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Abstract: Creativity has been proposed to be either the result of solely right hemisphere processes or
of interhemispheric interactions. Little information is available, however, concerning the neuronal foun-
dations of creativity. In this study, we introduced a new artistic task, designing a new tool (a pen),
which let us quantitatively evaluate creativity by three indices of originality. These scores were ana-
lyzed in combination with brain activities measured by functional magnetic resonance imaging (fMRI).
The results were compared between subjects who had been formally trained in design (experts) and
novice subjects. In the experts, creativity was quantitatively correlated with the degree of dominance of
the right prefrontal cortex over that of the left, but not with that of the right or left prefrontal cortex
alone. In contrast, in novice subjects, only a negative correlation with creativity was observed in the
bilateral inferior parietal cortex. We introduced structure equation modeling to analyze the interactions
among these four brain areas and originality indices. The results predicted that training exerts a direct
effect on the left parietal cortex. Additionally, as a result of the indirect effects, the activity of the right
prefrontal cortex was facilitated, and the left prefrontal and right parietal cortices were suppressed.
Our results supported the hypothesis that training increases creativity via reorganized intercortical
interactions. Hum Brain Mapp 30:1678-1690, 2009.  ©2008 Wiley-Liss, Inc.

Key words: fMRI; structural equation modeling (SEM); creativity; hemispheric laterality

* *

INTRODUCTION

Creativity is generally considered to be the ability of an
individual to generate original, novel ideas by breaking
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about the brain mechanisms that underlie creative think-
ing.

Creativity can be categorized into types, such as psycho-
logical creativity and historic creativity [Boden, 1994], or
into various phases, such as the association of previously
unrelated elements, i.e., integration [Chavez-Eakle et al.,
2007], incubation [Boden, 1994; Torrance and Safter, 1999],
sudden insight, and conscious combinations of elements.
Because of the multiple aspects of creativity, studies exam-
ining the psychological or neural mechanism of creativity
must focus on specific characteristics or specific parts of
the creative process. To evaluate the creativity objectively,
various psychological tests for measuring creativity have
been devised, including the Torrance Tests of Creative
Thinking (TTCT) and Guilford’s evaluation of divergent
thinking [Guilford, 1968]. Modified forms of these tests
have also been regularly used, and many of these tasks
include verbal components. For example, the divergent
thinking test requires subjects to think of as many different
uses of a tool shown to them, and they usually think of
such tasks in words. Therefore, using similar tests includes
unavoidably verbal components in creativity.

The results of several previous psychological studies
have shown hemispheric dominance in creativity such that
creativity is solely the result of right hemisphere processes
[Torrance, 1982] or that interhemispheric interactions are
crucial for creativity [Atchley et al., 1999; Carlsson et al.,
2000; Hoppe, 1988; Katz, 1986; Martindale et al., 1984; Molle
et al., 1996; Petsche, 1996]. However, the psychological
assessment of hemispheric dominance is indirect, and the
results have been sometimes contradictory. One reason for
this may be ascribed to the differences in the creative tasks
that were used in each study. In addition, psychological
studies are limited in that they cannot assess the dominant
cortical hemisphere directly. Neurophysiological measure-
ments are better equipped for the direct assessment of the
dominant hemisphere. In an electroencephalogram (EEG)
study, Martindale et al. [1984, 1990] observed greater activ-
ity in the right hemisphere than in the left hemisphere in
the parietotemporal region while performing a creative
task; however, Fink and Neubauer [2006] did not report a
left-right difference in alpha synchronization but observed
an anteroposterior difference. Two groups recently used
positron emission tomography (PET) to study the brain ac-
tivity associated with verbal creativity, but obtained differ-
ent results. Bekhtereva et al. [2000, 2004] found that the left
hemisphere was responsible for linguistic creativity, while
Carlsson et al. [2000] reported that both hemispheres were
involved in highly creative subjects but that the left hemi-
sphere was dominant in low-creative subjects. In addition,
using both fMRI and EEG, Jung-Beeman et al. [2004] found
high activity in the right hemisphere anterior superior tem-
poral gyrus when subjects solved a verbal task based on
insight. The disagreement among the three groups may be
due to the different verbal creative tasks that each group
used. Bekhtereva et al. [2000, 2004] used more elaborate
task procedures, such as composing a story using a list of

words, while Carlsson et al. [2000] used divergent thinking
and Jung-Beeman et al. [2004] applied “problem solving”
presented with words. Another reason for the different
results might be that creative tasks involving a verbal com-
ponent activate more complicated networks and informa-
tion processing than other types of creativity, such as artis-
tic creativity. For artistic creativity, both EEG studies and
patient studies have consistently identified a specific role of
the right frontal area. Bhattacharya and Petsche [2002, 2005]
showed that in artists, even at the stage of visual perception
or visual memory, without a creative task, the EEG of the
right hemisphere showed greater synchrony than the left
hemisphere. Conversely, they found that hemispheric
asymmetry was less significant in nonartists, indicating that
the right hemisphere has a specific function in professional
artists. Clinical studies have also reported that artistic crea-
tivity has emerged in patients after damage to the left pre-
frontal area [Finkelstein et al., 1991, Mendez, 2004; Miller
et al., 1998, 2000] and suggested that the decrease in activity
of the left prefrontal area led to the emergence of the
patients” artistic creativity.

For these reasons, we tried to measure artistic creativity
separately from verbal creativity. To do so, we created a
new task by designing a new tool (a pen). Generally, when
professional designers start to conceptualize a new idea,
they begin searching for clues for their new designs through
visual information from nature or from existing designs
and use pictorial representations, such as sketches [Purcell
and Gero, 1998]. As this process requires no verbal compo-
nent, we used this feature of conceptualization of designs to
visualize the brain network involved in “artistic creativity.”
To measure brain activity, we used fMRI and examined
blood oxygenated level-dependent (BOLD) signal changes
when subjects tried to conceptualize a new pen design.

Professionally trained individuals in a particular field
show clear differences in brain activity compared to ama-
teur subjects [Hanakawa et al., 2003; Ouchi et al., 2005].
Therefore, we compared design-major and non-design-
major students to elucidate the change in neural networks
implemented by design training. For this analysis, we used
structure equation modeling (SEM), which has been applied
to small sample data (less than 100) for neural network
analysis, such as connectivity analysis of the mouse brain
[Bruchey et al., 2007; McIntosh and Gonzalez-Lima, 1994a,
1995; Puga et al., 2007] or PET/fMRI studies of the human
brain [Buchel and Friston, 1997; Darling et al., 2007; Koechlin
et al., 2003b; McIntosh and Gonzalez-Lima, 1994b; Nyberg
et al., 1996; Stein et al., 2007; Zhuang et al., 2005]. We found
that professional training reorganized brain activation pat-
terns, which was correlated with increased creativity.

METHODS

Subjects

All subjects were undergraduate or graduate students at
the University of Tsukuba. The intelligence levels of sub-
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Figure I.
Task sequence. Following to 4 s presentation of a picture of pen, a fixation cross was presented
for 12 s. Subjects were asked to think about new designs during pen presentation.

jects were similar, as they had similar scores on the
“Center Entrance Examination” administered by the Japa-
nese government. The design-major (designated as
“expert”) subjects were undergraduate and graduate stu-
dents in the Department of Art and Design who had
received at least 2 years of artistic training (20-28 years
old; average training period after admission to the univer-
sity was 5.9 * 3.9 years; 8 men and 12 women). The nov-
ice subjects (8 men and 12 women) were students of disci-
plines other than art (4 information science, 4 engineering,
3 medicine, 2 psychology, 2 biology, 2 sociology, 1 physics,
1 philosophy, and 1 economics); these subjects had the
same age distribution as the experts, but had not received
any artistic training. The study protocol was approved by
the ethics committees of the National Institute of
Advanced Industrial Science and Technology and the Uni-
versity of Tsukuba, and was performed in accordance with
the ethical standards laid down in the 1964 Declaration of
Helsinki. All subjects provided written informed consent
prior to participating in the experiments.

Experimental Tasks

We chose the task of “designing new pens” for evaluat-
ing creativity because the intended purpose of a pen is
clear and it is easy to design, even for artistic novices. The
visual stimuli were black-and-white photographs [4°
(width) X 3.4° (height)] of pens projected on a screen, and
subjects viewed the images through a reflecting mirror. Fif-
teen pictures (one pen per picture) were presented at the
center of a subject’s visual field for 4 seconds in a random
order followed by a fixation point (1° X 1° cross) for 12
seconds (see Fig. 1). In the designing task, each subject
was instructed to try to think about new designs for pens
as they looked at photographs of each pen while they

were inside the MRI scanner and to refrain from designing
during fixation point presentation. They were also
instructed to draw the designs after the MRI session with
reference to the original pen with which they were
inspired. As a control task, a simple viewing task was not
appropriate because expert subjects had a tendency to
think of new designs whenever they saw visual objects.
Instead, we used a “counting task” in which subjects were
instructed to count the total number of pens during one
session, which involved the presentation of 15 pictures,
and they were asked to state the number after the session.
The control task always preceded the designing task, and
the instructions about the design task were given after fin-
ishing the counting task to avoid designing activity during
the control. We did not mix the counting and designing
tasks in one session because it was impossible to switch
between the two tasks.

Evaluation of Creativity

Creativity is generally agreed to include two defining
characteristics: “the ability to produce work that is both
novel (i.e., original, unexpected) and appropriate (i.e., use-
ful, adaptive concerning task constraints)” [Diertich, 2004;
Sternberg and Lubart, 1999, p. 3]. In the pen-designing
task, it is easy even for novices to consider both aspects.
The design of our new task also fits well with the model
of a creative task proposed by Damasio [2001], which
states that the following subprocesses are necessary for
artistic creativity: generation of representational diversity,
manipulation of representational diversity, and recognition of
novel representation. With the external stimulus (presenta-
tion of a pen) one creates images (generation) and working
memory can hold, rearrange, and restructure these repre-
sentations (manipulation). The originality of each design
was evaluated (recognition) by four professional designers
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according to the Japanese GOOD DESIGN award criteria
(http:/ /www.g-mark.org/). They graded the work on a
scale from 1 to 10, with 10 being the best, depending on
how original a new design was compared to the picture
used to initiate the subjects” creativity. (We designated this
grade as the “Originality Score,” or OS.) They were not
told whether the designs were created by experts or novi-
ces. Although the aesthetic perception (recognition) may be
primarily subjective, the creative artists seemed to possess
similar standards for recognizing the originality of pen
designs. The reliability of the OS as a creativity scale was
tested in a reliability analysis, which gave Cronbach’s
alpha of 0.707 (>0.7) among the four professional design-
ers. Therefore, designing new pens met all three criteria
(generation, manipulation, and recognition) and was a suita-
ble task for measuring artistic creativity. This presumption
was also validated by the result that design-major students
had higher scores on the originality indices than novice
subjects, as expected.

The average score of the four referees for a single new
design was designated as “the originality score for a new
pen design,” or OSpen. To quantify each subject’s creativity,
we defined three indices: #1; the highest OSpen achieved by
a subject, #2; the productivity or number of designs pro-
duced by a subject, and #3; the OSsub or the originality
score for an individual subject, which was calculated by
adding the OSpen of all designs created by each subject,
and represented the combined outcome of the subject’s pro-
ductivity and the originality of each product. We did not
use the average OSpen as an index because it was not corre-
lated with the BOLD signal change.

fMRI Data Acquisition

A time-course series of 79 volumes was acquired with
T2*-weighted, gradient echo, echo planar imaging (EPI)
sequences with a 3.0 T MRI system (Signa Horizon; General
Electric Medical Systems, Milwaukee, WI) equipped with a
standard birdcage head coil. Each volume consisted of 16
to 18 slices with a slice thickness of 6.0 mm (2.0 mm gap).
The TR was 3,200 ms, the TE was 30 ms, and the flip angle
was 90°. The digital in-plane resolution was 64 X 64 pixels.
For anatomical information, high-resolution T2-weighted
images of the same slices of EPI scans were acquired with a
spin echo sequence, with a 20-cm field of view (256 X 256
matrix, 16-18 slices, TR 5,000 ms, TE 98 ms).

fMRI Data Analysis

The image data were analyzed using Statistical Paramet-
ric Mapping 2 (SPM2; Wellcome Department of Imaging
Neuroscience, London, UK; http//www. fil.ion.ucl.ac.uk/
spm) implemented in MATLAB (MathWorks, Natick, MA).
An interpolation method was applied to every MRI slice
image to correct for the temporal offset between the slices
acquired in each volume of the scanned brain. The first
four volumes of each fMRI run were discarded due to
unsteady magnetization, and the remaining 75 volumes

were used for the statistical analysis. To correct for the
head motions of each subject during MRI, the images were
realigned to the last EPI volume, which was co-registered
with the subjects” high-resolution T2-weighted anatomical
images, which were spatially normalized to the SPM2 tem-
plate [Montreal Neurological Institute (MNI)] space. Then,
normalization parameters were applied to the EPI images
and all of the EPI images were normalized spatially into
the MNI brain template. All of the normalized EPI images
were smoothed using an isotropic Gaussian kernel (8 mm®
full-width at half-maximum) to increase the signal-to-noise
ratio in the images and to facilitate inter-subject group
analyses. A 32-second temporal high-pass filter was
applied to the data to remove low-frequency noise. Signifi-
cant increases in the hemodynamic response related to re-
gional brain activity for designing or counting during each
trial consisting of the presentation of pens and the fixation
point were detected as voxel-wise f-statistics using the
general linear model implemented in SPM2 [Friston et al.,
1995]. The results for each subject were used for the group
analysis using a random-effect model of two separate one-
sample f-tests (one for each experimental task: design or
counting task). All results for the random-effect models
were corrected for multiple comparisons (FDR corrected, P
< 0.05). First, we compared the design tasks of expert and
novel subjects directly, or between design and counting
tasks, but no statistically significant result was observed.
Therefore, we performed region of interest (ROI) analysis.

ROI Analysis

For regions in which significant activation was detected,
ROIs were defined by the anatomical parcellation of the
normalized brain [Tzourio-Mazoyer et al., 2002], i.e., the in-
ferior frontal gyrus (IFG) pars triangularis gyrus (prefrontal
cortex; PFC), inferior parietal region (parietal cortex; PC),
inferior temporal cortices (IT), anterior cingulate (including
paracingulate) gyri (AC), and hippocampus. The mean
BOLD signal changes within each ROI were estimated, and
the values were compared between the two ROIs, including
the left and right matching ROIs, by two-tailed ¢-test.

Statistical Analysis

The relationship between BOLD signal changes and cre-
ativity indices were analyzed using Pearson’s correlation
coefficient for OSsub and productivity, as these indices fol-
lowed normal distributions (P > 0.05, by K-S test), and the
Spearman correlation analysis for the highest score
(highest OSpen), as it did not follow a normal distribution
(P < 0.05, by K-S test).

For the models of artistic creativity, we used Structural
Equation Modeling (SEM). The models were estimated by a
maximum likelihood method using Amos software (SPSS, To-
kyo, Japan). First, to measure the effects of training on brain
activities and on regional brain interactions while designing
new pens, structural models were computed for a combined
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data of expert and novice subjects by minimizing the differ-
ence between observed and predicted covariances of standar-
dized signal changes. In this case, the training period of each
expert subject was used as the training factor. We then
applied multiple model analysis by dividing the novice and
expert groups and removing the training factor to compare
the coefficients of each path between the two groups. For
specifying the best-fit model, we referred to the following fit
indices: GFI, goodness of fit index; CFI, comparative fit index;
RMSEA, root mean square error of approximation.

RESULTS

Comparison of the Three Indices of Creativity
Between the Expert and Novice Groups

As a factor that influences creativity, the training period
was calculated for design-major students as the number of
years since admission to the undergraduate design course
of our university, and was found to be 5.90 (mean) * 3.92
(SD) years (n = 20) (in the rest of this paper, “the mean *
SD” is used).

In terms of productivity, the expert subjects produced 3.59
+ 1.74 (n = 20) new designs, while the novice subjects pro-
duced 2.68 = 1.74 (n = 20). The difference between the two
groups was not significant (P = 0.081, P > 0.05, two-tailed ¢-
test). However, when the highest OSpen by a subject was
compared between the expert and the novice groups, the
expert group (5.77 * 1.81) showed higher scores than the
novice group (4.51 = 1.28; P = 0.015, P < 0.05, two-tailed t-
test). In terms of the OSsub, which was a combination of
productivity and average OSpen of a subject, the expert
group (15.6 = 7.9) showed a significantly higher score than
the novice group (8.8 * 6.9) (P < 0.001, two-tailed t-test).
Thus, the creativity represented by the three indices was
higher in the expert group than in the novice group.

fMRI Analysis

We observed a general tendency that activated areas
were more limited in the expert group than in the novice
group. The commonly activated regions among the novice
and expert groups during the design task were the right
inferior frontal gyrus (IFG) (parts of BAS, 9, 44, and 45) of
the prefrontal cortex, bilateral occipital cortices (BA37),
right inferior parietal cortices (PC) (BA19), bilateral inferior
temporal cortices (BA21, 22), and bilateral hippocampus
(Table I, Fig. 2). The major differences between the two
groups during the design task were found in the PFC, PC,
and the anterior cingulate cortex (AC). In the expert group,
a right and left hemispheric difference was obvious; only
the right PFC and PC were activated in the expert group,
whereas in the novice group, bilateral PFC and PC were
activated (Fig. 2A). The AC did not show any activation in
the expert group.

In the control task (counting task), no significant differ-
ences were observed between the two groups. (Fig. 2B).

Thus, we observed a general tendency of decreased activ-
ity of the left hemisphere in the expert group during the
design task. However, voxel-based analysis did not reveal
statistical differences between the expert and novice
groups, apart from the difference in the AC. Contrasts
between the design task and the counting task in either
group did not show significant differences. Therefore, we
used ROI analysis to evaluate the activity differences
between the left and right corresponding brain areas in
both groups.

Laterality by ROl Analysis

A comparison of the mean voxel intensities between
matching ROIs of the left and right sides revealed several
areas that showed laterality (Figs. 2 and 3). The right sides
of the PFC and PC showed clear dominance to the left
sides (P < 0.01 for PFC, P < 0.05 for PC, n = 20) during
the designing task in the expert group, but not in the nov-
ice group. An interesting observation was that, during the
design task, the expert group showed a negative BOLD
signal change in the PC, whereas a positive BOLD signal
change was observed in this region in the novice group
(see Fig. 3). The difference in the BOLD signal changes in
the left PC between the expert and novice groups was stat-
istically significant.

In the control counting task, no ROI showed a signifi-
cant difference in activation between novice and expert
subjects (Figs. 2B and 3) or in laterality.

Correlation Between Three Indices of Creativity
and the Brain Activation Pattern

To further confirm the relationship between individual
brain areas and creativity, we used a correlation analysis
between the three creativity indices and BOLD signal
changes of each ROI, or of the difference between two
ROIs (left-right, or prefrontal-parietal, etc.). The expert and
novice groups showed different correlation patterns (Table
II, Fig. 4). In the expert group, all three indices of creativity
showed correlations with [right PFC activity-left PFC activ-
ity] (Table II, Fig. 4), but not with right PFC or left PFC ac-
tivity per se. This result indicated that the direct or indirect
interaction between the right and left PFC might contribute
to producing highly original designs in the expert group.
In contrast, these correlations were not observed in the
novice group. Instead, we found the inverse correlation of
three creativity indices with BOLD signal changes of the
right PC or with that of the left PC (Table II and Fig. 4),
which were not observed in expert subjects.

None of the other brain regions that were activated by
the design task (listed in Tables I and II) showed signifi-
cant correlations with creativity indices in either group.
Although the AC showed a high activity in novice sub-
jects, this region was not correlated with the creativity
indices and may represent the difficulty of the design task
for novice subjects [Fincham and Anderson, 2006]. Thus,
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TABLE I. Regional activation by design and counting tasks in expert and novice subjects

Cluster P value
size (corrected)  SPM{Z} X y Z (mm) Area
Expert design 855 0 6.65 =30 —60 —-18 Left fusiform gyrus
0 6 -27 =81 12 Left middle/occipital gyrus
952 0 571 27 =75 36 Right middle/occipital gyrus
0 5.51 36 54 —18 Right fusiform gyrus
35 0 4.84 -18 -27 -3 Left hippocampus
183 0 4.84 45 15 27 Right inferior frontal gyrus
80 0 4.56 33 54 54 Right inferior parietal gyrus
19 0.001 4.3 42 3 48 Right precentral gyrus
28 0.001 4.03 24 =27 3 Right thalamus
0.002 3.82 18 —-30 -3 Right hippocampus
16 0.004 3.6 —36 6 33 Left precentral gyrus
Expert count 1194 0 5.96 36 —63 -12 Right fusiform gyrus
1029 0.001 4.76 -30 —42 —-18 Left fusiform gyrus
136 0.001 4.67 45 9 27 Right inferior frontal gyrus
61 0.002 437 9 =30 27 Right thalamus
96 0.002 4.31 3 9 48 Right anterior cingulate gyrus
66 0.003 4.07 -39 3 27 Left inferior frontal gyrus
34 0.004 3.9 18 27 0 Right thalamus
121 0.004 3.89 —18 21 —6 Left putamen
Novice DESIGN 1739 0 6.75 33 —69 -15 Right fusiform gyrus
1549 0 6.44 -30 51 —-15 Left fusiform gyrus
321 0 5.43 45 9 30 Right inferior frontal gyrus
64 0 5.28 -15 =30 0 Right thalamus
246 0 5.08 -3 9 48 Left supplemental motor area/anterior cingulate gyrus
125 0 4.46 -39 3 30 Left inferior frontal gyrus
27 0 414 -39 -12 48 Left precentral gyrus
76 0.001 3.99 45 0 51 Right precentral gyrus
Novice count 33 0.001 3.85 18 —66 6 Right calcarin/lingual gyrus
4597 0 7.11 -24 —-63 -12 Left fusiform gyrus
605 0 54 51 27 18 Right inferior frontal gyrus
632 0 4.88 -39 6 36 Left precentral/inferior frontal gyrus
121 0 481 -18 30 -3 Left hippocampus
138 0 4.31 21 =27 0 Right thalamus
322 0.001 4.08 9 6 54 Right supplemental motor area/cingulate gyrus
30 0.006 3.3 51 —30 48 Right spuramarginal/inferior parietal gyrus
48 0.007 3.21 45 -6 45 Right precentral/inferior frontal gyrus
21 0.013 3 9 =33 27 Right posterior cingulate gyrus

The activated points of local maximum in each cluster are listed in reference to Talairach coordinates, with corrected P values and val-

ues of SPM (2).

the regions that are responsible for artistic creativity were
narrowed down to the PFC and PC.

In novice subjects, the suppression of the PC seemed to
be the major basis for creating new designs of high origi-
nality. These areas were also the target of modification by
training, as significant suppression was observed in expert
subjects. Based on these observations, we postulated that,
after the design training, brain regions that are involved in
yielding high creativity indices shifted from the PC to the
PFC. Using structure equation modeling, we explored
models that could explain the observation.

Structure Equation Modeling

We formulated a number of models based on our results
and currently available anatomical data. We presumed
that (1) “training” and “innate” factors have effects on cre-

ativity and brain activity, (2) an innate factor is manifested
as brain activity in novice subjects, (3) a “training” factor
is indicated quantitatively as “years after the admission to
the university” (We did not include pre-admission train-
ing, as we did not know the quality of previous training),
and (4) brain activities of the PC and PFC affect the two
indices of creativity: the highest score and productivity,
which in turn affect OSsub. Under these presumptions, we
compared a number of models and selected the one with
GFI > 0.95, other fit indices > 0.95 and RMSEA < 0.01.
Figure 4A shows the best-fit model that included a train-
ing factor (GFI: 0.94, NFI: 0.95, RMSEA < 0.001). The
arrow from training is directed only to the left PC because
effects of training on other brain areas were not statisti-
cally significant, and models including other paths from
training (including those to the PFCs) did not clear the
above criteria or resulted in inferior fit indices. In this
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Figure 2.

Activated brain regions during (A) the designing task and (B)
the counting task (control). Red areas indicate activation in the
novice group, and green areas indicate activation in the expert
group. Yellow areas were activated in both groups. Blue arrows
indicate the left PFC and PC region. (C) A frontal section in
which ROI of the inferior frontal gyrus pars triangularis of the
prefrontal cortex (PFC) was outlined. (D) and (E) Active regions
with the design task are shown in red for the (D) expert and
(E) novice groups, respectively. The “I” and “r” in (E) indicate the
left and right sides, respectively.

model, the training exerts a negative “direct” effect on the
left PC (—0.36), which means that training decreases the
activity of the left PC. The PFC and right PC, however, do
not receive a direct effect from training, but training had a
positive effect (as the “total” effects) on right PFC (0.03)
via indirect paths. Other brain regions, such as the left
PFC (—0.03) and right PC (—0.12), received only negative
effects from training as the total effects. These predictions
are in accordance with fMRI observations that, in the
expert group, right PFC activity was high, whereas activ-
ities of the other three regions were suppressed (see Fig.
5), as compared to novice subjects.

Another prediction of this model is that left parietal ac-
tivity has a “negative” effect on the highest OSpen; there-
fore, if left PC activity is low, the subjects would show a
high score in the highest OSpen. This is in accord with the
behavioral result that the “the highest score” was signifi-
cantly higher in the expert group, who had low (negative)
left PC activity, than in novice subjects, who had high
(positive) left PC activity (see Fig. 5).

Expert: design task Expert: counting task

04
0.24
*
— 0.2

y e
S *%k
© + 0.
5 RPFC __ RPC RPFC __ RPC
= L-PFC L-PC LPFC LPC
c
S} . .
® Novice: design task ~ Novice: counting task
9
®)
M 0.2 0.4
i i i

0 el P

R-PFC R-PC R-PFC R-PC
L-PFC L-PC L-PFC L-PC
Figure 3.

Comparison of the % BOLD signal change between the left and
right cortices by ROI analysis in the design and counting tasks
(control). PFC, prefrontal cortex; PC, parietal cortex. ** indi-
cates a statistical difference of P < 0.01; * indicates a statistical
difference of P < 0.05 by t-test. The error bars show the stand-
ard deviation. Note that significant right and left differences in
the PFC and PC were observed in the designing task of the
expert group.
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TABLE Il. Correlation between three creative indices and bold signal change in design task

Expert Novice
With With With the With With With the
Brain areas OSsub productivity highest score OSsub productivity highest score
L prefrontal r = 0.022 r = 0.043 r = 0.076 r = —0229 r = —0.268 r = —0.007
P =0.926 P =0.857 P =10.749 P =10.332 P =0254 P =10974
R prefrontal r = 0.350 r = 0.340 r = 0.360 r = —0.256 r = —0.329 r = 0.016
P =0.131 P =0.142 P =0114 P =10.276 P =10.157 P =10.944
[R-L] prefrontal r = 0.539° r = 0.488° r = 0.454° r=—0.016 r = —0.056 r = 0.011
P =0.014 P = 0.029 P = 0.044 P = 0.945 P =0.816 P =0.962
L parietal r = —0.093 r = —0.066 r=—0.07 r = —0.593% r = —0.600" r= —0.492"
P = 0.696 P =0.783 P =0.754 P = 0.006 P = 0.005 P = 0.028
R parietal r = —0225 r = —0.301 r=—0277 r= —0.514" r = —0.573" r = —0287
P =10.339 P =10197 P =10.235 P = 0.02 P = 0.008 P =10.218
[R-L] parietal r = —0.140 r = —0.228 r = —0.262 r = 0.195 r = 0.131 r = 0.319
P =0.557 P =0.333 P =0.263 P = 0410 P =0.581 P =10.169
R prefrontal — r = 0.395 R =0.428 r = 0.159 r = 0.081 r = 0.046 r = 0.158
R parietal P = 0.085 P = 0.06 P = 0.504 P =0.736 P =0.847 P = 0.506
L prefrontal — r = 0.059 r = 0.065 r = 0.181 r=0.214 r =0.175 r=0.147
L parietal P =0.804 P =10.758 P =0.443 P =0.365 P = 0.460 P =0.535
Anterior cingulate r = —0.085 r = —0.038 r = —0.004 r = 0.026 r = —0.009 r = —0.012
P =10.721 P =0.874 P =10.984 P =10915 P =10.970 P =0.959
L inferior temporal r = 0.200 r=0173 r = 0.134 r = 0.304 r=—0377 r= —0.144
P =0.399 P = 0.465 P =0574 P =0.192 P =0.192 P = 0.546
R inferior temporal r=0.111 r = 0.130 r = 0.186 r = —0.077 r = —0.183 r = 0.082
P =0.642 P = 0.585 P =10434 P =0.747 P =0.439 P =10.730
[R-L] inferior temporal r = 0.104 r = —0.059 r = 0.151 r = —0.200 r = —0.261 r= —0.326
P =0.662 P = 0.806 P =0.525 P =0.397 P =0.267 P =0.161
R hippocampus r = 0.059 r = 0.100 r = 0.056 r = 0419 r = 0.420 r = 0.037
P =0.803 P =0.674 P =10.813 P = 0.066 P =0.065 P =10.874
L hippocampus r = 0.048 r = 0.067 r = 0.098 r = 0.363 r= 0272 r = 0.130
P =0.839 P =10.777 P =10.679 P =0.116 P = 0.246 P =0.582
R-L hippocampus r = —0.034 r = 0.075 r = 0.004 r = 0.071 r =0.196 r=—0.192
P =0.886 P =0.753 P =10.984 P =10.766 P =0.407 P =0415

?Indicates a statistical difference of P < 0.01.
P Indicates a statistical difference of P < 0.05 by Pearson for OSsub and productivity, and by Spearman for the highest score.

A Expert : R-L frontal B Novice : L parietal C  Novice : R parietal

r=-0.46
p=0.044

r=-0.56

p=0.011 307 »

02 0 02 0.2 0 0.2
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Figure 4.
Correlations between individual originality scores (OSsub) and BOLD signal changes in the
regions indicated. (A) A correlation in the right PFC—left PFC in expert subjects. (B) and (C)
Correlations in the left PC and right PC in novice subjects, respectively. The axis indicates
OSsub or productivity, and the abscissa indicates the % BOLD signal change. The “r” indicates
the correlation coefficient with P-value.
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Structural Equation Modeling. (A) Shows the best fit model with the training factor based on
presumptions (see text of results). The paths with coefficients are shown (covariance or variance
of errors are not shown). (B) Indicates multiple group analysis for the novice and expert groups.

We then applied multiple group analysis to this model
without the training factor for comparison of novice and
expert groups. Figure 5B shows the best-fit model, in
which GFI was 0.92, CFI was 1.0, and RMSEA was <0.001.
The major difference between novice and expert subjects
was observed in the path from the right PFC to the left
PFC. The coefficient of this path was small and positive in
novice subjects but became prominently negative in expert
subjects, which suggests suppression of the left PFC by the
right PFC, and thus can account for the low left PFC activ-
ity in this group.

DISCUSSION

In the expert group, all three indices of creativity
were correlated with [right PFC activity-left PFC activ-
ity] (Table II, Fig. 4A), but not with the right PFC or
left PFC activity per se. This suggests that a direct or
indirect interaction between the right and left PFC con-
tributed in producing highly original designs in the
expert group. In contrast, in the novice group, whereas
the tendency of right PFC dominance was neither statis-
tically significant nor correlated with creativity, the right
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PC and left PC showed inverse correlations with crea-
tivity.

To explain this phenomenon, SEM elucidated a possible
change in recruited neural networks after training. SEM
predicted that training decreases the activity of the left PC
directly, which had a negative correlation with creativity.
Then, suppression of the left PC by training in turn feeds
positive signals to the right PFC as the “total” effect. Train-
ing also suppresses the activity of the right PC and left
PFC indirectly. Therefore, right PFC activity overrides left
PFC activity, and the activities of both sides of the PC
decrease. These predictions are in accordance with fMRI
observations that, in the expert group, right PFC activity
was high, whereas the activities of the other three regions
were suppressed.

SEM

SEM is generally applied for samples over 100, although
it has been applied successfully to small sample data (n =
7 to 83) for neural network analysis, such as connectivity
analysis of the rodent brain [McIntosh and Gonzalez-Lima,
1994a; Puga et al., 2007] and PET/fMRI studies of the
human brain [Darling et al., 2007; Koechlin et al., 2003;
McIntosh and Gonzalez-Lima, 1994b, 1995; Nyberg et al.,
1996; Stein et al., 2007; Zhuang et al., 2005]. Buchel and
Friston [2000] stated that “in terms of neuronal systems, a
measure of covariance represents the degree to which the
activities of two or more regions are related (i.e., functional
connectivity). The study of variance-covariance structures
here is much simpler than in many other fields; the inter-
action of the dependent variables (regional activity of brain
areas) is anatomically determined and the activation of
each region can be directly measured with functional brain
imaging. This represents a major difference to ‘classical’
structural equation modeling in the behavioral sciences,
where models are often hypothetical.” In addition, the fol-
lowing points may validate the application of SEM to our
results. With small samples, computed values may not fit
the chi-square distribution, and so the chi-square test is
thought to be inaccurate [Bearden et al., 1982]; however, our
models were estimated using a general least squares
method, which performs better with smaller sample sizes
[Bentler and Yuan, 1999; Hu and Bentler 1998; Lei, 2007]. In
addition, although our sample size was small (n = 40), the
following indices showed a good fit: (1) NFI showed a good
fit of 0.9, although it tends to underestimate the fit of models
with small samples [Bearden et al., 1982]; (2) IFI is an index
adjusted for “too small samples” [Bollen, 1989] and was 1.02
(good fit) for our model; and (3) CFI is good for estimating
model fit, even in small samples [Bentler and Yuan 1989].

Function of the PFC-PC Network
in Creative Artistic Tasks

Creativity requires cognitive abilities, such as working
memory, sustained attention, cognitive flexibility, and

judgment of propriety, which are typically ascribed to the
PFC. Many studies have emphasized the central role that
the PFC must play in creativity [e.g., Ashby et al., 1999;
Bechtereva et al.,, 2000, 2004; Carlsson, 2000; Damasio,
2001; Kornhuber, 1993; Martindale, 1999].

Functionally, the PFC is divided into dorsolateral (DL)
and ventromedial (VM) regions [see review by Wood and
Grafman, 2003]. The DLPFC has reciprocal connections
with brain regions that are associated with motor control
(basal ganglia, premotor cortex, and supplementary motor
area), performance monitoring (cingulate cortex), and
higher-order sensory processing (association area and pari-
etal cortex). Many researchers agree that the function of
the lateral PFC is broadly one of “executive control,” i.e.,
scheduling and optimizing subsidiary processes imple-
mented by posterior cortical or subcortical regions [Fuster,
2001; Miller and Cohen, 2001; Smith and Jonides, 1999;
Wood and Grafman, 2003]. Inhibition is postulated to be a
mechanism by which the PFC exerts its effects in imple-
menting executive control and is reported to be necessary
for motor control in human and animal models [Aron
et al.,, 2004; Fassbender et al., 2004; Garavan et al., 1999;
Roberts and Wallis, 2000; Rubia et al., 2003]. In a Go/
NoGo task, successful motor response inhibition was
related to the right inferior prefrontal cortex, while failure
to inhibit was associated with activation in the bilateral
inferior parietal cortex [Rubia et al., 2003]. Furthermore,
these studies specifically pointed out the involvement of
the right IFG in response inhibition [see review by Aron
et al., 2004]. The ability to shift between modes of thinking,
which is ascribed to a function of the DL-PFC [Garavan
et al.,, 1999; Konishi et al., 1998, Monchi et al., 2001], is
a prerequisite for creativity because the inhibitory control
is thought to suppress interfering stimuli for activating
appropriate memories and for initiating appropriate
reactions.

To perform flexible shifting for creativity, working mem-
ory is essential [Damasio, 2001]; this allows holding
knowledge in the mind that is relevant to the task (e.g.,
pictures of pens that one has seen during MRI), as well as
long-term memory (e.g., notions about the functions of a
pen), which may be needed as references.

Hemispheric laterality has been discussed in terms of
the memory system for both working memory and long-
term memory. Tulving et al. [1996] proposed that episodic
memory “encoding” is predominantly a left-hemispheric
function, while episodic “retrieval” is predominantly a
right-hemisphere function (task-type selective). In contrast,
Kelley et al. [1998] showed that the difference in the left
and right PFC did not depend on task type (encoding vs.
retrieval), but on the nature of the stimuli to be remem-
bered (face vs. words), and the right PFC seemed to
encode faces. Several studies have reported that the face-
encoding region for both working and long-term memory
was in the right VL-PFC [Braver, 2001; Nakamura et al,,
1999; Smith and Jonides, 1999]. The possibility exists that
not only faces, but also other pictorial memories, are proc-
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essed mainly in the right PFC because previous studies on
artistic creativity all point to right hemispheric dominance,
particularly of the frontal area [Bhattacharya and Petsche,
2002; Finkelstein et al., 1991, Mendez, 2004; Miller et al.,
1998, 2000].

The regions that showed correlations with creativity in
our experiment included the right IFG. The professional
design training may have facilitated right PFC dominance
during the creative design task by decreasing the activity
of the left PFC through inhibitory control. The stronger the
suppression to eliminate interfering information is, the
greater the creativity for original designs becomes. This in-
hibitory effect might be qualitatively equivalent to the
damage of the left prefrontal area in patients whose artistic
creativity has increased [Finkelstein et al., 1991; Mendez,
2004; Miller et al., 1998; Miller et al., 2000].

In the PFC, transcallosal fiber connections have been
reported anatomically in rodents and primates [Carr and
Sesack, 1998; Soloway et al., 2002]. Using a visual memory
retrieval task in monkeys, Hasegawa et al. [1998] showed
that both sides of the PFC communicated through the an-
terior part of the corpus callosum. In rodent studies, these
transcallosal fibers synapse on GABA neurons in the con-
tralateral PFC [Carr and Sesack, 1998]. Therefore, in the
expert, highly creative subjects, a transcallosal inhibitory
pathway may exert inhibitory control from right to left in
the PFC.

To design a new pen, the subjects had to use mental im-
agery and spatial transformation. These cognitive proc-
esses, as shown in many previous studies, elicit activation
in a frontoparietal network. Ishai et al. [2000] and Mechelli
et al. [2004] reported that during visual imagery, when
subjects generated mental images of objects from long
term memory, effects in occipito-temporal cortex were
mediated by backward connections from prefrontal, or
from superior parietal cortex, to occipito-temporal cortex.
In their case, while temporo-occipital activation by visual
imagery clearly showed left hemispheric dominance, left
and right PFC (or PC) showed similar level of activity
with no obvious dominance in laterality. In simple im-
agery task as they used, right PFC dominance may not be
required, however, under the load of creative task, right
PFC dominance might emerge as it requires response inhi-
bition of unwanted visual memories and the inhibition is
exerted through right IFG [Aron et al., 2004].

A previous report suggested that activity in the parietal
cortex reflects general visuospatial processing necessary
for discriminating the transformed views of stimuli. The
inverse correlation of the activity of the PC with creativity
in the novice group suggested that while the task is unfa-
miliar (before training) to subjects, the decrease of activity
in bilateral PC regions might be crucial for yielding
designs with a high originality score. As this region is
known to function during mental manipulation of objects
[Seurinck et al., 2005], the low creative novice subjects may
be trying to create new designs merely by “modifying”
pictures that they were observing. Literatures that

addresses the possible cerebral localization of mental rota-
tion contains mixed results in terms of the laterality of the
PC; while most of the reports showed right PC (or hemi-
sphere) dominance [see Cohen, 1996; Ditunno and Mann,
1990; Harris et al., 2000], others showed left PC dominance
[Alivisatos et al., 1997] or the involvement of the PC bilat-
erally [Jordan, 2001], in which case a more complex rota-
tion task such as three-dimensional objects, elicited greater
activation of the alpha band or ERP in the right PC [Mili-
vojevic, 2003; Roberts and Bell, 2003]. We found a negative
correlation between the activities of both side of the PC
with creativity, indicating that visuospatial processing,
such as mental rotation of an object in the PC, is somehow
interfering with the creative process leading to new
designs. The activity of this region (particularly on the left
side) was suppressed in the expert group, and the SEM
analysis indicated that the left PC was the primary site of
the effect of training; the inhibition of activity of the left
PC seemed to occur first and as training progressed, the
inhibition was extended to the right PC and left PFC.

Our findings support hypotheses that creativity is the
outcome of processes that involve multiregional interhemi-
spheric interactions, and delineate the effect of training on
parietofrontal network, which results in the increase of
creativity.
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