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Abstract
Creativity is the ability to produce something novel and useful. Various tasks have been used to explore the neural bases of
creativity. However, studies exploring the relationship between the brain regions during divergent thinking are still rare. Given
that the brain works in networks, exploring the functional connectivity (FC) patterns during divergent thinking is important. The
present study explored the FC patterns during alternative uses task and its relationship with openness to experience.
Psychophysiological interaction results corroborated that the inferior parietal lobule was positively connected to the precuneus
and middle temporal gyrus. Middle frontal gyrus/superior frontal gyrus was positively connected to the precuneus and
supramarginal gyrus. Individual difference analysis revealed that openness to experience was positively related to the strength
of FCs between some key regions of default mode, cognitive control and salience networks. Findings confirmed the network-
based mechanisms underlying creativity and the neural basis of individual differences of openness to experience.
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Introduction

Creativity is the ability to produce something novel and useful
(Stein 1953; Sternberg and Lubart 1996; Runco and Jaeger
2012). It is linked not only to social development but also to
almost all the areas of our everyday life (Mumford 2002;
Dietrich and Kanso 2010). In the past years, various tasks
have been used to explore the neural bases of creativity
(Jung-Beeman et al. 2004; Qiu et al. 2010; Takeuchi et al.
2010a, b; Abraham et al. 2012; Aziz-Zadeh et al. 2013;
Kleibeuker et al. 2013; Zhu et al. 2013; Park et al. 2015;
Saggar et al. 2015). These studies confirmed that creativity
may be related to widespread brain areas, such as the frontal

areas, cingulate cortex, and temporoparietal areas (Dietrich
and Kanso 2010; Jung et al. 2013; Fink and Benedek 2014).
A recent meta-analysis in our laboratory used activation like-
lihood estimation to ascertain the role of these regions in di-
vergent thinking tasks (Wu et al. 2015).

However, these investigations of creativity focus on which
area is activated during creativity tasks. Studies investigating
the relationship among the brain regions during the creativity
tasks are still rare. Brain functions are supported by coordinat-
ed activities between separated brain regions (Catani et al.
2013; Smith et al. 2013; Sporns 2013), that is, the brain works
in networks. Recent viewpoint highlights the role of the de-
fault mode network (DMN) and the cognitive control network
(CCN) in the neural basis of creativity (Jung et al. 2013; Beaty
et al. 2016a). The DMN is active during rest and deactivates
during most externally-oriented tasks (Raichle et al. 2001;
Greicius et al. 2003). This network associates with various
cognitive processes such as mind-wandering (Mason et al.
2007), future thinking (Schacter et al. 2012), and perspective
taking (Buckner and Carroll 2007). The CCN is engaged in
attention-demanding cognitive tasks that associate with the
top-down modulation of attention, response inhibition (Aron
2007), task-set switching (Dreher and Berman 2002), and
working memory (Curtis and D'Esposito 2003). During
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creative tasks, these networks are likely to correspond to blind
variation and selective retention components of creative cog-
nition, respectively (Jung et al. 2013). The DMN related to the
blind variation mechanism that is related to creative thinking
generation and CCN related to selective retention which is
related to the top-down cognitive control (Jung et al. 2013;
Abraham 2014; Mok 2014). Creative idea involves the dy-
namic interactions of these brain networks (Beaty et al.
2016a). A recent study corroborated that functional connec-
tivity (FC) patterns can predict individual creative ability
(Beaty et al. 2018). Therefore, exploring the FC patterns dur-
ing divergent thinking task is important.

Studies exploring the relationship between creativity and
brain connectivity (structural and resting sate functional) give
us insight into creativity-related connectivity patterns. For in-
stance, Takeuchi et al. (2012) investigated the relationship
between the creativity measured by divergent thinking and
resting state FC (rsFC) and affirmed that high creativity is
associated with increased rsFC between the medial prefrontal
cortex and the posterior cingulate. Jung et al. (2010) used
diffusion tensor imaging to explore the relationship between
creativity and white matter integrity (structural connectivity).
They corroborated that the composite creativity index was
significantly inversely related to fractional anisotropy within
the left inferior frontal white matter. These studies validated
that several important connectivities were closely related to
creativity. Nevertheless, limited to the neuroimaging methods,
rsFC and structural connectivity were off-line and not depen-
dent on tasks. Although rsFC or structural connectivity reflect
the patterns of interaction between brain networks (Greicius
et al. 2009; Honey et al. 2009), studies exploring task-based
FC may give us specific functional networks during purpose-
ful creativity tasks.

Furthermore, as a complex cognitive ability, creativity
is closely related to personal characteristics, especially
openness to experience. Considerable literature affirmed
the consistently positive correlation between openness to
experience and creativity (Feist 1998; Feist and Barron
2003; Silvia et al. 2009). However, studies addressing
the potent ia l re la t ionship between openness to
experience and creativity from the perspective of
neuroscience are still rare. Li et al. (2014) explored the
relationship among brain structure, openness to experi-
ence, and trait creativity and verified that openness to
experience mediated the association between the gray
matter volume of the middle temporal gyrus and trait
creativity. The role of openness in creativity was af-
firmed by this study, but this study only explored this
question at the regional brain level. The relationship be-
tween openness to experience and dynamic interaction of
brain networks is still unknown.

The present study aims to explore the FC pattern dur-
ing creative tasks and its relationship to openness to

experience. To this end, the most widely used task, al-
ternative uses task (AUT), was used. First, we hypothe-
size that the prefrontal cortex, temporal lobe and inferior
parietal lobule will be activated in creative tasks. Second,
these regions would connect to other key regions of the
DMN and the CCN. Third, individuals’ personality trait
(openness to experience) would be associated with the
FC of these regions during tasks.

Materials and methods

Participants

Twenty-nine right-handed university students (17 women and
12men) from Southwest University, China, participated in the
experiment. The age of the participants ranged from 19 to
21 years (19.48 ± 0.74). None of them had a history of neuro-
logical or psychiatric illnesses. In accordance with the
Declaration of Helsinki (1991), written informed consent
was obtained from all the participants. The experimental pro-
cedure was approved by the local ethics committee.

fMRI task

The AUT and control task (object characteristics task,
OCT) were used. Each task had 12 items, and each item
was presented in separate blocks. In the AUT, the partici-
pants were asked to think of the original uses of everyday
objects as many as possible in 20 s. In the OCT, the par-
ticipants were required to think of the typical characteris-
tics of everyday objects in 20 s. After each item, they had
4 s to press the buttons according to the number of ideas
they generated. Four choices were provided: 0–1 ideas, 2–
3 ideas, 4–5 ideas, and more than 5 ideas. Four buttons that
represent each choice were available. The participants
would press one of the buttons according to the number
of their ideas. A fixation lasting for 20 s between the items
were present. Tasks were presented in fixed sequence
(AUT1 – Fixation – OCT1 – Fixation – AUT 2 –
Fixation – OCT2...). After scanning, the participants were
asked to write down the ideas they generated in a scanner.

All the generated ideas were rated by three trained raters
with regard to their originality on a five-point rating scale
ranging from 1 (Bnot original^) to 5 (Bhighly original^).
Fluency and originality scores were obtained by averaging
the raters’ scores. The raters displayed high internal consisten-
cy in their ratings (mean Cronbach’s alphas = 0.90).

Measure of openness to experience

Openness to experience was assessed using the revised
version of the NEO Personality Inventory (Costa and
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McCrae 1992) that is based on a 5-factor model of per-
sonality. Questions were answered on a 5-point scale and
personality were measured in five domains: neuroticism,
extraversion, openness to experience, agreeableness and
conscientiousness. In the present study, we mainly fo-
cused on the openness to experience dimension based
on the a priori hypothesis predicting the relationship be-
tween openness and creativity (Feist 1998; Feist and
Barron 2003; Silvia et al. 2008).

fMRI image acquisition

Images were acquired using a Siemens TRIO 3-Tesla scanner.
The participants lay supine with their heads snugly fixed with
foam pads to minimize head movements. They were
instructed to keep still. A total of 535 BOLD images were

obtained using Echo Planar Imaging (EPI) sequence with the
following parameters: slices = 32; repetition time (TR)/echo
time (TE) = 2000/30 ms; flip angle = 90 deg. FOV = 200×
200 mm2; voxel size = 3.4× 3.4× 4 mm3; thickness = 3 mm;
and slice gap = 1 mm.

fMRI data preprocessing

Functional imaging data analysis was performed with SPM8
software (Wellcome Department of Imaging Neuroscience,
London, U.K.). First, the functional data of each participant
were motion-corrected. The participants who exhibited head
motion of 3 mm maximum translation or 3.0° rotation were
excluded. Thereafter, each participant’s functional image was
normalized to EPI templates based on the Montreal
Neurological Institute space (resampling voxel size = 3 ×

Fig. 1 Activity patterns during
tasks. In the contrast AUT >OCT
(red), strong activation was
observed in cuneus. In the
contrast of AUT <OCT (blue),
strong activation was observed in
the bilateral temporoparietal areas
and right LPFC. All effects are
corrected by FWE

Table 1 Regions with significant
activities during divergent
thinking task

Brain areas R/L Maxima of cluster t Cluster size (voxels)

AUT >OCT Cuneus R/L 12 −87 12 6.82 260

OCT >AUT IPL/MTG R 48 −54 48 8.12 2282

IPL/MTG L −51 −54 39 5.51 1867

MFG/SFG R 33 54 6 5.72 258

MFG R 39 33 39 5.03 312

IFG/Insula R 63 12 3 4.58 351

IPL inferior parietal lobule,MTGmiddle temporal gyrus,MFGmiddle frontal gyrus, SFG superior frontal gyrus,
IFG inferior frontal gyrus. All results were corrected by FWE, p < 0.01
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3 × 3 mm3). Spatial smoothing (8 mm FWHM Gaussian ker-
nel) was conducted to decrease spatial noise.

Activation analysis

In the first-level analysis of each participant, each task
type was modeled separately with a general linear model.
Movement correction parameters were added as covari-
ates of no interest. Blocks in which participants did not
generate any answer were not included in further analy-
sis. In light of the research questions and hypotheses, we
performed a comparison to produce a ‘contrast image’
for each participant: AUT versus OCT (AUT > OCT).
In the group level, a one-sample t test for contrast image

was used to obtain the activity pattern. Cluster-level fam-
ily-wise error (FWE) was used for multiple comparisons.
The significance threshold for FWE was set at p < 0.01
(cluster-forming threshold at voxel-level: p < 0.001).

Psychophysiological interaction analysis

On the basis of the regional activation results in the present
study and previous literature, we defined the bilateral infe-
rior parietal lobule (IPL), right middle frontal gyrus/
superior frontal gyrus (MFG/SFG), right MFG, inferior
frontal gyrus (IFG)/Insula, and cuneus as seed regions
(VOI, Volume of Interest). The psychophysiological inter-
action (PPI) analysis consists of a design matrix with three

Table 2 Brain functional
connectivity patterns during
divergent thinking task

Seed regions Brain areas R/L Maxima of cluster t Cluster size (voxels)

Left IPL

Positive Prec R, L −3 −66 30 5.65 686

MTG R 54 −27 −9 4.74 279

Negative –

Right IPL

Positive Prec R, L 6 −54 33 7.87 1194

MTG R 60 −21 −12 6.53 263

SMG R 51 −51 30 6.04 811

ACC R 12 51 6 5.06 279

Negative MFG/IFG/Insula/SMA L −51 24 27 7.57 2508

PCG/IPL L −51 −30 45 5.33 344

LG/MOG R 30 −69 −30 8.64 2812

Right MFG/SFG

Positive Prec/MTG/SMG R, L 54 −39 −3 7.00 2043

SMG L −63 −57 21 4.47 156

Negative MOG R, L −6 −105 6 5.95 669

SFG L −30 15 60 4.68 359

Right MFG

Positive –

Negative MOG R, L 12 −102 18 7.43 655

Right cuneus

Positive LG/MOG R, L −9 −96 9 8.15 1601

Negative Prec R, L 12 −57 57 5.37 1042

MTG L −42 −84 18 4.91 213

Insula/IPL L −48 −21 27 4.74 405

Insula R 36 3 12 4.44 257

IPL R 63 −30 30 4.26 261

IPL inferior parietal lobule, SFG superior frontal gyrus, MTG middle temporal gyru, Prec precuneus, SMG
supramarginal gyrus, MFG middle frontal gyrus, IFG inferior frontal gyrus, SMA supplementary motor area,
ACC anterior cingulate cortex, PCG postcentral gyrus,MOGmiddle occipital gyrus, LG Lingual Gyru. All results
were corrected by FWE, p < 0.01
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regressors: (i) psychological variable: the cognitive process
of interest (here AUT vs. OCT), (ii) physiological variable:
the neural response of VOIs, and (iii) interaction term of (i)
and (ii). VOIs’ time courses were extracted from the left
IPL (x = −51, y = −54, z = 39), right IPL (x = 48, y = −54,
z = 48), right MFG/SFG (x = 33, y = 54, z = 6), right MFG
(x = 39, y = 33, z = 39), IFG/insula (x = 63, y = 12, z = 3),
and right cuneus (x = 12, y = −87, z = 12) (6 mm radius
sphere at the local peak). The psychological variable used
was a vector coding for the specific task (1 for AUT, −1 for
OCT) convolved with the HRF. Subsequently, the psycho-
physiological interaction term was created with the time
course and psychological variable.

PPI analysis was then carried out for each VOI in each
subject, and a group-level one-sample t-test was conducted

to examine the significant FC. Whole brain cluster-level
FWE was used for multiple comparisons. The significance
threshold for FWEwas set at p < 0.01 (cluster-forming thresh-
old at voxel-level: p < 0.001).

Brain behavior correlation

Multiple regressions were used to explore the relationship
between individual differences in openness and FC patterns.
Personality score (openness to experience) was used as the
variable of interest. Whole brain cluster-level FWE was used
for multiple comparisons. The significance threshold for FWE
was set at p < 0.01 (cluster-forming threshold at voxel-level:
p < 0.001).

Fig. 2 FC patterns during tasks. Left and right IPL were positively connected to the bilateral Prec and right MTG. Right MFG/SFG was positively
connected to the Prec and SMG. Right cuneus has adverse connectivity patterns compared with IPL. All effects are corrected by FWE
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Results

Behavior data

During the task, the mean originality was 2.95 (SD = 0.25),
and the mean fluency was 2.64 (SD = 1.24). Openness scores
range from 133 to 202 (M= 161.59, SD = 18.38).

Activation analysis

In the contrast of AUT >OCT, one sample t test of data re-
vealed stronger activation in posterior brain areas such as
cuneus (Fig. 1, Table 1). The opposite contrast (AUT <
OCT) found in widespread activation included the bilateral
temporoparietal areas and the right lateral prefrontal cortex
(Table 1, Fig. 1).

Psychophysiological interaction analysis

For all the participants, one-sample t-test showed that the left
IPL was positively connected to the bilateral precuneus (Prec),
the right middle temporal gyrus (MTG) (see Table 2, Fig. 2).
Similar results were found when using right IPL as seed re-
gion. Right MFG/SFG was positively connected to bilateral
Prec, MTG, and supramarginal gyrus (SMG). The right MFG/
SFG was negatively connected to bilateral MOG and left SFG
(see Table 2, Fig. 2). Right MFG was negatively connected to
bilateral MOG. Right cuneus has adverse FC patterns com-
pared with IPL (see Table 2). No significant result exists when
using right IFG/insula as a seed region.

Brain behavior correlation

Whole brain analysis was used to explore the relationship
between openness and the strength of FC. Using left IPL as
a seed region, openness was positively related to the strength
of FC with Prec and insula (see Table 3, Fig. 3a). Right IPL
has similar results with left IPL (see Table 3, Fig. 3b). Using
the right MFG as a seed region, openness was positively re-
lated to the strength of FC with the superior temporal gyrus
(STG), MTG, insula and putamen (see Table 3, Fig. 3d). Right
MFG/SFG has similar results withMFG (see Table 3, Fig. 3c).
No significant result exists for cuneus and IFG/insula.

Discussion

The present study aimed to explore the FC patterns during
creative tasks and their relationship with openness to experi-
ence.We observed the activities of the bilateral MTG, bilateral
IPL, MFG, and the cuneus. Results were in agreement with
several findings of brain activity during the creative process
compared with non-creative cognition (Fink et al. 2009;
Abraham et al. 2012). PPI results corroborated that IPL was
positively connected to Prec and MTG. MFG/SFG was posi-
tively connected to Prec and SMG. Brain behavior correlation
analysis revealed that openness was positively related to the
strength of FC between IPL/MFG and insula/Prec. The results
were concordant with our hypothesis.

Brain regions are always co-activated during creativity
tasks. We validated that both the left and right IPL

Table 3 Functional connectivity
show significant correlation with
openness

Seed regions Brain areas R/L Maxima of cluster t Cluster size (voxels)

Left IPL

Positive Prec R, L −24 −45 57 4.98 794

Insula R 36 −6 9 4.71 354

Negative –

Right IPL

Positive Insula/Putamen R 30 −3 −6 4.81 240

Insula/Putamen L −27 −12 0 4.33 157

Negative –

Right MFG/SFG

Positive Insula/Putamen R 36 −6 −3 5.24 167

Negative –

Right MFG

Positive STG/MTG R 60 −15 −3 5.05 239

MTG/IPL/Insula L −42 −42 24 4.92 252

Insula/Putamen R 30 −3 −3 4.52 184

Negative –

IPL inferior parietal lobule,MFG middle frontal gyrus, SFG superior frontal gyrus,MTG middle temporal gyru,
Prec precuneus, STG Superior Temporal Gyrus. All results were corrected by FWE, p < 0.01
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connectivity patterns were moderated by experimental condi-
tions. Bilateral IPL has increased connectivity with Prec and
MTG during AUT compared with OCT. MRI studies have
confirmed the role of these regions in the creative process
(Jung et al. 2010; Wu et al. 2015). For instance, Takeuchi
et al. (2010a, b) verified that a significant positive relationship
existed between fractional anisotropy in the regions of the
bilateral temporoparietal junction and the right IPL and
individual creativity. Dandan et al. (2013) proved that the
Prec is relevant to the successful storage and retrieval of heu-
ristic knowledge that is important in creative problem solving.
IPL was discussed in terms of bottom–up attention and auto-
matically activated knowledge (Berkowitz and Ansari 2008;
Fink et al. 2010). Prec was involved in the storage and retriev-
al of knowledge (Dandan et al. 2013), andMTGwas related to
the distant semantic process (Jung-Beeman et al. 2004;
Whitney et al. 2011). The FC between these regions showed
that the generation of original ideas needs the cooperation of

different types of cognitive processes that involve in different
brain regions. Furthermore, from the perspective of the net-
work, IPL, Prec and MTG are the subregions of DMN. Given
that DMN is devoted to the blind variation mechanism that is
related to creative thinking generation (Jung et al. 2013; Beaty
et al. 2016a), results confirmed that the cooperation of regions
within the DMN related to the creative thinking process.

In the present study, MFG/SFG was positively connected
to Prec and SMG. The lateral prefrontal cortex (LPFC) is
related to several high-level cognitive functions such as cog-
nitive flexibility, top-down cognitive control, sustained atten-
tion and working memory (Koechlin et al. 2003; Petrides
2005; Alvarez and Emory 2006; Dietrich and Kanso 2010).
This region is widely implicated in creative thinking tasks
(Abraham et al. 2012; Kleibeuker et al. 2013; Liu et al.
2015; Sun et al. 2016). Several studies have contended that
LPFC connectivity with other brain regions at resting state
was related to creativity (Beaty et al. 2014; Li et al. 2016).

Fig. 3 Relationship between behavior and functional connectivity
patterns. a Using the left IPL as a seed region, openness was
positively related to the strength of FC with Prec and insula. b Right
IPL has similar results with left IPL. c Right MFG/SFG has similar

results with MFG. d Using the right MFG as a seed region, openness
was positively related to the strength of FC with STG, MTG, insula
and putamen. All effects are corrected by FWE
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During tasks, LPFC connectivity with Prec and SMG revealed
the top-down cognitive control process. From the perspective
of large-scale networks, LPFC is the key region of CCN and
Prec and SMG are the DMN nodes. The DMN is involved in
the generation of original ideas, and the CCN is involved in
the allocation of cognitive resources. Our results corroborated
that the dynamic cooperation of these large-scale networks
genrates original ideas.

We also asserted that personality trait was related to the FC
patterns in tasks. The study of personality for creative individ-
uals is one of the oldest areas in studies about creativity (Batey
and Furnham 2006; Silvia et al. 2009). From the perspective
of neuroscience, although the role of openness to experience
in the creative cognition is still unknown, several studies ex-
plored the neural basis of openness to experience. For in-
stance, Beaty et al. (2016b) used graph theory methods and
affirmed that openness is related to the global efficiency of the
DMN. In the present study, we affirmed a positive correlation
between openness and IPL-Prec connectivity. The results are
consistent with these studies and confirm that openness is
related to the functional connectivities between nodes within
the DMN. Open individuals are known for their cognitive
flexibility and have high prefrontal activity (Sutin et al.
2009). Our study further contended that individuals with high
openness scores also have high IPL-insula or MFG-insula
connectivity. These regions devoted to different large-scale
networks such as DMN, CCN, and salience network (SN).
Among these three networks, SN modulates and interplays
between the other two networks (Jung et al. 2013). The results
confirmed that openness is related to the cooperation between
networks. Taken together, increased FC between the key re-
gions of the DMN, CCN and SN for open individuals may
correspond to an improved ability to govern their cognitive
resources to integrate and evaluate the relevant information,
generating original ideas.

Certain limitations emerge in the present study. The present
research extends past works by examining the interaction be-
tween brain regions during the divergent thinking task (AUT).
The creative process has been explored by various creative
tasks. The result is limited in the divergent thinking task that
limits the generalizability of the results. Future studies should
further examine connectivity patterns in the domain-general
and domain-specific creative thinking tasks. Moreover, the
fixed sequence of the experimental conditions may have po-
tential effects on participants. Improvement in the design of
experiment is also needed.

Conclusion

The present study confirmed that the dynamic interaction be-
tween brain regions, such as IPL, Prec, MTG, and MFG is
related to creative processing. Furthermore, the task-specific

pattern of FCs is related to individual differences in openness
to experience. Findings affirmed the network-based mecha-
nisms underlying creativity and its relationship with personal-
ity traits.
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