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ARTICLE INFO ABSTRACT

Keywords: Creativity is an adaptive way of thinking and plays a key role in problem solving. Recent brain imaging studies
Creativity focused on structural and functional characteristics of the brain that are correlated with creativity. But whether
Self/other and how the association between creativity and the brain is moderated by individuals' cultural traits remains
fMRI unclear. We integrated functional magnetic resonance imaging (fMRI) and questionnaire measures (Williams
Self-construal creativity aptitude test) of trait creativity and self-construal (e.g., interdependence) in male adults to examine
Interdependence

whether trait creativity is associated with neural activities underlying social cognition and whether and how the
association is moderated by individuals' self-construals. We found that interdependence moderates the asso-
ciation between trait creativity and neural activities in the left superior temporal sulcus, right anterior insular,
right temporal-parietal junction and right precentral gyrus engaged in reflection of one's own social attributes.
Interdependence also moderates the association between trait creativity and neural activities in the left superior
temporal sulcus and right posterior insular involved in reflection of a friend's social attributes. The link of trait
creativity and the functional connectivity between the medial prefrontal cortex and postcentral gyri during
reflection of a friend's social attributes is also moderated by interdependence. Participants with high and low
creativity traits can be dissociated in a three-dimension space defined by integration of interdependence and the
brain activity underlying reflection of one's own and the friend's attributes. Our findings suggest that trait
creativity is imprinted on the social brain and the link between trait creativity and the neural activities un-
derlying the processing of self and others is moderated by a cultural trait.

1. Introduction creative performance (Li et al., 2015; Shah et al., 2013; Zhu et al.,

2013). The memory retrieval network in the parietal cortices may

Creativity is a set of complicated mental processes or personalities
that give rise to novel ideas/products and help people to solve problems
(Hennessey and Amabile, 2010). Given that creativity as either an
ability or trait is critical for people to adapt to environments, there have
been increasing interests in understanding the neural correlates of
creativity in brain imaging literatures. Recent studies have examined
characteristics of anatomical structures or functional activity of the
human brain that are associated with creativity. These studies have
identified several neural networks that are possibly linked to creativity.
The semantic network consisting of the left inferior frontal gyrus and
temporal regions supports cognitive processes including language pro-
duction, semantic representation and integration that are necessary for

mediate generation of creative new ideas that are relied on efficient
memory retrieval and flexible integration of existing knowledge
(Benedek et al., 2013; Fink et al., 2012). The default mode network
including the medial prefrontal cortex and precuneus may support in-
ternally-focused attention for maintenance of large sets of information
during task-specific creative processes and resting states (Aziz-Zadeh
et al., 2013; Chen et al., 2015; Mayseless et al., 2015; Takeuchi et al.,
2012; Villarreal et al., 2013). The motor-related regions consisting of
the precentral gyrus, supplementary motor area and premotor cortex
are also associated with creation by providing motor planning or motor
control (Aziz-Zadeh et al., 2013; Villarreal et al., 2013; Zhu et al.,
2016). Creativity in the aforementioned studies was assessed either
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using questionnaires to estimate individuals' creative potentials (e.g.,
divergent feeling) (Claxton et al., 2005; Li et al., 2015; Liu et al., 2011,
Zhu et al., 2016) or by measuring individuals' creative performances in
ongoing cognitive tasks (e.g., divergent thinking) (Aziz-Zadeh et al.,
2013; Chen et al., 2015; Mayseless et al., 2015; Villarreal et al., 2013;
Zhu et al., 2013).

The findings of these studies provide evidence for co-variations of
cortical structures and functions with creative potentials or perfor-
mances. However, almost all the previous studies focused on the asso-
ciation between neural activities underlying basic cognitive/motor
processes and creativity traits/performances. There has been little re-
search concerning the link of brain activity involved in social cognition
and creativity. Moreover, little is known about whether and how the
association between creativity and brain activities is moderated by in-
dividuals' cultural traits. It is crucial to conduct empirical research to
address these issues because it has long been recognized that both on-
going cognitive performances and chronic affective traits are critical
components of creativity (Williams, 1980).

Behavioral research has shown that experiences of social interaction
significantly influence creative performance such that individuals who
received support from both work (supervisors/coworkers) and non-
work (family/friends) sources exhibited better creative performance
(Madjar et al., 2002). Edmondson and Mogelof (2006) proposed that
psychological safety — an environment condition about relationship in
which people believe that others will respond positively to themselves
when they speak up about concerns, report mistakes, or propose new
ideas — is also important for creativity. This assertion implies that
creativity may be modulated by how an individual thinks about the self
and others in a specific sociocultural environment. At the neural level,
one may further hypothesize that the association between trait crea-
tivity and neural representations of self and others can be moderated by
individuals' cultural traits.

A possible cultural trait that may moderate the association between
creativity and neural representations of self and others is self-construal,
which is strongly influenced by sociocultural environments.



Challenge and Risk-taking four subscales. Subjects were asked to rate
the extent to which they agree or disagree with each item on a three-
point Likert scales ranging from strongly disagree to strongly agree. We
used the Chinese version of the scale developed by Lin and Wang
(1999) with good internal consistency (.765-.877) and test-retest re-
liability (.489-.810). The Cronbach alpha coefficient in this study was
.812. The criterion validity of the WCAT was .261~.545 when using
figural Torrance Tests of Creative Thinking (TTCT) as a standard (Lin
and Wang, 1999). The WCAT was widely used as a reliable measure-
ment of trait creativity (Claxton et al., 2005; Li et al., 2015; Liu et al.,
2011). The higher the total score of WCAT, the higher creative potential
(Li et al., 2015). Tan et al. (2015) have reported that individuals who
showed more insights in problem solving rated themselves higher in
WCAT.

Self-construals were measured using the Self-Construal Scale
(Singelis, 1994), which consists of 24-items that assess independent and
interdependent self-construals on a 7-point Likert scale (1 = strongly
disagree, 7 =strongly agree). Interdependence was defined by the
difference between the sum score of the 12 interdependent self-con-
strual items and the sum score of the 12 independent self-construal
items. Higher difference scores indicate greater interdependent cultural
values (Ma et al., 2014).

2.3. Imaging data acquisition and analysis

Brain images were acquired using a 3.0 T GE Signa MR750 scanner
(GE Healthcare; Waukesha, WI) with a standard head coil. Functional
images were acquired by using T2-weighted, gradient-echo, echo-
planar imaging (EPI) sequences sensitive to BOLD contrast
(64 > 64 > 32 matrix with 3.75 > 3.75 < 5mm?® spatial resolution,
repetition time = 2000 ms, echo time = 30 ms, flip angle = 90°, field
of view =24 >24cm). A high-resolution T1-weighted structural
image (512 >=<512>= 180 matrix with a spatial resolution of
A7 > 47 ><1.0mm?®, repetition time =8.204ms, echo time
= 3.22ms, flip angle = 12°) was acquired before the functional scans.

Functional images were preprocessed using SPM8 software (the
Wellcome Trust Centre for Neuroimaging, London, UK). Head move-
ments were corrected within each run and six movement parameters
(translation; X, y, z and rotation; pitch, roll, yaw) were extracted for
further analysis in the statistical model. The anatomical image was
coregistered with the mean realigned functional image and then was
normalized to the standard Montreal Neurological Institute (MNI)
template. The functional images were resampled to 3 > 3 >< 3mm?®
voxels, normalized to the MNI space using the parameters of anatomical
normalization and then spatially smoothed using an isotropic of 8 mm
full-width half-maximum (FWHM) Gaussian kernel.

Fixed effect analyses were first conducted by applying a general
linear model (GLM) to fMRI data. All five conditions (Self, Friend,
Celebrity, Font and rest) were included in the model. The design matrix
also included the realignment parameters to account for any residual
movement-related effect. A box-car function was used to convolve with
the canonical hemodynamic response in each condition. Regardless of
creativity and self-construal, whole-brain random effect analyses were
conducted on the contrast images of self- vs. celebrity-judgment (con-
trast vector: self 1, celebrity —1) and friend- vs. celebrity-judgment
(contrast vector: friend 1, celebrity —1). Then, we used the contrast
images (Self vs. Celebrity, Friend vs. Celebrity) as dependent variables
and conducted regression analyses with subjects’ Creativity (sum score
of WCAT), Interdependence (interdependent minus independent scores)
and the interaction between Creativity and Interdependence (product of
the centered scores in WCAT and Self-Construal Scale) as regressors, as
illustrated below:

Y = 3, Creativity + f3,Interdependence + (3, Creativity*Interdependence
+ B,

This regression analysis aimed to identify the brain regions corre-
lated with individuals’ trait creativity, interdependence and the inter-
action between interdependence and creativity during self- and friend-
related processing. Brain activations were defined using a threshold of
p < .05 (FDR corrected with single voxel threshold of p < .001).
Then, the contrast values (self vs. celebrity and friend vs. celebrity) of
the brain regions were extracted using MarsBaR (http://marsbar.
sourceforge.net). To further check the moderation role of self-con-
strual and for visualization purposes, the moderation effect of self-
construal on the association between creativity and self/friend vs. ce-
lebrity neural activity was shown with the use of a split of high and low
interdependence (6 is the cutoff score and resulted in 20 subjects in low
interdependence group and 17 subjects in high interdependence group).
Correlation coefficients between creativity and neural activity during
self- vs. celebrity-judgment and friend- vs. celebrity-judgment were
calculated in high and low interdependent group respectively. Fisher-z
transformation was used to check the correlations in different groups
were significantly different. Since the brain regions that showed sig-
nificant interactions between interdependence and creativity were
identified in the whole brain analyses after FDR correction, the sig-
nificance of the correlation coefficients for each brain region was shown
only for visualization purpose and thus was not corrected for multiple
comparisons.

We also conducted generalized psychophysiological interaction
analyses (gPPI) (McLaren et al., 2012) to check brain regions that
showed functional connectivity with the seed regions. The coordinates
of the peak voxels from the contrast of self- vs. celebrity-judgments and
friend- vs. celebrity-judgments in one-sample t-tests across all partici-
pants were used to define the seed regions for gPPI analyses. The region
of interest was defined as a sphere with 5-mm-radius centered at the
peak voxel of a cluster. The time courses of each ROI (medial prefrontal
cortex (MPFC), x/y/z= —9/53/1, defined in the contrast of self- vs.
celebrity-judgments; MPFC (x/y/z = —6/56/ —2) and precuneuns (x/
y/z = —6/—58/43) defined in the contrast of friend- vs. celebrity-
judgments) were then extracted and the psychophysiological interac-
tion regressors were calculated as the product of the brain activity of
this region and a vector of the psychological variables. The psycho-
physiological interaction regressors reflected the interaction between
psychological variables (self- vs. celebrity-judgments or friend- vs. ce-
lebrity-judgments) and the activation time course of the seed regions.
The contrast images reflecting the effects of the psychophysiological
interaction between the seed regions and other brain areas were sub-
sequently subjected to regression analyses with creativity, inter-
dependence and the product of them (similar to the regression equation
above, Y is the functional connectivity with seed regions). The results of
regression analysis identifi
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connectivity with the seed regions during self- vs. celebrity-judgments
or friend- vs. celebrity-judgments were associated with creativity and
modulated by self-construal.

After finding that trait creativity was characterized by specific
neural responses to self- and friend-processing (vs. celebrity-processing)
and the moderation role of interdependence self-construal, we at-
tempted to use the neural indices (brain activity and functional con-
nectivity) combined with self-construal to predict individuals’ crea-
tivity. Top 27% subjects (10 subjects whose sum WCAT scores were
higher than 113) and bottom 27% subjects (10 subjects whose sum
WCAT scores were lower than 100) were selected as high and low
creative group. A Fisher's discriminant function was conducted to ex-
amine whether the neural indices coding self/friend (vs. celebrity)
combined with self-construal could predict individuals’ trait creativity.
Discriminant analysis was conducted with a featured vector x = (Xs, Xs,
X¢, X;) for each subject that was determined by four values. x5 and X¢
denotes the brain activity showed interaction between self-construal
and creativity during self- vs. celebrity-judgments and friend- vs. ce-
lebrity-judgments respectively. xq is the increased functional con-
nectivity in friend-judgment compared with celebrity judgment where
showed interaction between self-construal and creativity during friend-
vs. celebrity-judgments. x; is the Interdependence score of Self-
Construal Scale. We found four brain regions that were sensitive to the
interaction of self-construal and creativity during self- vs. celebrity-
judgments and that these activities in these regions were correlated
with each other (rs(37) = .495~.703; p << .005). To reduce multi-
collinerity, we averaged the contrast values in these regions weighted
with their cluster size to obtain a neural index of self-processing, which
is used as X, in discriminant analysis. Similarly, the two regions sensi-
tive to the interaction of self-construal and creativity during friend- vs.
celebrity-judgments and the two regions showed increased functional
connectivity with the seed region in friend-judgment vs. celebrity-
judgment were also correlated with each other (rs(37) =.378-.762;
ps << .021) and were averaged weighted with their cluster size which is
used as X; and Xg in discriminant analysis. Since self-construal mod-
ulates the association between creativity and self-other neural activity,
we considered the moderation effect by multiplying the neural indices
by the score of Interdependence, i.e., XXi, XgX; and X¢X;. A quadratic
discriminant function was defined as g(X) = WgXX;~+WXeXi+WscXicXi
“+Wwp. Ws and wg are the weights of the brain activity induced by self-
and friend-judgments respectively, wg is the weight of the increased
functional connectivity with the seed region in friend-processing
(compared with celebrity-processing) and wg is the bias. Because
creativity and self-construal didn’t simply correlate with the brain ac-
tivity during self- or friend-judgments, we didn’t include Xs, X¢, X, Xi
and quadratic terms (x2, x?, x&, x?) in the quadratic discriminant
function. The brain activity, functional connectivity and inter-
dependence scores used in the equation were all normalized. The op-
timal weights and bias of the discriminant function were calculated
using the Fisher's discriminant function (Duda and Hart, 1973; Cawley
and Talbot, 2003). We employed the leave-one-out cross-validation,
i.e., one case was left out of the training set and then used as a test set.
The discriminant function was then used to classify the “leave-out”
individual subject into high creative group or low creative group. Re-
peating this procedure for all the cases in the data set estimated the
generalization accuracy of the method. The accuracy of such classifi-
cation analysis helps to validate that neural responses during self- and
other-processing and individuals’ self-construals could predict crea-
tivity since the classification analysis reduced any bias produced by
precategorization of participants in terms of creativity (Cawley and
Talbot, 2003).

3. Results
3.1. Behavioral results

We calculated participants’ reaction times (RTs) during self-,
friend-, celebrity- and font-judgment as behavioral indices for self-,
friend-, celebrity- and font-related processing. A repeated measure
analysis of variance (ANOVA) of the reaction times (RTs) with Target
(self, friend, celebrity, font) as a within-subject variable showed sig-
nificant main effect of Target (F (3, 108) =111.884, p << .001). The
RTs in ascending sequence were Font, Self, Friend and Celebrity.
However, the RTs were correlated neither with individuals’ trait crea-
tivity nor with interdependence self-construal (ps= .1). The mean
accuracy of font-judgments was high (94.99%). We also calculated the
correlation between scores of interdependence and trait creativity but
did not find significant results (r (37) =.118, p = .488).
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Fig. 2. Moderation effects of the self-construal (i.e., interdependence) on the link between trait creativity and neural activities. (a) Brain regions showed significant interaction between
self-construal and trait creativity in self- vs. celebrity-judgment and friend- vs. celebrity-judgment. (b) Pattern of the self-construal moderation on the link between creativity and brain
activity in different regions. In each region, red dots represent subjects with high interdependence and blue dots represent subjects with low interdependence.

friend vs. celebrity as a dependent variable and conducted whole brain
regression analyses to search for brain activity associated with in-
dividuals’ scores of trait creativity, interdependence and the interaction
of creativity > interdependence. Results showed that there was no
brain region in which activities in response to self-judgments sig-
nificantly correlated with trait creativity or interdependence. However,
activities during self-judgments (vs. celebrity-judgments) in several
brain regions were significantly correlated with the interaction of in-
terdependence and trait creativity, including the left superior temporal
sulcus (STS) (x/y/z= —39/—-10/—-11, z=4.51; k=268), the right
temporal-parietal junction (TPJ)/posterior insular(Pl) (x/y/z=51/
—28/13, z=4.79; k=538), the right anterior insular (Al) (x/y/
z=33/11/4, z=4.30; k =129) and the right precentral gyrus (x/y/
z=136/—-25/67, z=3.80; k =148). The brain activity in the left STS
(x/y/z= —51/5/—-20, z=4.48; k=362) and the right PI (x/y/
z=239/-22/7, z=4.11; k= 395) activated during friend-judgments
was significantly correlated with the interaction of creativity > inter-
dependence (Fig. 2a, Table 1). We conducted similar analyses of the
contrast images of celebrity- vs. font-judgments but did not find sig-
nificant results. These results provide evidence that self-construals
moderated the association between trait creativity and the neural ac-
tivities underlying self- and friend-referential processing.

To further illustrate the moderation effects, we divided subjects into
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high and low interdependence groups and extracted contrast values
(self vs. celebrity and friend vs. celebrity) in these brain regions. Fig. 2b
shows the correlations between individuals’ trait creativity and neural
activities in each group. To rule out the possibility that an outlier
dominates the correlation results, we excluded one participant in low
interdependence group whose brain activities in the left STS and right
TPJ during self- vs. celebrity-judgment and in the right PI during friend-
vs. celebrity-judgment were deviated from the mean activity of all
subjects with 3 standard deviations. As can be seen in Fig. 2b, in-
dividuals with high interdependent self-construal showed negative
correlations between trait creativity and neural responses to self- or
friend-judgments (vs. celebrity-judgments) in the left STS, TPJ and in-
sular (rs = —.136 to .610, ps = .603-.009), whereas individuals with
low interdependent self-construal showed positive correlations between
trait creativity and neural responses to self- or friend-judgment (vs.
celebrity-judgment) in the same brain regions (rs = .464-.635, ps
=.046-.003). Fisher-z transformation further confirmed significant
differences in the patterns of correlations between the two subject
groups (ps << .01) (Table 2).

We further tested whether self-construals moderate the association
between trait creativity and increased functional connectivity between
brain regions activated during self- or friend-judgments (compared with
celebrity-judgments). The MPFC (x/y/z = —9/53/1) revealed in the



contrast of self- vs. celebrity-judgments and the MPFC (x/y/z = —6/
56/ —2) and precuneuns (x/y/z = —6/—58/43) revealed in the con-
trast of friend- vs. celebrity-judgments were used as the seed regions for
the gPPI analyses. The functional connectivity between the seed regions
and other brain regions were subject to whole brain regression analyses
(with creativity, interdependence, and their interaction as regressors) to
identify functional connectivity that was sensitive to the interaction of
creativity > interdependence. The analyses only confirmed that the
increased functional connectivity between the MPFC and bilateral
postcentral gyrus (left: x/y/z= —60/—-10/46, z=4.34; k=239;
right: left: x/y/z="54/-10/55, z=4.35; k=295) during friend-
judgments (vs. celebrity-judgments) were significantly correlated with
the interaction of creativity > interdependence (Fig. 3, Table 1). By
removing one outlier we also confirmed that the increased functional
connectivity was positively correlated with trait creativity (rs = .668
and .787 for the left and right postcentral gyrus respectively, ps <<
.001) in those who scored high in interdependent self-construals,
whereas no such correlations were observed for those who scored low
in interdependent self-construals (rs = —.0005, —.113, ps= .1). The
differences in the patterns of correlations between the two subject
groups were also confirmed using fisher-z transformation (ps << .01)
(Fig. 3, Table 2).

Finally, we conducted a discriminant analysis to further test whe-
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Wang et al., 2012), and one's spouse and children (Han et al., 2016),
suggesting overlapping neural representations of social attributes of the
self and close others in a sample from collectivistic Chinese culture.

We did not find evidence for associations between participants' in-
terdependence and trait creativity or between participants' trait crea-
tivity and their brain activities during reflection of oneself and a close
other. However, as predicted, we found that self-construals significantly
moderate the association between trait creativity and brain activities
underlying self- and friend-judgments. The moderation effects seemed
arise from opposite patterns of the relationship between trait creativity
and brain activity in individuals with high and low interdependence.
For instance, for participants with high interdependence, stronger ac-
tivities in the right TPJ and anterior insular predict lower trait crea-
tivity, whereas reverse patterns were observed for those with low in-
terdependence. These results allow us to speculate that, for those with
high interdependence, stronger brain activity due to reflection of the
self and others affects creativity in a negative way. By contrast, for
those with low interdependence, stronger brain activity due to reflec-
tion of the self and others may facilitate creativity. We also showed
evidence that self-construals significantly moderated the association
between trait creativity and the functional connectivity between the
MPFC and other brain regions during friend-judgments. Specifically, for
individuals with high interdependence, stronger functional connectivity
between the MPFC and the post-central cortices predicted greater trait
creativity. These results indicate that self-construals moderate not only
the relationships between trait creativity and activities in specific brain
regions but also the relationships between trait creativity and func-
tional links between different brain regions.

Our findings compliment the previous brain imaging studies of
creativity (Aziz-Zadeh et al., 2013; Benedek et al., 2013; Chen et al.,
2015; Fink et al., 2012; Li et al., 2015; Mayseless et al., 2015; Shah
et al., 2013; Takeuchi et al., 2012; Villarreal et al., 2013; Zhu et al.,
2013, 2016) by revealing associations between the trait creativity and
the social brain network. Why do self-construals moderate the asso-
ciations between trait creativity and brain activities engaged in self-
and other-related processing? Given that the TPJ mediates taking
others' perspectives (Saxe and Kanwisher, 2003) and the anterior in-
sular is engaged in self-awareness (Craig, 2009), our results can be
understood by assuming that, for individuals with high inter-
dependence, decreased intention to take others' perspective and de-
creased self-awareness may help to overcome the concern of others'
critics and thus facilitate their trait creativity. For those with low in-
terdependence, however, increased intention to take others' perspective
and increased self-awareness may enhance trait creativity. In addition,
trait creativity of individuals with high interdependence is also more
strongly coupled with the brain activity associated with reflection on a
friend. These brain imaging results are consistent with the implications
of behavioral studies that interdependent self-construals encourage
harmonious relationships with others that contribute to creativity
(Hannover, 2006; Bechtoldt et al., 2010) and independent self-con-
struals encourage creation of original ideas by emphasizing uniqueness
of the self (Goncalo and Staw, 2006; Wiekens and Stapel, 2008).

The results of our discriminant analyses suggest that individuals
with high or low trait creativity can be classified by their brain activ-
ities in the social brain network, which, however, must be integrated
with their self-construals (i.e., interdependence). The results suggest
that, creativity — a complex trait or ability that is critical for social
adaptation — cannot be understood by considering only brain activity
or cultural orientations. Creativity may arise from interactions between
cultural experience and brain functional organization during develop-
ment. It should be acknowledged that these moderation effects were
observed in Chinese culture that is characterized by collectivism. Our
work only tested Chinese participants who showed overlapping neural
representations of the self and close others (Zhu et al., 2007). This thus
leaves an open question of whether and how self-construals interact
with the social brain network to shape trait activity in other cultural
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societies.

The current work employed the Self-Construal Scale (Singelis, 1994)
that has only two dimensions (i.e., interdependence and independence).
Recent research has proposed a seven-dimensional model of self-con-
strual (defining the self, experiencing the self, making decisions,
looking after oneself, moving between contexts, communicating with
others, and dealing with conflicting interests, Vignoles et al., 2016).
This model provides a more nuanced measurement of being in-
dependent or interdependent in different cultural groups and raises the
guestion of which dimension(s) of independent/interdependent self-
construals play more important roles in modulating the association
between trait creativity and the social brain network. The current work
only tested male participants as previous research has suggested gender
difference in self-construals (e.g., Cross and Madson, 1997; Guimond
et al., 2006) and in self-reported creativity trait or performance (e.g.,
Baer and Kaufman, 2008; Abraham, 2016). Thus it is unclear whether
self-construals moderate the association between trait creativity and the
social brain network in a similar fashion in females. These issues should
be addressed in future research.

In conclusion, our work provided the first brain imaging evidence
that a cultural trait (i.e., interdependence) that emphasizes funda-
mental connections between the self and others moderates how the
social brain network is associated with individuals' trait creativity. Our
findings compliment the previous findings by highlighting the possible
function of the social brain network in trait creativity. Given the cul-
tural differences in self-construals (Markus and Kitayama, 1991;
Oyserman et al., 2002) and cultural influences on human brain activity
(Han and Northoff, 2008; Han et al., 2013; Han, 2017), our brain
imaging results also raise an interesting question regarding how cul-
tural orientations and experiences influence human creativity.
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