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Abstract
Background  Unique interpersonal synchrony occurs during every social interaction, and is shaped by characteristics 
of participating individuals in these social contexts. Additionally, depending on context demands, interpersonal 
synchrony is also altered. The study therefore aims to investigate culture, sex, and social context effects simultaneously 
in a novel role-play paradigm. Additionally, the effect of personality traits on synchrony was investigated across 
cultures, and a further exploratory analysis on the effects of these variables on pre- and post-session empathy 
changes was conducted.

Methods  83 dyads were recruited in two waves from Singapore and Italy and took part in a within-subjects session 
where they interacted with each other as themselves (Naturalistic Conversation) and as others (Role-Play and Role 
Reversal). Big Five Inventory (administered pre-session) and Interpersonal Reactivity Index (administered pre- and 
post-session) were used as measures of personality and empathy respectively, while synchrony was measured 
using hyperscanning functional near-infrared spectroscopy in the prefrontal cortex. After data-preprocessing and 
preliminary analyses, a mixture of multiple linear regression and exploratory forward stepwise regression models were 
used to address the above study aims.

Results  Results revealed significant main and interaction effects of culture, sex and social context on brain-to-brain 
synchrony, particularly in the medial left cluster of the prefrontal cortex, and a unique contribution of extraversion 
and openness to experience to synchrony in the Italian cohort only. Finally, culture-driven differences in empathy 
changes were identified, where significant increases in empathy across sessions were generally only observed within 
the Singaporean cohort.

Conclusions  Main findings indicate lowered brain-to-brain synchrony during role-playing activities that is 
moderated by the dyad’s sex make-up and culture, implying differential processing of social interactions that is also 
influenced by individuals’ background factors. Findings align with current literature that role-playing is a cognitively 
demanding activity requiring greater levels of self-regulation and suppression of self-related cognition as opposed 
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Background
Social interactions require the involvement of at least 
two individuals in a dynamic, bidirectional exchange. 
During the exchange, individuals attempt to coordinate 
with each other, both verbally and nonverbally, resulting 
in a natural attunement, or co-regulation, of all parties 
involved. Social scientists term this phenomenon “syn-
chrony”, which characterizes the unique dynamic arising 
from the presence and interactions of multiple parties 
in a social exchange. Synchrony can be observed at vari-
ous layers of the interaction, ranging from verbal [1] and 
behavioral [2] markers, to neurological [3] and physiolog-
ical signals [4].

Social interactions are never conducted in a vacuum; 
participating individuals bring with them their socio-
cultural backgrounds, personal histories and unique 
perspectives on themselves and the world around them. 
This study of individual characteristics has found that 
behaviors can be altered systematically along several lines 
including culture and sex. The most popular dimension 
of individualism-collectivism in characterizing culture 
[5] reveals differences in group behavior depending on 
the prevailing cultural background of the group, as well 
as the cultural identification of the individual [6]. Collec-
tivistic group behavior predicts greater extents of coop-
eration [7] and appears to be driven by a stronger sense 
of group loyalty [8] and increased sensitivity to social 
cues [6]. Sex differences (in this paper, the focus is only 
on biological males and females) have also been found 
to contribute to differences in human behavior, particu-
larly in social settings. For example, approaches to social 
situations, affect expression [9] and preference for social 
interactions [10] have all been found to be predicted by 
individual sex and appear to be driven by a combination 
of biological differences and socialization [11]. Further-
more, these broad categories have been found to influ-
ence each other to form culture and sex interactions [12], 
paving the way forward for more nuanced simultaneous 
investigations of multiple constructs.

Synchrony observed in social interactions has therefore 
been found to be moderated by the above factors related 
to individual differences, including the culture and sex of 
those involved in the interaction. For example, behavioral 
studies have found significant differences in frequency 
of head motion synchrony between Japanese and Eng-
lish participants [13], as well as in the expression of joint 
emotion between Indian and American participants [14]. 
In these studies, it appears that culture is a driving factor 

in the expression and interpretation of behavior which 
influences the degree of synchrony between individuals. 
For example, nodding (i.e., head motion) is interpreted 
more positively in Eastern rather than Western nations 
[15, 16]. Similarly, synchrony has also been found to dif-
fer based on participant sex make-up when considering 
neurological levels of interpersonal coordination, where 
females are generally more likely to display greater brain-
to-brain synchrony [17, 18]. A survey of the above stud-
ies investigating the effect of these individual factors 
on interpersonal synchrony suggests that these factors 
are intrinsically related to the quality of observed syn-
chrony during social interactions. However, literature 
remains inconsistent on the size and overall direction of 
relationships between culture and sex on interpersonal 
synchrony. For example, other studies have uncovered 
no significant differences between culture (e.g., between 
American/English and Japanese participants [19]), 
instead identifying other salient moderators of synchrony 
in terms of situational demand. Likewise, there are also 
conflicting results on the effect of sex on synchrony, with 
Tschacher and colleagues [18] observing more non-ver-
bal synchrony among male-male dyads instead. It should 
be noted that while most of the studies of sex and cul-
ture factors in synchrony rely on behavioral measures, 
the use of neuroimaging tools in synchrony research is a 
burgeoning field worth further investigation. Commonly, 
the simultaneous recording using electroencephalogram 
and functional near-infrared spectroscopy (fNIRS) tools, 
known as hyperscanning, is used to visualize patterns of 
brain activation that are common across individuals as 
they partake in the same activity together [20–22].

Another salient research gap lies in the situational con-
text of the social interaction, as hinted by Fujiwara and 
colleagues [19]. Depending on the demands of the con-
text, synchrony exhibited by the same interacting individ-
uals will differ. For example, cooperative as compared to 
competitive interactions elicit greater brain-to-brain and 
behavioral synchrony [23, 24], while negative perception 
of an interaction partner reduced behavioral synchrony 
[25]. A particular social context that had not yet been 
investigated in detail despite its prevalence is during role-
playing activities. Role-play is a common activity imple-
mented in teaching [26–28], entertainment [29–31] and 
clinical [32, 33] contexts, used to create immersive expe-
riences that convey alternative perspectives directly to 
the role-player. Commonly, role-playing is related to pos-
itive learning and personal outcomes, most noteworthy 

to interpersonal co-regulation characterized by synchrony. However, the current pattern of results would be better 
supported by future studies investigating multimodal synchronies and corroboration.
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of which is an increase in empathy due to more effective 
perspective taking [34, 35], as well as the mirroring of 
said persona’s typical behaviors [36]. This may be attrib-
utable to a unique phenomenon that occurs during role-
play unlike other social interactions: during role-play, 
all involved parties suspend their social identities in the 
real world in favor of portraying another persona in a 
shared hypothetical scenario [37, 38]. This raises interest-
ing questions about how role-playing will influence the 
innate interpersonal synchrony displayed by participating 
individuals. The portrayal of other characters may prove 
to disrupt interpersonal synchrony otherwise seen during 
a typical interaction. Additionally, the individual factors 
described above (culture, sex) have already been found to 
also have an effect on observed role-play behavior. Gosso 
and colleagues [39], Haight and colleagues [40] and 
Edwards [41], through observing role-play among chil-
dren, suggest that the opportunity to engage in role-play 
and the content of these interactions vary across cultures. 
A cross-cultural comparison between American and Ital-
ian participants during role-play also showed a greater 
likelihood of affect expression among Italians [42], which 
holds implications when considering that shared affect is 
also a key indicator of interpersonal synchrony [14]. Like-
wise, females are more likely to report greater dedication 
to role-playing activities as compared to males [37], with 
some preliminary findings pointing to sex differences 
in language use when role-playing [43]. Taken together, 
while no study has examined the relationship between 
role-play and synchrony, as well as the individual factors 
influencing this relationship, related literature studying 
cultural and sex influences on role-play and synchrony 
suggest that these variables are correlated with each 
other. Interpersonal synchrony may be predicted not only 
by the social context (i.e., role-playing technique), but 
also by culture and sex of the participating individuals.

Finally, the variation in personalities across individu-
als cannot be disregarded. It was previously found that 
individuals with higher openness to experience [18], 
agreeableness [44] and extraversion [45] are more likely 
to display synchrony, perhaps pointing to a greater like-
lihood of attending and responding to other individuals’ 
cues during the interaction. In all the above studies on 
personality and synchrony, same-sex dyads composed 
of strangers were paired up and tasked to undergo social 
interactions. In Tschacher and colleagues’ [46] study, it 
was found that male dyads and dyads high in Openness 
to Experience demonstrated longer instances of non-ver-
bal synchrony. Arellano-Véliz and colleagues’ [45] study 
found a significant effect of Extraversion increasing inter-
personal synchrony among dyads who rated similarly 
in this trait (as opposed to participants who rated dis-
similarly in Extraversion). While these studies measured 
behavioral aspects of synchrony, Zhang and colleagues’ 

[44] study made use of fNIRS to observe synchrony at 
the neurological level. In their study, it was revealed 
that Extraversion and Agreeableness were related to 
higher brain-to-brain synchrony and greater levels of 
cooperation among participants [44]. In parallel, studies 
investigating personality and role-play also point to the 
relationship between openness to experience and immer-
sive behaviors during role-play [47, 48], perhaps acting 
as a predisposing factor to pursue role-playing activities 
[49]. However, the effect of personality profiles when 
considering interpersonal synchrony during role-play is 
yet to be elucidated.

The present study
As synthesized above, the current literature has several 
gaps that will be addressed in the present study: firstly, 
the simultaneous investigation of culture and sex and 
their relationships to interpersonal synchrony, particu-
larly during different social contexts (i.e., role-play). This 
is the main objective of the study, and the present study 
will make use of cross-cultural data collection (in Singa-
pore and Italy) with both male and female participants in 
a within-subjects research design to address this gap. The 
subsequent objectives are exploratory in nature: An addi-
tional layer of nuance is provided in the present study 
through an exploratory analysis of participants’ person-
ality profiles and their effect on observed interpersonal 
synchrony across cultural cohorts. Finally, to expand 
upon this line of inquiry with potential application to 
outcomes commonly observed as a result of role-play, 
this study also incorporates empathy measures to deter-
mine if culture, sex, personality and role-play techniques 
have an effect on participants’ reported changes in empa-
thy. Empathy was chosen as a key construct for explora-
tion in the final research objective because of the strong 
relationship between role-play and empathy [35, 50–52], 
particularly due to perspective taking and reappraisal 
[53, 54] processes that occur during these activities that 
have the potential to enhance one’s understanding and 
empathy towards a targeted other. Additionally, empathy 
has also been found to be influenced by culture [55–57] 
and sex factors [58]. On an interpersonal level, numer-
ous studies have identified that the dyad’s empathy levels 
have an effect on the extent of observed synchrony [59, 
60], and the opposite relationship (i.e., synchrony has a 
positive effect on the dyad’s empathy for each other) has 
likewise been reported [61–63]. The theoretical frame-
work offered in Tzanaki [59] proposes a dual feedback 
loop between empathy and interpersonal synchrony 
where one can enhance the other in a social interaction.

To address these gaps, the study measures interper-
sonal synchrony in terms of brain-to-brain synchrony 
with fNIRS, and implements a within-subjects experi-
mental paradigm where participating dyads go through 
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a series of typical and role-played interactions. Research 
questions are formulated as follows:

1.	 Do social contexts (i.e., experimental conditions), 
dyadic sex, and cultural cohort affect brain-to-brain 
synchrony during social interactions?

2.	 How do dyadic personality traits contribute to brain-
to-brain synchrony across cohorts?

3.	 Which of the above factors influence change in pre- 
and post-session empathy?

Due to conflicting reports in literature and the pioneer-
ing nature of this study in examining interpersonal syn-
chrony during role-play, no hypotheses were put forth. 
Additionally, it should be noted that a majority of preva-
lent literature operationalise interpersonal synchrony 
in terms of behavioral measures. It remains unclear if 
synchrony along various modalities are equivalent in 
strength and direction, and this issue is further discussed 
in the Limitations subsection below. Nonetheless, the 
present study focuses on brain-to-brain synchrony, and 
specifically synchrony in the prefrontal cortex due to its 
unique contribution to social cognition and higher level 
executive functions that is related not only to role-play 
[64–66], but also more generally to perspective taking 
and empathy [67–69]. Past studies investigating syn-
chrony in social interactions have also measured pre-
frontal cortical activity using fNIRS hyperscanning [44, 
70–73].

Methods
The study’s research design, experimental conditions 
and session procedures have been previously published 
in Lim and colleagues [64] investigating individual brain 
activation rather than interpersonal synchrony.

Participants
Data was collected in two waves, with the first being in 
Singapore (N = 82; 41 dyads) from 2021 to 2022, and the 
second being in Italy (N = 84; 42 dyads) from 2022 to 
2023. Singapore is a nation in Southeast Asia with major-
ity ethnic Chinese and is generally representative of a col-
lectivistic culture [74], while Italy is a nation in Western 
Europe and is generally representative of an individual-
istic culture [75]. Demographic details of both cohorts 
are summarized in Table  1. All participants are existing 
friends with each other sharing a peer relationship and 

are healthy adults (i.e., no diagnosed medical or psycho-
logical conditions) aged from 18 to 35. Participants were 
recruited via university networks, as well as through 
word-of-mouth and social media. The study’s procedure 
and materials are common across both cohorts, and 
approved by the Ethics Committees of both Nanyang 
Technological University (IRB 2021-03-013) and Univer-
sity of Trento (2022-059).

Equipment and materials
Functional near-infrared spectroscopy
Hyperscanning fNIRS (NIRSport and NIRSport2, NIRx 
Medical Technologies LLC) were used to measure brain 
activity in participants’ prefrontal cortices during the 
study. For the Singapore cohort, the NIRStar software 
(v15.2, Windows 64-bit; compatible with NIRSport) was 
used for data acquisition on a pre-built 8 × 7 channel con-
figuration of the prefrontal cortex, while the Italy cohort 
used the Aurora fNIRS software (Windows 64-bit; com-
patible with NIRSport2) of the same configuration. This 
configuration is analogous to the international 10–20 
electroencephalogram (EEG) system [76], forming a 
total of 20 fNIRS channels using 8 sources and 7 detec-
tors (Fig. 1). Using AtlasViewer (v2.44.0, Windows 64-bit; 
[77]), the corresponding Montreal Neurological Institute 
(MNI) coordinates of the optodes in a standard configu-
ration are reported in Table 2. The NIRSport has a pro-
grammed sampling rate of 7.81 Hz and uses near-infrared 
wavelengths that are 760 nm and 850 nm long [78], while 
the NIRSport2 has a sampling rate of 10.17 Hz.

Big five inventory
The English [79] and validated Italian versions [80] of the 
BFI were used for Singapore and Italy cohorts respec-
tively. The BFI is a measure of five personality traits with 
44 items rated on a 5-point Likert scale. The BFI is inter-
preted based on five dimensions of personality, namely 
Openness to experience (versus Closedness to experi-
ence), Conscientiousness (versus Lack of direction), 
Extraversion (versus Introversion), Agreeableness (versus 
Antagonism) and Neuroticism (versus Emotional stabil-
ity). Based on extant literature, the BFI shows good reli-
ability and validity [80–84].

Interpersonal reactivity index
The English [85] and validated Italian versions [86] 
of the IRI were used for Singapore and Italy cohorts 
respectively. The IRI is a measure of empathy with 28 
items rated on a 5-point Likert scale. The IRI may be 
interpreted as a global score, as well as its constitu-
ent subscales: Fantasy, Empathic Concern, Perspec-
tive Taking, and Personal Distress. In the present study, 
both approaches are taken during subsequent analysis. 
Additionally, to more accurately capture the change in 

Table 1  Participant demographic information
Demographic Singapore Italy
Dyad sex 24 female-female 25 female-female

11 male-male 17 male-male
6 female-male

Age 21.95, SD = 3.11 23.36, SD = 2.59
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empathy felt towards the participants’ role-playing part-
ners, the items were adapted following Péloquin and 
Lafontaine [87] to refer to a specific individual (i.e., their 
partner) where applicable in the present study. Based on 
extant literature, the IRI shows good reliability and valid-
ity [85, 87].

Procedure
Eligible participants were first invited to complete an 
online questionnaire with their demographic details 
(e.g., sex, age) and the pre-session IRI and BFI. A labo-
ratory session is then scheduled within two weeks of the 
completion of the online questionnaire, with a within-
subjects design implemented. With fNIRS recording, 
all participants go through an initial 2-minute baseline 
condition where they are instructed to remain silent and 
not interact with each other. Then, in a counterbalanced 
fashion, participants go through the Naturalistic Conver-
sation (i.e., participants act as themselves), Role-Play (i.e., 
participants act as other mutually known friends, class-
mates, or colleagues) and Role Reversal (i.e., participants 
act as each other) conditions. Each of these conditions 
last 5  min and present the same scenario. During these 
conditions, participants are instructed to interact freely 
with each other, albeit remaining seated at a fixed angle 
of approximately 45 degrees to each other. Participants 
spoke in their first languages (i.e., English for Singapore 
cohort and Italian for Italy cohort). At the end of the ses-
sion, participants complete the post-session IRI. The pro-
cedure is summarized in Fig. 2.

Data analysis
Pre-processing
Due to structural differences in conversations [88], the 
first and last minutes of the fNIRS recordings for Natu-
ralistic Conversation, Role-Play and Role Reversal con-
ditions are first truncated, preserving only the second, 
third and fourth minutes. Following that, all fNIRS files 

Table 2  Approximate MNI coordinates
Channel Source/10–20 position 

(x, y,z)
Detector/10–20 
position (x, y,z)

1 1/F3 (-50.6, 24.5, 25.0) 1/F5 (-64.8, 46.3, 15.8)
2 1/F3 (-50.6, 24.5, 25.0) 2/F1 (-28.6, 14.6, 34.3)
3 2/AF7 (-52.4, 74.2, 23.9) 1/F5 (-64.8, 46.3, 15.8)
4 2/AF7 (-52.4, 74.2, 23.9) 3/Fp1 (-30.5, 80.8, 36.7)
5 3/AF3 (-44.9, 51.3, 37.1) 2/F1 (-28.6, 14.6, 34.3)
6 3/AF3 (-44.9, 51.3, 37.1) 3/Fp1 (-30.5, 80.8, 36.7)
7 3/AF3 (-44.9, 51.3, 37.1) 4/AFz (-3.5, 43.2, 46.1)
8 4/Fz (-3.0, 13.0, 40.1) 2/F1 (-28.6, 14.6, 34.3)
9 4/Fz (-3.0, 13.0, 40.1) 4/AFz (-3.5, 43.2, 46.1)
10 4/Fz (-3.0, 13.0, 40.1) 5/F2 (25.8, 18.2, 35.4)
11 5/Fpz (-5.1, 81.5, 40.0) 3/Fp1 (-30.5, 80.8, 36.7)
12 5/Fpz (-5.1, 81.5, 40.0) 4/AFz (-3.5, 43.2, 46.1)
13 5/Fpz (-5.1, 81.5, 40.0) 6/Fp2 (23.0, 80.9, 38.1)
14 6/AF4 (40.6, 55.8, 36.1) 4/AFz (-3.5, 43.2, 46.1)
15 6/AF4 (40.6, 55.8, 36.1) 5/F2 (25.8, 18.2, 35.4)
16 6/AF4 (40.6, 55.8, 36.1) 6/Fp2 (23.0, 80.9, 38.1)
17 7/F4 (48.3, 26.4, 23.9) 5/F2 (25.8, 18.2, 35.4)
18 7/F4 (48.3, 26.4, 23.9) 7/F6 (61.2, 54.2, 12.0)
19 8/AF8 (47.5, 84.2, 18.9) 6/Fp2 (23.0, 80.9, 38.1)
20 8/AF8 (47.5, 84.2, 18.9) 7/F6 (61.2, 54.2, 12.0)

Fig. 1  fNIRS prefrontal cortex configuration and its corresponding international 10–20 EEG position. .Note: Purple lines indicate approximate areas where 
channels are formed
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are pre-processed using pyphysio [89], where signal qual-
ity was assessed using machine learning [90]. Channels 
with bad signal quality are discarded. Motion artifacts 
are removed using a two-stage process [91] involving 
spline interpolation [92] and wavelet filtering [93] strat-
egies. Following these corrections, the fNIRS signals are 
converted into concentration of oxygenated and deoxy-
genated hemoglobin (HbO and Hb) based on the Beer-
Lambert law. In this study, only HbO data are used. In the 
filtering step, a third order, butterworth bandpass (0.01–
0.5 Hz) Infinite Impulse Response bandpass filter is used 
[94] to exclude physiological and other noise. Finally, 
fNIRS signals are further aggregated into clusters, repre-
senting left anterior and medial, as well as right anterior 
and medial, anatomical regions of the prefrontal cortex. 
This aggregation is done by calculating the average HbO 
values based on channels that contributed to each cluster, 
only for clusters where the individual has two or more 
channels with good quality data [95]. The schematic sum-
marizing how various fNIRS channels are clustered is 
seen in Fig. 3.

Time series HbO data were then obtained for each par-
ticipant, for each cluster during each condition, which are 
used to calculate interpersonal brain-to-brain synchrony. 
Brain-to-brain synchrony for each homologous clus-
ter, for each condition, between dyads is then calculated 
using Wavelet Transform Coherence across the frequen-
cies from 0.01 to 0.20 Hz in steps of 0.01 Hz [96], which 
returns a value between 0 (no coherence or synchrony) 

to 1 (perfect coherence) based on the correlation of two 
signals across time and frequency (see Chang and Glover 
[97] for details on Wavelet Transform Coherence compu-
tation when applied to functional brain activity). This fre-
quency range avoids the physiological noise occurring at 
greater than 0.2 Hz (e.g., breathing rate at ∼0.25 Hz and 
heart rate at ∼1.3  Hz) while including typical neuronal 
frequencies at ~ 0.025 Hz [94]. To ensure that synchrony 
occurred above chance levels, brain-to-brain synchrony 
values of individual participants from different dyads 
were also calculated (surrogate dyads), matching only 
based on the condition and brain region. This facilitates 
the comparison of synchrony values between true (i.e., 
participants who had gone through the conditions with 
each other) and surrogate (i.e., participants who had gone 
through the conditions with other people) dyads subse-
quently during preliminary data analysis. Brain-to-brain 
synchrony between surrogate dyads was measured simi-
larly using Wavelet Transform Coherence.

To create a dyadic value for questionnaire data, raw 
scores from each member of the dyad are totalled.

Statistical analysis
Statistical analyses are performed on RStudio (v. 
1.3.1093, Windows 64-bit). Firstly, following Reindl and 
colleagues [98], cluster synchrony values for surrogate 
and true dyads are compared. Only clusters where true 
dyads demonstrated significantly greater synchrony (one-
tailed Mann-Whitney U test) are progressed for further 

Fig. 3  Schematic of anatomical clustering in the prefrontal cortex Note: Clusters are color coded: anterior left (green); anterior right (orange); medial left 
(yellow); medial right (blue). In this schematic, channels 9 and 12 are not used (gray)

 

Fig. 2  Experimental protocol. the procedure is color coded as follows: orange (online questionnaires) and gray (lab)
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analysis. Secondly, descriptive statistics for BFI and IRI 
are calculated. Cohort differences in personality and 
empathy are analyzed using two-tailed Mann-Whitney U 
test, as well as pre-post session changes in empathy using 
Wilcoxon Ranked Sum test.

To answer the first research question on the effect of 
condition, dyad sex and cohort on synchrony, a linear 
regression model is used. As for the second research 
question on personality, exploratory forward step-
wise linear regression is employed. To answer the third 
research question on how these factors, together with 
personality variables, contribute to pre-post session 
changes in empathy, forward stepwise linear regres-
sion models are employed for each IRI subscale, as well 
as global IRI scores. In the stepwise regression models, 
potential predictors are inserted based on p-value and 
the stopping rule uses the model’s Akaike information 
criterion (AIC).

For all statistical analyses with multiple comparisons, 
Bonferroni correction is applied.

Results
Preliminary analysis
Comparative analyses between true and surrogate dyads 
across both cohorts revealed significantly greater brain-
to-brain synchrony among true dyads for the medial 
left anatomical cluster (U = 29,186, p = 0.002) as well as 
overall fNIRS signals (Table 3). Therefore, further analy-
sis only proceeded for the medial left cluster. Following 
aggregate analyses, the subsequent results presented only 
comprise dyads with valid fNIRS signals in the medial left 
cluster. Additionally, data from female-male dyads in the 
Singapore cohort were removed due to a lack of equiva-
lent participants in the Italy sample.

Descriptive statistics in dyadic personality traits 
between Singaporean and Italian cohorts are reported in 
Table 4. Additionally, comparative analyses revealed sig-
nificant differences in Openness to Experience (U = 250.5, 
p = 0.01), Agreeableness (U = 650.5, p = 0.002) and Neurot-
icism (U = 284.5, p = 0.02) between cohorts. Specifically, 
Singaporean dyads tended to display lower openness to 
experience and neuroticism, but higher agreeableness 
than Italian dyads.

Descriptive statistics in pre- and post-session dyadic 
empathy between Singaporean and Italian cohorts are 
reported in Table  5. Comparative analyses between 
pre- and post-session empathy scores for each cohort 
are reported in Table  6, while the comparison of extent 
of change in empathy across cohorts are reported in 
Table 7. Results indicate that only the Singaporean cohort 
experienced significant increase in empathy (W = 124, 
p = 0.004), particularly in the empathic concern subscale 
(W = 9, p = 0.0009), whereas there were no significant 
changes in the Italian cohort. When comparing the extent 
and direction of change, it appears that there are signifi-
cant differences in overall empathy (U = 533.5, p = 0.003), 
empathic concern (U = 566, p = 0.0005), as well as fantasy 
subscales (U = 515.5, p = 0.008) across cohorts. While the 
shifts in empathy tended to be positive after the session, 
it appears that the mean fantasy score decreased only in 
the Italian cohort.

Condition, sex and cohort effects on brain-to-brain 
synchrony
The linear regression model to test Research Question 
1 is summarized in Table  8. The overall model was sig-
nificant (F(15,193) = 2.712, p = 8.63e-04), explaining up to 
11% of the variance. There are significant main effects of 

Table 3  One-tailed Mann-Whitney U-test of synchrony between true and surrogate dyads
Cluster True Surrogate U p 95% CI

N Mean SD N Mean SD
Anterior Left 297 0.472 0.044 293 0.465 0.043 46,864 0.052 [3.25e-05,1)
Anterior Right 250 0.483 0.041 243 0.476 0.045 33,722 0.017 [0.003,1)
Medial Left 221 0.480 0.042 228 0.469 0.042 29,186 0.002** [0.005,1)
Medial Right 233 0.474 0.044 233 0.472 0.042 28,079 0.521 [0.003,1)
All 1001 0.477 0.043 997 0.470 0.043 546,371 1.69e-04*** [0.005,1)
Note Bonferroni correction applied over 4 clusters (p < 0.0125). The upper bound for the 95% confidence interval has been modified from infinity to 1 to aid 
interpretation, as the maximum theoretical value of synchrony according to the present analytic methods is 1

Table 4  Two-tailed Mann-Whitney U-test of personality between Singapore and Italy cohorts
Trait Singapore Italy U p 95% CI

Mean SD Range Mean SD Range
Openness 67.62 7.93 51,88 72.57 6.54 54,85 250.5 0.01** -9,-2
Conscientiousness 59 7.63 48,78 59.24 7.61 44,74 409.5 0.65 -5,3
Extraversion 49.67 10.26 34,73 50.38 7.37 31,63 417 0.73 -6,4
Agreeableness 66.62 7.67 54,80 60.02 5.42 49,71 650.5 0.002** 2,10
Neuroticism 47.71 9.34 24,64 52.55 6 41,66 284.5 0.02* -9,-1
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cohort, condition and sex, as well as two-way interaction 
effects between condition and cohort, sex and cohort, as 
well as sex and condition (summarized in Figs. 4, 5 and 
6). Finally, there are also significant three-way interac-
tions between cohort, condition and sex (Fig. 7).

Personality analysis
Forward stepwise regression analysis revealed contrast-
ing results by cohort. Tables 9 and 10 present generated 
final models of predictors of medial left cluster synchrony 
for the Singaporean and Italian cohort respectively.

Only one significant predictor of medial left cluster 
synchrony surfaced for the Singaporean cohort (male-
male dyads positively predicts brain-to-brain synchrony 
in comparison with female-female dyads; β = 0.03, S.E. = 
0.01, p = 0.04). The overall model explained 7% of overall 
variance (F(1,48) = 4.43, p = 0.04).

On the other hand, significant predictors of medial left 
cluster synchrony for the Italian cohort include condition 
(all experimental conditions negatively predict brain-
to-brain synchrony in comparison with baseline; β(NC) 
= -0.02, S.E. = 0.01, p = 0.03; β(RP) = -0.02, S.E. = 0.01, 
p = 8.17e-03; β(RR) = -0.03, S.E. = 0.01, p = 2.19e-04), per-
sonality (specifically extraversion and openness) and sex 
(male-male dyads negatively predict brain-to-brain syn-
chrony in comparison with female-female dyads; β = 0.04, 
S.E. = 0.02, p = 0.02). Particularly, extraversion (β = -0.001, 
S.E. = 0.0004, p = 2.94e-03) negatively predicts brain-to-
brain synchrony, while openness to experience posi-
tively predicts brain-to-brain synchrony (β = 0.001, S.E. 
= 0.0005, p = 0.05). The overall model explained 14.2% of 
overall variance (F(7,151) = 4.74, p = 7.82e-05).

Empathy analysis
Tables 11, 12, 13, 14 and 15 summarize the final gener-
ated models of predictors of dyadic empathic change 
based on overall IRI scores, as well as for each subscale.

Only one significant predictor surfaced for overall 
empathic change (Singaporean cohort positively predicts 
increase in empathy after session; β = 10.67, S.E. = 3.78, 
p = 0.05). The overall model explained 27% of overall vari-
ance (F(3,55) = 8.14, p = 1.41e-04).

Only one significant predictor surfaced for fantasy 
change (openness to experience negatively predicts 
increase in fantasy after session; β = -0.19, S.E. = 0.08, 
p = 0.02). The overall model explained 21.6% of overall 
variance (F(3,55) = 6.34, p = 9.07e-04).

Changes in empathic concern were significantly pre-
dicted by cohort (Singaporean cohort positively predicts 
increase in empathic concern after session; β = 7.54, S.E. 
= 1.63, p = 2.4e-05) and sex (male-male dyads nega-
tively predict increase in empathic concern after ses-
sion; β = -3.75, S. E. = 1.57, p = 0.02). The overall model 
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explained 36.3% of the overall variance (F(3,55) = 12.02, 
p = 3.86e-06).

Only one significant predictor surfaced for perspec-
tive taking change (male-male dyads negatively predict 
increase in perspective taking after session; β = -3.06, S.E. 
= 1.30, p = 0.02). The overall model explained 21.9% of 
overall variance (F(3,55) = 6.42, p = 8.33e-04).

Only one significant predictor surfaced for personal 
distress change (conscientiousness negatively predicts 
increase in personal distress after session; β = -0.18, S.E. 
= 0.090, p = 0.04). The overall model explained 5.53% of 
overall variance (F(1,57) = 4.40, p = 0.04).

Discussion
The present study set out with three research questions: 
firstly, to uncover culture and sex effects on interper-
sonal synchrony across varying social contexts, specifi-
cally role-play; secondly, to explore if personality factors 
contribute to interpersonal synchrony across cohorts; 
thirdly, to uncover predictors of pre-post empathy 
changes across cohorts.

Preliminary results indicated significantly greater 
brain-to-brain synchrony in the medial left cluster, which 
covers the left lateralization of the dorsolateral prefron-
tal cortex, Broca’s area and frontal eye fields, among true 
dyads as compared to surrogate data. Greater synchrony 
among true dyads alludes to unique interpersonal syn-
chrony that arises as a result of the interaction in real-
time. In the identified medial left cluster, with implicated 
functions in mentalization [71, 73], findings support 
the theorized relationship between mentalization and 
observed interpersonal synchrony [99, 100], potentially 
also recruiting mirror neurons found to be involved in 
the processing and imitation of expressive gestures [101, 

102]. Additionally, other large functions associated with 
this cluster lie in language and speech processing [103–
107], as well as working and episodic memory [108–110], 
involving unique social and particularly verbal cues as the 
conversations between participating dyads unfold, poten-
tially explaining why synchrony is observed at higher 
levels in this cluster among true dyads. However, fur-
ther studies are needed to map the contents of the dyad’s 
interaction to specific brain activity in this cluster to con-
firm this conjecture.

The regression model investigating culture, sex and 
condition effects on interpersonal synchrony to address 
research question 1 revealed significant main and inter-
action effects of all three factors. Notably, it appears that 
role-playing conditions are negatively associated with 
interpersonal synchrony. The findings largely concur with 
current literature that role-playing activities are charac-
terized by a deactivation of self-related networks [64–66], 
perhaps implying a greater need for internal self-regula-
tion as the individual inhibits typical social scripts used 
by themselves in favor of recreating behaviors that are 
associated with a different persona. This suggests a stron-
ger need for internal self-regulation rather than interper-
sonal co-regulation and synchrony. A related study by 
Galbusera and colleagues [111] similarly demonstrates 
that greater interpersonal synchrony compromises self-
regulation. However, when considering the effect of dyad 
sex in the condition by sex two-way interaction (Fig. 4), 
it appears that male-male dyads have greater synchrony 
during role-play conditions, while female-female dyads 
demonstrate greater synchrony in baseline and natural 
conversations rather than during role-play. While the 
current findings largely concur with existing literature 
conducted in naturalistic settings that females tend to 

Table 6  Pre- and post-session Wilcoxon rank-sum tests for dyad empathy by cohort
IRI Singapore Italy

Median Shift W 95% CI p Median Shift W 95% CI p
Overall 16 124 5.5,28 0.004** 1 505.5 -1.84,4 0.50
Fantasy 2.5 116.5 -0.0,5 0.06 -1.5 269.5 -2,0 0.06
Empathic Concern 9 132.5 4.5,14 0.0009*** 1 433.5 -0.83,2.5 0.22
Perspective Taking 4.5 125.5 1,8 0.02 1.96 571 0.01,3.01 0.03
Personal Distress -0.5 58.5 -3.5,3.5 0.95 1 501 -1.2 0.36
Note Bonferroni correction applied over 4 subscales (p < 0.0125)

Table 7  Two-tailed Mann-Whitney U-test comparing dyad empathy change across cohorts
IRI Singapore Italy U p 95% CI

Mean SD Range Mean SD Range
Overall 15.59 18.77 -12,51 1.39 9.28 -15.89,22 533.5 0.003** 3,20
Fantasy 2.24 4.51 -7,8 -1.35 4.27 -10,7 515.5 0.008** 1,6
Empathic Concern 8.88 8.38 -2,24 0.71 4.77 -12,11 566 0.0005*** 3,11
Perspective Taking 4.47 6.67 -6.18 1.35 4.26 -8,8 466.5 0.07 0,6
Personal Distress 0 6.02 -10,9 0.68 4.56 -10,10 330 0.66 -3,2
Note Bonferroni correction applied over 4 subscales (p < 0.0125)
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demonstrate higher interpersonal synchrony [17, 18], 
the interaction uncovered here suggests that there are 
sex-related differences in the cognitive processing of dif-
ferent social contexts that result in different extents of 
synchrony observed. A possible explanation for this may 
be role-playing strategies adopted by different sexes. For 
example, females might tend to rely on internal modi-
fications of social scripts to act out a role and therefore 
reduce interpersonal synchrony, while males might tend 
to rely on external cues from their interaction partner 
to modify their behavior during role-play, resulting in 
greater interpersonal synchrony. Of course, subsequent 
verification will be needed to confirm this theory.

The next research question is concerned with person-
ality predictors of synchrony across cohorts. Based on 

the results of the forward stepwise regression, only syn-
chrony in the Italian cohort could be predicted by some 
personality factors. Specifically, extraversion negatively 
predicted synchrony, while openness to experience posi-
tively predicted synchrony. It should be noted that these 
personality factors were representative of the partici-
pants’ ‘true’ selves, rather than the personalities of perso-
nas chosen during role-play conditions, which were not 
measured in the present study. As previously uncovered 
in Lim and colleagues [49] and Jeng and Teng [48], open-
ness to experience is a significant predictor of role-play-
ing experience, and may serve as a positive contributor 
to more immersive behaviors during these interactions 
[112]. In the context of interpersonal synchrony, greater 
openness may allow individuals to be more receptive 
to their partners’ cues during a social interaction and 
enable greater co-regulation. On the other hand, while 
the finding on extraversion aligns with Tschacher and 
colleagues [113], it contrasts with that of Arellano-Véliz 
and colleagues [45]. A possible explanation put forth 
by Tschacher and colleagues [113] lies in intentional-
ity; extraverted participants may prioritize socializing 
as compared to attending to the task. In our context, 
this may manifest in role-breaking behaviors and lower 
immersion in the interaction tasks, resulting in lower 
synchrony overall, but would require further studies to 
verify this conjecture.

The third research question focuses on the impact 
of culture, sex, and personality variables on observed 
changes in dyadic empathy across the session. In align-
ment with our comparative results, culture was consis-
tently brought up as significant contributors of empathy 
change, particularly in the overall and empathic concern 
measures where significant cross-cohort differences were 
detected. The observed trend may have to do with larger 
transient fluctuations in empathy among Singaporeans 
as compared to Italians. In general, pre-session empathy 
scores tended to be lower in Singapore as compared to 
Italy cohorts, and self-reported empathy tended to expe-
rience greater increases after the session as compared 
to the Italy cohort. This may suggest a greater likeli-
hood for Singaporeans to experience context-dependent 
changes in empathy, rather than express more stable, 
trait-dependent empathy across a variety of contexts. 
Lower baseline empathy is corroborated by other find-
ings which found lower trait empathy levels among par-
ticipants of Eastern rather than Western cultures [55, 56], 
particularly in empathic concern [57]. In the same series 
of studies, greater changes in state (i.e., transient) empa-
thy among Asian participants were also found for nega-
tively valenced and neutral stimuli [55]. Therefore, it may 
be premature to conclude that role-playing activities are 
less effective in promoting empathy for Italian partici-
pants as compared to Singaporean participants. Further 

Table 8  Regression model for synchrony in medial left cluster by 
condition, cohort, and sex
Predictor Beta Std. 

Error
t p 95% CI

Cohort (SG) -0.07 0.02 -4.52 1.07e-05*** [-0.11,-0.04]
Condition 
(NC)

-0.02 0.01 -2.07 0.04* [-0.05,-0.001]

Condition 
(RP)

-0.04 0.01 -3.41 7.88e-04*** [-0.06,-0.02]

Condition 
(RR)

-0.05 0.01 -4.02 8.25e-05*** [-0.07,-0.02]

Sex (M) -0.04 0.01 -2.69 7.78e-03*** [-0.06,-0.01]
Cohort (SG) 
* Condition 
(NC)

0.06 0.02 2.83 5.14e-03*** [0.02,0.10]

Cohort (SG) 
* Condition 
(RP)

0.06 0.02 2.85 4.91e-03*** [0.02,0.11]

Cohort (SG) 
* Condition 
(RR)

0.06 0.02 2.47 0.01* [0.01,0.10]

Cohort (SG) * 
Sex (M)

0.11 0.03 3.17 1.75e-03*** [0.04,0.17]

Condition 
(NC) * Sex (M)

0.01 0.02 0.79 0.43 [-0.02,0.05]

Condition 
(RP) * Sex (M)

0.04 0.02 2.30 0.02* [0.01,0.08]

Condition 
(RR) * Sex (M)

0.04 0.02 1.98 0.05* [0.0002,0.07]

Cohort (SG) 
* Condition 
(NC) * Sex (M)

-0.07 0.04 -1.48 0.14 [-0.15,0.02]

Cohort (SG) 
* Condition 
(RP) * Sex (M)

-0.12 0.04 -2.60 0.01* [-0.20,-0.03]

Cohort (SG) 
* Condition 
(RR) * Sex (M)

-0.06 0.04 -1.39 0.17 [-0.15,0.03]

F(15,193) = 2.71, p = 8.63e-04
Adj. R2 = 0.11

Note Cohort was dummy coded with Italy cohort (IT): 0. Condition was dummy 
coded with Baseline: 0. Sex was dummy coded with Female: 0
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studies would be required to implement and evaluate cul-
ture-sensitive role-playing interventions and their effect 
on empathy, while making use of multiple measures of 
empathy (e.g., third-party ratings, behavioral expressions 
of empathy) to confirm the pattern of findings.

Limitations and future studies
Limitations in the interpretation of present findings and 
suggestions of further studies have been raised through-
out the discussion above. Here, other limitations con-
cerning the research design are delineated. Firstly, high 
interpersonal synchrony is not always indicative of 

positive outcomes; synchrony during moments of nega-
tive affect or conflict may result in lower relationship 
quality and poorer coping [114–117]. When considered 
in the context of the present study, an absence of brain-
to-brain synchrony as a significant contributor of empa-
thy change may not imply that interpersonal synchrony 
has no relationship to empathy changes. Rather, it may 
be more crucial to consider if synchrony fluctuates as a 
function of changes in the quality and contents of social 
interaction. This may be achieved in future studies by 
analyzing smaller event windows.

Fig. 4  Two-way interaction between cohort and condition
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Secondly, the language used by participants across 
cohorts is different. This may have implications particu-
larly in the identified medial left cluster of the prefron-
tal cortex, which is associated with language processing 
[103–107]. Due to existing language barriers between 
cohorts, it is prudent to default to the respective com-
monly spoken languages in a naturalistic research design 
for the present study. However, the study assumes that 
English and Italian are of first-language familiarity and 
fluency for Singaporean and Italian participants respec-
tively. Future studies attempting cross-cultural com-
parisons may need to consider the language used and 

implement checks to ascertain participants’ language 
proficiency. The exclusion of male-female dyads due to a 
lack of an equivalent participant demographic in the Ital-
ian cohort is also a missed opportunity to further study 
sex effects in mixed dyads and may be explored in the 
future.

Thirdly, the study operationalizes interpersonal syn-
chrony by using hyperscanning fNIRS to detect patterns 
of brain activation. fNIRS is technically limited to only 
imaging cortical areas of the brain, and this study further 
only focuses on the prefrontal cortex. In a review article, 
Levy and colleagues [118] highlight the integration of 

Fig. 5  Two-way interaction between cohort and sex
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multiple modalities of synchrony, providing the exam-
ple of combining behavioral with neural synchrony, to 
enhance ecological validity when implementing natural-
istic designs. This hints at potential future studies that 
can exploit multimodal sources of information to arrive 
at a more nuanced picture of culture, sex and personal-
ity influences on social interactions and synchrony. In 
fact, studies are beginning to consider multiple measures 
of synchrony (e.g., behavioral and brain-to-brain syn-
chrony in Chuang and Hsu [119]). Future work adopting 
the same paradigm as the present study may similarly 
consider behavioral output when measuring synchrony, 

such as in terms of eye gaze, or communicative gestures 
or body postures. Furthermore, due to differences in 
logistics and resources available, the NIRS hardware and 
accompanying software models employed during each 
wave of data collection are not identical. There may be 
device- or system-related differences in the manner the 
signals are recorded across cohorts. However, it should 
be noted that fNIRS studies have been found to be gener-
ally reproducible [120], as long as standardized process-
ing pipelines are used to reduce differences found in raw 
signals. Additionally, the MNI coordinates reported in 
the present study are only theoretical projections as there 

Fig. 6  Two-way interaction between sex and condition
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Table 9  Predictors of medial left cluster synchrony for 
Singaporean cohort
Predictor Beta Std. Error t p 95% CI
Sex (Male) 0.03 0.01 2.10 0.04* [0.001,0.06]

F(1,48) = 4.428, p = 0.04062
Adj. R2 = 0.07

Note Dyad sex was dummy coded with female-female: 0

Table 10  Predictors of medial left cluster synchrony for Italian 
cohort
Predictor Beta Std. 

Error
t p 95% CI

Condition 
(NC)

-0.02 0.01 -2.17 0.03* [-0.04,-0.002]

Condition 
(RP)

-0.02 0.01 -2.68 8.17e-03** [-0.04,-0.006]

Condition 
(RR)

-0.03 0.01 -3.79 2.19e-04*** [-0.05,-0.02]

Personality 
(Extraversion)

-0.001 0.0004 -3.02 2.94e-03** [-0.002,-
0.0004]

Sex (Male) -0.02 0.01 -2.64 9.15e-03** [-0.03,-0.004]
Personality 
(Openness)

0.001 0.0005 2.01 0.05* [1.73e-
05,0.002]

Personality 
(Conscien-
tiousness)

-
0.0006

0.0004 -1.51 0.13 [-
0.001,0.0002]

F(6,23) = 3.057, p = 0.02386
Adj. R2 = 0.2985

Note Condition was dummy coded with Baseline: 0. Dyad sex was dummy coded 
with female-female: 0

Table 11  Predictors of overall dyadic empathy change
Predictor Beta Std. 

Error
t p 95% CI

Cohort (SG) 10.67 3.78 2.83 0.05* [2.30,85.28]
Sex (Male) -6.21 3.41 -1.82 0.07 [-12.26,3.95]
Personality 
(Openness)

-0.39 0.24 -1.66 0.1 [-1.14,-0.04]

F(3,55) = 8.143, 
p = 1.409e-04
Adj. R2 = 0.27

Note Cohort was dummy coded with IT: 0

Table 12  Predictors of dyadic fantasy change
Predictor Beta Std. 

Error
t p 95% CI

Personality (Openness) -0.19 0.08 -2.50 0.02* [-0.43,-
0.08]

Cohort (SG) 2.38 1.27 1.88 0.07 [-1.80,4.50]
Personality 
(Conscientiousness)

0.12 0.07 1.72 0.09 [-0.08,0.26]

F(3,55) = 6.337, 
p = 9.073e-04
Adj. R2 = 0.2163

Note Cohort was dummy coded with IT: 0

Table 13  Predictors of dyadic empathic concern change
Predictor Beta Std. Error t p 95% CI
Cohort (SG) 7.54 1.63 4.61 2.4e-05*** [4.10,13.05]
Sex (Male) -3.75 1.57 -2.39 0.02* [-6.84,0.90]
Medial Left synchrony during NC 35.31 20.29 1.74 0.09 [-15.54,80.85]

F(3,55) = 12.02, p = 3.864e-06
Adj. R2 = 0.3631

Note Cohort was dummy coded with IT: 0. Dyad sex was dummy coded with female-female: 0

Fig. 7  Three-way interaction between cohort, sex and condition. (Left) Data from Singapore cohort. (Right) Data from Italy cohort
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was a lack of structural imaging in the protocol, as well as 
information regarding participants’ head diameters and 
NIRScap sizes used. To improve the precision of fNIRS 
imaging, and particularly to enhance the replicability of 
results, future studies may consider collecting these data 
to implement modeling or projective techniques that 
can translate optode positions consistently to cortical 
regions.

Conclusions
Social interactions from which interpersonal synchrony 
arises are shaped by the background characteristics of 
participating individuals: from the culture from which 
they hail, to biological sex, as well as personality traits. 
In addition, the context of the social interaction is also 
a crucial external influence on synchrony. Using a novel 
role-play design where dyads either interact as them-
selves or others (another person not in the room, or their 
participating partner), the present study investigates the 
effect of experimental condition, culture, sex and person-
ality on brain-to-brain synchrony, and attempts to con-
nect these variables to changes in dyadic empathy from 
pre- to post-experimental session. Findings uncovered 
significant main and interaction effects of condition, cul-
ture and sex on synchrony, as well as differential effects of 
personality on synchrony across cohorts. Finally, culture 
was found to predict changes in dyadic empathy.

Abbreviations
AIC	� Akaike Information Criterion
BFI	� Big Five Inventory
EEG	� Electroencephalogram
fNIRS	� functional Near-Infrared Spectroscopy
Hb	� Deoxygenated Hemoglobin
HbO	� Oxygenated Hemoglobin

IRI	� Interpersonal Reactivity Index
IT	� Italy Cohort
MNI	� Montreal Neurological Institute
NC	� Naturalistic Conversation Condition
RP	� Role-Play condition
RR	� Role Reversal condition
SG	� Singapore Cohort

Acknowledgements
We would like to thank all members of the Clinical Brain Lab, Social 
Affective Neuroscience Lab and Affiliative Behaviour and Physiology Lab for 
their support and suggestions. Special thanks to Benjamin Lim, Eleonora 
Mastronardi, Eunice Lee, Federica Rodinis, Giovanni Bonacina, Janet Tan, Jason 
Wong, Tasha Soh for their assistance during data collection and curation. Our 
sincere thanks to Teo Zhi Yang for assisting with data visualization. Finally, 
we would like to extend our appreciation towards our participants, without 
whom this study would not have been possible.

Author contributions
GE provided the initial project direction. ML and AC conducted the data 
collection and data curation. AB and AC conducted the fNIRS pre-processing. 
ML conducted the data analysis and wrote the manuscript. GE and SHAC 
provided supervision. All authors read and approved the final manuscript.

Funding
Funding was provided for the study by the Undergraduate Research 
Programme (URECA) under Nanyang Technological University. The publication 
of this article was supported by funding from the strategic plan of the 
Department of Psychology and Cognitive Science of the University of Trento, 
Italy.

Data availability
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the Ethics Committees of both Nanyang 
Technological University (IRB 2021-03-013) and University of Trento (2022-059) 
and conducted in accordance with the Declaration of Helsinki. All participants 
provided written informed consent for the study.

Consent for publication
Not Applicable.

Competing interests
The authors declare no competing interests.

Author details
1Psychology Program, School of Social Sciences, Nanyang Technological 
University, Singapore, Singapore
2Department of Psychology and Cognitive Science, University of Trento, 
Rovereto, Italy

Received: 25 March 2024 / Accepted: 31 May 2024

References
1.	 Nguyen T, Schleihauf H, Kayhan E, Matthes D, Vrtička P, Hoehl S. Neural 

synchrony in mother–child conversation: exploring the role of conversation 
patterns. Soc Cognit Affect Neurosci. 2021;16(1–2):93–102.

2.	 Schmidt RC, Morr S, Fitzpatrick P, Richardson MJ. Measuring the dynamics of 
interactional synchrony. J Nonverbal Behav. 2012;36:263–79.

3.	 Kawasaki M, Yamada Y, Ushiku Y, Miyauchi E, Yamaguchi Y. Inter-brain synchro-
nization during coordination of speech rhythm in human-to-human social 
interaction. Sci Rep. 2013;3(1):1692.

4.	 Tomashin A, Gordon I, Wallot S. Interpersonal physiological synchrony pre-
dicts group cohesion. Front Hum Neurosci. 2022;16:903407.

Table 14  Predictors of dyadic perspective taking change
Predictor Beta Std. 

Error
t p 95% CI

Sex (Male) -3.06 1.30 -2.34 0.02* [-6.34,0.25]
Personality 
(Openness)

-0.16 0.08 -1.93 0.06 [-0.40,0.04]

Medial Left 
synchrony dur-
ing RR

-37.58 20.45 -1.84 0.07 [-
95.96,2.59]

F(3,55) = 6.418, 
p = 8.328e-04
Adj. R2 = 0.2189

Note Dyad sex was dummy coded with female-female: 0

Table 15  Predictors of dyadic personal distress change
Predictor Beta Std. 

Error
t p 95% CI

Personality 
(Conscientiousness)

-0.18 0.09 -2.10 0.04* [-
0.36,0.06]

F(1,57) = 4.397, 
p = 0.04046
Adj. R2 = 0.05532



Page 16 of 18Lim et al. BMC Psychology          (2024) 12:350 

5.	 Hofstede G. Dimensions of national cultures in fifty countries and three 
regions. Expiscations in cross-cultural psychology. 1983:335 – 55.

6.	 Hagger MS, Rentzelas P, Koch S. Evaluating group member behaviour under 
individualist and collectivist norms: a cross-cultural comparison. Small Group 
Res. 2014;45(2):217–28.

7.	 Parks CD, Vu AD. Social dilemma behavior of individuals from highly individu-
alist and collectivist cultures. J Conflict Resolut. 1994;38(4):708–18.

8.	 Basabe N, Ros M. Cultural dimensions and social behavior correlates: 
Individualism-Collectivism and Power Distance. Int Rev Social Psychol. 
2005;18(1):189–225.

9.	 Vigil JM. Sex differences in affect behaviors, desired social responses, and 
accuracy at understanding the social desires of other people. Evolutionary 
Psychol. 2008;6(3):147470490800600316.

10.	 Dabbs JM Jr, Ruback RB. Vocal patterns in male and female groups. Pers Soc 
Psychol Bull. 1984;10(4):518–25.

11.	 Eagly AH, Wood W. The origins of sex differences in human behavior: Evolved 
dispositions versus social roles. Am Psychol. 1999;54(6):408.

12.	 Darwish AF, Huber GL. Individualism vs collectivism in different cultures: a 
cross-cultural study. Intercultural Educ. 2003;14(1):47–56.

13.	 Yap MS, Inoue Y, Miura S, Kwon J, Ogawa KI, Miyake Y. Head motion synchrony 
in the process of consensus building: a comparison between native English 
and Japanese speakers. In Proceedings of the 9th International Conference 
on Complex Medical Engineering, 18th-21st 2015 Jun (pp. 31–36).

14.	 Randall AK, Corkery SA, Duggi D, Kamble SV, Butler EA. We’re having a good 
(or bad) day: differences in emotional synchrony in married couples in the 
United States and India. Family Sci. 2011;2(3):203–11.

15.	 Johanson D, Ahn HS, Goswami R, Saegusa K, Broadbent E. The effects of 
healthcare robot empathy statements and head nodding on trust and satis-
faction: a video study. ACM Trans Human-Robot Interact. 2023;12(1):1–21.

16.	 Sakurai E, Kurashige K, Tsuruta S, Sakurai Y, Knauf R, Damiani E, Kutics A, Frati 
F. Embodiment matters: toward culture-specific robotized counselling. J Reli-
able Intell Environ. 2020;6:129–39.

17.	 Fujiwara K, Kimura M, Daibo I. Gender differences in synchrony: females 
in sync during unstructured dyadic conversation. Eur J Social Psychol. 
2019;49(5):1042–54.

18.	 Tschacher W, Rees GM, Ramseyer F. Nonverbal synchrony and affect in dyadic 
interactions. Front Psychol. 2014;5:117886.

19.	 Fujiwara K, Otmar CD, Dunbar NE, Hansia M. Nonverbal synchrony in 
technology-mediated interviews: a cross-cultural study. J Nonverbal Behav. 
2022;46(4):547–67.

20.	 Hu Y, Pan Y, Shi X, Cai Q, Li X, Cheng X. Inter-brain synchrony and cooperation 
context in interactive decision making. Biol Psychol. 2018;133:54–62.

21.	 Mu Y, Guo C, Han S. Oxytocin enhances inter-brain synchrony during social 
coordination in male adults. Soc Cognit Affect Neurosci. 2016;11(12):1882–93.

22.	 Williams LM, Grieve SM, Whitford TJ, Richard Clark C, Gur RC, Goldberg E, Flor-
Henry P, Peduto AS, Gordon E. Neural synchrony and gray matter variation 
in human males and females: an integration of 40 hz gamma synchrony and 
mri measures. J Integr Neurosci. 2005;4(01):77–93.

23.	 Allsop JS, Vaitkus T, Marie D, Miles LK. Coordination and collective perfor-
mance: Cooperative goals boost interpersonal synchrony and task outcomes. 
Front Psychol. 2016;7:213465.

24.	 Sinha N, Maszczyk T, Wanxuan Z, Tan J, Dauwels J. EEG hyperscanning study 
of inter-brain synchrony during cooperative and competitive interaction. 
In2016 IEEE international conference on systems, man, and cybernetics (SMC) 
2016 Oct 9 (pp. 004813–004818). IEEE.

25.	 Miles LK, Griffiths JL, Richardson MJ, Macrae CN. Too late to coordinate: 
contextual influences on behavioral synchrony. Eur J Social Psychol. 
2010;40(1):52–60.

26.	 Corey G. Theory and practice of Group Counseling, eight Edition. US: brooks/
cole; 2012.

27.	 Blatner A. Role playing in education. Disponibile all’indirizzo: http://www.
blatner.com/adam/pdntbk/rlplayedu. htm. 2009.

28.	 Bonwell CC, Eison JA. Active learning: creating excitement in the classroom. 
1991 ASHE-ERIC higher education reports. ERIC Clearinghouse on Higher 
Education, the George Washington University, one Dupont Circle, suite 630. 
Washington, DC: 20036 – 1183; 1991.

29.	 Mackay D. The fantasy role-playing game: A new performing art. McFarland; 
2017 Aug 11.

30.	 Anderson G, Storytelling. In Birx HJ, 21st century anthropology: a reference 
handbook (pp. 41–66). 2010;Brill.

31.	 Flowers A, Magerko B, Mishra P. Gamemasters and interactive story: a 
categorization of storytelling techniques in live roleplaying. London, Ontario: 
Futureplay; 2006.

32.	 Arenas DL, Viduani A, Araujo RB. Therapeutic use of role-playing game (RPG) 
in mental health: a scoping review. Simul Gaming. 2022;53(3):285–311.

33.	 Kipper DA. Psychotherapy through clinical role playing. Brunner/Mazel; 1986.
34.	 Rønning SB, Bjørkly S. The use of clinical role-play and reflection in learning 

therapeutic communication skills in mental health education: an integrative 
review. Adv Med Educ Pract 2019 Jun 18:415–25.

35.	 Rivers A, Wickramasekera IE, Pekala RJ, Rivers JA. Empathic features and 
absorption in fantasy role-playing. Am J Clin Hypn. 2016;58(3):286–94.

36.	 Holland AC, O’Connell G, Dziobek I. Facial mimicry, empathy, and emotion 
recognition: a meta-analysis of correlations. Cogn Emot. 2021;35(1):150–68.

37.	 Williams D, Kennedy TL, Moore RJ. Behind the avatar: the patterns, practices, 
and functions of role playing in MMOs. Games Cult. 2011;6(2):171–200.

38.	 Huizenga J. Homo ludens: a study of the play element in culture. London, UK: 
Routledge & K. Paul; 1949.

39.	 Gosso Y, e Morais MD, Otta E. Pretend play of Brazilian children: a window into 
different cultural worlds. J Cross-Cult Psychol. 2007;38(5):539–58.

40.	 Haight WL, Wang XL, Fung HH, Williams K, Mintz J. Universal, developmental, 
and variable aspects of young children’s play: a cross-cultural comparison of 
pretending at home. Child Dev. 1999;70(6):1477–88.

41.	 Edwards CP. Children’s play in cross-cultural perspective: a new look at the six 
cultures study. Cross-cultural Res. 2000;34(4):318–38.

42.	 Chessa D, Lis A, Riso DD, Delvecchio E, Mazzeschi C, Russ SW, Dillon J. A cross-
cultural comparison of pretend play in US and Italian children. J Cross-Cult 
Psychol. 2013;44(4):640–56.

43.	 Skoglund J. Gender difference in role-play: Male and female character lan-
guage in world of Warcraft.

44.	 Zhang M, Jia H, Zheng M, Liu T. Group decision-making behavior in social 
dilemmas: inter-brain synchrony and the predictive role of personality traits. 
Pers Indiv Differ. 2021;168:110315.

45.	 Arellano-Véliz NA, Jeronimus BF, Kunnen ES, Cox RF. The interacting partner as 
the immediate environment: personality, interpersonal dynamics, and bodily 
synchronization. J Pers. 2024;92(1):180–201.

46.	 Tschacher W, Ramseyer F, Koole SL. Sharing the now in the social pres-
ent: duration of nonverbal synchrony is linked with personality. J Pers. 
2018;86(2):129–38.

47.	 Worth NC, Book AS. Personality and behavior in a massively multiplayer 
online role-playing game. Comput Hum Behav. 2014;38:322–30.

48.	 Jeng SP, Teng CI. Personality and motivations for playing online games. Social 
Behav Personality: Int J. 2008;36(8):1053–60.

49.	 Lim M, Bizzego A, Chen SHA, Esposito G. Openness to experience predicts 
engagement in role-play: evidence from two methodologies. Simulation & 
Gaming; 2024.

50.	 Goldstein TR, Winner E. Engagement in role play, pretense, and acting classes 
predict advanced theory of mind skill in middle childhood. Imagination 
Cognition Personality. 2011;30(3):249–58.

51.	 Poorman PB. Biography and role playing: fostering empathy in abnormal 
psychology. Teach Psychol. 2002;29(1):32–6.

52.	 Martin-Smith A. Quantum drama: transforming consciousness through 
narrative and roleplay. The Journal of Educational Thought (JET)/Revue de la 
Pensée Educative. 1995 Apr 1:34–44.

53.	 Yang JW, Baek J. Bias and sensitivity in numerosity perception of 
negative emotions among individuals with high social anxiety. Sci Rep. 
2022;12(1):11261.

54.	 Ingersoll VH. Role playing, attitude change, and behavior. Organizational 
Behav Hum Perform. 1973;10(2):157–74.

55.	 Zhao Q, Neumann DL, Yan C, Djekic S, Shum DH. Culture, sex, and group-bias 
in trait and state empathy. Front Psychol. 2021;12:561930.

56.	 Zhao Q, Neumann DL, Cao Y, Baron-Cohen S, Yan C, Chan RC, Shum DH. Cul-
ture–sex interaction and the self-report empathy in australians and Mainland 
Chinese. Front Psychol. 2019;10:378073.

57.	 Cassels TG, Chan S, Chung W. The role of culture in affective empathy: Cul-
tural and bicultural differences. J Cognition Cult. 2010;10(3–4):309–26.

58.	 Hoffman ML. Sex differences in empathy and related behaviors. Psychol Bull. 
1977;84(4):712.

59.	 Tzanaki P. The positive feedback loop of empathy and interpersonal synchro-
nisation: discussing a theoretical model and its implications for musical and 
social development. Music Sci. 2022;5:20592043221142715.

60.	 Novembre G, Mitsopoulos Z, Keller PE. Empathic perspective taking pro-
motes interpersonal coordination through music. Sci Rep. 2019;9(1):12255.

http://www.blatner.com/adam/pdntbk/rlplayedu
http://www.blatner.com/adam/pdntbk/rlplayedu


Page 17 of 18Lim et al. BMC Psychology          (2024) 12:350 

61.	 Levy J, Feldman R. Synchronous interactions foster empathy. J Experimental 
Neurosci. 2019;13:1179069519865799.

62.	 Koehne S, Hatri A, Cacioppo JT, Dziobek I. Perceived interpersonal synchrony 
increases empathy: insights from autism spectrum disorder. Cognition. 
2016;146:8–15.

63.	 Behrends A, Müller S, Dziobek I. Moving in and out of synchrony: a concept 
for a new intervention fostering empathy through interactional movement 
and dance. arts Psychother. 2012;39(2):107–16.

64.	 Lim M, Carollo A, Bizzego A, Chen SA, Esposito G. Decreased activation in 
left prefrontal cortex during role-play: an fNIRS study of the psychodrama 
sociocognitive model. Arts Psychother. 2024;87:102098.

65.	 Brown S, Cockett P, Yuan Y. The neuroscience of Romeo and Juliet: an fMRI 
study of acting. Royal Soc open Sci. 2019;6(3):181908.

66.	 Karim AA, Schneider M, Lotze M, Veit R, Sauseng P, Braun C, Birbaumer N. The 
truth about lying: inhibition of the anterior prefrontal cortex improves decep-
tive behavior. Cereb Cortex. 2010;20(1):205–13.

67.	 Christov-Moore L, Simpson EA, Coudé G, Grigaityte K, Iacoboni M, Ferrari 
PF. Empathy: gender effects in brain and behavior. Neurosci Biobehavioral 
Reviews. 2014;46:604–27.

68.	 Majdandžić J, Amashaufer S, Hummer A, Windischberger C, Lamm C. The 
selfless mind: how prefrontal involvement in mentalizing with similar 
and dissimilar others shapes empathy and prosocial behavior. Cognition. 
2016;157:24–38.

69.	 Ames DL, Jenkins AC, Banaji MR, Mitchell JP. Taking another person’s perspec-
tive increases self-referential neural processing. Psychol Sci. 2008;19(7):642–4.

70.	 Azhari A, Bizzego A, Esposito G. Parent–child dyads with greater parent-
ing stress exhibit less synchrony in posterior areas and more synchrony 
in frontal areas of the prefrontal cortex during shared play. Soc Neurosci. 
2022;17(6):520–31.

71.	 Azhari A, Bizzego A, Esposito G. Father-child dyads exhibit unique inter-
subject synchronization during co-viewing of animation video stimuli. Soc 
Neurosci. 2021;16(5):522–33.

72.	 Atiqah A, Mengyu L, Andrea B, Giulio G, Bornstein MH, Gianluca E. Physical 
presence of spouse enhances brain-to-brain synchrony in co-parenting 
couples. Sci Rep (Nature Publisher Group). 2020(1).

73.	 Azhari A, Leck WQ, Gabrieli G, Bizzego A, Rigo P, Setoh P, Bornstein MH, 
Esposito G. Parenting stress undermines mother-child brain-to-brain syn-
chrony: a hyperscanning study.

74.	 Soh S, Leong FT. Validity of vertical and horizontal individualism and collectiv-
ism in Singapore: relationships with values and interests. J Cross-Cult Psychol. 
2002;33(1):3–15.

75.	 Germani A, Delvecchio E, Li JB, Lis A, Nartova-Bochaver SK, Vazsonyi AT, 
Mazzeschi C. The link between individualism–collectivism and life satisfaction 
among emerging adults from four countries. Appl Psychology: Health Well‐
Being. 2021;13(2):437–53.

76.	 Homan RW, Herman J, Purdy P. Cerebral location of international 10–20 
system electrode placement. Electroencephalogr Clin Neurophysiol. 
1987;66(4):376–82.

77.	 Aasted CM, Yücel MA, Cooper RJ, Dubb J, Tsuzuki D, Becerra L, Petkov MP, 
Borsook D, Dan I, Boas DA. Anatomical guidance for functional near-infrared 
spectroscopy: AtlasViewer tutorial. Neurophotonics. 2015;2(2):020801.

78.	 Ferrari M, Quaresima V. A brief review on the history of human functional 
near-infrared spectroscopy (fNIRS) development and fields of application. 
NeuroImage. 2012;63(2):921–35.

79.	 John OP, Srivastava S. The Big-Five trait taxonomy: History, measurement, and 
theoretical perspectives.

80.	 Ubbiali A, Chiorri C, Hampton P. Italian big five inventory. Psychometric prop-
erties of the Italian adaptation of the big five inventory (BFI). BPA-Applied 
Psychol Bull (Bollettino Di Psicologia Applicata). 2013;59(266).

81.	 Fossati A, Borroni S, Marchione D, Maffei C. The big five inventory (BFI). Eur J 
Psychol Assess. 2011 Jan 14.

82.	 John OP, Naumann LP, Soto CJ. Paradigm shift to the integrative big five trait 
taxonomy. Handb Personality: Theory Res. 2008;3(2):114–58.

83.	 Soto CJ, John OP, Gosling SD, Potter J. The developmental psychometrics of 
big five self-reports: acquiescence, factor structure, coherence, and differen-
tiation from ages 10 to 20. J Personal Soc Psychol. 2008;94(4):718.

84.	 Benet-Martínez V, John OP. Los Cinco Grandes across cultures and ethnic 
groups: Multitrait-multimethod analyses of the big five in Spanish and Eng-
lish. J Personal Soc Psychol. 1998;75(3):729.

85.	 Davis MH. (1980). A multidimensional approach to individual differences in 
empathy.

86.	 Albiero PA, Ingoglia SO, Lo Coco A. Contributo all’adattamento ital-
iano dell’interpersonal reactivity index. Test Psicometria Metodologia. 
2006;13(2):107–25.

87.	 Péloquin K, Lafontaine MF. Measuring empathy in couples: validity and 
reliability of the interpersonal reactivity index for couples. J Pers Assess. 
2010;92(2):146–57.

88.	 Levinson SC. Action formation and ascription. The handbook of conversation 
analysis. 2012 Nov 7:101–30.

89.	 Bizzego A, Battisti A, Gabrieli G, Esposito G, Furlanello C. Pyphysio: a physi-
ological signal processing library for data science approaches in physiology. 
SoftwareX. 2019;10:100287.

90.	 Bizzego A, Neoh M, Gabrieli G, Esposito G. A machine learning perspective 
on fnirs signal quality control approaches. IEEE Trans Neural Syst Rehabil Eng. 
2022;30:2292–300.

91.	 Di Lorenzo R, Pirazzoli L, Blasi A, Bulgarelli C, Hakuno Y, Minagawa Y, Brigadoi 
S. Recommendations for motion correction of infant fNIRS data applicable to 
multiple data sets and acquisition systems. NeuroImage. 2019;200:511–27.

92.	 Scholkmann F, Spichtig S, Muehlemann T, Wolf M. How to detect and reduce 
movement artifacts in near-infrared imaging using moving standard devia-
tion and spline interpolation. Physiol Meas. 2010;31(5):649.

93.	 Molavi B, Dumont GA. Wavelet-based motion artifact removal for functional 
near-infrared spectroscopy. Physiol Meas. 2012;33(2):259.

94.	 Pinti P, Scholkmann F, Hamilton A, Burgess P, Tachtsidis I. Current status and 
issues regarding pre-processing of fNIRS neuroimaging data: an investigation 
of diverse signal filtering methods within a general linear model framework. 
Front Hum Neurosci. 2019;12:505.

95.	 Bizzego A, Azhari A, Esposito G. Reproducible inter-personal brain coupling 
measurements in hyperscanning settings with functional near infra-red 
spectroscopy. Neuroinformatics. 2022b Jul;20(3):665–75.

96.	 Holper L, Scholkmann F, Wolf M. Between-brain connectivity during imitation 
measured by fNIRS. NeuroImage. 2012;63(1):212–22.

97.	 Chang C, Glover GH. Time–frequency dynamics of resting-state brain con-
nectivity measured with fMRI. NeuroImage. 2010;50(1):81–98.

98.	 Reindl V, Gerloff C, Scharke W, Konrad K. Brain-to-brain synchrony in parent-
child dyads and the relationship with emotion regulation revealed by fNIRS-
based hyperscanning. NeuroImage. 2018;178:493–502.

99.	 Baimel A, Severson RL, Baron AS, Birch SA. Enhancing theory of mind through 
behavioral synchrony. Front Psychol. 2015;6:145793.

100.	 Cacioppo S, Zhou H, Monteleone G, Majka EA, Quinn KA, Ball AB, Norman GJ, 
Semin GR, Cacioppo JT. You are in sync with me: neural correlates of interper-
sonal synchrony with a partner. Neuroscience. 2014;277:842–58.

101.	 Lotze M, Heymans U, Birbaumer N, Veit R, Erb M, Flor H, Halsband U. Differen-
tial cerebral activation during observation of expressive gestures and motor 
acts. Neuropsychologia. 2006;44(10):1787–95.

102.	 Buccino G, Vogt S, Ritzl A, Fink GR, Zilles K, Freund HJ, Rizzolatti G. Neural 
circuits underlying imitation learning of hand actions: an event-related fMRI 
study. Neuron. 2004;42(2):323–34.

103.	 Nakai T, Kato C, Matsuo K. An fMRI study to investigate auditory atten-
tion: a model of the cocktail party phenomenon. Magn Reson Med Sci. 
2005;4(2):75–82.

104.	 Vorobyev VA, Alho K, Medvedev SV, Pakhomov SV, Roudas MS, Rutkovskaya 
JM, Tervaniemi M, Van Zuijen TL, Näätänen R. Linguistic processing in visual 
and modality-nonspecific brain areas: PET recordings during selective atten-
tion. Cogn Brain Res. 2004;20(2):309–22.

105.	 Opitz B, Müller K, Friederici AD. Phonological processing during language 
production: fMRI evidence for a shared production-comprehension network. 
Cogn Brain Res. 2003;16(2):285–96.

106.	 Demb JB, Desmond JE, Wagner AD, Vaidya CJ, Glover GH, Gabrieli JD. 
Semantic encoding and retrieval in the left inferior prefrontal cortex: a 
functional MRI study of task difficulty and process specificity. J Neurosci. 
1995;15(9):5870–8.

107.	 Tulving E, Kapur S, Markowitsch HJ, Craik FI, Habib R, Houle S. Neuroanatomi-
cal correlates of retrieval in episodic memory: auditory sentence recognition. 
Proc Natl Acad Sci. 1994;91(6):2012–5.

108.	 Raye CL, Johnson MK, Mitchell KJ, Reeder JA, Greene EJ. Neuroimaging a 
single thought: dorsolateral PFC activity associated with refreshing just-
activated information. NeuroImage. 2002;15(2):447–53.

109.	 Rämä P, Martinkauppi S, Linnankoski I, Koivisto J, Aronen HJ, Carlson S. Work-
ing memory of identification of emotional vocal expressions: an fMRI study. 
NeuroImage. 2001;13(6):1090–101.



Page 18 of 18Lim et al. BMC Psychology          (2024) 12:350 

110.	 Kapur S, Craik FI, Tulving E, Wilson AA, Houle S, Brown GM. Neuroanatomical 
correlates of encoding in episodic memory: levels of processing effect. Proc 
Natl Acad Sci. 1994;91(6):2008–11.

111.	 Galbusera L, Finn MT, Tschacher W, Kyselo M. Interpersonal synchrony feels 
good but impedes self-regulation of affect. Sci Rep. 2019;9(1):14691.

112.	 Yee N, Ducheneaut N, Nelson L, Likarish P. Introverted elves & conscientious 
gnomes: the expression of personality in world of warcraft. InProceedings of 
the SIGCHI conference on human factors in computing systems. 2011 May 7 
(pp. 753–762).

113.	 Tschacher W, Greenwood S, Ramakrishnan S, Tröndle M, Wald-Fuhrmann M, 
Seibert C, Weining C, Meier D. Audience synchronies in live concerts illustrate 
the embodiment of music experience. Sci Rep. 2023;13(1):14843.

114.	 Paulick J, Deisenhofer AK, Ramseyer F, Tschacher W, Boyle K, Rubel J, Lutz W. 
Nonverbal synchrony: a new approach to better understand psychothera-
peutic processes and drop-out. J Psychother Integr. 2018;28(3):367.

115.	 Wilson SJ, Bailey BE, Jaremka LM, Fagundes CP, Andridge R, Malarkey WB, 
Gates KM, Kiecolt-Glaser JK. When couples’ hearts beat together: Synchrony 
in heart rate variability during conflict predicts heightened inflammation 
throughout the day. Psychoneuroendocrinology. 2018;93:107–16.

116.	 Reich CM, Berman JS, Dale R, Levitt HM. Vocal synchrony in psychotherapy. J 
Soc Clin Psychol. 2014;33(5):481–94.

117.	 Liu S, Rovine MJ, Cousino Klein L, Almeida DM. Synchrony of diurnal cortisol 
pattern in couples. J Fam Psychol. 2013;27(4):579.

118.	 Levy J, Lankinen K, Hakonen M, Feldman R. The integration of social and neu-
ral synchrony: a case for ecologically valid research using MEG neuroimaging. 
Soc Cognit Affect Neurosci. 2021;16(1–2):143–52.

119.	 Chuang CH, Hsu HC. (2023). Pseudo-mutual gazing enhances interbrain 
synchrony during remote joint attention tasking. Brain Behav, 13(10), e3181.

120.	 Kono T, Matsuo K, Tsunashima K, Kasai K, Takizawa R, Rogers MA, Yamasue H, 
Yano T, Taketani Y, Kato N. Multiple-time replicability of near-infrared spectros-
copy recording during prefrontal activation task in healthy men. Neurosci 
Res. 2007;57(4):504–12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 


	﻿Culture, sex and social context influence brain-to-brain synchrony: an fNIRS hyperscanning study
	﻿Abstract
	﻿Background
	﻿The present study

	﻿Methods
	﻿Participants
	﻿Equipment and materials
	﻿Functional near-infrared spectroscopy
	﻿Big five inventory
	﻿Interpersonal reactivity index


	﻿Procedure
	﻿Data analysis
	﻿Pre-processing
	﻿Statistical analysis

	﻿Results
	﻿Preliminary analysis
	﻿Condition, sex and cohort effects on brain-to-brain synchrony
	﻿Personality analysis
	﻿Empathy analysis

	﻿Discussion
	﻿Limitations and future studies

	﻿Conclusions
	﻿References


