SCIENTIFIC REPLIRTS

The Association between Resting
Functional Connectivity and Visual
Creativity

Received: 08 October 2015 - yyenfy Li%*, JunyiYang®*, Qinglin Zhang?, Gongying Li' & Jiang Qiu?
Accepted: 18 April 2016
Published: 03 May 2016 Resting-state functional connectivity (RSFC), the temporal correlation of intrinsic activation between

. different brain regions, has become one of the most fascinating field in the functional imaging studies.

. To better understand the association between RSFC and individual creativity, we used RSFC and the

. figure Torrance Tests of Creative Thinking (TTCT-F) to investigate the relationship between creativity

. measured by TTCT and RSFC within two different brain networks, default mode network and the
cognitive control network, in a large healthy sample (304). We took the medial prefrontal cortex (MPFC)
and the bilateral dorsolateral prefrontal cortices (DLPFC) to be the seed regions and investigated the
association across subjects between the score of TTCT-F and the strength of RSFC between these seed

. regions and other voxels in the whole brain. Results revealed that the strength of RSFC with the MPFC

. was significantly and negatively correlated with the score of TTCT-F in the precuneus. Meanwhile, we

. also found that the strength of RSFC with the left DLPFC was significantly and positively correlated

. with the score of TTCT-F in the right DLPFC. It suggests that the decreased RSFC within DMN and the

. increased RSFC within CCN presents a potential interaction mechanism between different region for
higher creativity.

Creativity is necessary to the growth of human society, economy and social culture and has generally been viewed
as “a kind of novelty that is useful, valuable and generative™. Divergent thinking has been regarded as a critical
aspect of creativity?. The research of divergent thinking has a long history and is the biggest research field in cre-
ativity study®*. A recent meta-analysis® indicated that divergent thinking is an valid predictor of creative ability.
Divergent thinking has been defined as the capacity to generate many possible solutions to a given problem®.
Torrance Test of Creative Thinking (TTCT)®, which is based on divergent thinking, has an extensive application
in the test of creativity” and is widely quoted of many creativity tests®. Most of previous studies mainly focus
on the neural basis of verbal creativity, the mount of the study of the neural basis of visual creativity is little.
In addition, the verbal test would be more influenced by educational background and confused by intellectual
. capacity than figure test’'!. What’s more, visual creativity, the production of novel and useful visual forms, is a
: primary component of fields such as painting, photography, sculpture and architecture'?. To date, no functional
: connectivity studies have been published in this domain of creativity research. The primary aim of this study was
: to investigate how visual creativity, as measured by TTCT-F, correlates to functional connectivity derived from
. resting-state brain imaging.
Previous studies have suggested that creativity requires interactions of multiple regions and left-right brain
- and should thus not be ascribed to one particular hemisphere or region'®. Researchers have long studied the bio-
. logical basis for creativity and have found increasing evidence relating high performance on creative tests to the
© coordination of multiple brain regions, utilizing both structural and functional brain imaging techniques'*22,
Communication between brain regions may be crucial in complex cognitive processes (e.g., creativity)?.
Examination of resting-state functional connectivity (RSFC), which reflects temporal correlations between blood
. oxygen level-dependent signals in different brain regions during rest, can indicate direct or indirect functional rela-
© tions between brain regions®**°. The researches of RSFC are quickly growth and become one of the hottest theme
* of human imaging study®®. Region-of-interest (ROI) analysis is one of the most commonly used methods to exam-
ine functional connectivity during rest?*?”. Previous studies had demonstrated that RSFC for both the region of
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Measure Mean SD Range
Age 19.94 1.22 17-27
TTCT-F total score 60.09 17.36 23.33-96.67
Originality 24.64 8.68 6.33-46.67
Flexibility 15.70 4.50 5.00-26.67
Fluency 19.76 5.46 7.00-28.00
CRT 66.11 3.31 52-72

Table 1. Participant demographics (N =304; men = 140, women = 169). Note: N = number; SD = standard
deviation.

interest (ROI)-based has a high degree of test-retest reliability?®?. Previous studies have consistently demonstrated
that there are similar patterns of RSFC network in most cortical systems in the human brain, e.g. visual network,
sensorimotor network, default mode network (DMN), cognitive control network (CCN)?#*0-32 and salience net-
work (SN)*. Recent findings suggested that specific networks and brain regions are related to individuals creativity
and any single brain region can not achieve creativity'>**. In other words, creativity may be associated with the
strength of RSFC among specific brain regions, and the interactions between these brain regions might be crucial.

The DMN network was consistently suggested correlated with creativity, which mainly included: medial pre-
frontal cortex (MPFC), posterior cingulate cortex (PCC)/precuneus and lateral temporal/parietal lobe. According
to Randy Buckner and colleagues, the DMN network is involved in “constructing dynamic mental simulations
based on personal past experiences such as used during remembering, thinking about the future, and generally
when imagining alternative perspectives and scenarios to the present.” A recent RSFC study found that higher
creativity as measured by divergent thinking (DT) test, a verbal creativity test, was positively associated with
the strength of RSFC between the medial prefrontal cortex (MPFC) and the posterior cingulate cortex (PCC)™.
Another research investigated the association between creativity as measured by verbal TTCT and the RSFC in
DMN and revealed that creativity was positively correlated with the strength of RSFC between the MPFC and the
middle temporal gyrus (MTG)*. These results seem to show verbal creativity was related to the consistency of
spontaneous fluctuations among DMN regions. Additionally, DMN brain regions are often involved in creativity
experiments. Previous research found that MPFC was more active in the creative task not only in verbal divergent
thinking task (creative story generation)*, but also in visual creativity'2. Both MPFC and PCC/precuneus were
also more active in insightful problems solving*~*. Thus, the strength of RSFC in DMN may be crucial to the
visual creativity as measured by figure TTCT.

Previous functional imaging studies have focused on the contribution of CCN, which mainly included dorso-
lateral PFC (DLPFC) and dorsal anterior cingulate cortex (dACC), to creative task. The brain regions of CCN (e.g.
DLPFC and dACC) were frequently activated by many kinds of creative tasks. For example, greater activation were
found in creative story generation®, divergent thinking*', improvisational music playing*? and insightful problems
solving®***. More importantly'?, investigated brain activation during participants solving the visuo-spatial creativ-
ity problem and found visual creativity task more activated DLPFC and MPFC relative to the control task. It is thus
reasonable to speculate whether the strength of RSFC in CCN may be related to visual creativity as measured by fig-
ure TTCT, in spite of undetected association between verbal creativity and the strength of RSFC with DLPFC'**.

Depending on these tasks, different brain networks recruited in the creative cognition, such as DMN and
CCN networks. It meant that communication between brain regions were critical to understanding the neuro-
science of creativity. However, no direct evidence has been provided from the perspective of brain networks. Our
hypothesis, inspired by these earlier findings, is that higher creativity test scores may correspond to more efficient
information transfer in the brain. In particular the relationship between individual creativity and functional
connectivity properties of the brain network has rarely been investigated, leaving the impact of large-scale brain
networks on creativity largely unknown. In the present study, we aimed to further investigate the association
between visual creativity as measured by figure TTCT and the strength of RSFC within DMN and CCN. We chose
TTCT-F rather than verbal TTCT because the verbal test would be more influenced by educational background
and confused by intellectual capacity than figure test>!1. If as mentioned above, DMN and CCN brain regions
were attribute to individuals creativity, we should observe a relationship between verbal creativity and RSFC.

Results

Behavioral Results. The mean and the standard deviation of TTCT-F, CRT scores, and age are shown in
Table 1. There were no significant correlations between the psychological and demographic measures (CRT score,
sex and age) and the total scores of TTCT-FE. There were also no significant difference between males and females
in the total score of TTCT-F, each dimension score of TTCT-F and the score of CRT (the significance level in
these analysis are bigger than 0.1).

Correlation of Creativity with the strength of RSFC with the MPFC.  We examined brain regions
that showed significant correlation between the total scores of TTCT-F and the strength of RSFC with the MPFC.
After controlling the effects of age, sex, CRT scores and mean FD, the multiple regression analysis revealed that
the TTCT-F total score was significantly negatively correlated with the strength of RSFC between the MPFC and
the precuneus [x, y, z= 0, —51, 48, t = —4.78, 196 voxels, p = 0.039 corrected using the whole-brain voxel-level
FDR approach; see Fig. 1A]. No significant positive association was found between the total TTCT-F score and
the strength of RSFC with the MPFC.
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Figure 1. (A) Region of correlation between the strength of RSFC with the MPFC and the total score of
TTCT-F (the results are shown with a threshold of P < 0.001 for a display purpose). (B) The scatterplot of the
correlation involving the RSFC between the MPFC and the precuneus (0, —48, 48) and TTCT-F total score. As
shown in the figure, visual creativity was significantly and negatively related to the strength of RSFC between
the MPFC and precuneus. (C) Regions of correlation between the strength of RSFC with the MPFC and the
flexibility; (D) Regions of correlation between the strength of RSFC with the MPFC and the flexibility;

(E) Regions of correlation between the strength of RSFC with the MPFC and the fluency (all the results are
shown with a threshold of P < 0.001). As seen, three dimensions were significantly and negatively related to the
strength of RSFC between the MPFC and precuneus.

To verify the found of behavioral data, in the analysis of fMRI data, we also examined brain regions that
showed significant correlation between each dimension of creativity (originality, flexibility and fluency) and the
strength of RSFC with the MPFC. Three whole-brain multiple regression analyses were performed separately
including the score of each dimension, age, sex, the CRT score and mean FD as covariates. Significant negative
correlation were only observed in the analyses of originality dimension (x, y, z= 0, —51, 51, t= —5.58, p=0.001
corrected using the whole-brain voxel-level FDR approach). In the other analysis, we found similar tendencies
for the correlation between the dimensions of creativity (flexibility and fluency) and the strength of RSFC with
the MPFC (statistical values and coordinates of the peak voxel in this region were as follows: x, y, x = — 3, -48, 48,
t=—3.91 in the analysis of flexibility; x, y, x= 0, -48, 45, t = —3.99 in the analysis of fluency). The high consist-
ency among the total TTCT-F score and three dimensions of the TTCT indicated that each dimension could not
provide meaningfully more information.

Correlation of Creativity with the Strength of rFC with the Bilateral DLPFCs. We examined brain
regions that showed significant correlation between the total scores of TTCT-F and the strength of RSFC with
the bilateral DLPFCs to determine whether creativity is also associated with RSFC in networks other than DMN.
After controlling the effects of age, sex, CRT scores and mean FD, the multiple regression analysis revealed that
the TTCT-F total score was significantly positively correlated with the strength of RSFC between the left DLPFC
and the right DLPFC (x, y, z= 42, 39, 24, t = 5.18, 69 voxels, p = 0.006 corrected using the whole-brain voxel-level
FDR approach; see Fig. 2). Meanwhile significant positive correlation was found between the individual TTCT-F
total score and the strength of RSFC between the right DLPFC and the left DLPFC (x, y, z= —36, 45, 12, t =4.98,
4 voxels, p=0.031 corrected using the whole-brain voxel-level FDR approach; see Fig. 3). No significant negative
association was found between the total TTCT-F score and the strength of RSFC with the left DLPFC and no
significant negative relationship between the total TTCT-F score and the strength of RSFC with the right DLPFC.

We also examined brain regions that showed significant correlation between each dimension of creativity
(originality, flexibility and fluency) and the strength of RSFC with the left DLPFC. Three whole-brain multiple
regression analyses were performed separately including the score of each dimension, age, sex, the CRT score and
mean FD as covariates. Significant positive correlation were observed in the analyses of originality dimension
(x, v, z=42, 39, 24, t = 5.16), fluency dimension (x, y, z= 42, 39, 24, t=4.59) and flexibility (x, y, x=42, 36, 27,
t=4.21). Then we examined brain regions that showed significant correlation between each dimension of cre-
ativity (originality, flexibility and fluency) and the strength of RSFC with the right DLPFC. The results revealed
a similar tendency for the score of each dimension of creativity as measured by TTCT-F and the total score of
TTCT-F (see fig. 3). The high consistency among the results of multiple regression analyses in total TTCT-F score
and three dimensions of the TTCT were highly consistent.

Correlation of General Intelligence with the strength of RSFC with the MPFC.  We further inves-
tigated brain regions that showed significant correlation between the score of CRT and the strength of RSFC with
the MPFC. No significant correlations were found between the CRT scores and the strength of RSFC with the
MPEC in any of the regions.
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Figure 2. (A) Region of correlation between the strength of RSFC with the left DLPFC and the total score of
TTCT-F (the results are shown with a threshold of P < 0.001 for a display purpose). (B) The scatterplot of the
correlation involving the RSFC between the left DLPFC and the right DLPFC (42, 39, 24) and TTCT-F total
score. As shown in the figure, visual creativity was significantly and positively related to the strength of RSFC
between the left DLPFC and the right DLPFC. (C) Regions of correlation between the strength of RSFC with the
left DLPFC and the flexibility; (D) Regions of correlation between the strength of RSFC with the left DLPFC and
the flexibility; (E) Regions of correlation between the strength of RSFC with the left DLPFC and the fluency (all
the results are shown with a threshold of P < 0.001). As seen, three dimensions were significantly and positively
related to the strength of RSFC between left DLPFC and the right DLPFC.

Correlation of General Intelligence with the strength of RSFC with the Bilateral DLPFCs. We
further investigated brain regions that showed significant correlation between the score of CRT and the strength
of RSFC with the DLPFC. No significant correlations were found between the CRT scores and the strength of
RSFC with the DLPFC in any of the regions.

Interaction Effects between Sex and Creativity on the Strength of rFC with MPFC.  After con-
trolling the effects of age, sex, the CRT score and mean FD, the voxel-wise ANCOVA revealed no significant
interaction effects between the total TTCT-F score and sex in terms of the strength of RSFC with the MPFC.

Interaction Effects between Sex and Creativity on the Strength of rFC with Bilateral
DLPFCs. After controlling the effects of age, sex, the CRT score and mean FD, the ANCOVA revealed no
significant interaction effects between the total TTCT-F score and sex in terms of the strength of RSFC with the
right DLPFC. Besides, no significant interaction effects were observed with the left DLPFC.

Discussion
In the current study, we used fMRI to explore the association between RSFC and visual creativity as measured
by TTCT-E To the best of our knowledge, this is the first study to investigate the association between indi-
vidual visual creativity measured TTCT-F and RSFC. Our results revealed that higher creativity is related to
the decreased RSFC between the MPFC and the precuneus and the increased RSFC between left DLPFC and
right DLPFC. Taken together, the results suggest that the altered RSFC within DMN and CCN might be criti-
cally involved in visual creativity. Additionally, these results are consistent with the recent functional imaging
researches of creativity that the brain regions of the DMN and CCN would be essential to visual creativity!>404,
Previous studies had indicated that the MPFC is a common part of the creativity network, such as divergent
thinking tasks commonly activated the MPFCP. For instance, recent two studies suggest that the altered RSFC
with default mode regions was related to individual differences in divergent thinking measured by S-A creativity
test'* and verbal TTCT?®. Both studies employed functional connectivity analysis with the MPFC specified as a
seed region of interest. In addition, previous researches indicate that DT tasks frequently activated MPFC, such
as creative story generation®, insight problems solving®’~** and visual creativity task'>*. To some extent, our
results consistent with previous study about the association between DMN and visual creativity'?. In addition, the
precuneus was suggested to be involved in a wide range of tasks, such as visuo-spatial imagery, episodic mem-
ory retrieval and self-processing operations (for a review to see)*. These cognitive activity is considered to be
associated with creativity. Further more, a recent study used cerebral blood flow (CBF) during rest (rest-CBF) to
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Figure 3. (A) Region of correlation between the strength of RSFC with the right DLPFC and the total score of
TTCT-F (the results are shown with a threshold of P < 0.001 for a display purpose). (B) The scatterplot of the
correlation involving the RSFC between the right DLPFC and the left DLPFC (—36, 45, 12) and TTCT-F total
score. As is shown in the figure, visual creativity was significantly and positively related to the strength of RSFC
between the right DLPFC and the left DLPFC. (C) Regions of correlation between the strength of RSFC with

the right DLPFC and the flexibility; (D) Regions of correlation between the strength of RSFC with the right
DLPFC and the flexibility; (E) Regions of correlation between the strength of RSFC with the right DLPFC and
the fluency (all the results are shown with a threshold of P < 0.001). As seen, three dimensions were significantly
and positively related to the strength of RSFC between the right DLPFC and the left DLPFC.

examine the association between rest-CBF and individual creativity and revealed regional rest-CBF in the precu-
neus was negatively correlated with individual creativity*s. Another research found that the reduced task induced
deactivation (TID) in the precuneus during 2-back task is related to the higher creativity measured by S-A crea-
tivity test?”. This reduced TID in the DMN was suggested to be related to the reduced RSFC within the DMN*,
The association between visual creativity measured by TTCT-F and the reduced RSFC between the MPFC and
the precuneus, in the present study, may consistent with the suggestion that the higher creativity is expected
to be associated with reduced RSFC with the MPFC!. Regions within the DMN have been reported in several
recent studies of creativity!**>124+%_ Previous researchers have speculated about the potential role of the DMN
in creativity. For example, DMN has been involved in the process of blind-variation and selective-retention'® and
internally-directed attention during divergent thinking®. Other researchers employed Resting-state functional
connectivity (RSFC) to explore the relationship between divergent thinking and functional connectivity in default
mode regions'**>*. Taken together, they all used verbal divergent thinking problem as the measure of creativity.
Here, we extend this finding beyond the verbal creativity into visual creativity.

The DLPFC, one key node of CCN, was suggested to be recruited in top-down cognitive control, working
memory, sustained attention, cognitive flexibility’**' suggested that the DLPFC is critical for creativity thinking.
Furthermore, the DLPFC was more activated by a wide range of creative task, such as creative writing'’, creative
story generation®, divergent thinking*!, improvisational music playing*»** and insightful problems solving®**.
Additionally, more activation in DLPFC was found in visuo-spatial creativity problem rather than the control
task'2. Ellamil, et al.* found greater recruitment of DLPFC during the evaluation of creative book cover design
and Huang, et al.>® investigated the different brain activity between creative and uncreative figural TTCT and
found increased activity in the DLPFC. In addition, higher intelligence was related to the increased RSFC between
left DLPFC and right DLPFC. That is to say the higher correlation within the bilateral DLPFC and the better
psychometric intelligence. The associated between the higher creativity measured by TTCT-F and increased
RSFC between the left DLPFC and the right DLPFC might reflect the notion that the tighter RSFC the better
performance.

Of course there are some limitations in the current study. Firstly, just as previous researches!##6-54-56_ we
enrolled young healthy college students which are better educated. Thus the sample was lack of other population
samples with different level of education. Although the interpretations of the results have more or less limitation
as previous researches on creativity#*#, the enrolled high-level education sample also can ensure our research
purpose. Secondly, there is also one disadvantage in this study as was the case with previous studies'*?>*>. We only
reported findings related to some predefined seed regions and did not included other techniques of data analyses
such as regional homogeneity or ICA analyses. Finally, we did not combined verbal and visual creativity measures
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in one study. This caused a very limited and fragmentary picture of potential neural mechanisms involved in
creativity.

In conclusion, the current study revealed that the higher creativity, as measured by TTCT-F test, is related to
the decreased RSFC between the MPFC and the precuneus and the increased RSFC between the left DLPFC and
the right DLPFC, which are the nodes belong to the DMN and CCN. These results may indicate that the altered
functional connectivity in the brain is crucial to higher creativity.

Methods

Participants. Three hundred and fifteen university students (169 females; mean age = 19.95 years, standard
deviation (SD) = 1.17) from Southwest University, Chongqing, China, were enrolled in this study. These partici-
pants are the part of our ongoing project to examine the association between brain imaging, creativity and mental
health. All the subjects reported no history of neurological or psychiatric problems (e.g., epilepsy, traumatic
brain injury, neurodegenerative disorders and cerebro-vascular disease). Both behavioral and MRI protocols were
approved by the local ethics committee of Southwest China University. Written informed consent was obtained
from all participants prior to the study, which was approved by the Institutional Human Participants Review
Board of Southwest University Imaging Center for Brain Research. The methods were conducted in accordance
with approved guidelines.

Three participants were excluded because their unfinished test of TTCT and three participants because
their quit of assessment of general intelligence. Another six participants were discarded from further analyses
because of extraordinary scanner artifacts, abnormal brain structures (e.g., unusually large ventricles) or their
heads motion more than 3 mm of translation or 3 degrees of rotation in any direction. Thus, three hundred and
four participants remained in the topological properties analysis. The last remaining participants were 140 males
(mean age = 20.20 years, SD = 1.21) and 164 females (mean age = 19.72 years, SD = 1.17).

Assessment of Individual TTCT.  The TTCT was developed by Torrance in 1996” and is the most widely
used method designed to measuring creativity®® using verbal test (TTCT-V), figural test (TTCT-F) and auditory
tests”. Since the TTCT-V is influenced by the effects of education’ and general intelligence!®, TTCT-F was used in
order to remove these influence’ in our study. The TTCT-F involves three types of activities. All the participants
answer the same questions with a ten-minute time limit for each activity. The first activity requires subjects to
constructs a picture based on an ellipse or jellybean shape provided on the page. The second activity requires sub-
jects to use 10 incomplete figures to make an object or picture. The third activity requires subjects to draw as many
as possible pictures or objects on three pages of vertical lines. The TTCT-F provides a total score which comprised
three components: fluency (the number of relevant responses, which is associated with the ability to generate a
number of pictures or objects), flexibility (the number of different categories of responses, which reflects the
ability to shift between conceptual fields) and originality (The number of infrequent ideas, which reflects the
ability to produce uncommon or unique responses)*”*’. Total TTCT-F score is the sum of the score of the above
three component. Scoring was performed by three separate raters who were all blind to the study. The inter-rater
reliability for scoring of the TTCT-F was at an acceptable level (Cronbach’s Alpha > 0.85).

The current study limited the analysis to the total creativity scores and did not include each component score
because of the high correlation between the total creativity score and each component score (each correlation
coeflicient > 0.92) and between the each other component score (each correlation coefficient >0.78). Consistent
with the previous study®® which explored the association between regional gray matter volume (rGMV) and the
total score of the TTCT-E. Another study'! also investigated the association between regional white matter volume
(rWMYV) of the corpus callosum (CC) and the total score of the TTCT-E. Thus, we only using total TTCT-F score
in the graphic theory analysis. Additionally, We conducted another multiple regression analyses for each compo-
nent of TTCT-F to investigate whether difference with each component of TTCT-F and with total TTCT-F score.

Assessment of general intelligence. In order to examine individual general intelligence, we used the
Combined Raven’s Test (CRT) to measure participants’ general intelligence, which is a recognized intelligence
test with a high degree of reliability and validity®. The reliability coefficient was 0.92°'. The CRT, which included
the Raven’s standard progressive matrix (C, D, E sets) and Raven’s colored progressive matrix (A, AB, B sets), con-
sisted of 72 nonverbal items revised by the Psychology Department of East China Normal University in 1989. For
each item, the participant is required to select the missing piece of a 3 x 3 matrix from one of eight alternatives.
The score of this psychometric test, which is used as an index of individual intelligence, is equal to the number of
correct answers given by participants within a 40-minute period.

Imaging data acquisition.  All functional images were obtained from a 3-T Siemens Magnetom Trio scan-
ner (Siemens Medical, Erlangen, Germany) at the Brain Imaging Research Central in Southwest University,
Chonggqing, China. The whole-brain resting-state functional images were acquired using T2-weighted gra-
dient echo planar imaging (EPI) sequence: slices = 32, repetition time (TR)/echo time (TE) = 2000/30 ms,
flip angle = 90 degrees, field of view (FOV) = 220 mm x 220 mm, thickness = 3 mm, slice gap = 1 mm,
matrix = 64 X 64, resulting in a voxel with 3.4 x 3.4 x 4mm?®.

During the functional images acquisition, participants were asked to close eyes lightly and keep still as
much as possible. The scan lasted for 484 s and acquired 242 volumes in total for each subject. Additionally,
high-resolution T1-weighted anatomical images were acquired for each participant (TR = 1900 ms; TE = 2.52 ms;
inversion time = 900 ms; flip angle = 9 degrees; resolution matrix = 256 x 256; slices = 176; thickness = 1.0 mm;
voxel size=1x 1 x 1 mm).
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Behavioral data analysis. All the behavioral data were analyzed using the statistical software SPSS 13.0
(SPSS Inc., Chicago, IL, USA). Pearson correlations were carried out to examine the relationships between:
the total score of TTCT-F and each dimension score; the total score of TTCT-F and age; and the total score of
TTCT-F and the score of CRT. The differences in the total score of TTCT-F, each dimension score of TTCT-F and
the score of CRT between males and females were also computed.

Preprocessing of Imaging Data. The resting-state functional MRI data were preprocessed using Data
Processing Assistant for Resting-State fMRI (DPARSF) software®% based on SPM8 (http://www.fil.ion.ucl.ac.uk/
spm/). Image preprocessing included the following steps: transformation of the data from DICOM to NIfT1,
removal of the first 10 volumes from each subject’s functional data, slice timing to correct the differences in
image acquisition time between slices, realignment to correct the head movement artifacts, spatial normaliza-
tion of the functional images (voxel size resampled to 3 x 3 x 3mm) into the MNI space using an echo-planar
imaging (EPI) template®. All subjects’ head movements were restricted to less than 3 mm in translation and
3 degrees in rotation. The images were then spatially smoothed with an isotropic gaussian kernel (8 mm Full
Width Half Maximume, FWHM). The resulting images were linearly detrended and filtered with a band pass filter
(0.01-0.08 Hz). The nuisance signals (head-motion profiles, white matter, cerebrospinal fluid and global signal)
were also extracted and regressed out to remove the potential impact of those physiological artifacts. According
to recent research that higher-order models demonstrate benefits in reducing movement artifacts®>“, the Friston
24-parameter model was used to regress out head movement artifacts from the realigned data. The residual effects
of motion was regressed out in group statistical analysis by including mean framewise displacement (FD) derived
with Jenkinson’s relative root mean square (RMS) algorithm as a regressors of no interest®. These preprocessing
steps were followed by the standard protocol published by Yan and Zang®*.

Functional Connectivity analysis. Voxel-wise functional connectivity analysis was performed using REST
toolkit®® which based on SPM8. Previous research'* have found the divergent thinking test (measured by S-A
creativity test) was closely correlated with the strength of RSFC between the medial PFC (MPFC) and PCC.
Additionally, a recent study®® found creativity (measured by TTCT-V)was positively related with the strength of
RSFC between the MPFC and the left middle temporal gyrus (MTG). The key node of the default mode network
(DMN) was used as seed region in the two researches. In current study, a ROI was defined as a sphere with a
6-mm radius centered at the MPFC (—1, 47,—4), as reported in previous studies!*?>%*. Besides, the relationship
between individual creativity (measured by TTCT-F) and RSFC with other ROI were performed to determine
whether creativity is also associated with RSFC in CCN. For this purpose, we investigated the networks seeded by
the bilateral dorsolateral prefrontal cortices (DLPFC, center at —32, 44, 16 and 44, 36, 20)**. We then investigated
the association between individual creativity and the RSFC with ROI to ascertain whether creativity is also related
to the RSFC in network other than DMN and CCN. To do this we investigated the network involving the bilateral
orbital fronto-insula (FI, center at 38, 26, —10 and —32, 24, —10)*. The functional connectivity map were com-
puted through correlating the averaged time series of seed region and the time series of other voxels in the whole
brain. The resulting correlation coefficient map was then converted into z-map by Fisher’s r-to-z transformation
to improve the normality.

Statistical analysis. In order to test the relationship between individual creativity measured by TTCT-F and
RSFC with the ROI. Individual z value maps were entered into the second-level whole-brain analysis. Multiple
linear regression analysis was employed to identify brain regions in which RSFC strength with the MPFC was sig-
nificantly correlated with individual creativity measured by the TTCT-F (total creativity score). Previous studies
have indicated that some aspects of brain asymmetries interact with gender. For example, males have a greater
structural asymmetry of the plenum temporal than females®, and male brain is more functionally lateralized or
asymmetric in visual and auditory areas than the female brain’®”!. In addition, sex-related differences also exist
at a microscopic level, involving differences in connectivity, neuronal density or synaptic efficiency’?. Thus, the
effects of sex, age, the score of CRT and mean FD were included as regressors of no interest.

In addition, another three multiple regression analyses were performed separately to examine the correla-
tion between each dimension of creativity (originality, flexibility, fluency) and the strength of RSFC between the
MPFC and other voxels in the whole brain. For each multiple regression analysis, three covariates (age, sex, the
CRT score and mean FD) were included as regressors of no interest.

Subsequently, multiple regression analysis was performed to examine whether there was a correlation between
individual general intelligence measured by the CRT and RSFC with the MPFC. This enabled us to establish
whether there was any overlap between the regions of interest (ROIs; i.e., between ROIs associated with creativity
and RSFC and those associated with general intelligence and RSFC). Sex, age, total score of TTCT-F and mean
FDwere included as regressors of no interest.

Gender differences in creativity have been widely studied in behavioral and neuro-scientific investigations
Behavioral studies on gender differences in creativity have been inconclusive thus far with half the investigations
reporting no significant differences while the other half are characterized by mixed findings that, on average,
favor females’. Neuro-scientific investigations on gender differences in creative thinking are rare. As far as we
know, only two researchers have directly addressed this issue?’-”>. In order to extend recent observations of sex
differences in creativity, we also examined whether the relationship between RSFC with the MPFC and creativity
measured by TTCT-F differed between gender. A voxel-wise analysis of covariance (ANCOVA) was performed
using the full factorial option in SPM8, in which sex was defined as a group factor. Four covariates (age, score of
CRT, total score of TTCT-V and mean FD) were included in the model and were all interacted with sex using the
interactions option in SPM8. These interaction effects were assessed using t-contrasts.

21,73
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To perform the multiple comparisons correction, a voxel-level false discovery rates (FDR)” p < 0.05 was

selected. Generally, FDR is designed to control the expected proportion of false discoveries among the discov-
eries. The threshold of 0.05 means that on the average there was no more than 5% of the discoveries to be false

discoveries

76,77
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