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Cognitive and neural processes underlying visual creativity have attracted substantial

attention. The current research uses a critical time point analysis (CTPA) to examine

how spontaneous activity in the primary visual area (PVA) is related to visual creativity.

We acquired the functional magnetic resonance imaging (fMRI) data of 16 participants

at the resting state and during performing a visual creative synthesis task. According

to the CTPA, we then classified spontaneous activity in the PVA into critical time

points (CTPs), which reflect the most useful and important functional meaning of the

entire resting-state condition, and the remaining time points (RTPs). We constructed

functional brain networks based on the brain activity at two different time points and

then subsequently based on the brain activity at the task state in a separate manner. We

explore the relationship between resting-state and task-fMRI (T-fMRI) functional brain

networks. Our results found that: (1) the pattern of spontaneous activity in the PVA may

associate with mental imagery, which plays an important role in visual creativity; (2) in

comparison with the RTPs-based brain network, the CTP-network showed an increase

in global efficiency and a decrease in local efficiency; (3) the regional integrated properties

of the CTP-network could predict the integrated properties of the creative-network while

the RTP-network could not. Thus, our findings indicated that spontaneous activity in the

PVA at CTPs was associated with a visual creative task-evoked brain response. Our

findings may provide an insight into how the visual cortex is related to visual creativity.

Keywords: visual creativity, primary visual area, spontaneous activity, functional brain network, critical time point

analysis

INTRODUCTION

Visual creativity is an ability of generating useful and novel products in visual forms, which is very
useful in the field of drawing, photography, sculpture, and architecture (Aziz-Zadeh et al., 2013).
Being a highly complex cognitive function, visual creativity involved multiple processes, such as the
generation of ideas via spontaneous thinking and the evaluation of ideas, to check whether a new
association could be executed or not (Pidgeon et al., 2016; Kleinmintz et al., 2019). Thus, rather than
the isolated brain regions, the distributed networks of brain regions are thought to be necessary for
visual creativity (Dietrich and Kanso, 2010). Aziz-Zadeh et al. (2013) found that the visual creative
synthesis task, in comparison with the mental rotation task, evoked a more robust activity in the
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premotor cortex, medial prefrontal cortex (PFC), posterior
parietal cortex, and dorsolateral PFC. These regions could be
divided into different subnetworks, such as the sensorimotor
network, default mode network (DMN), and fronto-parietal
network (FPN). Previous studies on visual creativity tended to
emphasize the role of the DMN and FPN from a perspective of
large-scale network interactions (Beaty et al., 2015, 2016). For
instance, a study showed that there was a stronger functional
connectivity (FC) between the DMN and FPN in the planning of
a visual artwork compared to the pure resting mental activities
(De Pisapia et al., 2016). Similarly, Zhu et al. (2017) reported
that visual creativity was negatively related to FC within the
precuneus of the posterior DMN and right middle frontal gyrus
(MFG) of the FPN. Together, these studies revealed how the
DMN and FPN cooperate to support creative cognition.

However, emerging evidence has indicated that the
visual cortex (network) also played an important role in
visual creativity. For instance, several studies on task-state
neuroimaging showed that the visual cortex had higher
responses in creative visual tasks than in uncreative visual tasks
(Aziz-Zadeh et al., 2013; Huang et al., 2013; Park et al., 2015).
In addition, Chen et al. (2019) reported that visual creativity
showed a better performance, which was associated with a
stronger resting-state FC between the visual network, DMN,
and FPN. Similarly, a study from our laboratory also found
that the visual cortex was involved in the prediction of the
visual creative performance by using a graph-based resting-state
network analysis (Jiao et al., 2017). Nevertheless, a very few
works have directly explored the relationship between the
visual cortex (network) and visual creativity. Visual creativity
is typically defined as breaking of the imagined combinations
of familiar patterns and reconstructing practical and original
patterns (Finke, 2014). Thus, mental imagery plays a crucial
role in visual creativity (Palmiero et al., 2011). Previous studies
showed that the visual creative synthesis task was widely used to
explore visual creativity, and the generation and manipulation
of mental imagery is a key component of it (Finke and Slayton,
1988; Boccia et al., 2015; Palmiero et al., 2015). In addition,
spontaneous activity in the primary visual area (PVA), a core
region of the visual network, was proved to be tightly associated
with mental imagery (Zhang et al., 2018). Taken together, we
inferred that there was a relationship between spontaneous
activity in the PVA and a neural response to the visual creative
synthesis task.

In the resting-state neuroimaging studies, the traditional FC
analysis primarily focused on the correlation between the brain
regions based on an analysis of the whole scan session. Such
an analysis could not evaluate the characteristics of spontaneous
activity within a specific brain region (Wang et al., 2008) or
capture the potential variation of the brain response over time
(Liu and Duyn, 2013). However, the information regarding a
specific brain region is stored at a few critical time points
(CTPs), which show observable variations in terms of the signal-
to-noise ratio (Tagliazucchi et al., 2012). Compared with the
traditional FC analysis, the critical time point analysis (CTPA)
could examine the brain activities from the CTPs to reflect the
most useful and important functional meaning of the entire

resting-state condition (Wang et al., 2008). Consequently, the
present study using the PVA as a region of interest (ROI) and in
combination with the CTPA approach to explore the relationship
between spontaneous activity in the visual cortex and a creative
task-evoked brain activity. To conclude, we first collected the
functional magnetic resonance imaging (fMRI) data from the
same sample at rest and during performing a visual creative
synthesis task. Then, we used the CTPA to identify the pattern
of spontaneous activity in the PVA. Lastly, we constructed both
the resting-state and task-state brain network and investigated
the relationship between topological attributes of the resting-state
and task-fMRI (T-fMRI) brain network.

MATERIALS AND METHODS

Participants
A total of 16 healthy right-hand undergraduates (eight females,
mean age of all participants, 21 ± 1.37 years) were recruited
from South China Normal University (SCNU) in Guangzhou,
China. All participants had a normal or corrected-to-normal
vision. None of the participants had a history of neuropsychiatric
disorders or previously received creativity training according to
their self-report. A written informed consent was obtained from
each participant before the study. Our study was approved by
the Institutional Review Boards at SCNU. All participants were
requested to participate in MRI scans.

Stimuli and Tasks
General experimental procedures are shown in Figure 1IA and
thematerials used in the visual creative synthesis task and control
task (mental rotation task) are shown in Figure 1IB.

In the visual creative synthesis task, 18 pictures were used
as stimuli (Aziz-Zadeh et al., 2013; Finke, 2014). Each picture
included three line-shaped items, such as triangle, double
circle, and rectangle (Figure 1IB). Participants were informed to
create a novel and useful product based on the pre-presented
three items. This product should belong to one of the six
categories, including office appliances, furniture, toys, sport
objects, accessories, and buildings. For example, the category clue
is furniture, then three simple shapes (rectangle, double circle,
and triangle) were presented for 24 s, and the subjects were asked
to use these shapes to create a novel product in their mind during
this period. After 2–4 s blank interval, participants needed to
evaluate the novelty and usefulness of their products by pressing
the buttons in the MRI scanner, 1–4 score represented from the
lowest novelty or usefulness to highest (“1” and “2” with left hand
and “3” and “4” with right hand, Figure 1IB). Each category was
shown thrice, but the stimulus items in the picture were different
for each time.

In the control task (mental rotation task), the clues were
rectangle, triangle, or square, and the stimulus pictures were
synthesized by decomposing the regular shape (such as square,
triangle, and rectangle) to three parts and rotating an angle with
one fixed peak point of each part (Aziz-Zadeh et al., 2013).
Participants were asked to reunion the three parts back to a
regular shape by using the mental rotation for 24 s and estimated
whether these decomposed shapes could be synthesized to the
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FIGURE 1 | (I) Experimental procedure and materials. (A) General experimental procedures in detail; (B) samples of experimental categories and materials in the visual

creative synthesis task (left) and control task (right). (II) Data processing procedure. From (A to C) represent the resting-state fMRI (R-fMRI) data processing procedure;

from (B to C) demonstrate the Task-fMRI (T-fMRI) data processing procedure. PVA, primary visual area; GLM, general linear model.

original clue shape. If participants estimated the transformed
shape being the same as the shape of the clue, then used the
left hand to press the “1” button. Otherwise, they used the right
hand to press the “4” button (Figure 1IB). Each regular shape
was transformed into six irregular shapes, three for the consistent
condition and the remaining three for the inconsistent condition.
So, we had 18 transformed pictures in the control task. Consistent
and inconsistent trials were balanced in the control task. All
stimulus materials were in black and white, at a size of 680 ×

400 pixels.
In both the tasks, the participants laid supine on the scanner

bed and viewed the visual stimulus back-projected from a screen
through a mirror attached on the head coil. E-prime 2.0 was
used to present the stimulus (Psychology Software Tools, Inc.,
Pittsburgh, PA, USA) and the order of stimuli was randomly
chosen. The order of two tasks was counterbalanced across the
subjects. Before the fMRI, we asked all subjects to perform
practice trials on a laptop for being familiar with the instruction
of experiment and for understanding the detailed task. After the
fMRI, participants needed to perform a recall test to describe
the details of products that they created in the scanner for each
creative task trial. The recall test can help us confirm whether the
subject had completed the task as required.

Before our experiment, 40 students were recruited to evaluate
the difficulty and completion time of two tasks. The results
showed that there was no significant difference in the completion
time and difficulty between the creative task (M = 18 s, SD =

3.75) and control task (M = 17 s, SD= 3.26), p= 0.22.

MRI Acquisition
All the MRI data were acquired on a 3 T Siemens Trio MR
scanner with a 12-channel phased-array head coil at the Brain

Imaging Center of SCNU. For each subject, the resting-state
fMRI (R-fMRI) data were collected by using an echo planar
imaging (EPI) sequence with the following parameters: repetition
time (TR) = 2,000ms, echo time (TE) = 30ms, flip angle = 90◦,
field of view (FOV) = 224mm × 224mm, in-plane matrix size
= 64 × 64, slice thickness = 3.5mm, voxel size = 3.5mm ×

3.5mm × 3.5mm, and 32 axial slices. During the R-fMRI scan,
the participants were asked to open their eyes to fix a black cross
on the screen and lay in the scanner in a supine position. About
180 functional volumes were obtained in a 6min scan. The T-
fMRI data were collected by using the same sequence with the R-
fMRI scan. During the T-fMRI scan, the participants were asked
to perform a visual creative synthesis task and a control task. Each
run included 18 trials and lasted for 770 s (385 TRs; Figure 1IA).
Individual high-resolution brain structural images were acquired
by using a three dimensional (3D) T1-weighted magnetization-
prepared rapid gradient-echo (MP-RAGE) sequence.

fMRI Data Preprocessing
We used Statistical Parametric Mapping (SPM8, http://www.fil.
ioin.ucl.ac.uk/spm) and Data Processing Assistant for Resting-
State fMRI (DPARSF toolkit, http://restingfmri.sourceforge.net)
to preprocess the R-fMRI with the following steps: (1) the
first 10 volumes of the functional images were discarded to
account for signal equilibrium and a participant’s adaptation to
the immediate environment. (2) Slice timing and head motion
correction were applied to the R-fMRI images, and no participant
was removed because of a large head motion (larger than 1.5mm
of displacement or 1.5◦ of rotation in any direction). (3) All
images were normalized to the standard Montreal Neurological
Institute (MNI) space (voxel size = 3mm × 3mm × 3mm) by
using an EPI template and smoothed with a 4mm full-width
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at half-maximum (FHWM) Gaussian kernel. (4) The data were
band-pass filtered (0.01–0.08Hz) and detrended to decrease the
effects of physiological noise, data drift, and linear trend. (5) We
used a linear regression to remove nuisance covariates, including
the Friston 24 head motion parameters obtained by a rigid body
correction for head motion (Friston et al., 1996), white matter,
and cerebrospinal fluid signals.

Preprocessing of the T-fMRI data was performed by using the
SPM8. We discarded the first five volumes to account for the
signal equilibrium and participant adaptation to the immediate
environment. The preprocessing steps of the remaining 380
images included slice timing, head motion correction, the
normalization of all images to the MNI space (voxel size= 3mm
× 3mm × 3mm) using an EPI template, and smoothing of all
images using a 4mmFHWMGaussian kernel. High-pass filtering
(1/128 s) data were used to rule out the effects of scanner drift.

Definition of ROI
We chose the PVA (BA17) from the Brodmann’s area (BA)
atlas as a ROI using the WFU_Pick-Atlas (http://fmri.wfubmc.
edu/software/PickAtlas). We normalized the ROI image to the
standard EPI template and resampled it to coincide with the
preprocessed fMRI images in terms of the voxel size (3mm ×

3mm× 3mm). There were 213 voxels in the ROI of the PVA.

Identification of the Pattern of
Spontaneous Activity in the PVA
In this study, we used a CTPA applied by Wang et al. (2008)
to identify the pattern of spontaneous activity in the PVA at
the resting state. To guarantee the independence of each time
point, we chose 34 time points from 170 time points with an
interval of 5 TR (i.e., the 1st, 6th, . . . , 166th time point). For
the 34 time points, the following steps were performed on the
ROI of each participant based on the height and spatial extent of
signal changes:

1. We extracted the blood oxygen level-dependent (BOLD)
values from all voxels in the PVA at each time point and
transformed them into Z values.

2. We calculated the number of voxels with Z > 2 at each time
point, then ranked these time points in a descending order
according to the number of voxels with Z > 2.

3. If the number of the voxels with Z > 2 in the top 2 time points
was both over the 2.5% of the total voxel number in the PVA
(i.e., exceeded the Gaussian assumptions), we defined them
as CTPs.

4. Other time points were also defined as CTPs, provided that the
number of voxels of Z > 2 at this time point exceeded 2.5% of
the total voxel number within the PVA, and at this time point
more than 30% of voxels with Z > 2 appeared also in the set of
voxels with Z > 2 at higher ranked CTPs.

At last, we classified the 34 time points into two classes for each
subject: the CTPs and the remaining time points (RTPs) that did
not meet the abovementioned conditions. In addition, to exclude
the possibility that the movement of the subject in the scanning
session might influence the pattern of spontaneous activity in the
PVA that we detected, we applied a data exclusion criterion: the

parameters of head motion were larger than 1.5◦ in any of the
pitch, yaw, roll angular rotation axes or 1.5mm in any of x, y, z
translation direction axes.

To identify a neural network related to spontaneous activity in
the PVA, the following procedures were also carried out by using
SPM8. For each subject, the image of both CTPs and RTPs was
entered into a two-sample t-test to detect whether there was a
significant difference in the BOLD responses. Then, we obtained
an effect of interest (CTPs vs. RTPs) on a voxel-to-voxel basis over
the entire brain across all participants. Next, to detect the brain
regions related to the PVA-related spontaneous activity at the
group level, a set of contrast images were entered into a random
effect by using a one-sample two-tailed t-test.

Resting-State-Based Functional Networks
For R-fMRI, a functional network was constructed for each CTP
and RTP (Figure 1IIA–C). The nodes were defined by using
voxel cubes (a cube consisting of 3 × 3 × 3 voxels), which
parceled the whole brain based on the Anatomical Automatic
Labeling 90 (AAL90). The edges of the network represented the
similarity of BOLD values between every two nodes. By using
a cube similarity approach (Tijms et al., 2012), the correlation
coefficient of the cubes on the BOLD values in the voxels
of defined nodes was measured. Because the cubes with zero
variance in BOLD values were excluded (average across all
participants, 0.01%), only positive similarity values survived this
threshold. After constructing a brain network on each CTP or
RTP, we, respectively, averaged all network matrices under CTP
or RTP. Finally, we got a mean CTP functional network (CTP-
network) and mean RTP functional network (RTP-network) for
each participant.

Task State-Based Functional Networks
After preprocessing for T-fMRI, we performed a general linear
model (GLM) analysis to estimate the beta-valued images across
the whole brain for each of the 18 trials. For each subject, we
obtained the beta brain image, respectively, from the creative
manipulation phase and mental rotation phase (duration: 24 s).
Using the beta brain images, we could find more accurately the
whole brain responses corresponding to a creative processing and
control processing. Then, we used the beta brain image of creative
task and control task in a separate manner to construct a brain
network at an individual subject level using the same procedure
as in the R-fMRI data. In the end, we obtained a mean functional
brain network under the creative task (creative-network) and
control task (control-network, Figure 1IIB,C).

Network Analysis
We analyzed topological properties of four types of brain
networks (CTP-, RTP-, creative-, and control-network) based on
a graph theory and used the global efficiency (Eglob) and local
efficiency (Eloc) to depict the global network attributes in detail.
Eglob reflects the efficiency of a parallel information transfer
among nodes in the whole network, and Eloc is the average value
of the local efficiency of all nodes in the brain and indicates the
efficiency of information transfer in the local network and the
ability of the network to defend against random attacks. Two
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parameters were used to describe the local network topological
organization: nodal global efficiency (Eglob−nodal) and nodal local
efficiency (Eloc−nodal), which together indicated the efficiency of
information transfer of a node.

In addition, two normalized global parameters were used
to quantify small-world topography. The parameters are
normalized clustering coefficient, g = Cp

real/Cp
rand, and

normalized shortest path length, λ = Lp
real/Lp

rand. Cp
real and

Lp
real, which indicated the clustering coefficient and shortest

path length of the real brain network in a separate manner.
Moreover, Cp

rand and Lp
rand represented the mean value of the

corresponding parameter derived from 100 random networks
that have the same number of edges, nodes, and the distribution
of degrees as a real brain network. If a network met the following
criteria: g >> 1 and λ ≈ 1 or σ = g / λ > 1, we defined it as a
small-world network (Watts and Strogatz, 1998).

In the present study, five sparsities (ranging from 0.05 to 0.25
with an interval of 0.05) were used to threshold all elements
of each similarity matrix repeatedly, and each sparsity was
computed by dividing the maximum possible number of edges
in a network by a total number of edges. In the present study, we
not only calculated each network parameter that corresponded to
respective sparsity but also computed the integrated parameters
over the whole range of sparsity values.We defined the integrated
global parameters as:

Integrated X =

5∑

K=1

X(K1S)1S (1)

1S means the sparsity interval of 0.05, and X (K1S) represents
one of the global network parameters (Eglob or Eloc) at a sparsity
of K1S. In addition, the integrated nodal network parameters are
defined as:

Integrated Y =

5∑

K=1

Y(i,K1S)1S (2)

Y (i, K1S) indicates one of two nodal parameters (Eglob−nodal or
Eloc−nodal) at a sparsity of K1S.

Statistical Analysis
Non-parametric permutation tests (Bullmore et al., 1999) were
used to detect the difference in the global network parameters
between the CTP-network and RTP-network as well as between
the creative-network and control-network. The permutation tests
were performed 10,000 times on each parameter and got an
empirical distribution of the between condition differences and
used the 95% distribution as the critical value for a two-tailed test
of the null hypothesis with 5% type I error (false positive). Age
and gender were regressed out as covariates when we performed
the permutation test because these factors would affect the results
of the analysis.

Multiple linear regression analysis (MLRA) was used to
determine whether the nodal network properties based on
spontaneous activity in the PVA could explain the individual
variations in the network properties of the creative task across
the subjects. Dependent variables were the integrated global

network properties (Eloc or Eglob) of the creative-network,
and independent variables were the integrated nodal network
properties (Eloc−nodal or Eglob−nodal) under the CTPs. To reduce
the data dimensions, we only used the independent variables
that were significantly correlated (Pearson correlation, p < 0.01)
with the dependent variables in the regression. After obtaining
CTP-network-based regress models, which could explain the
variations in properties of the creative-network, we tested
whether they could be applied to predict the differences in global
network properties of the control-network. Besides, we extracted
the value of the nodal parameter (Eloc−nodal or Eglob−nodal) of the
RTP-network from the same node used in a CTP-network-based
regress model to detect whether the same model obtained from
the RTP-network could explain the variance in global network
properties of the creative-network.

RESULTS

Spontaneous Activity Patterns in PVA
No participant was excluded for an apparent head motion (i.e.,
> 1.5◦ or 1.5mm) at the resting state. For each subject, we found
that the level of brain activity at CTPs was higher than that at
RTPs in PVA. Sample data were selected from a single subject
(Figure 2A). In the group level, the number (mean ± SD) of
CTPs was 6.88± 1.63, which exceeded 20% of the 34 time points.
In addition, there were 213 voxels in the identified PVA. In our
study, the observed number (mean ± SD) of voxels with Z > 2
in the PVA at CTPs was 20.19 ± 4.31 (about 9.5% ± 2.0% of the
total voxels in ROI), which exceeded the expectation level (2.5%)
and suggested that the higher level brain activities in CTPs were
correlated with a brain mechanism.

In the group level, we identified that the activity patterns
(CTPs> RTPs) of some brain regions were similar to the patterns
of spontaneous activity in the PVA. The regions associated
with spontaneous activity in the PVA comprised three parts:
(1) the bilateral visual areas including the calcarine, lingual
gyrus (LING), middle occipital gyrus (MOG), and cuneus (BA
17/18/19), which also extended to the fusiform gyrus (BA 20); (2)
the PFC including the bilateral MFG/inferior frontal triangular
part (BA 6/8) and right middle frontal orbital part (MFGorb),
superior frontal orbital part, superior frontal gyrus (BA 10/11);
(3) sensorimotor areas, such as the left precentral gyrus (BA 4).
More detailed information are shown in Table 1 and Figure 2B.

Comparative Analysis of Network
Parameters
Four kinds of functional brain networks (CTP-, RTP-, creative-,
and control-network) all met the criteria defining small-world
networks (i.e., g >> 1 and λ ≈ 1 or σ = g / λ >1).
Besides, we found that, compared with the RTP-network, the
CTP-network showed a significant increase in the integrated
global efficiency (p < 0.001; Figure 3B) and a decrease in the
integrated local efficiency (p < 0.001; Figure 3D). There was
a significant decrease in the local efficiency in specific sparsity
levels (all p < 0.050; Figure 3C) and increase in the global
efficiency (all p < 0.010; Figure 3A) in each sparsity level when
comparing the CTP-network with the RTP-network. However,
the non-parametric analysis showed that there was no significant
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FIGURE 2 | (A) The spontaneous brain activity pattern from a participant. The ordinate shows the percentage of Z > 2 voxels across the 34 time points. The red

points indicate the critical time points (CTPs), and the rest were remaining time points (RTPs). (B) Schematic representation of the brain regions representing

significant associations with spontaneous activity in the PVA [p < 0.05, cluster size > 50 voxels, corrected False Discovery Rate (FDR)].

TABLE 1 | Foci of brain areas located in the neural network associated with the resting-state primary visual area- (PVA-) related spontaneous activity.

Brain regions Hem CS BA (x, y, z) t-value

Calcarine/Lingual gyrus/Middle occipital gyrus/ Cuneus/Fusiform gyrus Bi 4,039 17/18/19 −6, −99, −6 13.43

Middle frontal orbital part/Superior frontal orbital part/Superior frontal gyrus R 275 10/11 21, 66, −6 5.86

Middle frontal gyrus/Inferior frontal triangular part/Precentral gyrus L 145 4/6/8/9 −42, 15, 30 5.89

Middle frontal gyrus/ Inferior frontal triangular part R 106 6/8/45 51, 21 45 5.79

Hem, hemisphere; CS, cluster size; BA, Brodmann’s area; (x, y, z), coordinates of primary peak locations in the Montreal Neurological Institution space; Bi, bilateral hemisphere; R, the

right hemisphere; L, the left hemisphere. p < 0.05, cluster size > 50 voxels, FDR-corrected.

FIGURE 3 | Illustration for the global parameters changing with sparsity (A,C) and significant differences in integrated network parameters (B,D) at resting state. Eglob,

global efficiency; E loc, local efficiency. The asterisk (* and **) indicates a significant between group difference at p < 0.05 and p < 0.01.

Frontiers in Human Neuroscience | www.frontiersin.org 6 April 2021 | Volume 15 | Article 625888

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Wang et al. Visual Cortex and Visual Creativity

TABLE 2 | Brain locations involved in the multiple linear regression analysis

(MLRA) for integrated nodal parameters in the critical time point- (CTP-) network.

Parameters Regions Hemisphere Module

Integrated Eloc−nodal

MTG L Default

IFGorb R Fronto-parietal

IFGorb L Fronto-parietal

MOG L Visual

ROL L Sensorimotor

SFGmed L Default

MFGorb R Fronto-parietal

PoCG R Sensorimotor

ROL R Sensorimotor

CAL R Visual

Integrated Eglob−nodal

MCG L Default

SMG R Sensorimotor

LING R Visual

ROL R Sensorimotor

MFG R Fronto-parietal

SPG L Sensorimotor

MTG, middle temporal gyrus; IFGorb, inferior frontal gyrus orbital part; MOG, middle

occipital gyrus; ROL, rolandic operculum; SFGmed, medial superior frontal gyrus;

MFGorb, middle frontal gyrus orbital part; PoCG, postcentral gyrus; CAL, calcarine

cortex; MCG, middle cingulum gyrus; SMG, supramarginal gyrus; LING, lingual gyrus;

MFG, middle frontal gyrus; SPG, superior parietal gyrus; R, the right hemisphere; L, the

left hemisphere.

difference in the global (all p > 0.050) or local efficiency (all p >

0.050) between the creative-network and control-network.

Relationships Between the Integrated
Regional Network Parameters of
Resting-State and Integrated Global
Network Parameters of Task State
Using MLRA, we found that the integrated nodal properties of
the CTP-network could explain the variance in the integrated
network parameters of the creative-network. With respect to
the integrated Eloc−nodal, the brain regions associated with the
integrated Eloc of the creative-network (Adjusted R2 = 0.779,
p < 0.030) included the left middle temporal gyrus (MTG),
right inferior frontal gyrus orbital part (IFGorb), left IFGorb,
left MOG, left Rolandic operculum (ROL), left medial superior
frontal gyrus (SFGmed), right MFGorb, right postcentral gyrus
(PoCG), right ROL, and right calcarine cortex (CAL). In
particular, the left IFGorb, left MOG, left SFGmed, right CAL,
and right IFGorb predicted a variance of 53, 50, 33, 28, and
27% in the integrated Eloc of the creative-network (Table 2 and
Figures 4A,B).

In addition, the integrated nodal global efficiency of the
CTP-network also explained the interindividual variation of the
integrated global efficiency of the creative-network (Adjusted R2

= 0.8560, p< 0.0001). In the integrated Eglob−nodal, the associated
regions included the left middle cingulum gyrus (MCG), right
supramarginal gyrus (SMG), right LING, right ROL, right MFG,

and left superior parietal gyrus (SPG). Specifically, the left SPG,
right SMG, left MCG, right ROL, and right MFG showed
important effects in explaining the network attributes during
the creative task and predicted a variance of 35, 32, 27, 23, and
19% in the integrated Eglob of the creative-network (Table 2 and
Figures 4C,D).

Notably, the model based on the integrated Eloc−nodal

(Eglob−nodal) of the CTP-network failed to describe a variance
in the integrated Eloc (Eglob) of the control-network (all p >

0.05). In addition, the model based on the integrated Eloc−nodal

(Eglob−nodal) of the RTP-network in which nodes were the same
as the model based on the integrated Eloc−nodal (Eglob−nodal) of
the CTP-network, could not explain variations in the integrated
Eloc (Eglob) of the creative-network (all p > 0.05).

DISCUSSION

Our present study explored the relationship between
spontaneous activity in the PVA and visual creativity. We
found that: (1) the pattern of spontaneous activity in the PVA
may associate with mental imagery; (2) in comparison with the
RTP-network, the CTP-network showed an increase in global
efficiency and a decrease in local efficiency; (3) the integrated
regional network properties of the CTP-network could predict
the integrated network properties of the creative-network while
the RTP-network could not.

Spontaneous Activity Pattern in the PVA
Associated With Mental Imagery
The current study showed that there were intermittent episodes
of strikingly increased activity in the PVA at the resting state.
An increase in activity at CTPs of the PVA exceeds the statistical
definition of the activation used in the fMRI data analysis. This
phenomenon indicated that spontaneous activity in the PVA
was non-random and might be associated with certain mental
processes. In addition, we found that the brain regions associated
with spontaneous activity in the PVA could be divided into
visual areas, sensorimotor areas, and PFC. Using multivariate
decoding techniques, several studies found that the content of
mental imagery could be decoded from the early visual areas (e.g.,
V1 and V2) (Pearson et al., 2015; Dijkstra et al., 2017; Pearson,
2019). Similarly, previous studies showed that the visual areas
and sensorimotor areas jointly activated in visual imagery tasks
(Kraut et al., 2003; Assaf et al., 2006). In addition, the frontal
areas (including the PFC) were activated in the tasks that require
forming and manipulating mental images (Pearson, 2019). Thus,
our findings are in accordance with the previous studies and
might indicate that the brain activity at CTPs of the PVA is
associated with mental imagery (Wang et al., 2008; Zhang et al.,
2018).

Characteristics of Brain Networks
Preparing for the Upcoming Visual
Creative Task
This study characterizes and compares the topological attributes
of brain networks between the different conditions (CTPs vs.
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FIGURE 4 | Surface visualization of the brain regions that significantly predicted the integrated network parameters of the creative-network (A for integrated local

efficiency; C for integrated global efficiency); the model related to each region was significant (p < 0.05; B for integrated local efficiency; D for integrated global

efficiency). The radius of the node corresponds to the coefficient size. The different colors of the regions indicate different subnetworks.

RTPs and creative vs. control conditions). Our results revealed
that all brain networks under the resting-state and task-state
exhibited the small-world attributes. The small-world means
that this brain network could keep the optimal balance between
the functional integration and segregation, and maximizes the
transferring efficiency of information at a relatively low cost
(Sporns and Honey, 2006).

In addition, compared with the RTP-network, we found that
the integrated global efficiency was increased and the integrated
local efficiency was decreased in the CTP-network. The Eglob
reflects the efficiency of the whole network in transferring the
information among the nodes, and the Eloc reflects the local
information transferring ability (Latora and Marchiori, 2001).
Previous research on creativity neuroimaging has indicated that
the functional integration of the whole brain is strongly related
to creativity. For example, Beaty et al. (2015) reported that more
creative individuals showed a significantly increased Eglob in a
network of brain regions associated with creativity. Similarly, our
previous study found that the high creativity group showed an
increased Eglob compared with the low creativity group at the
resting state (Jiao et al., 2017).

According to the information theory, a network topology
facilitates the brain responses to perceptual cues by increasing
preparatory resources (Hashmi et al., 2014). Findings of an
increase in the integrated global efficiency and a decrease in the
local efficiency in the CTP-network may be consistent with the
information theory. To our knowledge, spontaneous activity in
the PVA is associated with mental imagery (Zhang et al., 2018)

and mental imagery is important for visual creativity (Palmiero
et al., 2011). Before performing the creative task, the resting-state
brain network showed a high degree of functional integration,
which might be the one preparing for the upcoming visual
creative task.

Regional Network Parameters of the
CTP-Network Predicting the Global
Network Parameters of the
Creative-Network
We found that the regional network attributes of the CTP-
network explained variations in the network efficiency during the
creative task while the RTP-network did not. The present findings
might suggest that the pattern characteristics of spontaneous
activity in the PVA are strongly related to the information
processing during the visual creative synthesis task. Previous
studies demonstrated that the interregional brain activity
correlations were considerably varied over the time (Chang and
Glover, 2010), and the information of a specific brain network is
centrally stored at CTPs containing the most important statistical
properties of the dynamical organization (Liu and Duyn, 2013).
Thus, our findings that CTP-network attributes rather than the
RTP-network could predict the network efficiency of creative-
network, which might further support these notions.

First, the results of the current study indicate that the
integrated nodal local efficiency of the CTP-network explains
the differences in the integrated Eloc during the visual creative

Frontiers in Human Neuroscience | www.frontiersin.org 8 April 2021 | Volume 15 | Article 625888

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Wang et al. Visual Cortex and Visual Creativity

task. Main predictive brain regions were located in the DMN
(left SFGmed), FPN (left and right IFGorb), and visual network
(left MOG and right CAL). Previous studies have found the
activation of the IFG and SFG in creativity tasks (Benedek et al.,
2014; Saggar et al., 2015; Chen et al., 2020), and consistently
indicated these regions tightly relate to creativity. In addition,
the IFGorb and the SFGmed are related to cognitive control and
self-generated thought, respectively; both the cognitive functions
contributed to creativity (Kleinmintz et al., 2018, 2019).

Notably, except the DMN and FPN, the integrated Eloc−nodal

of the visual network (e.g., the left MOG and right CAL) under
CTPs also predicted variations in the integrated Eloc based
on the visual creative synthesis task. A recent study found
that the high visual-spatial creativity associated with a stronger
resting-state FC between the visual network, DMN, and FPN
(Chen et al., 2019). Similarly, Jiao et al. (2017) reported that
the network attributes of the occipital regions could predict
the creative ability of individuals. In addition, previous studies
have suggested that the visual cortex is involved in the creative
idea generation related to the use of visual imagery (Howard-
Jones et al., 2005; Chrysikou and Thompson-Schill, 2011).
Neuroimaging studies have also found that the generation and
manipulation of imagery were important in the visual creative
synthesis task (Cai et al., 2017), and spontaneous activity in
the PVA was related to mental imagery (Zhang et al., 2018).
Therefore, by analysing the relation of spontaneous activity in
the PVA to brain activity evoked by the visual creative synthesis
task, the present findings might suggest that not only the
DMN and FPN but also the visual network were essential for
visual creativity.

In addition, we further identified that the integrated nodal
global efficiency predicted variations in the integrated Eglob
during the visual creative task. A recent study indicated a strong
association between the global efficiency of functional brain
networks and the visual creative ability of individuals (Jiao et al.,
2017). In addition, the main predictive brain regions were in the
sensorimotor network (right SMG, ROL, and left SPG), DMN
(left MCG), and FPN (right MFG). A previous study showed that
the left parietal cortex was more activated in the visual creative
task than in the control task (Aziz-Zadeh et al., 2013). Similarly,
Gansler et al. (2011) found that visual creative individuals have
higher volume in the SPG and SMG, and these regions were
associated with visuospatial processing in visual creativity. The
visual creative synthesis task refers to the use ofmental imagery to
make unexpected discoveries, which involved the sensorimotor
network (action planning), DMN (idea generation), and FPN
(evaluation process). Taken together, our results might further
support a strong relationship between these brain networks and
visual creativity.

Limitations
The present study has several limitations, and future research
should address these limitations. This study is mainly and
primarily focused on the relationship between the PVA and
visual creativity. However, the visual cortex (network) comprises
a much larger number of distinct cortical areas (e.g., V1, V2,
and V3). Future studies should gather the areas other than PVA

to investigate the role of the visual cortex (network) in creative
cognition. Moreover, our study was limited to the sample size
and only collected the data of 16 subjects. Although there has
been a related study that has provided stable results on the same
sample size (Cai et al., 2017), future studies should be based on
more subjects to increase the reproducibility and reliability of
the results.

CONCLUSIONS

In summary, our results revealed that the characteristic of
the brain network from the CTPs of spontaneous activity in
the PVA might relate to visual creativity. Compared with the
RTP-network, the CTP-network showed an increase in global
efficiency and a decrease in local efficiency at the resting state,
which may be a brain preparation activity for the upcoming
visual creative task. In addition, the integrated regional network
parameters of the CTP-network could predict the integrated
global network parameters of the creative-network while the
RTP-network could not. This result might suggest that the
most useful and important information regarding spontaneous
activity in the PVA is stored at these CTPs. Meanwhile, during
spontaneous activity in the PVA, not only the regions of the DMN
and FPN but also the visual network regions are strongly related
to the visual creative synthesis task-evoked neural responses.
Therefore, our findings were an extension of the previous
research and provided an insight into the relationship between
the visual cortex and visual creativity.
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