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Creativity has been essential to the development of human civilization and plays a crucial role in cultural life.
However, despite literature that has proposed the importance of structural connectivity in the brain for
creativity, the relationship between regional white matter integrity and creativity has never been directly
investigated. In this study, we used diffusion tensor imaging and a behavioral creativity test of divergent
thinking to investigate the relationship between creativity and structural connectivity. We examined
associations between creativity and fractional anisotropy across the brain in healthy young adult (mean age,
21.7 years old; [SD]=1.44) men (n=42) and women (n=13). After controlling for age, sex, and score on
Raven's advanced progressive matrices, a test for psychometric measures of intelligence, significant positive
relationships between fractional anisotropy and individual creativity as measured by the divergent thinking
test were observed in the white matter in or adjacent to the bilateral prefrontal cortices, the body of the
corpus callosum, the bilateral basal ganglia, the bilateral temporo-parietal junction and the right inferior
parietal lobule. As a whole, these findings indicate that integrated white matter tracts underlie creativity.
These pathways involve the association cortices and the corpus callosum, which connect information in
distant brain regions and underlie diverse cognitive functions that support creativity. Thus, our results are
congruent with the ideas that creativity is associated with the integration of conceptually distant ideas held
in different brain domains and architectures and that creativity is supported by diverse high-level cognitive

functions, particularly those of the frontal lobe.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Creativity is commonly agreed to involve bringing something into
being that is original and valuable (Ochse, 1990). Creativity has been
essential to the development of human civilization and plays a crucial
role in cultural life. Divergent thinking has been proposed to be a key
aspect of creativity (Guilford, 1967). Divergent thinking pertains
primarily to information retrieval and the call for a number of varied
responses to a certain item (Guilford, 1967). A meta-analysis (Kim,
2008) demonstrated that divergent-thinking scores have a signifi-
cantly stronger relationship with creative achievement than do scores
on intelligence tests, supporting the validity of divergent thinking as
predictor of creative ability.

Previous neuropsychological and imaging studies have indicated
that inter- and intrahemispheric connectivity as well as the frontal
lobe play a key role in creativity. For example, a previous
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electroencephalogram (EEG) study (Jausovec, 2000) reported that
creative individuals had more inter- and intrahemispheric EEG
coherence than those who were less creative during an open-ended
task (essay writing). Furthermore, the total size of the corpus
callosum, an essential component of interhemispheric communica-
tion, was associated with creativity as measured by a divergent
thinking test (Moore et al., 2009). An fMRI study reported that, during
a task that taps divergent thinking, the right prefrontal cortex showed
significant activation when participants were asked to create stories
in response to the presentation of unrelated words (Howard-Jones et
al.,, 2005). A near-infrared spectroscopy (NIRS) study of divergent
thinking (Folley and Park, 2005) found a bilateral increase in frontal
activity when participants were engaged in generating novel uses for
common objects (divergent thinking). These reports are consistent
with the integrative reviews of creativity studies (based on other
research methods on creativity such as lesion studies, studies
involving cognitive tests, pharmacological interventions and physio-
logical measures) which suggested that structural connectivity in the
frontal lobe and white matter, particularly that of the corpus callosum,
serves as the neural basis underlying creativity (Flaherty, 2005,
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Heilman et al,, 2003, Bogen, 2000). Structural connectivity imaging
provides productive and direct answers to these long-suggested
views about the structural basis underlying creativity without being
sensitive to the specific task demands of the mental task used during
the imaging protocol, unlike functional imaging studies.

However, despite the vast amount of literature on creativity, no
previous study has observed the relationship between structural
integrity in white matter and individual creativity. In this study, we
focus on this unresolved issue using tests of divergent thinking and
structural connectivity analyses of voxel by voxel fractional anisotro-
py (FA) in diffusion tensor imaging (DTI) (Le Bihan, 2003). In DTI, FA
in each voxel was used as a measure of structural integrity (Chua et al.,
2008). Given the previous neuroscientific studies on creativity that
indicated the association between creativity, the frontal lobe, and
inter- and intrahemispheric connectivity as described above, we
reasoned that increased integrity in the structural connections of the
frontal lobe and the corpus callosum would be associated with
individual creativity as measured by the divergent thinking test.

Methods
Subjects

Fifty-five healthy, right-handed individuals (42 men and 13
women) participated in this study as part of our ongoing project to
investigate the association between brain imaging, cognitive function
and aging. All the subjects who took part in this study also became the
subjects of our intervention studies, and they underwent psycholog-
ical tests as well as MRI scans that are that are not described in this
study, but were performed together with those that are described in
this study. The mean age was 21.7 years old (standard deviation [SD],
1.44). All the subjects were university students or postgraduate
students. Most of the subjects belong to Tohoku University. They were
recruited using adverts on bulletin boards at Tohoku University or by
introducing the study by e-mail to subjects of our laboratory's
previous experiments. All the subjects had normal vision and no
history of neurological or psychiatric illnesses. Handedness was
evaluated using the Edinburgh Handedness Inventory (Oldfield,
1971). Written informed consent for all the studies in which the
subjects participated was obtained. The procedures of all studies were
approved by the Ethics Committee of Tohoku University.

Experimental procedure

On the first day of the interventional experiment, a psychological-
test session and MRI were performed. The psychological-test session
consisted of a face-to-face part and a group part. The face-to-face part
involved three tests that were irrelevant to this study and it took
about 20 min per subject. During the group part, assessment of
general intelligence was performed first, and assessment of creativity
was performed last, together with several other tests (irrelevant to
this study) performed between the two tests. The group part took
about 2 h. During MRI experiments, there were two sessions. During
the first MRI session, the first fMRI scans (mental calculation), T1-
weighted image and arterial spin labeling image were obtained in this
order. It took about 20 min. During the second session, the second
fMRI scans (working memory) and diffusion-weighted image were
obtained in this order. It took about 30 min. Subjects also completed a
few questionnaires that were not used in this study while they waited
for the next procedure.

Creativity assessment
The S-A creativity test (Society for Creative Mind, 1969) was used

to assess creativity. J.P. Guilford formed the draft plan and supervised
the development of the test, after which the test was standardized for

Japanese speakers (Society for Creative Mind, 1969). A more detailed
discussion of the psychometric properties of this instrument and how
it was developed can be found in the technical manual of this test
(Society for Creative Mind, 1969). The test is used to evaluate
creativity through divergent thinking (Society for Creative Mind,
1969) and it involves three types of task. Each task is preceded by two
minutes of practice involving two questions with a five-minute time
limit. All the participants answer the same questions. The first task
requires subjects to generate unique ways of using typical objects
(e.g., ‘Other than reading, how can we use newspapers? An example
answer is ‘We can use them to wrap things’). The second task requires
subjects to imagine desirable functions of ordinary objects (e.g., ‘What
are the characteristics of a good TV? Write down as many
characteristics as possible.” An example answer is ‘A TV that can
receive broadcasts from all over the world’). The third task requires
subjects to imagine the consequences of 'unimaginable things’
happening (e.g., ‘What would happen if all the mice in the world
disappeared?’ An example answer is ‘The world would become more
hygienic’). Each task requires subjects to generate as many answers as
possible. The S-A creativity test has two versions: Version A and
Version C. Each version has the same three types of task, but involves
different questions. The newest version of this test is Version C, which
was published in 1993. There was a Version B, together with Version
A, in this test, but one question in Version B included one out-of-date
item, so it was replaced by Version C. It has been a long time since
Version A was published, but the problems in Version A are still not
outdated. Therefore, now only Version A and Version C are available.
These versions are interchangeable. Therefore, these two versions can
be used to investigate the effects of the intervention in interventional
studies. In this study, Version A was used.

This test provides a total creativity score, which was used in this
study and scores the following dimensions of the creative process: (a)
Fluency - Fluency is measured by the number of relevant responses
and is related to the ability to produce and consider many alternatives.
Fluency scoring is measured by the total number of answers after
excluding inappropriate answers or answers that are difficult to
understand. (b) Flexibility - Flexibility is the ability to produce
responses from a wide perspective. Flexibility scoring is measured by
the sum of the (total) number of category types to which answers are
assigned on the basis of a criteria table or an almost equivalent
judgment. The criteria table is a table that determines what score
should be given to certain answers and what category certain answers
belong to. However, graders must judge how much score should be
given or what category certain answers belong to when the answer is
not in listed in the table. Their judgment is considered to be almost,
but not equivalent to the criteria table and the criteria table has
superiority. (c) Originality — Originality is the ability to produce ideas
that differ from those of others. Originality scoring is based on the sum
of the categories that are weighted based on the criteria table or an
almost equivalent judgment. Originality is determined by the criteria
table. The table determines what score should be given to answers of
certain category. In the criteria table, how much score should be given
is determined on the basis of how rare the category of certain answers
is. (d) Elaboration - Elaboration is the ability to produce ideas in detail
(Society for Creative Mind, 1969). Elaboration scoring is measured by
the sum of the answers that are weighted based on the criteria table or
an almost equivalent judgment. These four dimensions correspond to
the same concepts as in the Torrance tests of creative thinking (TTCT;
Torrance, 1966). The total creativity score is the sum of the raw score
of originality and that of elaboration in Version A of the S-A creativity
test. This is because the scores for Fluency and Flexibility are highly
correlated with that for Elaboration (Society for Creative Mind, 1969).
Scoring of the tests was performed at Tokyo Shinri Corporation.

Scores of the S-A creativity test have been shown to be
significantly correlated with various other external measures such
as various personality factors and problem solving abilities in daily
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life, suggesting its ability to predict performance in everyday
situations (Shimonaka and Nakazato, 2007). Furthermore, scores of
the S-A creativity test have been shown to be significantly correlated
with frequency of visual hypnagogic experiences which in turn
correlated with the vividness of mental imagery and neuroticism
(Watanabe, 1998).

Assessment of general intelligence

Raven's Advanced Progressive Matrix (RAPM) (Raven, 1998),
which is a psychometric measure of general intelligence (Raven,
1998) and which is often shown to be the most correlated with
general intelligence (Raven, 1998), was used to assess general
intelligence. General intelligence refers to the g factor (Spearman,
1904), which contributes to success in diverse form of cognitive
tests regardless of whether they are verbal or nonverbal. This test
was used in our study to adjust for the relationship between
individual psychometric measures of intelligence on brain struc-
tures. This adjustment was performed because creativity is known
to be correlated with psychometric measures of intelligence among
subjects of low to average intelligence (Barron and Harrington,
1981). However, we did not necessarily expect to find a significant
correlation between creativity and intelligence in our study
because our subjects were all highly educated. This test was also
performed to exclude the possibility that any significant correlation
between white matter integrity and creativity is caused by the
indirect association between white matter integrity and general
intelligence, which is broader and more inclusive of other cognitive
abilities. The test contains 36 nonverbal items requiring fluid
reasoning ability. Each item consists of a 3x3 matrix with a
missing piece to be completed by selecting the best of 8 alter-
natives. The score of this test (number of correct answers in
30 min) was used as a psychometric index of individual
intelligence. The RAPM was administered in a group setting in
this study. The RAPM tests can be administered individually by a
psychologist or trained test administrator, or administered on a
group basis (Raven, 1998).

Image acquisition

All MRI data acquisition was conducted with a 3-T Philips Intera
Achieva scanner. The diffusion-weighted data were acquired by using
a spin-echo EPI sequence (TR=10293 ms, TE=55 ms, big delta
(A)=26.3 ms, little delta () = 12.2 ms, FOV=22.4 cm, 2 x 2 x 2 mm>
voxels, slice thickness =2 mm, 60 slices, SENSE reduction factor =2,
number of acquisitions = 1). The diffusion weighting was isotropically
distributed along 32 directions (b value = 1,000 s/mm?). Additionally,
a data set with no diffusion weighting (b value=0 s/mm?) (b=0
image) was acquired. The total scan time was 7 min 17 s. Fractional
anisotropy values were calculated from the collected images.

Preprocessing of diffusion imaging data and statistical analysis

The DTI signal reflects the mean water diffusion rate in several
unique directions. Such information is of particular interest for
making inferences about the microstructural properties of white
matter, since diffusion is faster along axons than it is in the
perpendicular direction. The main barrier is presumably the axonal
membrane itself, with the myelin sheath giving rise to additional
hindrance. Diffusion in white matter is thus anisotropic, i.e., the
diffusion rates in different directions are unequal; isotropic
diffusion, in contrast, is equally fast in all directions. Fractional
anisotropy (FA) in each voxel was used as a measure of the degree
of diffusion anisotropy, with FA reflecting the angle (degree of
directionality) of cellular structures within the fiber tracts and
therefore structural integrity (Chua et al., 2008). FA varies between

0, representing isotropic diffusion, and 1, in the case of the diffusion
taking place entirely in one direction.

Preprocessing and data analysis were performed using statistical
Parametric Mapping software (SPM5; Wellcome Department of
Cognitive Neurology, London, UK) implemented in Matlab (Math-
works Inc., Natick, MA, USA). Prior to normalization of the FA map, an
original skull-stripped b=0 image template was created as follows.
(1) The skull of the unsmoothed b = 0 images of all the subjects in this
study was stripped by masking the images using the threshold of a
given signal intensity from spatially smoothed (using 8 mm FWHM)
b =0 images of each participant. The threshold to perform the skull
stripping was the same for all the subjects and it was determined by
visual inspection so that the skulls of the subjects were stripped but
the brain parenchymas of the subjects were not deleted. The first
smoothing for skull stripping was performed to make mask images for
skull stripping the unsmoothed b=0 images, the processed b=0
images that go to the next processing step are unsmoothed images.
(2) Then, this skull-stripped unsmoothed b=0 image was spatially
normalized to the skull-stripped T2 template in SPM5. (3) The
normalized skull-stripped b=0 image was then smoothed using a
Gaussian kernel of 8 mm FWHM and finally averaged.

Then, the skull-stripped b=0 image of each participant was
normalized to our original skull-stripped b =0 image template. Using
the parameters for this normalizing procedure, the FA map image
of each participant was spatially normalized to create images with 2-*
2- * 2-mm° voxels. Non-white matter tract parts of normalized
images were omitted from the normalized images before the spatial
filtering operation to avoid the possibility that FA differences outside
white matter tracts affect the FA value inside WM tracts after spatial
smoothing. This was done by masking normalized unsmoothed FA
images with normalized skull-stripped unsmoothed b=0 images
(that were described above) (to omit the non-brain parenchyma
voxels) and also omitting the voxels of FA value <0.25 from
normalized FA images. Then, these processed normalized images
were spatially smoothed using a Gaussian kernel of 12 mm FWHM.
The resulting maps representing the FA were then forwarded to the
group regression analysis described below.

At the group level analysis, we tested for a relationship between
individual creativity and regional FA. In the whole brain analysis, we
used a multiple linear regression analysis to look for areas where the
FA was significantly related to individual creativity measured by the
divergent thinking test (total creativity score in the S-A creativity
test). The analysis was limited to total creativity score and did not
include the score of each dimension because the score of each
dimension highly correlated with total creativity score (each
correlation efficient >0.79). Consistent with this, a previous study
(Chavez-Eakle et al., 2007) that investigated the association between
regional cerebral flow (rCBF) and each dimension revealed that
different creativity dimensions correlated with rCBF in similar
regions. Thus, we believe that using only the total creativity score
serves the purpose of this study. We did not use each dimension as
usually performed in the case of studies of the relationship between
brain structure and psychometric measures of intelligence that do not
focus on specific cognitive faculties but focus on general intellectual
ability (e.g., Haier et al., 2004). The analysis was performed with sex,
age and the score of RAPM as additional covariates. All tests on
fractional anisotropy were performed using an absolute threshold of
FA >0.2 (Albrecht et al., 2007), such that if a voxel anywhere in the
brain had an FA value of more than 0.2 in all the subjects, that voxel is
included in the analysis. This measure was taken because FA is more
susceptible to error arising from partial volumes (Pfefferbaum and
Sullivan, 2003), and with this FA cutoff value we can dissociate white
matter structure from other tissues (Salat et al., 2005). We can also
dissociate the white matter structures of large bundles that connect
different brain regions such as the corpus callosum, as described in the
Introduction, from other tissues with this value.



14 H. Takeuchi et al. / Neurolmage 51 (2010) 11-18

Multiple comparison correction was performed using the false
discovery rate (FDR) approach (Genovese et al., 2002). The FDR
approach was applied within areas that showed FA value >0.20 across
the whole brain. FDR-based methods have been shown to be more
powerful and sensitive than other available approaches to multiple
statistical testing (see Genovese et al., 2002; Benjamini and Hochberg,
1995 for a full discussion). In FDR testing, if there is truly no signal
(non-noise) anywhere in the brain, an FDR-controlling method has
the same control as family-wise error correction. That is, if the null
hypothesis is true everywhere, an FDR procedure will control the
chance of a false positive anywhere in the brain at a specified level
(Benjamini and Hochberg, 1995). In fact, in an actual data set that is
not expected to contain a true signal, FDR correction becomes more
conservative than family-wise error correction (Meyer-Lindenberg
et al., 2008).

The anatomical label of nearest gray matter area of voxels in the
table was determined by using Talairach Daemon (TD) Labels of
Wake Forest University (WFU) Pickatlas (http://www.fmri.wfubmc.
edu/download.htm). The anatomical label of “lobe” in the table was
determined using WFU Pickatlas's TD Lobes. In other parts of the text,
regions were determined using these labels (such as the frontal lobe,
inferior parietal lobule, occipital lobe and corpus callosum), or a
combination of anatomical definition and these labels (such as the
striatum which consists of putamen and caudate), or visual ins-
pection based on previous literatures (such as the temporo-parietal
junction).

Results
Behavioral data

Table 1 shows the demographic statistics of males and females
across total S-A creativity test score, age and RAPM score. Behavioral
data revealed an average total S-A creativity test score of 37.42 (SD,
11.49; range, 14-67) and an average RAPM score of 28 (SD, 3.42;
range, 23-34). None of the psychological and epidemiological
measures (RAPM score, age or sex) correlated significantly with the
total S-A creativity test score. For complete data of the distribution of
the total S-A creativity test score, see Fig. 1.

Correlation of FA and creativity

Total score of the S-A creativity test significantly and positively
correlated with FA throughout a large part of the white matter regions
in the frontal lobe and the anterior cingulate cortex bilaterally
(Fig. 2A), extending into the body of the corpus callosum (Fig. 2B),
white matter regions in and adjacent to the bilateral striatum (Fig. 2C)
as well as white matter regions adjacent to the bilateral temporo-
parietal junction and a white matter region extending into the right
temporo-parietal junction from the frontal lobe (arcuate fasciculus)
(Fig. 2D). Furthermore, there was a significant positive correlation
between the FA and the total score of the S-A creativity test in white
matter regions adjacent to the anterior part of the bilateral inferior
parietal lobule (IPL) (supramarginal gyrus) (the left one is shown in
Fig. 2E) and in a white matter region in the right occipital lobe
(Fig. 2F). These results are shown in Table 2.

Table 1
Demographic variables for the sample of males and females.
Measure Males Females
Mean SD Mean SD
Age 21.67 1.51 21.85 1.21
RAPM 27.93 3.31 28.23 3.90
S-A creativity test 36.29 12.08 41.08 8.77

25
20
15
10
5
10-19  20-29  30-39 4049  50-59  60-89
creativity score

Fig. 1. Distribution of the scores from the S-A creativity test in our sample.

These results are not significantly affected by including the score of
RAPM as a covariate, since all the significant results above remained
significant after excluding the score of RAPM.

Discussion

To the best of our knowledge, this is the first study to investigate
the association between individual creativity and white matter
integrity as measured by diffusion tensor imaging. Consistent with
our hypothesis, our findings showed that increased integrity in
structural connectivity involving the frontal lobe and the corpus
callosum was significantly and positively correlated with individual
creativity as measured by the divergent thinking test. Furthermore, a
significant correlation was found in white matter regions adjacent to
the bilateral striatum, the right temporo-parietal junction, the
anterior part of the bilateral IPL and the right occipital lobe. As a
whole, these findings are congruent with the long-held ideas that
creativity is associated with (1) ‘efficient integration of information’
through integrated white matter pathways (particularly those of the
frontal lobe and the corpus callosum) as well as (2) ‘diverse high-level
cognitive functions’ (those of diverse brain areas but particularly
those of the frontal lobe), which are facilitated by regionally
integrated white matter pathways.

Consistent with our hypothesis, a significant positive correlation
between white matter integrity (FA) and creativity was found in the
white matter regions of the frontal lobe, which have many functions
that are associated with creativity. Creativity is a complex cognitive
function that requires diverse cognitive abilities, such as working
memory, sustained attention, cognitive flexibility, and fluency in the
generation of ideas and in the judgment of propriety, which are
typically ascribed to the prefrontal cortex (Dietrich, 2004, Baldo et al.,
2001). For example, cognitive flexibility, or the ability to break
conventional or obvious patterns of thinking to adopt new and
higher-order rules, is at the heart of creativity theories such as
Guilford's (1967) concept of divergent thinking. White matter
integrity (FA) in the frontal lobe is positively correlated with
subcomponents of creativity such as working memory and fluency
(Olesen et al., 2003; O'Sullivan et al., 2001). Any disruptions in the
pathways of the frontal lobe may impair the execution of frontal lobe
functions (Moseley et al., 2002). Thus, one possible mechanism that
underlies the correlation between white matter integrity and
creativity, which was found in our results, is the extent to which
increased structural integrity in the frontal lobe supports high-level
frontal lobe cognitive functions, which in turn contribute to improved
creativity.

Significant positive correlation between white matter integrity
(FA) and creativity was found in the white matter regions extending
into and adjacent to the bilateral striatum, which through the
regulation of the dopaminergic system underlies some of the
creativity-related high-level cognitive functions. The striatum receives
abundant projections from the frontal lobe (Alexander et al., 1986;
Middleton and Strick, 2000, 2002) and the dopaminergic system plays
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Fig. 2. Regions of correlation between FA and the scores in the creativity test (p<0.05, corrected for FDR with an extent threshold of 20 voxels). Regions of significant correlation are
overlaid on the mean, smoothed FA images from all participants. (A) Axial view. Regions with significant correlations are shown in the bilateral frontal and anterior cingulate regions
together with other regions. (B) Sagittal view. Regions with significant correlations are shown in the corpus callosum. (C) Coronal view. Regions with significant correlations are
shown in the regions in and adjacent to the bilateral striatum, together with other regions. (D, E) Sagittal views. (D) Regions with significant correlations are shown in the regions
extending from the frontal lobe into the right temporo-parietal junction (arcuate fasciculus). (E) Regions with significant correlations are shown in the region adjacent to the left
anterior IPL together with other regions. (F) Coronal view. A region with significant correlation is shown in the right occipital lobe.

a role in the regulation of this corticostriatal (and thalamocortical)
loop. The dopaminergic neurons in the midbrain area project close to
the corticostriatal glutamatergic synapses (Smith and Bolam, 1990),
and are known to modulate corticostriatal connection strength
(Bamford et al., 2004). These anatomical corticostriatal substrates
that are regulated by the dopaminergic system have an effect on
frontal lobe functions (Middleton and Strick, 2002). For example,
dopamine neurotransmission strengthens functional connectivity
between the frontal lobes and the basal ganglia during cognitive

Table 2

flexibility tasks (Nagano-Saito et al., 2008), which are presumed to be
associated with creativity, and improves performance in such tasks.
Numerous studies have shown that the frontal lobe and striatum are
associated with cognitive flexibility (Monchi et al., 2001, 2004, Eslinger
and Grattan, 1993, also for review, see Ragozzino, 2007). Furthermore,
structural connectivity underlies increased functional connectivity
between brain regions (Greicius et al., 2009) and it has been implicated
that higher individual white matter integrity underlies stronger
functional connectivity (Au Duong et al., 2005). Considering these

Brain regions with significant positive correlations between FA values and the scores from the S-A creativity test.

Lobe Nearest gray matter area X y z T score Corrected p value (FDR) Cluster size (mm?)
Frontal lobe Subgyral R 28 8 24 4.82 0.019 28,648
Frontal lobe Subgyral L —30 12 20 4,65 0.019

Sublobar Extra-nuclear L —28 —40 10 4.56 0.019

Frontal lobe Medial frontal gyrus R 22 36 22 4.07 0.020

Frontal lobe Subgyral L —22 28 26 4,05 0.020

Limbic lobe Cingulate gyrus R 18 2 38 3.73 0.024

Limbic lobe Anterior cingulate IL =2 8 26 3.65 0.025

Limbic lobe Cingulate gyrus R 6 =12 28 3.64 0.025

Frontal lobe Subgyral R 22 44 0 3.58 0.027

Frontal lobe Subgyral R 24 24 36 334 0.030

Frontal lobe Subgyral R 22 22 32 3.27 0.031

Sublobar Caudate R 22 —36 16 3.27 0.031

Limbic lobe Cingulate gyrus R 18 16 34 324 0.031

Limbic lobe Cingulate gyrus L —16 4 34 3.24 0.031

Sublobar Insula R 30 —28 18 3.22 0.032

Limbic lobe Cingulate gyrus R 16 10 34 3.20 0.032

Parietal lobe Subgyral R 36 —40 22 3.14 0.033

Frontal lobe Subgyral IL —16 24 44 3.12 0.033

Sublobar Insula R 32 —18 18 3.11 0.033

Frontal lobe Subgyral L —18 14 42 2.88 0.039

Frontal lobe Subgyral IL -8 18 24 2.84 0.040

Frontal lobe Medial frontal gyrus R 16 4 52 2.78 0.042

Sublobar Extra-nuclear R 16 14 2 3.40 0.029 616
Sublobar Lentiform nucleus L —16 8 4 3.26 0.031 248
Parietal lobe Postcentral gyrus R 44 —26 32 3.13 0.033 136
Parietal lobe Inferior parietal lobule L —40 —36 28 2.80 0.042 56
Parietal lobe Subgyral R 26 —56 28 2.76 0.043 64
Frontal lobe Medial Frontal gyrus L —14 2 54 2.71 0.045 80
Occipital lobe Lingual gyrus R 24 —72 —4 2.70 0.045 8
Occipital lobe Lingual gyrus R 26 —68 —4 2.64 0.048 16

No regions showed significantly negative correlations between FA and the scores from the S-A creativity test. The anatomical label of nearest gray matter area in the table was
determined by using Wake Forest University (WFU) Pickatlas's Talairach Daemon (TD) Labels. The anatomical label of “lobe” in the table was determined using WFU Pickatlas's TD Lobes.
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points, increased corticostriatal white matter integrity may increase
corticostriatal functional connectivity, and lead to improved creativity-
related high-level frontal lobe cognitive functions (such as cognitive
flexibility) under the regulation of dopamine.

The resulting significant positive correlation between creativity
and white matter integrity (FA) in the corpus callosum supports the
long-standing view that efficient information integration between the
two hemispheres is crucial for creativity. The body of the corpus
callosum connects the superior frontal regions (De Lacoste et al.,
1985), as well as motor, sensory and auditory cortices (Pandya et al.,
1986) while corpus callosum white matter integrity facilitates
interhemispheric information processing (Schulte et al., 2005). The
relationship between the integrity of this interhemispheric architec-
ture and creativity measured by the divergent thinking test as shown
in our results, is consistent with previous functional imaging studies
that suggest that divergent and creative thinking are characterized by
increased cooperation of the two hemispheres (Atchley et al., 1999;
Bekhtereva et al., 2000; Carlsson et al., 2000). Also, previous reviews
suggested the importance of bihemispheric information transfer in
creativity. For example, Heilman et al. (2003) stated that the right and
left hemispheres store different forms of cognitive activity, and a
possible method of resolving a previously unsolved problem is to see
the problem “in a new light.” A means of viewing the problem in a
new light is to use a different form of knowledge and a different
cognitive strategy that might be mediated by the hemisphere
opposite the one previously used. The highly integrated corpus
callosum is probably involved in this kind of integrative interhemi-
spheric information processing and leads to high individual creativity.

The significant positive correlation between creativity and in-
creased white matter integrity (FA) in the regions adjacent to the
temporo-parietal junction as well as the other association cortices as
seen in our results, is congruent with the idea that the integration of
information is important for creativity. In addition to interhemispher-
ic communication, as stated in the paragraph above, intrahemispheric
communication may also be important for creative innovation
because widespread connectivity allows creative people to combine
the representations of ideas that were previously isolated. This idea of
creativity has also been long stated. For example, James (1890) and
Spearman (1931) suggested that creativity requires a combination of
elements that have little association and are isolated. Furthermore, it
was suggested that greater creativity might be achieved by using
brain networks, which represent knowledge in one domain to help
organize a quite different domain that might, nevertheless, share
some attributes (Heilman et al., 2003). The temporo-parietal junction
is a multi-modal assimilation area (Rhawn and Joseph 1996)
connected with all the sensory cortical areas and is involved in
high-order, complex, multisensory perception, integrating informa-
tion from vision, touch, balance, and spatial orientation (Spence and
Frith, 1999). In addition to the temporo-parietal junction, other
association cortices that were identified in our analysis, namely the
prefrontal cortex and the anterior IPL, also play a key role in the
processing of multimodal information (Prabhakaran et al., 2000,
Booth et al.,, 2002). Integrated white matter pathways in the
association cortices involved in the integration of information, and
also in the bundle that connects these regions (the right arcuate
fasciculus), may allow efficient integration of information in the brain
regions involved with different domains. These brain regions in turn
allow remote and indirect associations that are salient in creativity as
described above.

Integrated white matter pathways adjacent to the anterior IPL,
where another significant positive correlation between creativity and
integrity was observed, may help individual creativity through the
high-level cognitive functions of visual imagery and attention.
Previous studies have shown the association between creativity and
visual imagery (Finke, 1996). Also, IPL together with the occipital lobe
is associated with visual imagery synthesis (Yomogida et al., 2004).

Thus, one simple interpretation of our results in the bilateral IPL and
the occipital lobe is that integrated white matter pathways in these
regions underlie clear visual imagery, which helps the imagination in
creative thinking. Yet another interpretation is that integrated white
matter pathways in the IPL might lead to an integrated attentional
system. The IPL is associated with attention system (Macaluso et al.,
2000). On the other hand, previous studies suggested that creative
people have a broad focus of attention and a greater attentive capacity
(for review, see Folley et al., 2003). For example, studies of general
attentive capabilities between creative and noncreative subjects show
that subjects who exhibit fewer creative traits focus their attention
more narrowly (Dykes and McGhie, 1976).

Some of significant correlations between creativity and white
matter integrity were found in the right hemisphere only (i.e., arcuate
fasciculus and occipital lobe). These results are congruent with the
idea that the right hemisphere is specialized for creativity (Bogen and
Bogen, 1988; Hoppe, 1988), possibly through the association between
creativity and global attention system which is mediated by the right
hemisphere (Moore et al., 2009). Nevertheless, the idea of the
selective involvement of the right hemisphere with creativity is a
matter of debate (Flaherty, 2005). In our study, too, there were
nonsignificant results in the left temporal lobe and left occipital lobe
which showed correlations between white matter integrity and
creativity (corrected for FDR, P<0.1). Thus, the superiority of the
right, compared with the left, occipital lobe's (or arcuate fasciculus's)
influence on creativity was not clear in this study. Future studies with
more statistical power may need to investigate the difference of the
bilateral hemispheres in involvement with creativity.

Increased FA, which is presumably secondary to increased
myelination (Beaulieu, 2002) or increased axonal caliber (Mori and
Zhang, 2006), may be associated with enhanced effectiveness in
communication between neural circuits, which leads to enhanced
creativity. This is due to the following reasons. An action potential
spreads faster along myelinated axons than unmyelinated axons
(Bloom et al., 1988). In addition, the velocity of conduction of an
action potential spread increases with increased myelin thickness in
myelinated neuron fibers (Waxman, 1980) and axonal caliber is a
determinant of neuronal conduction velocity (Arbuthnott et al.,
1980). Faster conduction velocity can facilitate information flow not
only by speeding it up but also by allowing for precise temporal
coding of high-frequency bursts of neuronal activity (McDonald and
Sears, 1970, Swadlow, 1985, Shrager, 1993). Furthermore, integrity in
the timing of sequential events in neuronal circuits could lead to more
effective cognitive performance (Peters, 2002).

There are a few limitations in this study. First, our approach was
limited; we used young healthy subjects with high-level education
and although it is not easy to estimate IQ from the score of RAPM with
a 30-min time limitation, the average score (28) of RAPM in our
sample is apparently higher than average (Raven, 1998). Thus, our
interpretations have a certain limitation; however, focusing on highly
intelligent subjects was certainly warranted for the purpose of this
study, given the correlation between intelligence and creativity
among subjects with normal and inferior intelligence (Sternberg,
2005). Creativity tests require diverse cognitive functions including
basic ones, and to understand and solve problems in creativity tests, a
moderate level of intelligence is apparently necessary. Thus, we
certainly had to disentangle the relationship between creativity and
intelligence and exclude the effect of intelligence on structural
connectivity. Second, the study population is unbalanced toward
males and we did not and could not investigate the sex-specific
relationship between white matter integrity and creativity. Previous
DTI studies have shown differences both in absolute FA values
between males and females (Szeszko et al.,, 2003) and in the
relationship of FA values to cognitive function (Schmithorst, 2009).
It is possible that the relationship between white matter structure
and creativity may differ between females and males. Third, the
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associations between creative achievement and scores of this test
have not been demonstrated in peer reviewed journals, unlike the
Torrance Tests of Creative Thinking (TTCT) (for meta-analysis of the
associations between creative achievement and TTCT, see Kim, 2008).
So it is a limitation in this study. However, the nature of the S-A
creativity test is similar to that of the TTCT in that it consists of three
problems, which are similar to three problems in the TTCT (Torrance,
1966). In these problems, the subjects are asked to (1) improve a
product (list ways to change a certain product so that it will have
more desirable characteristics), (2) find interesting and unusual uses
for a certain object and (3) list all the consequences should an
improbable situation occur (Torrance, 1966).

This is the first study to investigate the association between
regional white matter structural integrity and individual creativity.
Creativity is a complex, dynamic, multi-integrative process that
simultaneously involves perceptual, volitional, cognitive, and emo-
tional processes (Chavez-Eakle et al., 2007) and requires the diverse,
high-level cognitive functions of the frontal lobe as well as the diverse
brain areas stated above. The significant correlation shown in our
results between creativity measured by the divergent thinking test
and white matter structural integrity in widespread regions that are
involved in information integration and high-level cognitive functions
supports these ideas about the basis of creativity. In addition, it has
been suggested that highly integrated white matter pathways
underlie increased functional connectivity between relevant brain
regions and increased functional activation in relevant brain areas (Au
Duong et al., 2005, Olesen et al., 2003). Considering these points, our
results may explain previously reported correlations between
individual creativity and increased functional connectivity or func-
tional activation in the cortex (e.g., Jausovec, 2000, Chavez-Eakle et al.,
2007).
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