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a b s t r a c t 

Group creation is the process by which group members collaborate to produce novel and useful ideas or products, 
including ideas generation and evaluation. However, the interpersonal neural mechanism of group creation dur- 
ing natural communication remains unclear. In this study, two groups of same-sex dyads with similar individual 
creativity collaborated to complete the Product Improvement Task (creative condition) and the Item Purchase 
Plan Task (control condition), respectively. Functional near-infrared spectroscopy (fNIRS) was used to record both 
members’ neural activity in the left prefrontal (lPFC) and right temporal-parietal junction (rTPJ) regions during 
the task. Considering that the role asymmetry of group members may have an impact on interpersonal neural pat- 
terns, we identified leaders and followers in the dyads based on participant performance. The results showed that 
leaders and followers in the creative condition had significantly lower interpersonal neural synchronization (INS) 
in the right superior temporal gyrus-left superior frontal gyrus, right supramarginal gyrus-left superior frontal 
gyrus, and right supramarginal gyrus-left middle frontal gyrus than in the control condition. Partial multivariate 
Granger causality analyses revealed the influence between dyads was bidirectional but was significantly stronger 
from the leaders to the followers than the other direction. In addition, in the creative task, the INS was signifi- 
cantly associated with novelty, appropriateness, and conflict of views. All these findings suggest that the ideas 
generation and ideas evaluation process in group creation have poor interpersonal neural activity coupling due 
to factors such as the difficulty of understanding novel ideas. However, performances may be improved when 
groups can better integrate views and reach collective understanding, intentions, and goals. Furthermore, we 
found that there are differences in the dynamics of INS in different brain regions. The INS related to the novelty 
of the group creation decreased in the early stages, while the INS related to the appropriateness decreased in 
the middle stages. Our findings reveal a unique interpersonal neural pattern of group creation processes in the 
context of natural communication. 
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. Introduction 

Employing small groups to solve problems is critical to modern life
 Doboli and Doboli, 2021 ). Cooperation between members with differ-
nt knowledge and skills may create novel ideas or products and solve
roblems creatively, resulting in greater group benefits ( Mao et al.,
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016 ; Senaratne and Gunawardane, 2015 ). Therefore, understanding
he mechanisms of group creativity is important for many domains. 

Group creativity is defined as a group of members working together
o produce novel and useful ideas or products ( Ristic et al., 2016 ;

ang and Zhu, 2011 ). There are two basic characteristics of group cre-
tivity: group structure and creative process. For the group structure,
ue to differences such as knowledge utilization preferences and indi-
idual traits ( Ray and Romano, 2013 ), role asymmetry may exist in the
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nteraction process of group creativity. Groups tend to emerge with indi-
iduals who are good at generating novel ideas and individuals who are
illing to understand and coordinate with others ( Bolinger et al., 2009 ).
he former usually gain status in the group and may become leaders who

ead ideas. The latter, as followers, exert less influence on others but are
lso important in promoting creativity ( Bolinger et al., 2009 ). This pat-
ern of collaboration may be relatively stable throughout the process
f group creativity ( Mayseless et al., 2019 ). Similarly, in the leader-
ess group discussions, many studies have also found that individuals
ay spontaneously form a “leader-follower ” relationship (i.e. one per-

on lead the task and the other one follow) in interactions ( Jiang et al.,
015 ; Konvalinka et al., 2014 ; Selten and Warglien, 2007 ). This spon-
aneous asymmetrical interpersonal relationship may be beneficial to
roup performance ( Selten and Warglien, 2007 ; Wallot et al., 2016 ). For
he creative process, group creativity involves both divergent and con-
ergent thinking, which is similar to individual creativity ( Tan, 2015 ;
lrich, 2018 ). The interacting members not only generate ideas (related

o divergent thinking) but also evaluate the ideas (related to convergent
hinking) of others ( Chen et al., 2017 ; Paulus and Yang, 2000 ; Ray and
omano, 2013 ), with the two stages being constantly recursive and it-
rative ( Harvey, 2014 ; Harvey and Kou, 2013 ). The former is expected
o improve the novelty of ideas and the latter is expected to improve the
ppropriateness of the group’s creative ideas ( Paletz and Schunn, 2010 ;
ingh and Fleming, 2010 ). In addition, due to cognitive diversity and dif-
culty in understanding the intentions of others’ views, members may
ave a conflict of views during interactions, but creativity tends to de-
elop better when teams are better able to integrate members’ views
 Harvey, 2014 ; Kohn et al., 2011 ; Ristic et al., 2016 ; Xue et al., 2018 ). 

Since group creation depends on interpersonal interaction, in re-
ent years, researchers have used functional near-infrared spectroscopy
fNIRS) based hyperscanning technique to understand the interaction
f creative groups (e.g., Duan et al., 2020 ; Lu et al., 2019a , 2019b ,
020b ; Lu and Hao, 2019 ; Mayseless et al., 2019 ). Compared with
ingle-brain studies, hyperscanning aims to measure the brain activity
f multiple brains simultaneously to meet the needs of studying the in-
erbrain activity patterns of interactive participants (see ( Kelsen et al.,
020 ; Redcay and Schilbach, 2019 ; Wang et al., 2018 ) for further de-
ails). Because fNIRS has high temporal and spatial resolution, and high
olerance for physical activity, it has been widely used as a brain sig-
al acquisition modality in hyperscanning studies ( Brockington et al.,
018 ). By analyzing the synchrony of group members’ neural activ-
ty during the interaction, termed interpersonal neural synchronization
INS), researchers mainly focused on the influencing factors of the pro-
ess of group creation. Recent evidence suggests that INS in the process
f group creation is related to romantic relationships ( Duan et al., 2020 ),
ommunication mode ( Lu et al., 2020b ), cooperation ( Xue et al., 2018 ),
eedback ( Lu et al., 2019a ). And the stronger INS may indicate better
eam performance. However, the above-mentioned influencing factors
n INS have also been found in other hyperscanning studies of interper-
onal interaction ( Cui et al., 2012 ; Liu et al., 2019 ; Long et al., 2021 ;
hu et al., 2021 ). 

To identify the interpersonal neural models specific to group creativ-
ty, a direct comparison of group creativity tasks with general tasks (i.e.
on-creative tasks) may be needed. Lu et al. (2019b) compared the INS
ifference between the alternative uses task (AUT, demanding divergent
hinking) and the object characteristic task (OCT, not demanding diver-
ent thinking) under the conditions of cooperation. They found that the
yads’ INS of right dorsolateral prefrontal cortex (rDLPFC) and right
emporal-parietal junction (rTPJ) in the AUT task was stronger than in
he OCT task. However, in this study, participants were only asked to
ontinuously generate novel ideas in the turn taking without eventually
orming an integrated proposal. So the study focused more on idea gen-
ration and less involved idea evaluation in group creativity. In addition,
nlike natural communication, turn taking itself is already a cooperative
rocess that may affect interpersonal neural models related to creativity
 Mayseless et al., 2019 ). 
2 
To better understand the interactions that occur naturally in the
roup creativity process and the characteristics of its interpersonal neu-
al mechanism, Mayseless et al. (2019) explored the INS difference be-
ween creative tasks (open product design) and control tasks (prescribed
D model building) in the context of natural communication and its rela-
ionship with behavioral indices of creativity. The result suggested that
yads’ INS in anterior prefrontal cortex (aPFC)-posterior superior tem-
oral gyrus (pSTG) and aPFC-TPJ in the creative task was significantly
reater than in the control task. However, it should be noted that while
he creative design task includes the idea generation and idea evalua-
ion, the 3D model building task as the control condition is quite differ-
nt from it. For example, the 3D model building task requires advanced
anual dexterity and spatial skill. However, this interactive process may

nvolve less verbal communication and less complex processing of lan-
uage and emotions ( Li et al., 2021 ), which may affect the strength of
NS ( Hasson et al., 2012 ). 

Although the above two studies found higher INS in group cre-
tion, there is also some evidence that the INS of group creation tasks
ay be lower than the general tasks. First, the shared neural response
ay reflect similar representation or thinking ( Cetron et al., 2019 ;
eshulam et al., 2021 ; Nguyen et al., 2021 ; Wass et al., 2020 ). To gener-

te novel ideas, group members often need to inhibit dominant and con-
ensus representations, engage in mental representational change, break
he thinking impasses and diverge in different directions ( Huang et al.,
019 ). As a result, the INS of group creation tasks may decrease. Sec-
nd, due to the heterogeneity of knowledge, skills, and experience,
roup members in the process of idea evaluation may have difficulty
nderstanding each other’s novel ideas and intentions, resulting in dis-
greements or conflicts ( Bodla et al., 2018 ), which may lead to the
NS of group creation tasks lower than general tasks ( Fishburn et al.,
018 ; Lu et al., 2021 ; van Baar et al., 2021 ). Finally, Mayseless et al.
2019) found that the originality score in the creative task showed a
rend level negative correlation with the INS increase of inferior frontal
yrus (IFG)-pSTG. This seems to imply that the INS may decrease when
he interacting members generate some creative responses ( Shamay-
soory et al., 2019 ). 

The present study used a Product (umbrella) Improvement task as
he group creation task ( Torrance, 1966 ). Participants were required
o eventually generate a novel and appropriate solution. This process
nvolved both idea generation and evaluation. The item (umbrella) pur-
hase plan task, which requires a similar interaction pattern but does
ot demand creativity, was used as a general task for control. The simi-
arity of the experimental materials used and interaction patterns in the
wo tasks better reduced the differences in INS due to excessive differ-
nces between experimental tasks. Given the advantages of fNIRS-based
yperscanning techniques, this study used fNIRS to continuously record
hanges in the cerebral activity of dyads during the interaction. We fo-
used on the rTPJ and lDLPFC to explore the interpersonal neural mod-
ls between the individuals involved in group creation. The reasons are
s follows. First, the rTPJ and lDLPFC have been considered to be key
rain regions for cognitive processing in creative tasks ( Huang et al.,
021 ). The rTPJ as a component of the default-mode network (DMN)
as considered to be related to the generation of creative ideas, while

he lDLPFC as a component of the executive control network (ECN) was
onsidered to be related to the evaluation of creative ideas ( Huang et al.,
021 ; Kleinmintz et al., 2019 ). Moreover, in the context of social inter-
ction, the TPJ and PFC regions are also considered to be components
f the mentalizing system (MS), which is responsible for mentalizing,
heory of mind, and other social cognition. The coupling between the
wo may reflect the state of interaction between individuals ( Lu et al.,
021 ). In addition, previous hyperscanning studies of group creativity
ave also shown that the lDLPFC and rTPJ are recruited ( Lu et al., 2019a ;
u and Hao, 2019 ). 

Role asymmetry has been neglected in previous studies on interper-
onal neural mechanisms of group creativity, and members’ roles are
onsidered to be equal and symmetrical. The INS of different brain areas
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as calculated as the average across all group members in any given con-
ition. For example, the INS between lDLPFC and rTPJ was calculated
rom the average of the INS between lDLPFC (Participant 1) and rTPJ
Participant 2) and the INS between rTPJ (Participant 1) and lDLPFC
Participant 2) ( Li et al., 2021 ). Because role differentiation already ex-
ibits unique interpersonal neural characteristics early in natural com-
unication ( Jiang et al., 2015 ), this calculation method of INS may ob-

cure some important information. In the present study, we assessed
ndividual roles (leader or follower) based on dyads’ interactions before
ata analysis. Then INS was calculated between each channel of the
eaders and all channels of the followers in each dyad and was not aver-
ged. This study examined the differences and dynamics of INS between
reative condition and control condition, the information flow between
oles, and the relationship between INS and behavior indicators. 

. Methods 

.1. Participants 

One hundred and twenty-seven college students were recruited. They
ere asked to complete an AUT task through an online questionnaire be-

ore the experiment. The novelty scores of the answers generated by the
articipants were used as a measure of individual creativity ( Runco and
car, 2012 ) (see details in the supplementary materials S1). 

To avoid the influence of gender and creativity level on group cre-
tion ( Cheng et al., 2015 ; Xue et al., 2018 ), the dyads were made up of
wo people with the same level of creativity and the same gender (see
etails in the supplementary materials S1). After excluding participants
ho disobeyed the experimental instructions (see details in the supple-
entary materials S1), there were 17 dyads (6 dyads of men and 11
yads of women) under each experimental condition, for a total of 68
articipants (mean age: 20.01 ± 1.91 years old). 

The members of each dyad did not know each other before the ex-
eriment. All the participants were right-handed, had no brain disease
r mental illness, and had normal or corrected-to-normal vision. They
ere paid a standard experiment participation fee and provided signed

nformed consent before participation. All experimental protocols were
pproved by the Ethics Institute Review Board of Central China Normal
niversity. 

.2. Experimental tasks 

In the creative condition, dyads were asked to complete the “Prod-
ct Improvement Task ”. This task is an item on the Torrance Tests of
reative Thinking (TTCT), which is typically used to measure individ-
al creativity ( Wei et al., 2014 ). We slightly changed the task for use in
he dyadic context. To make the task relevant to daily life, we replaced
he elephant, the object of the original creative product improvement
ask, with an umbrella (see Fig. 1 A). These dyads were asked to discuss
orm a novel and appropriate improvement plan for the umbrella. In
he control condition, dyads were asked to complete a general task of
Item Purchase Plan ”. Compared with the creative task, the general task
equired little creativity. These dyads were asked to discuss to form an
ppropriate purchase plan for the umbrella (see supplementary mate-
ials S2 for task instructions). After the discussion, the team ultimately
eeded to reach a consensus on the improvement plan or purchase plan
nd then write down the plan together. 

.3. Experimental procedure 

.3.1. Subjective measurement 

Before the general experimental procedure, participants were asked
o complete assessments of cooperative preference, the familiarity with
mbrellas, and the degree of demand for umbrellas. After the general
xperimental procedure, participants were asked to complete an assess-
3 
ent of interest in the task (see Supplementary Material S3 for ques-
ionnaires). 

.3.2. General experimental procedure 

The general experimental procedure consisted of an 8 min resting-
tate session, 2 min instruction session, and a 20 min task session (see
ig. 1 C). 

Participants were asked to sit face to face (see Fig. 1 B), and the ini-
ial 8 min resting-state session served as a baseline. During this session,
articipants were asked to remain as still as possible, with their eyes
losed and their minds relaxed, and don’t think about specific problems
r fall asleep ( Lu et al., 2019b ). Next, in the instruction session, the
ask and requirements were introduced. Then, during the task session,
roup members cooperated to complete the corresponding experimental
asks through natural communication. This process was recorded with a
ideo camera with audio. fNIRS data were simultaneously collected dur-
ng both the resting-state session and task session. To ensure the validity
f the data, the participants were asked to avoid large-scale movement
s much as possible during the experiment. After the discussion, the par-
icipants were asked to write down the plan together, and individually
ated the degree of conflict of views during the discussion session from
 (not at all) to 5 (very much) points. 

.3.3. Task performance evaluation and role division 

Eight graduate students, who were blind to the group assignment,
sed the consensus assessment technique ( Amabile, 1983 ) to evaluate
he novelty and appropriateness of the problem solution on a Likert scale
anging from 1 (not at all) to 5 (extremely). Four of them evaluated
he creative product improvement task and the other four evaluated
he purchase plan task. The average of the four scores across two items
as used as the final score for group performance. All the inter-rater
greements were satisfactory (ICCs > 0.82). 

In addition, three graduate students were invited to watch the video
nd evaluate the role of each member of the dyad (leader: who always
akes the lead, follower: who more or less follows the other) based on the
aturally emerging discussion. One member was identified as a leader
f two or more raters marked him or her as a leader. The other member
f the dyad was marked as a follower. Another four graduate students
ounted the number of expressed views per individual in each dyad. All
raduate students were blind to the purpose of the experiment. 

.4. fNIRS data acquisition 

NIRScout (NIRx Medical Technologies, New York) was used to
ecord changes in each participant’s oxy-hemoglobin (HbO) and deoxy-
emoglobin (HbR) concentrations during the experimental task. There
ere 4 probe sets. Of these, 2 probes had 3 emitters and 4 detectors to

orm a 3 ∗ 4 probe set, forming a total of 8 measurement channels. The
ther 2 probe sets had 5 emitters and 4 detectors to form a 5 ∗ 4 probe set,
orming a total of 12 measurement channels. Thus, there were a total of
0 measurement channels. The distance between each channel was up
o 3 cm (fixed with a 3 cm fixing piece). 

In dyads, each participant had two probe sets on the head: a 3 ∗ 4
robe set on the left forehead and a 5 ∗ 4 probe set on the right temporal-
arietal joint area. The probe was placed according to the 10-20 inter-
ational system. The emitters on the left forehead covered FP1, AF3,
nd F5, with detectors located at FPz, AFz, AF7, and F3. The emitters
n the right temporal-parietal joint area were located at P8, T8, CP6,
4, and C4, with detectors at TP8, P6, C6, and CP4. The positions of
he probes are shown in Fig. 1 D. The brain region corresponding to the
hannel was positioned using a three-dimensional locator (NIRx Medi-
al Technologies, New York), which to determine the Nz, Cz, Iz, AL, AR
oints and probe positions. The probabilistic registration method was
sed to register the fNIRS channel position with the Montreal Neuro-
ogical Institute (MNI) space coordinates to obtain the corresponding
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Fig. 1. Experiment procedure. (A) Umbrella prototype. 
(B) Participants’ seating arrangement. (C) Experiment flow 

chart. (D) Cap configuration. Red circles indicate emitters; 
Blue circles indicate detectors. The measurement channels 
are marked by numbers. Measurement channels covered the 
frontal, temporal, and parietal cortices. 
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elationship with the Brodmann area and automatic anatomical labels
AAL) area ( Tsuzuki et al., 2012 ). 

The absorption of near-infrared light at two wavelengths (785 and
30 nm) was measured with a sampling rate of 7.8125 Hz. Based on the
odified Beer-Lambert law, changes in the HbO and HbR concentrations
ere obtained by measuring changes in absorption of fNIRS light after

ts transmission through the tissue. Previous studies have shown that
bO was a sensitive indicator of change in regional cerebral blood flow
 Zheng et al., 2018 ). Thus, this study focused on the HbO concentrations
nly. 

.5. Behavioral data analysis 

.5.1. Correctness check of role division 

Since the leaders may express more views ( Wickham and
alther, 2007 ), we conducted a 2 (between-group variable: Task Type:

reative task vs. general task) ∗ 2 (within-group variable: Role: leader
s. follower) mixed ANOVA on the number of expressed views to ver-
fy the correctness of the role division. In addition, the communication
kills and competence of members were further evaluated to ensure the
orrectness of the role division (see Supplementary material S4 for de-
ails). 

.5.2. Task performance 

Before conducting a comparison of task performance between the
wo tasks, we first tested the control of extraneous variables in the ex-
eriment. A 2 (between-group variable: Task Type: creative task vs. gen-
ral task) ∗ 2 (within-group variable: Role: leader vs. follower) mixed
NOVA was conducted for each of the following dependent variables:

ndividual creativity, cooperative preference, familiarity with umbrel-
as, the degree of demand for umbrellas, and interest in the task. 

As extraneous variables obtained by subjective measurement might
ave affected task performance, one-way ANCOVA was conducted to ex-
lude possible effects of extraneous variables on task performance. We
eparately averaged the five extraneous variables in dyads. For that anal-
sis, the Task Type (a categorical variable) was an independent variable
4 
nd the five extraneous variables at the pair level (continuous variables)
ere covariates. 

.6. fNIRS data analysis 

.6.1. Pair-level analysis 

The fNIRS data collected during the rest session and task session were
nalyzed. Data from the first 60 s and last 60 s were deleted during pre-
rocessing. Thus, data within the period of steady state were analyzed.
uring preprocessing, no filtering or detrending procedures were ap-
lied ( Cui et al., 2012 ). In addition, we did not perform any artifact
orrections at the single-subject level, as wavelet transform coherence
WTC) normalizes the amplitude of the signal according to each time
indow and thus was not vulnerable to the transient spikes induced by
ovements ( Nozawa et al., 2016 ). 

We employed WTC analysis to estimate INS. A Matlab package was
sed to perform WTC ( Grinsted et al., 2004 ) as a way to assess the
ross-correlation between the two fNIRS time series generated by each
air of participants as a function of frequency and time ( Torrence and
ompo, 1998 ). For the two participants in one dyad, HbO values were
btained in two time series of equal length and aligned. Then, WTC was
pplied to these two aligned time series to find regions in the time fre-
uency space where the two time series co-varied. For more thorough in-
ormation about wavelet coherence, please see Grinsted et al. (2004) and
hang and Glover (2010) . Because there were 20 measurement channels

or each participant (leader or follower), 400 (20 ∗ 20) pairs of time series
ere generated for each dyad, and WTC was thus conducted 400 times
 Zheng et al., 2020 , 2018 ). The coherence values were time-averaged
cross the rest and discussion periods, and converted into Fisher z-
alues. 

Consistent with previous studies ( Dai et al., 2018 ; Jiang et al., 2012 ),
e focus on the relative enhancement of INS during the task session

ompared to the resting-state session. Thus, we subtracted the coherence
alue of the resting-state session from that of the task session to obtain
n index of time-aligned INS increase ( Grinsted et al., 2004 ). At this
tage, no specific frequency ranges were selected. 
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Since the group creativity process requires members to continuously
enerate and evaluate ideas through verbal communication, this process
nvolves neurocognitive processing of members’ mutual understanding.
he neural coupling between two persons in verbal interaction may not
e limited to time alignment. Previous studies have shown that in the
rocess of information comprehension, listeners’ neural response may
ag behind speakers, resulting in a time-lag INS ( Jiang et al., 2021 ;
iu et al., 2017 ; Stephens et al., 2010 ). Therefore, we added various
ime-lags to the computation of INS increases to obtain the time-lagged
NS increases ( Long et al., 2021 ; Zheng et al., 2018 ). For the selection
f time windows, we referred to previous interpersonal neural studies
n verbal comprehension ( Jiang et al., 2021 ; Liu et al., 2020 , 2017 ;
tephens et al., 2010 ). Specifically, the time course of the leaders’ brain
ctivity (i.e., HbO) was shifted forward or backward relative to that of
he followers’ brain activity by 1–6 s (step = 1 s). 

.6.2. Group-level analysis (time-aligned INS) 

.6.2.1. Task type-related differences in time-aligned INS. The following
nalyses were conducted to identify the difference in the INS increase
etween the two tasks. First, to identify the frequency ranges that were
pecifically associated with the task style, independent sample t-tests
ere conducted on the time averaged coherence value of each CH (chan-
el) combination (400 in total) along the full frequency range (0.01–0.7
z). Following previous studies ( Dai et al., 2018 ; Jiang et al., 2012 ), data
bove 0.7 Hz were not included to avoid aliasing of higher frequency
hysiological noise, such as cardiac activity (0.8–2.5 Hz). Data below
.01 Hz were also not used, to remove very low frequency fluctuations.
inally, data within the frequency range of respiratory activity (0.15–
.3 Hz) were not considered. The t-test results were threshold at p <
.0005. No further corrections were applied because this analysis was
sed to identify the pattern along the frequency range rather than to
btain the final results ( Zheng et al., 2018 ). It was finally found that the
requency range of interest was 0.315–0.445 Hz, and the coherence val-
es within this frequency range were averaged. Independent samples t-
ests (creative task vs. general task) were performed on the time-aligned
NS increase of all channels in this band, and FDR correction was per-
ormed ( Zheng et al., 2020 , 2018 ). The channel combinations exhibit-
ng significant condition-related INS increase differences were defined
s significant CH combinations. 

.6.2.2. Validation of the INS differences between task types through a per-

utation test. To verify that the group difference in INS increase was
pecific to the original pairing of the leaders and followers, a valida-
ion approach (i.e., a permutation test) was used ( Lu et al., 2020b ). For
ach condition, all participants were randomly assigned to new dyads
o recompute the INS and perform a series of independent sample t-tests
n the newly formed two sets of data. This permutation process was re-
eated 1000 times to yield a distribution ( t value) of all CHs, which was
hen compared with the original pairing data. 

.6.2.3. Linking task performances with time-aligned INS. To determine
he behavioral significance of leader-follower neural coupling, we ex-
mined the correlation between INS increase of significant CH com-
inations and the task performances, separately, under different con-
itions. Since creativity level, cooperative preference, and interest in
he task may affect the correlation between INS and task performance
 Kelsen et al., 2020 ; Lu et al., 2019b ; Xue et al., 2018 ; Zhu et al., 2019 ),
e separately averaged the three extraneous variables in dyads. Then,
 Pearson’s partial correlation analysis was applied, which controlled
or the potential effect of the three extraneous variables (creativity, co-
perative preference, and interest in the task), and FDR correction was
erformed. 

.6.2.4. Dynamics of the time-cumulative time-aligned INS analysis. To
dentify the earliest time-point where the INS increase differed among
5 
onditions, we conducted a time accumulation INS analysis to signifi-
ant CH combinations respectively ( Liu et al., 2019 ). First, we normal-
zed the discussion session of each dyad into 200 epochs. For each dyad,
he time-cumulative INS at epoch n was calculated as the sum of the INS
anging from the first epoch to the nth epoch. Second, we performed in-
ependent samples t-tests at 200 epochs to compare the difference of
NS increase between the two conditions. Finally, the resulting p values
ere FDR corrected. 

.6.2.5. Coupling directionality. We further estimate the magnitude of
idirectional information flow between the leaders and the followers
n the two tasks by conducting partial multivariate Granger causality
nalyses (PMGCA). Tradition Granger causality analysis (GCA) uses vec-
or autoregressive models to measure the causal relationship between
ime series in brain data. Since the Granger causality value may indi-
ate the strength of the interpersonal influence during the social inter-
ction ( Cheng et al., 2019 ), it provides a neurobiological suggestion of
oupling directionality, i.e., which individual was more actively driving
nother ( Barnett and Seth, 2014 ). However, the exogenous and endoge-
ous influences such as common external stimulus-induced neural re-
ponses or similar intrinsic neural responses may confound the Granger
ausality between individuals and lead to spurious causal inference
 Guo et al., 2008 ; Roelstraete and Rosseel, 2012 ; Youssofzadeh et al.,
016 ). PMGCA can better mitigate potentially confounding effects on
ausal inference by modifying the traditional GCA by adding terms
ased on residual correlations between the predicted and the condi-
ional variables (see more details in ( Guo et al., 2008 ; Roelstraete and
osseel, 2012 , 2011 ). 

Consistent with previous studies ( Hou et al., 2020 ; Pan et al., 2021 ,
018 ), our PMGCA was based on normalized HbO signals of signifi-
ant CH combinations during the discussion periods. The main steps
f the PMGCA are as follows: First, in each channel, we converted the
bO signals of the task session into z-scores using the mean and the

tandard deviation of the signals recorded during the resting-state ses-
ion ( Chen et al., 2020 ; Cheng et al., 2019 ; Pan et al., 2021 ). Second,
or each individual, the z-scored time series of significant channels in
he same brain regions were averaged. Third, to mitigate the impact
f exogenous or latent variables, the time series of the leader corre-
ponding follower’s significant channel and the time series of the fol-
ower corresponding leader’s significant channel were used as moderat-
ng variables (see 3.2.5 for details). Fourth, an R package (FIAR; down-
oad from https://github.com/cran/FIAR ) was used to calculate the par-
ial multivariate Granger causalities in two directions ( Roelstraete and
osseel, 2011 ): from the leaders to the followers and from the followers

o the leaders. Finally, we used a one-sample t-test to compare the dif-
erences between each direction and zero in each condition, and then
he effect of Task Type and Direction was examined by mixed ANOVA. 

.6.3. Group-level analysis (time-lagged INS) 

.6.3.1. Task type-related differences in time-lagged INS. To examine
hether there are differences in time-lagged INS between the two tasks,
 series of independent samples t-tests (creative task vs. general task)
as applied to each time lag (i.e., -6s (follower precede) to + 6s (leader
recede)) in 0.315–0.445 Hz frequency range, and FDR correction was
erformed ( Long et al., 2021 ; Zheng et al., 2020 ). 

.6.3.2. Linking conflict of views with time-lagged INS. Since the level of
ime-lagged INS was considered to represent the degree of individual
nderstanding of information in the communication ( Jiang et al., 2021 ;
iu et al., 2017 ; Stephens et al., 2010 ), it might be related to the conflict
f views perceived by the individual during the task ( Harvey, 2014 ). To
est this hypothesis, we averaged the degree of conflict of views in dyads,
hen a Pearson’s correlation analysis was adopted to analyze the rela-
ionships between the degree of conflict of views and the time-lagged
NS of significant CH combinations, separately, under different task con-
itions, and FDR correction was performed. 

https://github.com/cran/FIAR
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Table 1 

Specific brain areas involved in the INS between leaders and followers. 

CH Combinations(leader-follower) Leader Follower 

CH3-CH14 right Superior temporal gyrus (rSTG) left Superior frontal gyrus (lSFG) 
CH3-CH15 right Superior temporal gyrus (rSTG) left Superior frontal gyrus (lSFG) 
CH3-CH16 right Superior temporal gyrus (rSTG) left Superior frontal gyrus (lSFG) 
CH7-CH16 right Supramarginal gyrus (rSMG) left Superior frontal gyrus (lSFG) 
CH7-CH18 right Supramarginal gyrus (rSMG) left Middle frontal gyrus (lMFG) 
CH15-CH20 left Superior frontal gyrus (lSFG) left Middle frontal gyrus (lMFG) 
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. Result 

.1. Behavioral result 

.1.1. Correctness check of role division 

The mixed ANOVA results on the number of expressed views re-
ealed a significant main effect of Role, F (1, 32) = 76.79, p < 0.001,
2 

partial = 0.71, the leaders (27.71 ± 1.45) expressed more views than
he followers (22.50 ± 1.31). In addition, there was a significant in-
eraction between Task Type and Role, F (1, 32) = 4.96, p = 0.033,
2 

partial = 0.13. The simple effect for Role at creative task was signifi-
ant, F (1, 32) = 60.40, p < 0.001, 𝜂2 

partial = 0.65, the leaders (28.88 ±
.05) expressed more views than the followers (22.35 ± 1.85). The sim-
le effect for Role at general task was also significant, F (1, 32) = 21.35,
 < 0.001, 𝜂2 

partial = 0.40, the leaders (26.53 ± 2.05) expressed more
iews than the followers (22.65 ± 1.85). That is, the difference in the
umber of expressed views between leaders and followers was greater
n the creative task compared to the general task. The main effect for
ask Type was not significant, F (1, 32) = 0.15, p = 0.705. The results
uggested that the evaluators’ judgment on the role of participants is
easonable. 

.1.2. Task performance 

There was no significant main effect or interaction effect for individ-
al creativity, cooperative preference, familiarity with umbrellas, the
egree of demand for umbrellas, and interest in the task ( ps > 0.05). 

The ANCOVA results showed a significant main effect of Task Type
n novelty score ( F (1, 27) = 15.95, p < 0.001, 𝜂2 

partial = 0.37). Specif-
cally, the novelty score of dyads in the creative task (3.06 ± 0.81)
as higher than that of the general task (2.29 ± 0.78). The main

ffect of Task Type on appropriateness score was not significant ( F
1, 27) = 3.43, p = 0.075; creative task (3.06 ± 0.52), general task
3.57 ± 0.55)). 

.2. Time-aligned INS result 

.2.1. Task type-related differences in time-aligned INS 

The differences between the conditions on the time-aligned INS in-
rease of all channel combinations in the 0.315–0.445 HZ frequency
ere tested. The results of t-tests showed that the INS for the chan-
el combinations (leader-follower) of CH3-CH15 ( t (32) = -4.10, cor-
ected p = 0.026, Cohen’s d = 1.41), CH3-CH16 ( t (32) = -4.40, cor-
ected p = 0.020, Cohen’s d = 1.51), CH7-CH16 ( t (32) = -4.75, corrected
 = 0.016, Cohen’s d = 1.63) and CH7-CH18 ( t (32) = -4.30, corrected
 = 0.020, Cohen’s d = 1.47) under the creative condition were signif-
cantly lower than under the control condition (see Fig. 2 A, B). These
our channel combinations are defined as significant CH combinations
or subsequent analysis, and the specific brain they involved are shown
n the Table 1 . 

.2.2. Validation of the INS differences between task types 

After random permutation, the results did not show any significant
roup differences in time-aligned INS increase for any CH combination
t the 0.315–0.445 Hz frequency. Validation results ( t -values) for the
6 
 significant CH combinations from the 1000 permutations are shown
n Fig. 2 C. Compared with the distribution generated by the permuta-
ion procedure, the t -values of the actual dyads were in the 1% areas
f the distribution generated by the permutation procedure. These re-
ults suggest that the significant INS increase was specific to the original
yads. 

.2.3. Relationship between task performances and INS 

A significant positive correlation was found between the time-
ligned INS increase of CH3-CH16 (rSTG-lSFG) and the novelty score
nder the creative condition (partial r = 0.62, corrected p = 0.027) (see
ig. 2 D). There was also a significant positive correlation found between
he INS increase of CH7-CH18 (rSMG-lMFG) and the appropriateness
core under the creative condition (partial r = 0.64, corrected p = 0.026)
see Fig. 2 E). The correlation between INS and task performances was
ot found in the general task (corrected ps > 0.05). 

.2.4. Dynamic INS difference between two tasks 

The time accumulation INS analysis explored how time-aligned INS
ynamically changes over the course of tasks. The result showed that
rom the 5th epoch (about 23-29s), the INS increase of CH3-CH15 and
H3-CH16 showed a continuous and stable significant difference among
onditions (corrected ps < 0.05). Starting from the 57th (about 319–
24s) epoch and the 60th (about 336–342s) epoch, respectively, the
NS increase of CH7-CH16 and CH7-CH18 showed continuous and sta-
le significant differences among conditions (corrected ps < 0.05) (see
ig. 3 ). 

.2.5. Coupling directionality 

PMGCA was used to measure the directional information flow be-
ween two members. Leaders contain two time series: rSTG (CH3) and
SMG (CH7), and followers contain two time series: lSFG (the average
f CH15 and CH16) and lMFG (CH18). In addition, two time series of
SFG (the average of CH15 and CH16) and lMFG (CH18) from leaders
nd two time series of rSTG (CH3) and rSMG (CH7) from followers were
sed as condition variables. 

In creative condition, the G-causalities of both directions were
ignificantly higher than zero: from the leaders to the followers ( t
16) = 10.29, p < 0.001) and from the followers to the leaders ( t
16) = 17.80, p < 0.001). The PMGCA result of the control condition
as similar to the creative condition, with both directions identified

ignificant increases in the G-causality relative to zero: from the leaders
o the followers ( t (16) = 8.88, p < 0.001) and from the followers to the
eaders ( t (16) = 12.26, p < 0.001). 

Mixed ANOVA revealed a significant main effect of Task Type, F
1, 32) = 4.82, p = 0.036, 𝜂2 

partial = 0.13, with the larger G-causalities
n the control condition (0.0049 ± 0.0020) compared to the creative
ondition (0.0038 ± 0.0013) (see Fig. 4 ). This result suggested that a
tronger interpersonal influence between group members in the gen-
ral task condition. The main effect of Direction was also significant,
 (1, 32) = 4.62, p = 0.039, 𝜂2 

partial = 0.13. G-causalities from the
eaders to the followers (0.0047 ± 0.0021) was significantly greater
han that from the followers to the leaders (0.0040 ± 0.0013). How-
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Fig. 2. Time-aligned INS result. (A) Time-aligned INS matrix at 0.315–0.445 HZ. The color indicates the t value. The significantly different CH combinations are 
marked by the red frames. (B) The location of significant CH combinations on the cerebral cortex. (C) The distribution of the t value was calculated by 1000 random 

dyads for the significant CH combinations. The dotted lines denote the positions of the t values on the actual dyads. (D) The partial correlation between time-aligned 
INS increase of CH3-CH16 and novel score. (E) The partial correlation between time-aligned INS increase of CH7-CH18 and appropriateness score. 
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ver, we did not find a significant interaction effect, F (1, 32) = 0.01,
 = 0.914. 

.3. Time-lagged INS result 

.3.1. Task type-related differences in time-lagged INS 

The time-lag results showed that the INS increase of CH3-CH14 ( t
32) = -4.70, corrected p = 0.019, Cohen’s d = 1.66) and CH15-CH20 ( t
32) = -4.22, corrected p = 0.038, Cohen’s d = 1.49) were significantly
ower in the creative condition than in the control condition when the
eaders’ brain activity preceded that of the followers by 1s. In addition,
hen the leaders’ brain activity preceded that of the followers by 2s, the

NS increase of CH3-CH14 ( t (32) = -4.42, corrected p = 0.043, Cohen’s
 = 1.56) was significantly lower in the creative condition than in the
eneral task condition. See Table 1 for specific brain areas involved in
he CH3-CH14 and CH15-CH20. No significant results were found when
he followers’ brain activity preceded that of the leaders at any time-
ags, at any CH combinations (corrected p > 0.05) (see Fig. 5 A- 5 D). 
7 
.3.2. Relationship between conflict of views and time-lagged INS 

When the brain activity of the leaders precedes the followers, the
orrelation analysis found that the INS increase of the CH3-CH14 at 1s
nd 2s time lags was significantly negatively correlated with the degree
f conflict of views in the creative condition (1-s time lag: r CH3-CH14 = -
.73, corrected p CH3-CH14 = 0.002; 2-s time lag: r CH3-CH14 = -0.71, cor-
ected p CH3-CH14 = 0.002) (see Fig. 5 E, 5 F). The correlation between
ime-lagged INS increase and conflict of views was not found in CH15-
H20 or the general task (corrected ps > 0.05). 

. Discussion 

The present study explored the difference between the group creativ-
ty task and the general task and unveiled the underlying interpersonal
eural correlates, using the fNIRS-based hyperscanning technique. 

Our findings first confirm that the “leader-follower ” role asymmetry
ccurred spontaneously in groups during natural communication. Lead-
rs expressed more views, and there was a greater information flow
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Fig. 3. The dynamics of the time-cumulative INS. The time-cumulative INS increase of 200 normalized epochs in the creative condition and control condition. The 
red and blue shaded areas denote the standard error at each epoch. The yellow color indicates the INS significant difference between these two conditions, ∗ p < 0.05, 
FDR corrected. 

Fig. 4. The G-causalities from leader (L) to follower (F) were significantly 
greater than vice versa. The G-causalities of the creative condition were sig- 
nificantly weaker than the control condition. ∗ p < 0.05. 
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rom the leaders to the followers. Moreover, we reveal the unique in-
erpersonal neural models of group creation. The time-aligned INS and
ime-lagged INS between leaders and followers in the creative condition
ere significantly lower than in the control condition, and the former
ositively predicted the performances of group creation, and the latter
egatively predicted the conflict of views in the group creation. In ad-
ition, differences between groups emerged earlier for INS related to
ovelty and later for INS related to appropriateness. 

.1. Role asymmetry in group creation 

Leadership is a universal feature of social species ( Jiang et al., 2015 ).
eader-follower relationships emerge spontaneously among participants
n leaderless group discussions, even though they have no differences in
atural or social status ( Jiang et al., 2021 , 2015 ). However previous in-
erpersonal neural studies on group creativity did not take into account
roup structure (i.e. role asymmetry). In this study same-sex pairs of
ollege students who had similar individual creativity scores worked on
ither a group creativity task or a general task. Based on their inter-
ctions, one member was identified as the leader and the other as the
ollower. 
8 
Research on the emergence of leadership has found that the higher
 member’s participation and contribution, the greater the chance of
eing considered a leader ( Barge, 1989 ). That is, the amount of commu-
ication predicts becoming a leader ( Van Vugt, 2006 ). Our behavioral
esults also confirm the above views. Individuals evaluated as leaders in
reative tasks and general tasks expressed more views than individuals
valuated as followers. In addition, we found that the difference in the
umber of views expressed by leaders and followers was greater in cre-
tive tasks compared to general tasks, which suggests that more novel
deas may be proposed by leaders in creative tasks. 

GCA was originally used to track the direction of information flow
etween different areas within a brain, and recently has been expanded
o track the direction of information flow across interlocutors’ brains
uring social interactions ( Schippers et al., 2010 ). The G-causalities
ould be used as an indicator of the influence exerted by one individ-
al on another individual at the brain level ( Cai et al., 2018 ). Consis-
ent with previous interpersonal communication research ( Jiang et al.,
015 ), our PMGCA results firstly showed that the influence between in-
ividuals in each dyad was bidirectional. However, the influence from
he leaders to the followers was significantly stronger than the other
irection. That is, although the leaders and followers were mutually in-
uenced, the primary information flow was from leaders to followers.
pecifically, the past neural activity of the leaders’ rSTG and rSMG can
etter predict the future neural activity of the followers’ lSFG and lMFG.
hese results may suggest that although both participants were actively
ngaged in the interaction, the leaders may entrain the followers’ neural
ctivity more during the interaction ( Pan et al., 2018 ). 

The above results provide further evidence of role asymmetry in
roup creation of natural communication. Since the INS may reflect the
ole relationship within the group ( Zheng et al., 2020 ), the previous cal-
ulation form of averaging between the two directions in the dyads may
ose valuable information, and likely hinder us from exploring the in-
erpersonal neural mechanisms of group creation at a finer granularity.
 Hamilton, 2021 ; Jiang et al., 2021 ). 

.2. INS characteristics of group creation 

The present study used a product improvement task that included
deas generation and ideas evaluation phases as the group creation task
nd the item purchase task that did not require creativity as the control
ondition. The former required dyads to end up with novel and appropri-
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Fig. 5. Time-lagged INS result. (A) Time course of the INS increase of CH3-CH14 and CH15-CH20 from -6s (follower precede) to + 6s (leader precede). The y-axis 
shows the t value (i.e., independent sample t-tests on the INS increase, two-tailed), ∗ p < 0.05. (B) The location of significant CH combinations on the cerebral cortex. 
(C, D) Time-lagged INS matrix at 0.315–0.445 HZ, when the leaders’ brain activity preceded that of the followers by 1s and 2s. The color indicates the t value. The 
significantly different CH combinations are marked by the red frames. (E) The correlation between INS increase of CH3-CH14 at 1s time lags and conflict of view 

score. (F) The correlation between INS increase of CH3-CH14 at 2s time lags and conflict of view score. 
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te solutions, while the latter only required dyads to end up with appro-
riate solutions. After controlling for extraneous factors, the behavioral
esults showed that the novelty score of the creative task was signif-
cantly higher than the general task, while the appropriateness score
as not significantly different between the two tasks. This result is con-

istent with the performance characteristics of both creative and general
asks and demonstrates the validity of our experimental manipulation. 

The fNIRS results showed significant differences in the time-aligned
NS of rSTG-lSFG, rSMG-lSFG, and rSMG-lMFG between the creative
ondition and control condition. The STG and SMG belong to the DMN
 Abe et al., 2019 ; Marron et al., 2018 ), which are considered to be
he core brain regions for creativity and are related to novel associ-
tion, idea generation, and divergent thinking ( Benedek et al., 2014 ;
uang et al., 2021 ; Kleibeuker et al., 2017 ; Wei et al., 2014 ; Wu et al.,
016 ). The lSFG and lMFG are located in lDLPFC ( Kikinis et al., 2010 ), a
ey node in the ECN ( Huang et al., 2021 ). The lDLPFC is associated with
orking memory and verbal comprehension ( Klaus and Schutter, 2018 ;
leinmintz et al., 2019 ), and was found to be recruited during the eval-
9 
ation of ideas ( Ellamil et al., 2012 ; Huang et al., 2021 ). These results
ay reflect a unique pattern of synergistic activation between DMN and
CN among leaders and followers during group creation ( Li et al., 2021 ).

Compared with the traditional single-brain functional connectiv-
ty analysis, the functional correlations between subjects (e.g., INS)
ave a higher signal-to-noise ratio and interpersonal interaction sen-
itivity ( Pan et al., 2020 ). According to the cross-brain functional in-
egration hypothesis of INS, INS may ‘reflect a reciprocal and dy-
amic interplay between the neural states of socially interacting con-
pecifics’ ( Holroyd, 2022 ). This hypothesis holds that multiple brains
an come together to act jointly as a functional unit, much like mod-
les within a single brain can coordinate their activities to accomplish
asks ( Holroyd, 2022 ; Valencia and Froese, 2020 ). The coupling between
MN and ECN has been widely found in the study of individual creativ-

ty ( Beaty et al., 2016 , 2015 ; Ellamil et al., 2012 ; Kleinmintz et al., 2019 ;
inho et al., 2015 ), which seems to reflect that the ECN can top-down
onitor and direct the DMN’s idea generation process in the form of idea

valuation to meet the task goals ( Beaty et al., 2016 ). Thus, when the
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deas generation and ideas evaluation of individual creation is mapped
o group creation, it may manifest as the interpersonal coupling of DMN
nd ECN. 

Unlike previous studies, we found that the INS of the creative con-
ition was significantly lower than the control condition. One possible
xplanation for the results may be that the ideas generated by the lead-
rs in the creative tasks were more novel and unique than the general
asks, and it might be difficult for the followers with different knowledge
nd experience to understand their intentions or form shared represen-
ation. And many group creation studies have indeed found that group
embers may react negatively when evaluating the novel ideas of oth-

rs ( Harvey, 2014 ; Harvey and Kou, 2013 ; Mueller et al., 2012 ). The
bove factors might lead to the difficulty of good cooperation between
he DMN and ECN in dyads, resulting in lower INS ( Fishburn et al.,
018 ; Jiang et al., 2021 ). In addition, the PMGCA results show that the
-causalities of creative tasks are also significantly lower than the con-

rol condition, which seems to indicate that the interpersonal influence
etween leader and follower is lower in the creative task than in the
eneral task for the above reasons ( Cheng et al., 2019 ). 

However, there are other possible explanations (not necessarily al-
ernative) for the above results. Although we consider the STG and SMG
s being in the DMN and the SFG and MFG as being within the ECN, it
oes not imply in any way that these regions contribute exclusively to
hose networks. For example, STG and SMG are also subcomponents of
TPJ, which is related to social cognitive processes such as perspective
aking, mentalization, and theory of mind ( Lu et al., 2020 ). The rTPJ
nd the dlPFC (i.e., where SFG and MFG are located) together form
he MS. This system can help individuals understand others’ intentions
ased on gestures, behaviors, and facial expressions ( Mayseless et al.,
019 ; Wang et al., 2018 ). Thus, another possible explanation for these
esults is that because of the novelty of the ideas talked about in the
reative task, it may be more difficult for group members to figure out
ach other’s intentions. 

Consistent with previous research ( Duan et al., 2020 ; Lu et al.,
019a ), we also found that INS in group creation was positively cor-
elated with final task performance (i.e., novelty and appropriateness).
ue to factors such as the heterogeneous structure of the group and
ognitive diversity, groups may generate different views during the cre-
tion process. The dialectical model of group creativity argues that when
roups are able to actively process the ideas of others and creatively
ynthesize opposing views, they may have the opportunity to achieve
igh-quality creative solutions ( Harvey, 2014 ). The integration of views
mphasized by this theory is a process of building similarities within
ifferent perspectives and shaping collective attention and collective
nderstanding, which may improve INS ( Cirelli, 2018 ; Fishburn et al.,
018 ; Gvirts and Perlmutter, 2020 ). Therefore, if leaders and follow-
rs integrate their views into a shared view in a cyclical generation-
valuation process, the DMN and ECN between the two may be better
oupled, which will help the group develop a good goal directed and im-
rove task performance ( Harvey, 2014 ; Huang et al., 2021 ; Paulus et al.,
012 ; Paulus and Brown, 2007 ). 

Previous hyperscanning studies have found that the brain activ-
ty of listeners tends to lag behind that of speakers ( Liu et al., 2020 ;
tephens et al., 2010 ; Zheng et al., 2018 ). This delay phenomenon of
NS is explained by the fact that interactive speech processing between
ndividuals takes a certain amount of time to reach mutual understand-
ng, and the strength of the time-lagged INS is also considered as the
evel of understanding ( Jiang et al., 2021 ). Our results found that the
ime-lagged INS of rSTG-lSFG was significantly lower in the creative
ondition than in the control condition when the leaders’ brain ac-
ivity was preceded by 1s or 2s to the followers. This may indicate
hat followers had difficulty understanding when evaluating the novel
deas generated by the leaders. Interpersonal i ncomprehension has long
een considered an important factor in the generation of conflict in
roup creation ( Hu et al., 2017 ). This view is also confirmed by our
ndings that the time-lagged INS of rSTG-lSFG was significantly and
10 
egatively correlated with the conflict degree of views in the creative
ondition. 

We did not find significant results of time-lagged INS when the fol-
ower’s brain activity preceded that of the leaders. The results suggest
hat the leaders played a dominant role in the interaction during group
reation. In this case, the brain activity of the leaders might always be
head of the followers in time ( Jiang et al., 2015 ). 

.3. Temporal dynamics of INS in group creation 

The INS may not be temporal stationarity during measurements
 Li et al., 2021 ). We examined the INS dynamics of the creative task.
ince cumulative INS may be a better dynamic indicator than moment-
o-moment INS ( Jiang et al., 2015 ), we used cumulative INS to assess
he time point at which INS differences emerged between the creative
nd control conditions. The results of the time-course analysis showed
hat about half a minute after the beginning of the problem-solving pro-
ess, the difference in time cumulative INS of rSTG and lSFG between
he two conditions became significant and persisted until the end of the
nteractive process. However, the stable difference in the time cumu-
ative INS of rSMG-lSFG and rSMG-lMFG between the two conditions
ppeared later, about 5–6 minutes after the beginning of the problem-
olving process. 

Our results found that the INS of rSTG-lSFG was related to nov-
lty and the INS of rSMG-lMFG was related to appropriateness. The
ifference in the temporal dynamics of INS may reflect the character-
stics of the group creation process. In the early stages of group cre-
tion, unconstrained divergent thinking is a key factor of group cre-
tivity ( Rosing et al., 2018 ). Since the group has not yet determined
he direction of a novel solution, members can explore a variety of dif-
erent approaches and directions. The group tends to generate more
nique and original ideas during this process, and these initial nov-
lty ideas generated often influence the novelty of the final solution
 Puccio et al., 2020 ). Therefore, the novelty-related INS (e.g., rSTG-
SFG) showed inter-condition differences earlier. As the discussion pro-
resses, beginning in the middle to late stages of group creation, mem-
ers may gradually begin to consider the implementation of creative so-
utions, focusing on their feasibility ( Rosing et al., 2018 ). At this point,
he group may consider whether the solution is appropriate when devel-
ping its ideas. Therefore, the appropriateness-related INS (e.g., rSMG-
MFG) showed inter-condition differences later. 

.4. Limitations 

The study has several limitations. First, gender may affect interper-
onal interaction ( Cheng et al., 2015 ), and the participants in this study
ere all same-sex dyads. In the future, researchers should consider ex-
loring the cooperation mechanism in group creation of opposite-sex
embers, as leadership and cooperation with the group may vary by

ender ( Lu et al., 2020 a; Mu et al., 2018 ). Second, in addition to the
eneration and evaluation of novel ideas, DMNs and ECNs have multi-
le functions. For example, the DMN also has the role of making social
redictions in interpersonal interactions ( Barrett, 2016 ). This implies
hat there may not be only one interpretation for our findings and fur-
her detailed exploration is needed in the future. Third, the interper-
onal neural activity of group creativity may not be limited to rTPJ and
DLPFC, and future research should study more brain areas. 

. Conclusion 

In the present study, we identified the roles in the leaderless group
iscussion and found that leaders expressed more views and influenced
ollowers more. Compared with the control condition, the interpersonal
nfluence between leaders and followers in the creative condition was
eaker, and the time-aligned INS between leaders’ DMN and followers’
CN was lower. However, when these two brain regions of the dyads
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ould be better coupled, the task performances of group creation would
e improved. The time-lagged INS, in which the leaders’ brain activity
as preceded to the followers, was lower in the creative condition than

he control condition, and it may reflect the creative groups’ conflict of
iews. In addition, the INS related to the novelty of the group creation
ecreased in the early stages, while the INS related to the appropriate-
ess decreased in the middle stages. Our findings provide interpersonal
eural evidence for group creative interactions in the context of natural
ommunication and increase our understanding of the nature of group
reativity. 
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