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Abstract: Recent investigations revealed mean diffusivity (MD) in gray matter and white matter areas
is correlated with individual cognitive differences in healthy subjects and show unique properties and
sensitivity that other neuroimaging tools donot have. In this study, we tested the hypothesis that the
MD in the dopaminergic system is associated with individual differences in verbal creativity measured
by divergent thinking (VCDT) and novelty seeking based on prior studies suggesting associations
between these and dopaminergic functions. We examined this issue in a large sample of right-handed
healthy young adults. We used analyses of MD and a psychological measure of VCDT, as well as
personality measures of the Temperament and Character Inventory (TCI). Our results revealed

Additional Supporting Information may be found in the online
version of this article.

Contract grant sponsor: JST/RISTEX, JST/CREST; Contract grant
sponsor: The Ministry of Education, Culture, Sports, Science, and
Technology; Contract grant number: KAKENHI 23700306;
KAKENHI 25700012

*Correspondence to: Hikaru Takeuchi, Division of Developmen-
tal Cognitive Neuroscience, IDAC, Tohoku University,

4-1 Seiryo-cho, Aoba-ku, Sendai 980-8575, Japan. E-mail: takehi@
idac.tohoku.ac.jp

Received for publication 5 January 2014; Revised 22 November
2014; Accepted 6 January 2015.

DOI: 10.1002/hbm.22739

Published online 27 January 2015 in Wiley Online Library
(wileyonlinelibrary.com).

© 2015 The Authors Human Brain Mapping Published by Wiley Periodicals, Inc.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which per-
mits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifica-

tions or adaptations are made.



¢ Mean Diffusivity and Dopamine-Related Cognition ¢

associations between higher VCDT and lower MD in the bilateral globus pallidus. Furthermore, not
only higher novelty seeking, but also lower harm avoidance, higher self-directedness, and higher self-
transcendence were robustly associated with lower MD in the right globus pallidus, whereas higher
persistence was associated with lower MD in the left globus pallidus. These personality variables were
also associated with VCDT. The globus pallidus receives the dopaminergic input from the substantia
nigra and plays a key role in motivation which is critically linked to dopamine. These results sug-
gested the MD in the globus pallidus, underlie the association between VCDT and multiple personal-
ities in TCI including novelty seeking. Hum Brain Mapp 36:1808-1827, 2015. © 2015 The Authors Human Brain

Mapping Published by Wiley Periodicals, Inc.
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INTRODUCTION

In diffusion tensor imaging (DTI), mean diffusivity
(MD) characterizes the overall mean-squared displacement
of molecules (average ellipsoid size) and the overall pres-
ence of obstacles to diffusion [Le Bihan et al., 2001]. It
increases with microscopic barrier disruption and extracel-
lular fluid accumulation.

As summarized in our previous work [Takeuchi et al.,
2011e], MD is often believed to be a measure of overall
water content (or say, correlate with amount of water in the
tissue) [Moseley et al., 2002]. Possible obstacles, such as the
presence of fewer or smaller cellular structures (e.g., capilla-
ries, synapses, and macromolecular proteins), may prevent
free diffusion of water molecules and may also be expected
to cause the value of MD to decrease [Ni et al., 2010]. In
other words, MD decreases are likely to reflect an increase
in tissue density due to the shape of neurons or glia,
enhancement of tissue organization (strengthening of axonal
or dendritic backbones and surrounding tissue) [Assaf and
Pasternak, 2008]. Further, intervention paradigms that caused
these tissue density increases, decreases MD [Sagi et al.,
2012] and intervention paradigms that caused the synaptic
decreases, increases MD [Abe et al., 2014], thus confirming
these ideas. In addition, a wide range of clinical studies of
neuronal degeneration have shown an increase in MD,
which also confirmed this idea [Andreone et al., 2007; Kantarci
et al., 2001; Nusbaum et al., 2001]. Given that these tissue
changes are caused by neural plasticity and lead to neural
function and cognitive changes [Hillman et al., 2008], and
that individual differences in some of these tissue compo-
nents are thought to underlie individual cognitive differen-
ces [Kanai and Rees, 2011], MD differences may underlie
individual cognitive differences. Further, recent investiga-
tion revealed MD in gray matter and white matter areas is
correlated with cognitive functions in young and healthy
subjects which are unlikely to have neuronal degeneration
so much [Fjell et al., 2012; Piras et al., 2010]. Further, not only
cognitive functions, but also temperaments such as novelty
seeking and harm avoidance have been shown to correlate
with MD in gray matter and white matter areas [Bjornebekk
et al., 2012; Laricchiuta et al., 2014; Picerni et al., 2013].

Conversely, MD in the dopaminergic system’s areas
(MDDS) has been shown to be associated with several condi-
tions that are known to be the altered dopaminergic system.
Recently, MDDS has been shown to be more sensitive to the
pathology of the dopaminergic system (Parkinson’s disease)
that cannot be detected by other magnetic resonance imaging
(MRI) measures, such as brain structure volume, a measure
sensitive to iron deposition, fractional anisotropy measures
of DTI as well as measures of dopamine receptor binding of
positron emission tomography (PET) [Péran et al., 2010; Seppi
et al., 2004]. MDDS can also detect neural plasticity caused by
treatment of this pathology with medication including dopa-
mine agonists [Razek et al., 2011]. MDDS also showed a robust
association with the motivational state [Takeuchi and Kawa-
shima, 2013d], which has been robustly associated with the
function of the dopaminergic system [Kaplan and Oudeyer,
2007]. Thus, somehow differences in MDDS seem to be
linked with conditions associated with differences in the
dopaminergic system.

Conversely, we and other laboratories have investigated
neural correlates of individual differences of creativity
measured by divergent thinking test (CDT; information
retrieval and the call for a number of varied responses to a
certain item [Guilford, 1967]). These include gray matter
volume, fractional anisotropy (white matter structural
integrity), resting state functional connectivity, resting state
cerebral blood flow, brain activity during tasks [Jung et al.,
2009, 2010a, b; Takeuchi et al., 2010b, c; 2011a, ¢, 2012a; Wei
et al., 2014]. These include DTI indices in white matter
areas [Jung et al., 2010a; Takeuchi et al., 2010c]. But so far, it
has not been revealed the gray matter’'s MD correlates of
CDT. Considering, MD has been shown to be correlated
with temperaments that correlate with CDT such as nov-
elty seeking and harm avoidance [Chavez-Eakle et al., 2006],
CDT may well correlate with MD. Further, other than
studies described above, recent investigations, increasingly
revealed gray matter’'s MD’s unique importance, due to its
reflection of physiological property [Sagi et al., 2012] as
well as higher sensitivity toward neuropathology than
other imaging tools [Péran et al., 2010].

Previous multiple review literatures as well as our stud-
ies suggested dopaminergic systems play a key role in
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creativity [Flaherty, 2005; Heilman et al., 2003; Takeuchi et al.,
2010b], and creativity is associated with conditions that
have been suggested to be associated with altered dopami-
nergic functions, such as novelty seeking. As summarized
similarly in our previous study [Takeuchi et al., 2013b], evi-
dence linking creativity and dopamine can be classified as
(a) associations between creativity and schizotypy [Cooper,
1998; Eysenck and Furnham, 1993; Kline and Cooper, 1986;
O'Reilly et al., 2001], which is associated with dopamine-
related genes [Ettinger et al., 2006] and overactivity of sub-
cortical dopaminergic systems [Kirrane and Siever, 2000],
(b) positive associations between CDT and novelty seeking
[Chavez-Eakle et al., 2006], while novelty seeking have been
positively associated with dopaminergic functions [Bodi
et al., 2009; Kaasinen et al., 2004; Schinka et al., 2002; Suhara
et al., 2001; Tomer and Aharon-Peretz, 2004], (c) associations
between creativity and motivation that are not caused by
external incentives [Prabhu et al., 2008], which has been
associated with dopaminergic functions [Kaplan and
Oudeyer, 2007], (d) associations between CDT and extraver-
sion [King et al., 1996], which has been associated with
dopaminergic functions [Ashby and Isen, 1999; Depue and
Collins, 1999], (e) dopamine’s antagonist’s effects to sup-
press creativity [Flaherty, 2005] as well as dopamine’s
effects to suppress latent inhibition (a behavioral index of
the ability to habituate to sensations)[Ellenbroek et al., 1996;
Swerdlow et al., 2003], while reduced latent inhibition is
associated with creativity among intelligent subjects
[Carson et al., 2003], (f) the association between dopamine
related gene and CDT [Mayseless et al., 2013], and
(g) reduced CDT in the pathology of the dopaminergic
system [Drago et al., 2009] as well as recovery of artistic
creativity in response to dopaminergic agonist [Kulisevsky
et al., 2009].

Thus, we hypothesized MD in the regions of the dopa-
minergic system would correlate with creativity and these
have common overlaps of correlates of temperament that
associate with creativity and dopaminergic functions
(namely, novelty seeking). In this study, we aimed to test
these hypotheses and investigate the associations between
verbal creativity measured by divergent thinking (VCDT)
as well as the temperament that associate with creativity
and MD, particularly MDDS. Using data from a large sam-
ple, we answered this question directly using data of
VCDT, and also data of dopamine-related temperament
[Tomer and Aharon-Peretz, 2004] to determine whether any
of these factors was associated with MD and how they
were associated using path analyses.

METHODS
Subjects

Eight hundred ninety-five healthy, right-handed individ-
uals (507 men and 388 women) participated in this study
as part of our ongoing project to investigate the associa-

tions among brain imaging, cognitive functions, aging,
genetics, and daily habits [Sassa et al., 2012; Takeuchi et al.,
2011d, e, 2012b, 2013a; Taki et al., 2011a, c]. Some of the
data from these 895 subjects were used in our previous
study investigating the association between VCDT and
neural mechanisms [Takeuchi et al., 2010b, ¢, 2011a, c,
2012b]. Some of the subjects who took part in this study
also became subjects of our intervention studies (psycho-
logical data and imaging data recorded before the inter-
vention were used in this study) [Takeuchi et al., 2011b, f,
2012]. Psychological tests and MRI scans not described in
this study were performed together with those described
in this study. The mean age of subjects was 20.8 years
(standard deviation [SD], 1.8). All subjects were university
students, postgraduates, or university graduates of less
than one year’s standing. All subjects had normal vision
and none had a history of neurological or psychiatric ill-
ness. Handedness was evaluated using the Edinburgh
Handedness Inventory [Oldfield, 1971]. Written informed
consent was obtained from each subject. For nonadult sub-
jects, written informed consent was obtained from their
parents (guardians). This study was approved by the
Ethics Committee of Tohoku University.

Assessment of Psychometric Measures
of General Intelligence

Raven’s Advanced Progressive Matrix (RAPM) [Raven,
1993] has been the psychometric measure shown to be
most correlated with general intelligence, making it the
best measure of general intelligence. Data for this test
were collected from all 895 subjects. The score of this test
(number of correct answers in 30 min) was used as a psy-
chometric 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, 1993]. For more details of how RAPM was
performed in our study, see our previous works [Takeuchi
et al., 2010b, c].

Creativity Assessment

As was the case with our previous studies [Takeuchi
et al., 2010b, ¢, 2011a, ¢, 2012b], the S-A creativity test
[Society_For_Creative_Minds, 1969] was used to assess
VCDT. Guilford generated the draft plan and supervised
the development of the test, after which the test was
standardized for Japanese speakers [Society_For_Creati-
ve_Minds, 1969].

As described in our previous studies [Takeuchi et al.,
2010b, c], the test is used to evaluate verbal creativity
through DT [Society_For_Creative_Minds, 1969] and it
involves three types of tasks. Each task is preceded by 2
min of practice involving two questions with a 5-min time
limit. The first task requires subjects to generate unique
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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 dis-
appeared?” 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 provides a total creativity score, which was used in
this study, as well as scores for the following dimensions
of the creative process: (a) Fluency—Fluency is measured
by the number of relevant responses to questions and is
related to the ability to produce and consider many alter-
natives. Fluency scores are determined by the total num-
ber of questions answered after excluding inappropriate
responses or responses that are difficult to understand. (b)
Flexibility—Flexibility is the ability to produce responses
from a wide perspective. Flexibility scores are determined
by the sum of the (total) number of category types that
responses are assigned based on a criteria table or an
almost equivalent judgment. (c) Originality—Originality is
the ability to produce ideas that differ from those of
others. Originality scoring is based on the sum of idea cat-
egories that are weighted based on a criteria table or an
almost equivalent judgment. (d) Elaboration—Elaboration
is the ability to produce detailed ideas [Society_for_Creati-
ve_Mind, 1969]. Elaboration scores are determined by the
sum of responses that are weighted based on a criteria
table or an almost equivalent judgment. These four dimen-
sions correspond to the same concepts as those of the Tor-
rance tests of creative thinking [Torrance, 1966].

As described in our previous studies [Takeuchi et al.,
2010b, c], the total creativity score is the sum of the score
of originality and that of elaboration in the version of the
S-A creativity test [Society_For_Creative_Minds, 1969] that
we used (for explanations of test versions, please see Sup-
porting Information Methods). This is because the scores
for Fluency and Flexibility are highly correlated with those
for Elaboration [Society_For_Creative_Minds, 1969]. We
used only the total score in this study (see Supporting
Information Methods for the reasons). Scoring of the tests
was performed by the Tokyo Shinri Corporation. Please
refer to the appendix of our previous study [Takeuchi et al.,
2010b, c] for the sample and the manner in which the tests
were scored.

As described in our previous study [Takeuchi et al.,
2010c], 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 life, suggesting its ability to pre-
dict 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 neu-
roticism [Watanabe, 1998]. Furthermore, our previous study
showed that scores on the S-A creativity test were posi-
tively correlated with extraversion, novelty seeking, moti-
vational state, and daily physical activity level, which is
consistent with the findings obtained based on the other
creativity measures of DT [Takeuchi et al., 2013b]. Data for
this test were collected from all 895 subjects.

Assessment of Temperaments

The personality traits of each subject were measured
using the Japanese version of the Temperament and Char-
acter Inventory (TCI) [Cloninger et al., 1993; Kijima et al.,
1996]. Each subject completed a 240-item TCI question-
naire. Scores for four personality traits were calculated
from the responses to these items: novelty seeking, harm
avoidance, reward dependence, persistence, self-
directedness, self-transcendence, and cooperativeness. We
analyzed personalities other than novelty seeking to inves-
tigate the specificity of the results.

Data for this test were collected from 776 subjects. Cron-
bach coefficients alpha of the scale scores of Japanese ver-
sion of TCI were substantially high and construct validity
has been shown [Kijima et al., 2000].

Behavioral Data Analysis

The behavioral data were analyzed using SPSS 22.0 sta-
tistical software (SPSS, Chicago, IL). Sex differences in
demographic variables were tested using two-tailed t-tests.
In each analysis, P <0.05 was considered statistically sig-
nificant. Associations among demographic variables were
analyzed using multiple regression analyses; P <0.05, in
each analysis was considered statistically significant in
these analyses.

Image Acquisition and Analysis

All MRI data acquisition was conducted with a 3-T Phi-
lips Achieva scanner. Diffusion-weighted data were
acquired using a spin-echo echoplanar imaging (EPI)
sequence [repetition time (TR)=10,293 ms, echo time
(TE) =55 ms, field of view (FOV)=224 cm, 2 X 2 X
2 mm® voxels, 60 slices, SENSE reduction factor = 2, num-
ber of acquisitions = 1] with an 8-ch head-coil. The diffusion
weighting was isotropically distributed along 32 directions
(b value = 1,000 s/mm?). In addition, three images with no
diffusion weighting (b value =0 s/mm? b =0 images) and
one b=0 image were acquired from 768 and 127 subjects,
respectively, using a spin-echo EPI sequence (TR =10,293
ms, TE =55 ms, FOV =224 cm, 2 X 2 X 2 mm’ voxels, 60
slices). There are acquisitions for phase correction and for
signal stabilization and these are not used as reconstructed
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images. Fractional anisotropy (FA) and MD maps were cal-
culated from the collected images using a commercially
available diffusion tensor analysis package on the MR con-
sol as has been done in previous studies [Takeuchi et al.,
2010a, ¢, 2011le, 2013a, c] and this procedure generates
results congruent with previous studies [Taki ef al., 2013].
Calculations were performed according to a previously pro-
posed method [Le Bihan et al., 2001].

Preprocessing of Structural Data

Preprocessing of the structural data was performed using
Statistical Parametric Mapping software (SPMS8; Wellcome
Department of Cognitive Neurology, London, UK) imple-
mented in Matlab (Mathworks, Natick, MA). First, using
the previously validated [Takeuchi et al., 2013c] twisted
methods and the new segmentation algorithm implemented
in SPM8 and the information of both FA images and MD
images, we segmented FA images and MD images of sub-
jects (see Supporting Information Methods for details and
this previous study for the validation). Then using the dif-
feomorphic anatomical registration through exponentiated
lie algebra registration process implemented in SPMS8, raw
FA images, MD images, the GM segmentation map [GM
concentration (density or segmentation) (GMC) map], the
WM segmentation map [WM concentration (density, or seg-
mentation) (WMC) map], and the cerebral spinal fluid
(CSF) segmentation map [CSF concentration (density, or
segmentation (CSFC) map] from the aforementioned second
new segmentation process were normalized to give images
with 1.5X1.5X 15 mm® voxels. Subsequently, from the
normalized images of the (a) MD map, (b) GMC map, (c)
WMC map, and (d) CFSC map, areas that were not
strongly likely to be gray matter or white matter in our cus-
tom template (defined by “gray matter tissue probability + -
white matter tissue probability <0.99” in the template)
were removed (to exclude the strong effects of CSF on
MD). These images were then smoothed by convolving
them with an isotropic Gaussian kernel of 6-mm full width
at half maximum. For more details of these procedures, see
Supporting Information Methods.

Whole-Brain Statistical Analysis

Models of whole-brain multiple regression analyses
for investigating the effects of individual cognitive
differences on MD

We performed multimodality voxelwise multiple regres-
sion analyses that adjusted for the effects of GMC, WMC,
and CSFC to investigate associations between MD and the
psychological variables. To perform these analyses, we
used the biological parametric mapping toolbox of SPM5
[Casanova et al., 2007]. We performed eight whole-brain
multiple regression analyses. In all of these analyses, the
dependent variable at each voxel was the MD value at

that voxel and the independent variables included the
GMC value, WMC value, and CSFC value at that voxel, as
well as the number of b =0 images, age, sex, and RAPM
score. In addition, each multiple regression analysis
included one of the following variables as an independent
variable: S-A creativity test score, novelty-seeking score,
harm avoidance score, reward dependence score, persist-
ence score, self-directedness score, self-transcendence
score, and cooperativeness score. The analyses including
the S-A creativity test scores were performed using data
from 895 subjects. The analyses that included the personal-
ity scores were performed using data from 776 subjects.
For the reasons why GMC, WMC, and CSFC were
adjusted in a voxel-by-voxel manner, why it was not
appropriate to include eight variables in one model, and
why the number of b=0 images was included in the
model, see Supporting Information Methods.

Models of whole-brain analyses of covariance for
investigating the effects of interaction between sex
and individual cognitive differences on MD

Next, we investigated whether the relationships between
MD and the S-A creativity test score as well as that
between MD and the seven personality scores differed
between sexes (i.e., whether the interaction between sex
and each of these scores affected MD). For these investiga-
tions, in whole-brain analyses, we used voxelwise analyses
of covariance (ANCOVAs). We performed eight whole-
brain ANCOVAs. In all of these ANCOVAs, sex difference
was a group factor (using the full-factorial option of
SPMS8). Furthermore, in these ANCOVAs, covariates
included age, RAPM score, the number of b=0 images
(1 or 3), and one of the following variables, the S-A crea-
tivity test score, novelty-seeking score, harm avoidance
score, reward dependence score, persistence score, self-
directedness score, self-transcendence score, and coopera-
tiveness score. All these covariates, with the exception of
the number of b=0 images, were modeled so that each
covariate’s unique relationship with MD could be
observed for each sex (using the interactions option of
SPMS8), which would allow the investigation of the interac-
tion effects between sex and the covariates. The interaction
effect between sex and scores of the cognitive measures of
interest were assessed using t-contrasts. In these interac-
tion analyses, we used SPMS8 instead of BPM (for reasons
and considerations for the use of this method, see Support-
ing Information Methods). Analyses were limited to the
gray + white matter mask created as described above.

Statistical thresholds for whole-brain analyses

In all the whole-brain analyses, we used cluster size-
based corrections for multiple comparisons (standard
default cluster-size tests in SPM). The voxel-level cluster-
determining threshold is P < 0.001, uncorrected in all these
analyses.
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In the whole brain multiple regression analyses of the
study’s main focus and hypothesis (namely a negative cor-
relation between MD and VCDT or novelty seeking), only
clusters with P <0.05 after correcting for multiple compari-
sons (controlling for familywise error) at the cluster size
were considered statistically significant. For the remaining
14 contrasts of the whole-brain multiple regression analyses,
only clusters with P <0.0035 (~0.05/14) after correcting for
multiple comparisons (controlling for familywise errors) at
the cluster size were considered statistically significant to
avoid Type I errors, as many statistical tests are available.

All whole-brain ANCOVAs were exploratory and were
not relevant to the main hypothesis of this study. Thus, for
16 contrasts of ANCOVAs, only clusters with P <0.0031
(approximately 0.05/16) after correction for multiple com-
parisons (controlling for familywise errors) at the cluster
size were considered statistically significant to avoid Type I
errors for the same reasons as described above.

Analyses of Linear and Nonlinear Associations
Between VCDT and MD in Regions of Interest

Subsequently, in the analyses of VCDT, regions of inter-
est (ROI) analyses were applied to the main areas of the
subcortical dopaminergic areas. These areas included the
bilateral caudate, bilateral putamen, bilateral globus pal-
lidus, and bilateral substantia nigra. We used SPSS 22.0 for
these analyses. For the reasons for performing ROI analy-
ses, see Supporting Information Methods.

Constructions for ROI

All ROIs were constructed using the WFU PickAtlas
Tool (http://www.fmri.wfubmc.edu/cms/software#Pick-
Atlas) [Maldjian et al., 2003, 2004]. The mask images of the
ROIs were generated using the Brodmann area option of
the PickAtlas Tool.

Mean value extraction from ROI

Subsequently, the mean MD, GMC, WMC, and CSFC val-
ues of these images were extracted from the aforementioned
normalized images. Here, we limited the areas to extract
these values from within the areas that showed “gray matter
tissue probability + white matter tissue probability > 0.999”
in the custom template mentioned above. A stricter thresh-
old was chosen because we cannot remove the effects of
GMC, WMC, and CSEC in the nonlinear analyses described
below, as we cannot add those values as covariates.

Rationale and models for nonlinear analyses

First, we performed nonlinear ROI analyses considering a
possible inverted U-shaped association between dopamine
level and creativity [Chermahini and Hommel, 2010, 2012]. As
reported in our previous article [Taki et al., 2011b], to ana-
lyze whether the linear or quadratic function fits best the

trajectory of MD with creativity, the correlation between
MD and creativity was estimated using linear and quadratic
functions in each ROI. These analyses were performed with-
out covariates owing to technical limitations.

Statistical evaluation for the results of nonlinear analyses

We determined the best-fit model by selecting the func-
tion that showed the smallest Akaike information criteria
(AIC) [Akaike, 1974]. Information regarding the best-fit
model can be obtained based on AIC, whereas information
regarding statistical significance cannot be obtained using
this approach. However, as a reference, we described the
P value for the significance level of the best-fit model in
Table III. We did not assess the significance level or per-
formed corrections for multiple comparisons here, as it is
difficult to evaluate those parameters (multiple ROIs, test-
ing for two models for each ROI, correlation between the
two models, etc.). Moreover, these nonlinear analyses are
unable to adjust the effects of basic variables such as age
and sex.

Linear multiple regression analyses of the ROI

After confirming the absence of a significant quadratic
association between MD and VCDT, we performed ROI
analyses of multiple linear regressions. In each of these
analyses, the dependent variables were the mean MD
value within each ROI, and the independent variables
included the mean GMC value, mean WMC value, and
mean CSFC value of the corresponding ROI as well as the
number of b=0 images, age, sex, RAPM score, and S-A
creativity test score. Using the multiple regression analy-
ses, we can adjust the effects of these variables.

Statistical thresholds for linear multiple regression
analyses

Here, we applied one-tailed analyses, because our
hypotheses or study background did not include any data
that suggested the possibility of positive associations
between MD and VCDT. In these analyses, results with a
threshold of P <0.05, corrected for false discovery rate
using the two-stage sharpened method [Benjamini et al.,
2006], were considered statistically significant. The correc-
tion for multiple comparisons using this method was
applied to the results of the eight ROI analyses of multiple
regressions mentioned above.

Path Analyses of the Associations Between
MD in the Bilateral Globus Pallidus, Personalities,
and VCDT

Rationales for the path analyses and variables

The results of the analyses described above suggest the
overlap between MD correlates of personalities and those
of VCDT in the bilateral globus pallidus (see Results
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Initial model final model

MD in the left -0.056

globus pallidum

MD in the left
globus pallidum

-0.125

Persistence Persistence

Figure I.

Path analysis involving MD in the left globus pallidus. Path analy-
sis was used to test the nature of the relationships among MD
in the globus pallidus, persistence, and VCDT. The model shown
on the left is the initial model. It was planned that the paths
with the highest P value were deleted recursively one-by-one,
and that the analyses were rerun after each path was removed.
The model that included all the paths remained the ones that
showed the best fit. However, the direct path from MD in the
left globus pallidus to VCDT did not reach significance
(P=0.117). Standardized regression weights for the significant
paths are shown next to each path arrow.

section). Accordingly, we next proceeded to the path anal-
yses using structural equation modeling (SEM), to identify
the association among these variables. Here we performed
two analyses. One analysis involved MD in the left globus
pallidus as well as S-A creativity test score and persist-
ence score, both of which proved to be correlated with
MD in the left globus pallidus (see Results section). The
other analysis involved MD in the right globus pallidus as
well as S-A creativity test score and novelty-seeking score,
harm-avoidance score, self-directedness score, and self-
transcendence score, all of which correlated with MD in
the right globus pallidus (see Results section).

Basic methods for path analyses

SEM was performed as similarly described in a previous
study [Charlton et al., 2008]. SEM was performed using the
Amos software (version 22.0, IBM, SPSS). Intercepts were
allowed in the structural equations, and models were fit-
ted using maximum likelihood methods.

Preconditions for the construction of initial models

Based on a literature review, we made a few assump-
tions to construct the initial models. First, as described in
the previous study [Charlton et al., 2008], we assumed that
MD affects the cognitive variables, and not the other way
around. Second, we assumed that personality variables
affect VCDT, and not the other way around [Takeuchi et al.,
2013b].

Evaluations and improvement of models in the path
analyses

Subsequently, as described in the previous study
[Charlton et al., 2008], we considered whether the paths of

relatively complex literature-derived models shown in
Figures 1 and 2 could be reduced by removing pathways
that lacked statistically significant associations and the
models could be improved. For the path analysis involv-
ing MD in the right globus pallidus, there were 64 initial
models, as we could not presume the direction of paths
between personalities (Fig. 2). To obtain a better model,
we used stepwise removal or alternation procedure that
fitted the model, as described in the previous studies
[Charlton et al., 2008; Fjell et al., 2012]. The models were
evaluated by comparing the fit of nested models that
included and excluded a path in question and using AIC
and statistics of fitness. Once a final model was obtained,
regression coefficients were estimated for all the remain-
ing paths. To check that the final model fitted the data
adequately, two verifications were performed: (a) a test
to check for the lack of fit was performed using ;> statis-
tics and (b) the following fit indices were calculated:
AIC, the comparative fit index (CFI), and the root mean
square error of approximation (RMSEA). Based on the
initial models, the paths with the highest P value were
deleted recursively one-by-one, and the analyses were
rerun after each path was removed until the model fit
stopped improving.

RESULTS
Behavioral Data

Table I shows the average and SD of age and RAPM, S-
A creativity, novelty seeking, harm avoidance, reward
dependence, persistence, self-directedness, self-transcen-
dence, and cooperativeness scores of the males and
females included in our sample. Two-tailed t-tests showed
that females had a significantly higher score on S-A crea-
tivity, reward dependence, self-directedness, cooperative-
ness, and self-transcendence, whereas males had a
significantly higher score on RAPM. There were no other
significantly different results. The results of these two-
tailed t-tests are presented in Table I.

After adjusting for the effects of age and sex, no signif-
icant correlations between RAPM and S-A creativity
scores were observed among the 895 subjects (P =0.607,
t=0.514, df = 891). Multiple regression analyses that used
covariates of age, sex, and RAPM score and which tested
the association between two variables among S-A creativ-
ity test, novelty seeking, harm avoidance, reward
dependence, persistence, self-directedness, cooperative-
ness, and self-transcendence scores showed the presence
of several significant correlations between these variables
(see Table II for statistical results). In particular, the S-A
creativity test score was significantly and positively
correlated with the novelty-seeking score, persistence
score, cooperativeness score, and self-transcendence score.
Furthermore, the S-A creativity test score was signifi-
cantly and negatively correlated with the harm avoidance
score.
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Initial model final model 1
MD in the right veoT MD in the right
globus pallidum globus pallidum
/ 0.183
Harm Self Harm
avoidance or x transcendence avoidance transcendence
— E=
or S or, -0.40 -0.090
Novelty = Self Novelty Self
seeking directedness seeking -0.278 | directedness

final model 2

final model 3

MD in the right MD in the right
globus pallidum VCDT globus pallidum
-0.086 1
0.183 Lt 0.183
0490 0135
Harm Self Harm Self
avoidance transcendence avoidance transcendence
-0.61 -0.090 -0.61 -0.062
Novelty Self Novelty Self
seeking -0.359 |directedness seeking -0.359 | directedness
Figure 2.

Path analysis involving the MD in the right globus pallidus. Path
analysis was used to test the nature of the relationships among
MD in the globus pallidus, harm avoidance, novelty seeking, self-
directedness, self-transcendence, and VCDT. The model shown
on the upper left is the initial model. Depending on the directional-
ity of the paths among personalities, there were 64 initial models.
From each initial model, the paths with the highest P value were

deleted recursively one-by-one, and the analyses were rerun after
each path was removed until the model fit stopped improving.
Three of the final models showed the exact same statistics for the
fit of the model. However, in all final models, the path from the
harm avoidance to VCDT did not reach significance (P = 0.087),
despite the fit of the model. Standardized regression weights for
the significant paths are shown next to each path arrow.

TABLE I. Demographic variables of the study participants and results of the comparison between males and
females using two-tailed t-tests

Males Females
Mean SD Mean SD

Measure P value T value
Age (N =895, M =507, F = 388) 20.89 1.94 20.72 1.69 0.151 1.438
RAPM? (N =895, M =507, F = 388) 28.77 3.72 28.16 3.73 0.016 2.423
S-A creativity test (N =895, M =507, F = 388) 36.28 10.66 38.58 9.77 0.001 —3.352
Novelty seeking (N =776, M =432, F = 344) 21.01 5.56 21.04 5.76 0.948 —0.065
Harm avoidance (N =776, M =432, F = 344) 18.91 7.51 19.31 6.57 0.434 —0.783
Reward dependence (N =776, M =432, F = 344) 14.40 3.80 16.20 3.68 5.004 x 1071 —6.669
Persistence (N =776, M =432, F = 344) 453 2.04 4.56 1.96 0.818 —0.231
Self-directedness (N =776, M = 432, F = 344) 23.42 7.26 24.53 6.76 0.028 —2.196
Cooperativeness (N =776, M =432, F = 344) 26.25 5.94 28.37 6.01 1.168 X 10°° —4.902
Self-transcendence (N =776, M = 432, F = 344) 10.42 5.15 11.67 5.32 0.001 -3.297

“Raven’s Advanced Progressive Matrices
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TABLE Il. Matrix of statistical results (beta value, t value, P value, beginning at the top) of the multiple regression analyses performed between

771)

776, df =

psychological variables and the covariates of age, sex, and score of RAPM (N

Self-
transcendence

Reward
dependence

S-A creativity

Self-directedness Cooperativeness

Persistence

Novelty seeking Harm avoidance

test

S-A creativity test
Novelty seeking

(0.142, 3.988,

7.30 X 1079)
(—0.234, —6.564,

(—0.407,
—12.051, 9.18 X

Harm avoidance

9.61 x 1071

107%)
(0.104, 2.819,

(—0.089, —2.463,

(0.067, 1.824,

Reward

0.014)
(—0.158, —4.540,

0.005)
(—0.182, —5.127,

0.069)
(0.153, 4.289,

dependence
Persistence

(0.121, 3.486,

3.72 X 1077) 6.52 X 1079 6.52 X 1074

(—0.007, —0.186,

2.02 X 107°)

(0.270, 7.694,

(0.098, 2.796,

(—0.579,
—~19.976, 7.21 X

(0.184, 5.144,

Self-directedness

436 x 10714

0.005)

0.852)

3.41 % 1077)

1077%)
(—0.306, —8.966,

(—0.071, —1.934, (0.415, 12.838, (0.186, 5.179, (0.385, 11.527,
2,51 x 10—

(0.084, 2.314,

Cooperativeness

436 x 1071

1.79 X 10~%)

0.054) 2.30 X 10—'%)

(0.142, 3.932,

0.021)
(0.189, 5.299,

(0.204, 5.915, (0.194, 5.462, (0.070, 1.957, (0.299, 8.790,

(—0.243, —7.051

Self-transcendence

9.17 X 1079) 3.96 X 10712 498 X 1079 6.37 X 107%) 0.051) 9.62 X 107 1%)

152 x 1077)

Whole Brain Analyses of Correlations Between
VCDT and MD

After controlling for sex, age, number of b=0 images,
GMC, WMC, CSFC at each voxel, and RAPM score, a
whole brain multiple regression analysis showed that the
S-A creativity score was not significantly related to any of
the regions (df = 886).

Investigation of the Linear and Nonlinear
Associations Between VCDT and MD in the ROI

We investigated whether linear or quadratic functions fit
better the association between S-A creativity test score
and MD in ROIs. The associations between S-A creativity
test score and MD in the areas of the dopaminergic system
were best explained by the linear model that included the
bilateral globus pallidus, in which the association became
significant. When the quadratic model fit best, the P value
was well above 0.1 (Table III).

The present findings may be incongruent with the sug-
gested inverted U-shaped association between creativity
and dopamine level [Chermahini and Hommel, 2010, 2012].
However, the alternative explanation is that an excessive
level of dopamine neurotoxicity [Cheng et al., 1996], which
may damage the neural tissues and increase MD, results in
an association between MD and dopamine level that is not
linear. Future studies involving very high and very low lev-
els of dopamine, as measured using PET, may be needed to
ascertain these suggestions and possibilities more firmly.

After confirming the lack of existence of a significant
quadratic association between MD and VCDT, we per-
formed ROI analyses of multiple linear regressions. After
correcting for confounding variables and for multiple com-
parisons, the S-A creativity test score was significantly
and negatively correlated with MD in the bilateral pallidus
(Fig. 3 and Table III).

Whole Brain Analyses of Correlations Between
Personalities and MD

Next, we investigated the association between personal-
ity traits and MD. After controlling for sex, age, number of
b=0 images, GMC, WMC, CSFC at each voxel, and
RAPM score, a whole brain multiple regression analysis
showed that the novelty-seeking score was significantly
and negatively correlated with MD in the cluster that
spread around the right anterior cingulate cortex, right
middle cingulate cortex, and right corpus callosum; the
cluster in the right cerebellum; and the cluster that spread
around the right caudate, right putamen, right globus pal-
lidus, and right insula (Fig. 4 and Table 1V).

The whole brain analyses that were performed using the
same nuisance covariates revealed that the harm avoid-
ance score was significantly and positively correlated with
MD in the cluster that spread around the right caudate,
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TABLE Ill. Association between S—A creativity test score and mean MD in ROIs of the areas that belong to the
dopaminergic system

Statistical values of the
multiple regression

P value of the (uncorrected P value,

Areas Best-fit model® Adjusted R? best-fit model (df) corrected P value, df)
Left putamen Linear, negative 0.002 0.110 (893) 0.095, 0.099, 886
Right putamen Linear, negative 0.001 0.150 (893) 0.028, 0.058, 886
Left globus pallidus Linear, negative 0.010 0.001 (893) 0.003, 0.016, 886
Right globus palidus Linear, negative 0.004 0.028 (893) 0.005, 0.016, 886
Left caudate Linear, negative <0.001 0.390 (893) 0.110, 0.099, 886
Right caudate Quadratic, negative 0.001 0.289 (892) 0.096, 0.099, 886
Left substantia nigra Linear, negative 0.001 0.209 (893) 0.110, 0.099, 886
Right substantia nigra Quadratic, negative <0.001 0.335 (892) 0.284, 0.224, 886

“Best-fit model of the correlation between S-A creativity test score
Criterion.

right putamen, right globus pallidus, right insula, and
right thalamus; the anatomical cluster that spread around
the right middle cingulate cortex and the body of the right
corpus callosum; and the anatomical cluster that spread
around the right posterior insula and the right superior
temporal gyrus (Fig. 4 and Table IV).

The whole brain analyses that were performed using the
same nuisance covariates revealed that the reward
dependence score was not significantly correlated with
MD.

The whole brain analyses that were performed using the
same nuisance covariates revealed that the persistence
score was significantly and negatively correlated with
MD in the anatomical cluster that spread around the left
thalamus, left globus pallidus, and left putamen and

and mean MD in ROIs determined using the Akaike Information

the anatomical cluster in the right thalamus (Fig. 4 and
Table 1V).

The whole brain analyses that were performed using the
same nuisance covariates revealed that the self-
directedness score was significantly and negatively corre-
lated with MD in the anatomical cluster that spread
around the right putamen, right globus pallidus, and right
insula and the anatomical cluster that spread around the
right caudate and right insula (Fig. 4 and Table V).

The whole brain analyses that were performed using the
same nuisance covariates revealed that the cooperativeness
score was significantly and positively correlated with MD
in the anatomical cluster that spread around the left insula
and left orbitofrontal cortex; the anatomical cluster that
spread around the left anterior cingulate cortex, left insula,
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Figure 3.

Associations between mean MD in ROIls and the S—A creativity
test score. Residual plots with trend lines depicting the correla-
tions between residuals in the multiple regression analyses using
mean MD in the ROIs as the dependent variable and eight addi-
tional variables (RAPM score, total S—A creativity test score,

age, sex, number of b =0 images, mean GMC, mean WMC, and
mean CSFC) as independent variables. (a) Association between
the mean MD in the left globus pallidus and the S-A creativity
score. (b) Association between mean MD in the right globus pal-
lidus and the S—A creativity score.
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TABLE IV. Brain regions that exhibited significant correlations between MD and the temperament subscales of TCI
(df=1767)

Area X y

Corrected P value
(cluster)

T score of
z the peak

Negative correlation of novelty seeking
Anterior cingulate
cortex (R)/Middle
cingulate cortex
(R)/Body of the
corpus callosum (R)
Cerebellum (R) 33 —48
Caudate body and 13.5 15
head (R)/Puta-
men(R)/Globus pal-
lidus (R)/Insula(R)

Positive correlation of harm avoidance
Caudate body and
head (R)/Puta-
men(R)/Globus pal-
lidus (R)/
Insula(R)/
Thalamus(R)
Middle cingulate 12
cortex (R)/Body of
the corpus callosum
®)
Insula (R)/Superior 48
temporal gyrus (R)

Negative correlation of Persistence
Thalamus (L)/
Globus palludus
(L)/Putamen (L)
Thalamus (R) 12

13.5 7.5

34.5 -9

—10.5

—18
=75 —16.5

—24

28.5 4.58 <0.001

—30 4.37
15 437

0.002
<0.001

1.5 5.38 <0.001

30 4.30 <0.001

6 4.09 <0.001

9 4.36 <0.001

6 3.99 <0.001

No other significant results were observed. Clusters mostly included intermediate white matter areas.

left dorsolateral prefrontal cortex, and intermediate white
matter areas; and the anatomical cluster that spread

The whole brain analyses that were performed using
the same nuisance covariates revealed that the self-

around the right anterior cingulate cortex and right dorso- transcendence score was not significantly correlated
lateral prefrontal cortex (Fig. 4 and Table V). with MD.
Figure 4.

Regions with significant correlations between MD and the per-
sonality trait scores. The results shown were obtained using a
threshold of the corrected cluster size tests and with an under-
lying voxel level of P<0.001 uncorrected. Regions of significant
correlation are overlaid on a “single subject” T1 SPM5 image.
NS = novelty seeking. HA =harm avoidance. P = persistence.
SD = self-transcendence. CO = cooperativeness. The red color
represents positive correlations. The blue color represents neg-
ative correlations. The color bars indicate the t scores. Regions
that exhibited a significant negative correlation with novelty
seeking were observed in the right basal ganglia, right anterior
cingulate cortex, and adjacent areas. Regions that exhibited a
significant positive correlation with harm avoidance were

observed in the right basal ganglia, right middle cingulate cortex,
and right posterior insula. Regions that exhibited a significant
negative correlation with persistence were observed in the bilat-
eral thalamus, left globus pallidus, and left putamen. Regions that
exhibited a significant negative correlation with self-
transcendence were observed in the right basal ganglia, right
insula, and adjacent regions. Regions that exhibited a significant
positive correlation with cooperativeness were observed in the
areas located around the anterior cingulate cortex, dorsolateral
prefrontal cortex, insula, and orbitofrontal cortex in the left
hemisphere, and the areas located around the anterior cingulate
cortex and dorsolateral prefrontal cortex in the right
hemisphere.
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TABLE V. Brain regions that exhibited significant correlations between MD and the character subscales
of TCI (df=767)

T score of  Corrected P value

Area x y z the peak (cluster)
Negative correlation of self-directedness

Putamen(R)/Globus pallidus (R)/Insula(R) 315 -3 -3 4.90 <0.001

Caudate body (R)/Insula (R) 15 4.5 18 4.32 <0.001
Positive correlation of cooperativeness

Insula (L)/Orbitofrontal cortex (L) —21 25.5 —4.5 4.16 0.001

Anterior cingulate cortex(L)/Insula(L)/Dorsolateral prefrontal cortex (L) —285 405 9 3.98 <0.001

Anterior cingulate cortex(R)/Dorsolateral prefrontal cortex (R) 33 15 22.5 3.81 <0.001

No other significant results were observed.

Interaction Effects Between Sex and VCDT as
well as Personality Traits on MD

The analysis of covariance that was performed using
data obtained from both sexes revealed the absence of
interaction effects between the scores of any of the psycho-
logical measures and sex on MD (df =886 in the case of
the analysis of VCDT and df = 767 in the case of the analy-
ses of personalities).

Path analyses of the Associations Among MD in
the Bilateral Globus Pallidus, Personalities, and
VCDT

Next, we proceeded to the path analyses to identify the
association among these variables using data from 776
subjects.

The whole brain analyses revealed that MD in the left
globus pallidus was correlated with the persistence score,
and that MD in the right globus pallidus was correlated
with the novelty-seeking score, harm avoidance score, and
self-directedness score. Based on the purpose of the path
analyses, we first investigated whether additional person-
ality variables were correlated with MD in the globus pal-
lidus via ROI analyses of multiple regressions. After
correcting for confounding variables (age, sex, RAPM
score, number of b=0 images, mean GMC, mean WMC,
and mean CSFC in each ROI), we found that the self-
transcendence score was significantly and negatively corre-
lated with MD in the right globus pallidus (P =0.007,
t=—2.703). There were no additional significant correla-
tions. Thus, in the path analysis involving the left globus
pallidus, we considered the persistence score and the S-A
creativity test score in the model. Moreover, in the path
analysis involving the right globus pallidus, we considered
the novelty-seeking score, harm avoidance score, self-
directedness score, self-transcendence score, and S-A crea-
tivity test score in the model.

To generate the model that involved MD in the left
globus pallidus, the initial model included three paths. We
confirmed that the removal of any paths worsened the fit of
the model; thus, this initial model became the final model

from the perspective of AIC (4* statistic <0.001, CFI=1.0,
RMSEA = 0.043). In this model, lower MD directly led to
higher persistence as well as higher VCDT; furthermore,
lower MD indirectly led to higher VCDT via the path in
which higher persistence led to higher VCDT. However, the
P value of the path from MD in the left globus pallidus to
VCDT was 0.117; therefore, whether the direct effect of this
path exists remains unclear, despite the fit of the model.

To generate the model involving MD in the right globus
pallidus, the 64 initial models created are presented in Fig-
ure 2. From each initial model (AIC=54, CFI=1.0,
RMSEA = 0.205), the paths with the highest P value were
deleted recursively one-by-one, and the analyses were
rerun after each path was removed until the model fit
stopped improving. Three of the final models showed the
exact same statistics for the fit of the models (Fig. 2, b
statistic = 1.604, df =5, P=0.901, AIC =45.604, CFI=1.0,
RMSEA < 0.001). However, in all final models, the path
from harm avoidance to VCDT did not reach significance
(P =0.087), despite the fit of the model. In all three final
models, lower MD directly led to lower harm avoidance,
which in turn led to higher novelty seeking, higher self-
directedness, and higher self-transcendence. Among higher
novelty seeking, higher self-directedness, and higher self-
transcendence, all variables were associated with each
other, with the exception of novelty seeking and self-
transcendence. Finally, lower harm avoidance, higher nov-
elty seeking, higher self-directedness, and higher self-
transcendence led to higher VCDT.

DISCUSSION

We investigated the associations between MD and
VCDT as well as creativity-related cognitions. First, con-
sistent with the previous study [Chavez-Eakle et al., 2006]
that showed that VCDT was associated with all TCI per-
sonality variables (the association was negative only in the
case of harm avoidance), in this study, VCDT was posi-
tively associated with novelty seeking, persistence, self-
directedness, self-transcendence, and cooperativeness
(although there was only a tendency for the association
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with reward dependence), and negatively associated with
harm avoidance. Partly consistent with our hypothesis, we
found that VCDT was associated with reduced MD in the
bilateral globus pallidus, and that novelty seeking was
negatively correlated with MD in the right putamen, right
globus pallidus, and right caudate as well as in the area
located around the right middle cingulate cortex. How-
ever, interestingly, harm avoidance was positively corre-
lated with MD in areas that were very similar to areas
with negative MD correlates of novelty seeking, together
with additional areas. Furthermore, self-directedness was
also negatively correlated with MD in the right putamen,
right globus pallidus, and right caudate. Finally, the ROI
analysis revealed a significant negative correlation with
MD in the right globus pallidus. Thus, these four personal-
ities had common MD correlates with VCDT in the right
globus pallidus. Persistence was negatively correlated with
MD in the left putamen, left globus pallidus, and bilateral
thalamus. Thus, persistence had common MD correlates
with VCDT in the left globus pallidus. Also, cooperative-
ness was positively correlated with MD in the anterior
parts of the brain. However, the path analysis revealed
associations among MD in the bilateral globus pallidus,
personalities, and VCDT. The results showed that lower
MD in the left globus pallidus led to higher persistence,
which in turn led to higher VCDT. Furthermore, the
results showed that lower MD in the right globus pallidus
led primarily to lower harm avoidance, which in turn led
to higher self-directedness, self-transcendence, and novelty
seeking, all of which then led to higher VCDT.

VCDT and novelty seeking, which have been associated
with dopaminergic functioning, were associated with MD
in the globus pallidus, which receives the input from the
substantia nigra. Moreover, a reduced MD signal in the
globus pallidus appeared to be associated with facilitated
functioning. As summarized in our previous study [Takeu-
chi et al., 2010b] and in the Introduction of this article, sev-
eral studies have shown that creativity is associated with
personality or temperament traits, function, pharmacology,
and cognitive and neural mechanisms associated with
dopamine. In addition, as described in the Introduction,
novelty seeking has been positively associated with dopa-
minergic functions [Bédi et al., 2009; Kaasinen et al., 2004;
Schinka et al., 2002; Suhara et al., 2001; Tomer and Aharon-
Peretz, 2004]. In this study, in the globus pallidus, MD was
negatively correlated with VCDT. The globus pallidus
receives the dopaminergic input from the substantia nigra
[Greenstein and Greenstein, 2000; Lindvall and Bjorklund,
1979] and is an important part of the dopaminergic sys-
tem. As described below, the globus pallidus plays a key
role in motivation, which has been robustly associated
with the function of the dopaminergic system [Kaplan and
Oudeyer, 2007]. Moreover, as described in the Introduction,
MD decreases are likely to reflect an increase in tissue
density due to the shape of neurons or glia and enhance-
ment of tissue organization (strengthening of axonal or

dendritic backbones and surrounding tissue), which are
likely to lead to facilitated function. These results showed
that VCDT and novelty seeking were associated with
lower MD (which reflected the augmented function) in a
part of the dopaminergic system, as hypothesized.

In this study, lower harm avoidance seemed to be pri-
marily associated with lower MD in the right globus pal-
lidus, and lower harm avoidance seemed to lead to higher
self-directedness, self-transcendence, and novelty seeking,
all of which then led to higher VCDT. The overlap
between MD correlates of VCDT and MD correlates of
these personalities also tended to be observed in the right
putamen. However, this observation was different from
our hypothesis, which attributed a central role to novelty
seeking. However, the association between harm avoid-
ance and these variables as well as dopamine was congru-
ent with empirical evidence. Harm avoidance was most
strongly and negatively correlated with VCDT in this
study, which was consistent with a previous report that
showed a robust negative association between VCDT and
harm avoidance [Chavez-Eakle et al., 2006]. Further, the
association between harm avoidance and MDDS observed
here was reported in the recent previous study using a
smaller sample size [Laricchiuta et al., 2014]; this finding is
also considered to be robust. Furthermore, our study
found that higher MD values in the area including the
right putamen were associated with higher harm avoid-
ance, and previous PET studies have shown that harm
avoidance is associated with the availability of dopaminer-
gic receptors in the right putamen and caudate [Kaasinen
et al., 2001; Kim et al., 2011]. Although harm avoidance has
been originally hypothesized to be associated with the
functions of the serotonergic system [Cloninger, 1985], an
overwhelming body of empirical evidence suggests not
only that higher harm avoidance is associated with loss of
serotonergic functions but also that higher harm avoidance
and lower novelty seeking are both associated with loss of
dopaminergic function. For example, previous PET studies
reported an association between dopamine receptor avail-
ability and harm avoidance [Frank et al., 2005; Kaasinen
et al., 2001; Kim et al., 2011; Yasuno et al., 2001] as well as
closely related personality measures [Laakso et al., 2003].
Furthermore, Parkinson’s disease, which includes degener-
ation in the dopaminergic system, is associated with not
only reduced novelty seeking but also higher harm avoid-
ance [Kaasinen et al., 2001; Tomer and Aharon-Peretz, 2004].
This may be partly associated with an indistinguishable
interaction between dopaminergic functions and serotoner-
gic functions and suggests that it is almost impossible to
view two systems in isolation, as supported by numerous
empirical evidence [Kahn and Davidson, 1993]. Both are
anatomically closely connected [Tork, 1990] and highly
functionally interactive [Kelland et al., 1990]. In particular,
most serotonin receptors act to facilitate neuronal dopa-
mine function, and the activated serotonergic system is lit-
erally directly linked to the inhibited dopaminergic system
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[Di Giovanni et al., 2008]. The robust negative correlation
observed for novelty seeking and harm avoidance in the
present and previous studies may be partly in line with
this notion.

From the cognitive perspective, the motivational cogni-
tive component may be the one key factor that links the
associations among MD in the right globus pallidus, harm
avoidance, novelty seeking, self-directedness, self-transcen-
dence, and VCDT. The personality variables of TCI were
robustly associated with each other in this study. In partic-
ular, the negative association observed between novelty
seeking and harm avoidance as well as the negative asso-
ciation observed between harm avoidance and self-
directedness were very robust, as described in previous
studies [Hansenne et al., 2005; Pélissolo and Lépine, 2000].
Thus, it is difficult to identify the key cognitive factor that
underlies the associations among these variables. Using
data of profile of mood states (POMS) [McNair et al., 1992;
Takeuchi et al., 2014a] from 775 subjects (one datum was
missing among the 776 subjects whose data was used in
the analyses of personalities in this study), we reported
previously that lower MD in the right putamen, right
globus pallidus, right caudate, and bilateral thalamus as
well as higher VCDT are robustly and negatively associ-
ated with higher vigor (motivational state) but not with
depression, anger/hostility, anxiety, confusion, and fatigue
[Takeuchi and Kawashima, 2013d]. Furthermore, our supple-
mental analysis using the data of the present 775 subjects
showed robust associations between vigor and harm
avoidance (strongest negative association, r=—0.27,
P <0.001, df =774), novelty seeking (positive association,
r=0.13, P<0.001, df=774), self-directedness (positive
association, r=0.22, P<0.001, df=774), and self-
transcendence (positive association, r=0.20, P <0.001,
df = 774; it should be noted that, because POMS measures
the state of mood in the previous week, the associations of
trait variables are generally modest). Further, the con-
structs of harm avoidance involve such as components
asthenia; these are likely to be associated with general
motivational components, which in turn are associated
with dopaminergic functions [Kaplan and Oudeyer, 2007].
Moreover, novelty seeking and self-directedness include
factors such as exploratory excitability and purposefulness,
respectively, both of which are likely to lead to motivation.
It is not easy to understand the association between self-
transcendence and motivation instantaneously; however,
in fact, a previous study has shown a robust association
between self-transcendence and intrinsic motivation
[Tanaka et al., 2009]. These claims may be supported by
our available data of self-fulfilling achievement motivation
(achievement motivation directed at pursuing goals eval-
uated by one’s own standards of achievement regardless
of the values of others and society) [Horino and Mori, 1991;
Takeuchi et al., 2014b] from 776 subjects. Self-fulfilling
achievement motivation was robustly associated with
harm avoidance (r= —0.30, P<0.001, df=775), explora-

tory excitability of novelty seeking (r=0.30, P<0.001,
df =775), purposefulness of self-directedness (r=0.36,
P<0.001, df=775), and self-transcendence (r=0.42,
P <0.001, df =775). Considering all these observations, the
motivational cognitive component may be the key factor
that links the association among MD in the right globus
pallidus, harm avoidance, novelty seeking, self-
directedness, self-transcendence, and VCDT. Consistently,
evidence from various fields points out that the globus
pallidus and its adjacent area play a key role in motivation
[Smith and Nichols, 2009; Takeuchi et al., 2014b]. This may
be another reason.

The pathway from the left globus pallidus to persistence
and on to VCDT may be in line with the notion that the
motivational factor is the key that links the associations
observed among lower MD in the globus pallidus, person-
alities, and VCDT. Persistence is perseverance despite frus-
tration and fatigue as well as a tendency toward a
persistent pursuit of desired goals [Cloninger et al., 1993;
Mardaga and Hansenne, 2007]. Persistent individuals are
eager, ambitious, and determined overachievers [Cloninger,
1994]. Thus, persistence is, by definition, related to a cer-
tain form of motivation. However, our aforementioned
study did not find a significant association between MD in
the left globus pallidus and the vigor subscale of POMS.
Moreover, as described in the Results section, although
four other personality factors related to VCDT were associ-
ated with MD in the right globus pallidus, persistence was
not, and persistence was the only personality factor that
was associated with MD in the left globus pallidus. The
reason underlying this discrepancy is not clear, and we
are not aware of previous neuroscience studies that can
directly explain the discrepancy regarding the laterality of
the globus pallidus and the nature of motivation. It is
known that structural asymmetry exists in the globus pal-
lidus [Kooistra and Heilman, 1988]. Furthermore, asymmetry
of the dopamine level is also present in the globus pal-
lidus [Glick et al., 1982]. A functional imaging study has
suggested that the left globus pallidus is involved in the
attentional control of information flow in the mind [McNab
and Klingberg, 2007]. Furthermore, a lesion in the left
globus pallidus, but not that in the right globus pallidus,
is associated with transient decline of frontal lobe cogni-
tive function. Considering all these relevant findings, the
left globus pallidus may be involved in the motivation to
shut out distractors and regulate persistent behaviors.
However, related evidence is lacking, and future studies
are needed to elucidate the nature of the laterality of the
globus pallidus more thoroughly.

MD in various other regions was related to personality
variables but not to VCDT; these areas may be related to
each personality factor via their functions. Higher coopera-
tiveness was associated with higher MD primarily in the
white matter areas located around the anterior part of the
anterior cingulate to the insula as well as adjacent areas.
As described in the Introduction section, it has been
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considered that higher MD reflects a lower density of neu-
ral tissues, which prohibits free water diffusion. Con-
versely, the area from the anterior cingulate to the anterior
insula is the area that forms the salience network [Seeley
et al., 2007]. This network may integrate interoceptive
information with emotional salience [Seeley et al., 2007;
Taylor et al., 2009] and is thought to be involved in anxiety
[Seeley et al., 2007] and social anxiety [Liao et al., 2010].
Thus, we speculate that a lower amount of tissues in the
pathway may lead to this type of cognitive factor (social
anxiety), which in turn may prohibit prosociality and
cooperativeness. Persistence was negatively correlated
with MD in the thalamus, which forms a circuit with basal
ganglia and cortical areas. Among the circuit, the thalamus
is considered to serve as an important center of integration
of the networks that underlie the ability to modulate
behaviors [Haber and Calzavara, 2009]. Further, higher nov-
elty seeking and lower harm avoidance were associated
with lower MD in the anterior part of the middle cingulate
as well as in the caudate and adjacent areas. One of the
common roles of these areas is various types of reward
processing [Liu et al., 2011]. Also, higher harm avoidance
was associated with higher MD in the area located around
the posterior insula. This area is involved in a certain form
of feeling that motivates individuals to take actions such
as love, hatred, and motivation based on competition [Har-
uno and Kawato, 2006; Takeuchi et al., 2014b; Zeki and
Romaya, 2008]. Although these functions are not necessar-
ily associated with VCDT, these regions may be associated
with personality variables.

There was at least one limitation to this study: to mea-
sure creativity, we used only the S-A creativity test, which
is a measure of VCDT, and did not use tests for figural
creativity measured by divergent thinking. Furthermore,
as summarized by Jung et al. [2010b], several cognitive
processes are important for creativity or creative measures,
such as flow [Csikszentmihalyi, 1997], insight [Jung-Beeman
et al., 2004], perseverance in the face of social acceptance
or resistance, such as that of personality variables, creative
achievements, and remote association of ideas. Focusing
on divergent thinking as a measure of creativity is com-
mon in imaging studies performed in several laboratories
[Gansler et al., 2011; Zhu et al., 2013] but not in those per-
formed in laboratories that used other measures [Fink
et al., 2014; Jung et al., 2010b]. In terms of the associations
with TCI measures, the performance of VCDT and figural
creativity measured by divergent thinking showed quite
similar patterns of psychological correlations [Chavez-Eakle
et al., 2006]. Furthermore, as described previously [Takeuchi
et al., 2012a], we focused on the DT test as a measure of
creativity in this study, because, currently, DT tests domi-
nate as a measure of creativity in this field [Dietrich, 2007].
DT has been proposed to be a key aspect of creativity
[Guilford, 1967], and a meta-analysis [Kim, 2008] has dem-
onstrated that DT scores exhibit a significantly stronger
relationship with creative achievement than scores on

intelligence tests, thus supporting the validity of DT as
predictive of creative ability. To the best of our knowl-
edge, no other creative measures used in laboratory set-
tings have shown this level of validity. However, different
creative measures have overlapping and distinct neural
correlates [Fink et al., 2014], which may also hold true for
MD measures. Additional studies are needed to investi-
gate the MD correlates of other creative measures.

In summary, our study was based on the hypothesis of
a correlation between MDDS, novelty seeking (which is
the typical personality factor associated with the dopami-
nergic system), and VCDT. Our results revealed associa-
tions between higher VCDT and lower MD in the bilateral
globus pallidus, which receives the dopaminergic input
from the substantia nigra and plays a key role in motiva-
tion. Furthermore, not only higher novelty seeking, but
also lower harm avoidance, higher self-directedness, and
higher self-transcendence were robustly associated with
lower MD in the right globus pallidus, whereas higher
persistence was associated with lower MD in the left
globus pallidus, and all these variables were associated
with the higher motivational cognitive component. The
path analysis suggested that lower MD in the left globus
pallidus led to higher persistence, which led to higher
VCDT, and that lower MD in the right globus pallidus
was primarily associated with lower harm avoidance,
which in turn led to higher self-directedness, higher self-
transcendence, and higher novelty seeking, all of which
led to higher VCDT. These analyses elucidated the neural
mechanisms that underlie the association between VCDT
and multiple personalities in TCI and MD in the globus
pallidus, which plays a key role in motivation and under-
lies these associations.
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