their liking of two teams, as a measure
of intergroup attitudes (see Methods for details). We applied fNIRS
hypercanning to record the brain activity of both participants during the
interactions (Fig. 1a and Methods).

We hypothesized that the relationship between neural processes and
intergroup attitudes would differ between cooperation and competition.
Specifically, based on findings that cooperation enhances neural

synchronization and improves intergroup relations, we expected stronger
neural synchronization during cooperation to correlate with more positive
intergroup attitudes, compared to competition. Additionally, building on
the secondary transfer effect and emotional carryover effect, we hypothe-
sized that the sequence of interactions could modulate these patterns. For
example, when cooperation precedes competition, the positive effect of
cooperation on intergroup attitudes might weaken the negative effect of
subsequent competition. Conversely, if cooperation follows competition,
the positive effect of neural synchrony during cooperation on intergroup
attitudes might not manifest. In other words, when transitioning from one
type of interaction to another, the impact of previous interactions might
persist and affect the subsequent one. Understanding these dynamics could
provide new insights into human social behavior and inform strategies for
resolving intergroup conflicts.

Results

Behavioral indicators of intergroup attitudes

Initial likability ratings were measured before the interactions began,
showing that participants rated ingroup likability significantly higher
compared to outgroup likability at baseline, indicating an initial bias
favoring the ingroup (see Supplementary Table 1a, b for full details). As
expected, participants consistently rated ingroup likability higher than
outgroup likability throughout the interactions (the main effect of Target:
Fi 136 = 161.469, p < 0.001, 1, = 0.543). Moreover, outgroup likability rat-
ings were significantly higher during cooperative interactions compared to
competitive interactions (the interaction effect of Type x Target:
Fy 136 = 54,405, p < 0.001, 71, = 0.278; Fig. 2; see Supplementary Table 1 for
the full statistical analysis of likability ratings). We further investigated
whether the outcomes of the interactions influenced outgroup likability. The
results indicated that the number of wins before each rating during com-
petition positively correlated with outgroup likability (b = 0.499, t = 4.609,
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Fig. 2 | Likeability ratings of ingroup and outgroup during interactions.

a Likeability ratings of ingroup and outgroup across rounds of competition and
cooperation. The left panel shows the competition-to-cooperation sequence, and the
right panel shows the cooperation-to-competition sequence. Each dot represents an
individual rating, with blue dots indicating ingroup ratings and red dots indicating
outgroup ratings. The blue solid lines represent the average ingroup ratings, while
the red solid lines represent the average outgroup ratings, with shaded areas showing
the 95% confidence intervals (CI). b Relationship between the number of wins before
each rating and outgroup likability during competition. The orange line shows the

Average payoff during cooperation

linear trend, with the shaded area representing the 95% CI. Pearson’s correlation
coefficient is reported as r = 0.193, with p < 0.001. The gray squares inside the
boxplots represent the mean values. The boxes indicate 25th and 75th quartiles, and
the whiskers extend to the most extreme data points within 1.5 times the inter-
quartile range from the hinge, with horizontal lines inside the boxes indicating
median values. ¢ Relationship between average payoff during cooperation and
outgroup likability. Each point represents an individual’s data, with the green line
showing the linear trend and the shaded area representing the 95% CI. Pearson’s
correlation coefficient is reported as r = 0.442, with p <0.001.

p<0.001), as did the rewards received during cooperation (b=0.038,
t=11.571, p<0.001). However, the order of interactions did not sig-
nificantly affect the relationship between interaction type and outgroup
likability.

Neural synchronization (NS)

NS in our two regions of interest (the rPFC and rTPJ) was measured using
wavelet transform coherence. We used 19 channels for examining NS:
eleven channels (channels 1-11) for the rPFC and eight channels (channels
12-19) for the rTPJ. To account for multiple comparisons, we applied a 19-
channel false discovery rate (FDR) correction.

First, we analyzed the effects of interaction type and interaction order
on NS. The results indicated that neither the main effect of order nor its
interaction effects were significant. We then focused on the differences in NS
across different channels based on interaction type, disregarding interaction
order. During the decision-making phase of the competition, NS in the
rPFC (channels 1-5, 9-11) was higher than during the cooperation phase.
Conversely, during the decision-making phase of cooperation, NS in the
rTPJ (channels 13, 16-17) was higher than during the competition phase
(these channels survived a 19-channel-wise FDR correction, Supplementary
Table 2a).

Next, we compared NS during the decision-making phase with NS
during the result-waiting phase to determine whether NS was enhanced or
reduced during decision-making. The result-waiting phase was chosen as a
baseline because it reflects a task-related but cognitively neutral state, pro-
viding a more contextually relevant comparison than resting-state data™.
This approach allows us to directly capture neural synchronization changes
induced by interaction tasks, minimizing variability unrelated to task
engagement. A repeated measures ANOV A with factors of interaction type
(competition versus cooperation) x phase (decision-making versus result-
waiting) was conducted on eleven channels survived FDR correction. The
post-hoc pairwise comparisons showed that compared to the waiting phase,
NS in rDLPFC (channel 9 and 11) increased during the competitive
decision-making phase and NS in rTPJ (channel 13) increased during the
cooperative decision-making phase (Fig. 3 and Supplementary Table 2b).

To ensure that NS was not merely influenced by participants being in
the same environment and performing the same tasks, several validation
analyses were conducted. First, 69 within-condition pseudo dyads were
generated by randomly pairing two individuals from different original dyads
within the same condition (i.e., two conditions of interaction order; 35
pseudo dyads from cooperation to competition, and 34 pseudo dyads from
competition to cooperation). The NS of each pseudo dyad was computed
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Fig. 3 | Neural synchronization (NS) across phases
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using the same method as that applied to the real dyads. To determine
whether the interaction type x phase effects on NS were specific to real
interacting dyads, a three-way ANOVA on NS was conducted with inter-
action type (competition versus cooperation), phase (decision-making
versus result-waiting), and Dyad (real versus pseudo) as factors. This ana-
lysis focused on three channels (9, 11, and 13), which exhibited significant
interactions in real dyads. We found significant type x phase interactions on
NS in rDLPFC (channel 11) and rTPJ (channel 13) for real dyads but not for
pseudo dyads, suggesting the observed type x phase interaction effects were
stronger in real interacting dyads compared to randomly paired individuals
under the same condition (Supplementary Table 2c).

Second, nonparametric permutation tests’’* were conducted, gen-
erating 1000 permutation samples (each sample contained 69 pseudo
dyads) to compare with the observed type x phase interaction effects on NS
in the real dyads. The 95% confidence interval (CI) of the permutation
distribution of the 1000 pseudo-dyad samples was [0.0206, 0.0215] for
channel 11 and [—0.0066, —0.0057] for channel 13. In contrast, the
type x phase interaction observed in the real group was 0.0266 for channel
11 and —0.0142 for channel 13, both outside the 95% CI of the permutation
distribution.

Finally, we investigated whether NS in real groups was merely a
reflection of decision similarity between individuals in dyads. If this were the
case, we would expect stronger NS when individuals within a dyad made
more similar decisions. For cooperative decisions, we calculated the absolute
difference between the contribution decisions of the two individuals in each
dyad. For competitive decisions, we calculated the absolute difference in the
proportion of three actions between the two individuals in each dyad (ie., for
each round: (|x, - y4| + |xs — ys| + |x. - ¥|) for competition and (jx — y|)
for cooperation). Using a median split, we categorized all the rounds into
‘similar’ and ‘dissimilar’ decisions and calculated the effect of decision
similarity on NS during both the cooperative and competitive decision-
making phases. Regardless of the interaction type—cooperation or compe-
tition—the effect of decision similarity on NS during the decision-making
phase was not significant (Supplementary Table 2d, e).

These validation results suggested that the observed interaction effects
on NS in the rPFC and rTPJ in real dyads were unlikely to be solely due to
similar decisions or exposure to the same experimental environment and
tasks. Therefore, we proceeded to examine the relationship between NS and
intergroup attitude during competition and cooperation. Given that out-
group likability was the only behavioral measure influenced by interaction
type, and that both members of each dyad rated outgroup liking, we used the
average outgroup likability score of both participants in the dyad as the
dependent variable. The coherence values for channels 11 ({fDLPFC) and 13

(rTPJ) were averaged across every three rounds to serve as the independent
variables. Linear regressions were performed separately for each channel
and each interaction order.

The results showed that when competition preceded cooperation, NS
in the rDLPFC (channel 11) during the competitive decision-making phase
negatively predicted outgroup likability (b = —8.442, SE = 2.744, t = —3.077,
p<0.01), while NS during the cooperative decision-making did not sig-
nificantly relate to outgroup likability. Conversely, when cooperation pre-
ceded competition, NS in the rTPJ (channel 13) during the cooperative
decision-making positively predicted outgroup likability (b=8.488, SE =

3.699, t =2.295, p < 0.05), with no significant relationship observed during
the competitive phase (Fig.4 and Supplementary Table 3). These findings
confirmed that NS in different interactions had distinct effects on intergroup
attitudes, with NS during cooperation enhancing outgroup likability and NS
during competition reducing it. Moreover, it revealed that the order of
interactions modulated the relationship between NS and outgroup likability.

Neural activity of single brain

To further understand the relationship between neural processes and out-
group likability, we analyzed individual brain activity by assessing changes
in oxy-Hb concentration. Linear regression analyses were performed
separately for each channel, each interaction type, and each interaction
order, with outgroup likability as the dependent variable and the average
neural activities during the three rounds before ratings as the independent
variable.

The results indicated that in the competition-to-cooperation sequence,
rTPJ activity during competition negatively predicted outgroup likability.
However, neural activities during the cooperation did not significantly
predict outgroup likability. In the cooperation-to-competition sequence,
rTPJ activity during cooperation positively predicted outgroup likability. In
contrast, r'TP] activity during the subsequent competition no longer sig-
nificantly predicted outgroup likability, while rDLPFC activity during
competition negatively predicted outgroup likability (Supplementary
Table 4).

Finally, we explored functional connectivity between the rPFC and the
rTP] to further illustrate the differences in neural processes underlying
competitive and cooperative interactions. Wavelet coherence analyses
between the rPFC and the rTP] were conducted for each individual, and the
coherence values indexed the rPFC-rTP] functional connectivity. The
analyses showed that cooperation, compared to competition, increased
functional connectivity between these regions, regardless of interaction
order (the main effect of interaction type: F;i36=41.741, p <0.001,
#'p=0235) (Fig. 5 for the grand mean rPFC-rTP] connectivity; 67
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Fig. 4| NS in the rDLPFC (channel 11) and rTPJ (channel 13) and its correlation
with outgroup likability during competition and cooperation. a NS in the
rDLPFC during competition as the first interaction (competition-to-cooperation
condition) negatively correlates with outgroup likability (Pearson’s r = —0.257,
p=0.003, n =34 dyads). b NS in the rTPJ during cooperation as the second inter-
action (competition-to-cooperation condition) does not significantly correlate with
outgroup likability. ¢ NS in the during cooperation as the first interaction
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(cooperation-to-competition condition) positively correlates with outgroup lik-
ability (Pearson’s r=0.192, p = 0.023, n = 35 dyads). d NS in the rDLPFC during
competition as the second interaction (cooperation-to-competition condition) does
not significantly correlate with outgroup likability. Correlations were performed
using Pearson’s correlation coefficient. Each circle represents the averaged outgroup
likability within a dyad (y-axis) and NS in the rDLPFC or rTPJ (x-axis). The solid
line indicates the least squares fit, with shading showing the 95% confidence interval.

rPFC-rTP] channel pairs survived FDR correction for 88 rPFC-rTPJ
channel pairs, Supplementary Table 5).

Discussion

Previous research has demonstrated that competition and cooperation
have distinct effects on intergroup attitudes, with competition often
exacerbating biases and cooperation mitigating them®****. Consistent
with prior findings, our results indicate that outgroup likability is lower
during competition compared to cooperation. Our findings also reveal
differences in the underlying cognitive processes of cooperation and
competition, as reflected in neural synchronization and functional
connectivity. Specifically, neural synchronization in the rDLPFC was
more pronounced during competition, while rTPJ synchronization was
stronger during cooperation. Additionally, functional connectivity
between the rPFC and rTP] was generally stronger during cooperation
than during competition.

Moreover, our study sheds light on the effects of neural mechanisms on
intergroup attitudes. During competition, both neural synchronization and
neural activities in rDLPFC negatively predicted outgroup likability, while
during cooperation, both in rTP]J positively predicted it. This suggests that
competition and cooperation engage different neural processes that either

exacerbate or alleviate intergroup biases. Furthermore, by examining the
dynamic transitions between competition and cooperation, we found that
the effects of neural processes on intergroup attitude were most pronounced
during the first interaction, with these effects diminishing in the second.
This indicates a carryover effect, where the initial interaction influences
subsequent ones.

Our results demonstrate that different brain regions play distinct roles
in shaping the effect of interactions on intergroup attitudes. The DLPFC is
involved in conflict monitoring and strategic decision-making, which is
crucial during competition’**. Increased synchronization and activation of
the rDLPFC during competition may reflect a focus on differences and
conflicts, reinforcing competitive and antagonistic mindsets that reduce
outgroup likability. Conversely, neural synchronization and activity in TPJ
during cooperation, which is linked to considering others’ perspectives”,
achieving consensus”’, and fostering emotional alignment™ likely facilitate
mutual understanding and acceptance, thus enhancing outgroup likability.
These findings align with previous research that cooperative interactions
reduce intergroup bias, while competitive interactions undermine prosocial
conduct”. More importantly, we extend this line of research by exploring
the dynamic effects of sequential interactions on intergroup attitudes and
their underlying neural correlates.
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Fig. 5 | Grand mean functional connectivity (FC)
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Additionally, we found that cooperation increased functional con-
nectivity between the rPFC and rTPJ. The collaborative roles of TPJ and
DLPFC have been proved in flexible social behaviors, such as moral and
economic”. In more cohesive groups, stronger rPFC-rTP] connectivity has
also been observed, suggesting that increased connectivity between rPFC
and rTPJ during cooperation promotes a unified group mindset, enabling
better alignment of intentions and actions™*’. Such rPFC-rTPJ connectivity
facilitates the integration of social information into the process of making
collective decisions™, supporting coordinated collective decision-making’’
and positive intergroup attitudes. These findings demonstrate that the
effects of interaction type on intergroup attitudes and neural mechanisms
are robust across different interaction sequences. This indicates that the
neural mechanisms underlying these interaction types are relatively stable
and not significantly influenced by the sequence in which they occur. While
interaction order did not significantly influence these results, it is possible
that its effects are more subtle and may require larger sample sizes or more
sensitive paradigms to detect.

Moreover, by adopting a dynamic perspective that considers the
transitions between different types of intergroup interactions, our study
reveals that the order in which competition and cooperation occur sig-
nificantly influences the relationship between neural processes and inter-
group attitudes. Neural synchronization and rTP] activity predicted
outgroup likability only during the initial interaction, with these effects
diminishing if other interactions have occurred previously. This carryover
effect suggests that the initial neural patterns established during the initial
interaction exert a lasting influence that continues to affect the effect of
neural patterns on outgroup attitudes in subsequent interactions. Specifi-
cally, in the competition-to-cooperation sequence, the negative impact of
neural synchronization and rTPJ activity on outgroup likability during
competition carried over into the subsequent cooperative interaction,
diminishing the positive effects that these neural processes typically have
during cooperation. Similarly, when cooperation occurred first, the positive
effects of neural synchronization during cooperation buffered against the
negative effects of later competition, though this buffering effect may be
incomplete, as indicated by the negative impact of rDLPFC activity during
the competition. This phenomenon is consistent with research showing that
initial positive contact with an outgroup can lead to a secondary transfer
effect, where positive attitudes extend beyond the immediate interaction to
influence perceptions of other outgroups*"*’. These findings highlight how

the neural patterns formed during initial interactions set a precedent for
future encounters, emphasizing the importance of initial neural synchro-
nization and rTPJ activity in establishing a framework for understanding
and relating to outgroups.

Interestingly, although neural synchronization did not significantly
predict outgroup attitudes during the second interaction, behavioral
changes in outgroup attitudes were still observed. Given that the strength of
neural synchronization was not affected by the order of interactions, as
indicated by our results, it is plausible to assume that changes in outgroup
attitudes during the second interaction may be driven more by individual
neural activity or other unmeasured factors. The absence of a significant
neural synchronization effect in the second interaction does not diminish its
importance but rather indicates that the mechanisms influencing attitude
changes may shift as interactions progress. For example, when competition
occurs after cooperation, although rDLPFC synchronization no longer
predicts outgroup attitudes, rDLPFC neural activity still negatively predicts
them. This result may indicate that different cognitive mechanisms operate
at different stages of interaction to influence intergroup attitudes. Neural
synchronization likely reflects shared attention and resonance between
members, while individual brain activity is more related to conflict mon-
itoring and decision control at the individual level. These processes repre-
sent distinct psychological mechanisms that may impact intergroup
attitudes differently, depending on the stage of interaction.

By examining the real-time social encounters in a truly interactive
manner**, our study provides critical insights into the neural mechanisms
underlying intergroup interactions and demonstrates that the sequence of
competition and cooperation significantly shapes intergroup attitudes. The
carryover effect highlights the potential benefits of prioritizing cooperation
to activate neural pathways that foster positive intergroup attitudes and
buffer against the negative effects of subsequent competition.

From a practical perspective, educational institutions and
workplace training programs could integrate this sequence into
multicultural education or interdepartmental collaboration to
improve mutual understanding and acceptance among diverse
groups. For example, structured team-building activities that prior-
itize cooperative tasks before competitive ones may strengthen
intergroup relationships and reduce prejudice. From a neural per-
spective, the DLPFC and TPJ play distinct yet complementary roles
in regulating intergroup attitudes, depending on the interaction
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context. Specifically, the DLPFC is crucial in reinforcing negative
attitudes during competition, while the TP] plays a key role in fos-
tering positive attitudes during cooperation. These findings suggest
potential avenues for targeted interventions. Non-invasive brain sti-
mulation techniques, such as transcranial direct current stimulation
(tDCS), could be explored to modulate neural activity in these
regions, potentially reducing intergroup hostility and promoting
social cohesion. Furthermore, understanding the long-term effects of
interaction sequences on intergroup attitudes and applying these
findings across different populations and contexts could further
enhance efforts to improve social harmony.

However, some limitations exist in this study. While we observed that
prior interactions have lasting effects on subsequent ones and suggest that
different cognitive processes may be involved at each stage, our study did not
explicitly explore the specific cognitive processes underlying these interac-
tions, warranting further investigation. Moreover, individual-level factors,
such as personality traits, were not measured or analyzed, despite their
potential influence on how individuals engage in cooperative and compe-
titive interactions. Future research could incorporate assessments of per-
sonality traits to better understand how individual differences shape neural
and behavioral responses to intergroup dynamics. While the IPSAP and
IPGG effectively represent intergroup competition and cooperation,
respectively, their differing task structures may introduce variability in
dependent measures. Future studies could explore paradigms that integrate
both competitive and cooperative elements within a unified framework to
further validate and extend these findings. Additionally, although the
minimal group paradigm that we used to create virtual groups in a
laboratory was widely used and validated'**’, caution is needed when gen-
eralizing these results to real-world groups. Unlike laboratory settings, real-
world intergroup interactions often occur in contexts with pre-existing
tensions, such as cultural divides, historical conflicts, or socioeconomic
disparities, which may significantly influence intergroup attitudes and
neural dynamics. Future research should validate these findings in settings
with pre-existing intergroup tensions to enhance ecological validity and
better understand the broader application of these results in diverse real-
world scenarios, such as cross-cultural interactions or long-term group
conflicts. Furthermore, while our study focused on immediate interactions
and their neural and behavioral effects, the persistence of these effects over
time remains unclear. Longitudinal designs could help investigate whether
the observed effects of neural synchronization and intergroup attitudes
endure beyond immediate interactions and how they are influenced by
contextual factors such as interaction frequency, duration, and type.
Understanding these long-term dynamics would provide deeper insights
into the stability and generalizability of these neural and behavioral changes.
Finally, the gender imbalance in our sample, characterized by a significant
predominance of female participants, presents a potential limitation to the
generalizability of our findings. While previous studies™ suggest that gender
may not significantly influence the neural mechanisms of cooperation and
competition, caution is still warranted when extending these results to
broader populations. Future research should strive for a more balanced
gender distribution to ensure broader applicability of the findings.

Methods
Participants and ethics
A total of 142 healthy individuals (124 females, age 18-28 years, mean +
sd =20.99 + 2.02 years) were recruited as paid volunteers. To minimize the
potential influence of gender and familiarity, dyads were composed of two
strangers of the same gender. Due to technical issues, fNIRS data from one
dyad was not collected, and another dyad was excluded because one par-
ticipant did not arrive at the laboratory on time. As a result, data from 138
participants, forming 69 dyads (61 of which were female), were included in
the final analysis.

Based on the within (interaction type: competition versus cooperation)
by between (interaction order: competition-to-cooperation versus coop-
eration-to-competition) design, we used G*Power 3.17 to determine the

sample size to ensure 80% statistical power. Assuming a medium effect size
(f=0.25), it was calculated that 24 dyads would be required to detect sig-
nificant effects with & = 0.05 and 8 = 0.80. To account for potential dropouts
or technical failures, 71 dyads were recruited.

All participants had normal or corrected-to-normal vision and no
history of neurological or psychiatric disorders. All ethical regulations
relevant to human research participants were followed. The study was
approved by a local research ethics committee at the Department of Psy-
chology, Sun Yat-Sen University, Guangzhou, China (protocol 2023-1220-
0318). Before participating, all individuals provided written informed
consent after the experimental procedures were fully explained to them.
Participants were also informed of their right to withdraw from the study at
any time. Upon completion of the experiment, participants received
monetary compensation, consisting of a basic attendance fee plus a bonus
based on their performance in the experimental tasks.

Experimental procedures and tasks

Before coming to the laboratory, participants completed an online survey
including demographic information and a personality trait questionnaire.
Upon arrival at the laboratory for the main experiment, participants were
informed that they were assigned to ‘Red Group’ or ‘Blue Group’ according
to their responses on online survey. However, the group assignments were
actually made randomly. Participants were then given red and blue arm-
bands to indicate their group membership.

The two participants in each dyad were seated in front of separate
computers in the same room. Although they faced each other, screens were
positioned between them to block their view of one another. This setup
allowed them to be aware of each other’s presence without engaging in any
verbal or eye contact. Each participant used the keyboard and mouse in front
of them to complete computer-based interactive tasks (see Fig. 1b). The
experiment consisted of 24 rounds of interactive tasks—12 rounds each of
competition and cooperation—conducted while their brain activity was
monitored using fNIRS hyperscanning. After every three rounds, partici-
pants rated the likability of their ingroup and the outgroup on a scale from 0
(not at all) to 10 (very much), to capture dynamic changes in intergroup
attitudes during competition and cooperation. While participants did not
directly interact with ingroup members, comparing ingroup and outgroup
ratings provides a relative measure of intergroup bias, which is key to
understanding how competition and cooperation influence intergroup
relations. Participants rested for one minute every six rounds.

We selected the Intergroup Point Subtraction Aggression Paradigm
(IPSAP) and the Intergroup Public Good Game (IPGG) to represent
competition and cooperation, respectively. These paradigms were chosen
due to their wide validation in social interaction research and their ability to
evoke distinct behavioral responses associated with competitive and coop-
erative contexts. Specifically, the IPSAP effectively elicits competitive
behaviors by simulating resource contention, aligning closely with inter-
group competition scenarios. Conversely, the IPGG fosters cooperative
behaviors by emphasizing collective resource contribution and reciprocity.
A critical factor in our selection of these paradigms was their ability to create
a strong sense of group identity and realistic interaction dynamics. IPSAP
and IPGG provide a more engaging and socially relevant experience, which
is essential for studying neural mechanisms and intergroup attitudes within
realistic group contexts. While IPSAP and IPGG differ in task structure, this
was balanced by prioritizing ecological validity, ensuring that the paradigms
simulate intergroup dynamics in a meaningful way. By leveraging these
paradigms, our study aims to capture the unique neural synchronization
and activity patterns underlying these two contrasting interaction types and
explore how transitions between them influence intergroup attitudes.

The interactive tasks were dynamic, fully incentivized games with real-
time feedback. Each trial followed the same sequence (Fig. 1¢): participants
had 20 s to make their decisions (competitive or cooperative), followed by an
8-s waiting screen and a 10-s outcome screen providing feedback based on
the task. An 8-s inter-round interval followed the outcome screen, signaling
the start of the next round. Each round lasted for 46s in total, allowing
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ample time for decision-making and processing of outcome feedback.
Before the tasks began, participants received an introduction to the rules and
completed two practice trials. The experimenters remained present during
the rule explanation and practice trials to ensure participants fully under-
stood the procedures.

The competition task, adapted from intergroup Point Subtraction
Aggression™, consisted of 12 rounds with full reset and real-time feedback
between rounds. During the 20-s decision-making phase, participants could
click on three buttons on the screen to perform three actions: (a) Labor:
Increases their own action points, with ten labor clicks adding one action
point; (b) Attack: Reduces the opponent’s action points, with one attack click
decreasing the opponent’s points by one; (c) Defense: Prevent the oppo-
nent’s attack, with one defense click blocking one attack. Participants nee-
ded to make their decisions by clicking the buttons within the 20-s
timeframe. The side with more action points at the end of the round won
and received all the reward points for that round. The reward points varied
between 50 and 150, with the specific amount displayed at the beginning of
each round. Following the decision-making phase, participants saw a
waiting screen for 8s, followed by a 10-s outcome screen presenting feed-
back on (1) the action points of both the participant and the opponent and
(2) the result of the round, indicating the winner.

The cooperation task, adapted from intergroup Public Good Game™,
consisted of 12 rounds with full reset and real-time feedback between
rounds. In the decision-making phase, each round began with 100 points
available. Participants had 20 s to decide how much they would contribute
to a public pool to earn a return. The return was determined by the total
contribution to the pool: (a) if the total contribution in the public pool was
less than 50, there was no return; (b) if the total contribution was between 50
and 99, it was increased by 1.3 times and divided equally between both
participants; (c) if the total contribution was between 100 and 199, it was
increased by 1.5 times and divided equally between both participants; (d) if
the total contribution in the public pool was 200, it was doubled and divided
equally between both participants. In other words, higher contributions to
the public pool resulted in greater returns. After the decision-making phase,
participants saw a waiting screen for 8 s, followed by a 10-s outcome screen
presenting feedback on (1) the contribution of their own; (2) the total
contribution in the public pool and the corresponding return rate; (3) their
own payoff for that round.

fNIRS data acquisition

NIRScout (NIRx Medical Technologies, New York) was used to record
changes in each participant’s oxy-hemoglobin (HbO) and deoxy-
hemoglobin (HbR) concentrations during the experimental task. In each
dyad, both participants had two probe sets positioned on their head: a 5*4
probe set on the right forehead, forming a total of 11 measurement channels
and a 3*4 probe set on the right temporal-parietal joint area, forming a total
of 8 measurement channels. The probes were placed according to the 10-10
international system. The distribution of the probes was determined using
fOLD* based on the regions of interest. Specifically, the emitters on the right
forehead were located at Fp2, AFz, F2 and F6, with detectors at Fpz, AF8,
AF4, Fz, and F4. The emitters on the right temporal-parietal joint area were
located at CP4, P6, TP8, and C6, with detectors at CP6, P4, and P8. The
positions of the probes are shown in Supplementary Fig. 1. The anatomical
positions for each channel are shown in Supplementary Table 6. In the
signal calibration phase prior to starting the experiment, we adjusted the
optodes to ensure optimal contact with the scalp, thereby guaranteeing that
the signal quality of each channel reached an acceptable or excellent
standard.

Near-infrared light absorption was measured at two wavelengths (785
and 830 nm) with a sampling rate of 7.8125 Hz. Using the modified Beer-
Lambert law*, changes in HbO and HbR concentrations were calculated by
measuring the absorption of fNIRS light as it passed through tissue. This
study focused only on HbO concentration changes, as previous research has
identified HbO as the most sensitive indicator of changes in regional cere-
bral blood flow™. Increases in HbO are recognized as the outcome of neural

activity, which correspond to the blood oxygenation level-dependent
(BOLD) signal detected by fMRI*'*.

Behavioral data analysis

We used R (version 4.4.0)** to conduct an analysis of variance (ANOVA) at
the individual level to explore the effects of interaction on group likability.
The dependent variable was group likability, with interaction order (com-
petition-to-cooperation, ~cooperation-to-competition) served as the
between-subjects variable. The within-subjects variables included interac-
tion type (competition, cooperation), evaluation round (3rd, 6th, 9th, 12th),
and evaluation target (ingroup, outgroup). The inclusion of the evaluation
target in the analysis was to capture the relative measure of intergroup bias,
which is critical for understanding how competition and cooperation
influence intergroup relations. By comparing ingroup and outgroup lik-
ability ratings, we could assess how the likability of the outgroup changes
relative to the ingroup, providing insights into shifts in intergroup bias and
attitude. Additionally, we used linear regression models to separately
examine the influence of interaction outcomes on outgroup likability during
competition and cooperation. In the competition condition, the dependent
variable was outgroup likability, with the number of wins before each rating
as the independent variable. In the cooperation condition, the dependent
variable was outgroup likability, with the rewards obtained during coop-
eration as the independent variable.

fNIRS data analysis

We used MATLAB R2023b to calculate three neural indices for this study:
neural synchronization (NS), neural activity of a single brain and
rPFC-rTP] function connectivity. Prior to analysis, we visually inspected the
raw fNIRS signals from all channels for each participant to identify artifacts
or poor-quality signals. No obviously bad channels were observed in the
dataset.

First, we used Homer2” for preprocessing and denoising. We began by
using principal component analyses (PCA) to remove the global physio-
logical noise. This was implemented with the enPCAFilter function with
nSV = 0.8, meaning 80% of the covariance of the data was removed. Then,
we applied the correlation-based signal improvement method (CBSI) to
remove head motion artifacts, using the hmrMotionCorrect_Cbsi function.
The modified Beer-Lembert law was then used to convert the processed
optical density into HbO and HbR values, implemented with the
hmrOD2Conc function. After noise removal, we calculated the NS and
individual neural activity.

We estimated NS using wavelet transform coherence (WTC) analysis,
performed with a Matlab package™, which assesses the cross-correlation
between two fNIRS time series generated by each pair of participants over
time and frequency”’. For each dyad, HbO values were obtained in two time
series of equal length and aligned. WTC was applied to these two aligned
time series to find regions in the time frequency space where the two time
series co-varied.

In our interactive game, each round was divided into three time seg-
ments: the 20-s decision-making phase, the 8-s waiting screen phase and the
10-s outcome screen phase. The total length of one round was 46 s, with the
shortest event duration being 8 s. Following similar methods from previous
studies”’, we focused on a frequency band of interest from 0.0217 Hz to
0.125 Hz, which corresponded to the period between 8 s and 46 s of each
round. This approach aligns with prior studies that determined the fre-
quency band for wavelet coherence analysis based on the inverse of the time
interval between two continuous trials or task-related events'**. Visual
inspection of the wavelet transform coherence graph, confirmed higher
coherence values within this frequency band. This frequency band also
excluded high- and low-frequency noise such as respiration (around
0.2-0.3 Hz) and cardiac pulsation (around 1 Hz) that could cause artificial
coherence. For each round and each channel, the coherence values were
calculated within the specific frequency band (0.0217-0.125 Hz).

NS was averaged across all rounds for each channel and submitted to a
mixed-model ANOVA with factors of interaction order (competition-to-
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cooperation versus cooperation-to-competition) X interaction (competi-
tion versus cooperation). Significant effects were thresholded at p <0.05,
and FDR corrected for multiple comparisons for all channels to control for
type I errors™ . FDR correction was applied whenever multiple tests were
conducted. After computing NS, we tested whether applying a Fisher z-
transformation would affect the results. The Fisher z-transformation did not
change the significance or direction of the results but only slightly altered the
magnitude of the values. Therefore, the original NS values were used in all
analyses to ensure simplicity and interpretability.

To ensure that the observed differences in NS were specific to the
interaction, a set of validation analyses was performed. Within-condition
pseudo dyads were generated by randomly pairing two individuals from
different original real dyads under the same experimental condition. The
permutation process was repeated 1000 times, with each permutation
sample consisting of 69 pseudo dyads, to yield a distribution of interactive
effects on NS. The 95% confidence interval (CI) of the permutation dis-
tribution of the 1000 pseudo-dyad samples was then compared with original
data. This permutation testing approach’>” helped determine whether NS
was influenced by similar experimental environment or tasks. Additionally,
we tested the effect of decision similarity on NS to rule out the possibility that
NS was simply a result of participants making similar decisions.

Next, we examined the relationship between neural synchronization
and behavioral ratings by conducting regression analyses between NS and
the behavioral ratings. Since likability ratings were collected every three
rounds, NS values were averaged across every three rounds to serve as the
independent variables, while the average likability ratings of the two parti-
cipants in each dyad served as the dependent variable. Linear regressions
were performed separately for each channel, interaction type and
interaction order.

We also analyzed individual neural activity to understand its rela-
tionship with intergroup attitudes, as group likability were rated by indi-
viduals. For individual neural activity, we followed the method used in
previous research®. We used the MATLAB-based functions derived from
the NIRS-SPM toolbox® to conduct the pre-processing on the fNIRS de-
noised HbO data, following procedures outlined by Yang et al.”’. To remove
longitudinal signal drift, motion artifacts, and oscillations from respiration
and cardiac activity, discrete cosine transforms with a 128-second cutoff
period were applied, along with pre-coloring based on the hemodynamic
response function. Following data preprocessing, the HbO time series of
each channel were then segmented into three phases (the decision-making
phase, the waiting screen phase and the outcome screen phase), consistent
with the NS analysis. The neural activation during decision-making phase
was calculated by converting the HbO during this phase to z-scores, using
the mean and standard deviation of the waiting phase, which is in line with
Yang et al.”. Neural responses were averaged across every three rounds and
submitted to linear regressions, with likability ratings as dependent vari-
ables. Linear regressions were performed separately for each channel,
interaction type and interaction order.

Moreover, wavelet transform coherence analyses between rTPJ and
rPFC were performed for each individual to index the rPFC-rTP] functional
connectivity, which reflects the dynamic coordination between these two
brain regions”. For each participant, we computed coherence values for all
possible channel pairs between the rPFC (11 channels) and rTPJ (8 chan-
nels), resulting in 88 channel pairs. We submitted this rPFC-rTP] func-
tional connectivity index to order-by-type ANOVA at the channel-pairwise
level (each channel pair’s coherence) and at the grand mean level (i.e., the
averaged coherence value across the 88 channel pairs).

Statistics and reproducibility

Sample size estimation was performed a priori. Neural data was processed
using MATLAB R2023b, while statistical analyses and visualizations were
conducted using RStudio with R 4.4.0. Statistical significance was defined as
P <0.05, exact p-values are reported for all significant and non-significant
results. False discovery rate (FDR) correction was applied to control for
multiple comparisons. The alpha level was set at 0.05 for all statistical tests,

and all were two-tailed unless otherwise specified. Descriptive statistics
include means + standard deviations (s.d.), as indicated in the tables. Graphs
display full data distributions with individual data points, means, and error
bars representing 95% CI, while box-and-whisker plots were used to illus-
trate the range, interquartile range, and median values.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Due to privacy restrictions, data are not publicly available but can be pro-
vided by the corresponding author upon reasonable request.

Code availability
The custom routines for data analysis written in MATLAB and R are
available from the corresponding author upon reasonable request.
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