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A B S T R A C T

Creative thought relies on the reorganization of existing knowledge to generate novel and useful concepts.
However, how these new concepts are formed, especially through the processing of novelty and usefulness (which
are usually regarded as the key properties of creativity), is not clear. Taking familiar and useful (FU) objects/
designs as the starting point or fundamental baseline, we modified them into novel and useless (NS) objects/
designs or novel and useful (NU) ones (i.e., truly creative ones) to investigate how the features of novelty and
usefulness are processed (processing of novelty: NU minus FU; processing of usefulness: NU minus NS). Specif-
ically, we predicted that the creative integration of novelty and usefulness entails not only the formation of new
associations, which could be critically mediated by the hippocampus and adjacent medial temporal lobe (MTL)
areas, but also the formation of new concepts or categories, which is supported by the middle temporal gyrus
(MTG). We found that both the MTL and the MTG were involved in the processing of novelty and usefulness. The
MTG showed distinctive patterns of information processing, reflected by strengthened functional connectivity
with the hippocampus to construct new concepts and strengthened functional connectivity with the executive
control system to break the boundaries of old concepts. Additionally, participants’ subjective evaluations of
concept distance showed that the distance between the familiar concept (FU) and the successfully constructed
concept (NU) was larger than that between the FU and the unsuccessfully constructed concept (NS), and this
pattern was found to correspond to the patterns of their neural representations in the MTG. These findings
demonstrate the critical mechanism by which new associations and concepts are formed during novelty and
usefulness processing in creative design; this mechanism may be critically mediated by the hippocampus-MTG
connection.
1. Introduction

Creativity is conceptualized as the generation of novel and useful
thoughts (Barron, 1955; Runco and Charles, 1993; Sternberg and Lubart,
1996; Hennessey and Amabile, 2010; Runco and Jaeger, 2012). Several
subsequent studies have also sought to identify additional features of
creativity (Storme and Lubart, 2012); these expansions have been
domain-specific and selectively applicable to specific real-world fields.
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Thus, the notion that creativity requires both novelty and usefulness is
still widely accepted as the “standard definition” of creativity (Runco,
2004; Hennessey and Amabile, 2010; Runco and Jaeger, 2012). Although
researchers have studied the mechanisms of creative thinking for more
than a dozen years (Arden et al., 2010; Dietrich and Kanso, 2010;
Takeuchi and Kawashima, 2019), the neural mechanisms that underlie
novelty and usefulness information construction during the creative
cognitive process remain elusive. The aim of studying novelty and
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usefulness information construction is to determine how the information
constructs of novelty and usefulness are processed separately and how
they combine to form creativity.

Notably, studying the neural mechanisms that underlie novelty and
usefulness information construction during the creative cognitive process
is essential. In fact, some studies have demonstrated that novelty and
usefulness features are closely related to the process of creative concept
formation produced by creative thinking, which refers to destruction of
the familiar concept category and the formation of a new, reasonable
concept that is different from the familiar concept during the creative
process. For instance, the novelty feature requires thinking outside the
box and mental exploration of remotely connected concepts while sup-
pressing dominant concepts and inhibiting the obvious associations to
form novel associations (Luft et al., 2018). Additionally, usefulness fea-
tures require new concepts to be formed in appropriate ways based on
novel associations (Runco and Charles, 1993). In this way, the neural
basis of “novelty” and “usefulness” features in innovative design may be
the same mechanism used for new categorical processing and updating.
For example, the invention of digital cameras subverts the understanding
that the essential attribute of a camera is that it must capture images with
film, and the invention of electric vehicles overturns the fundamental
thought that cars must be driven by fuel, illustrating that novelty in
innovation can update the critical features of traditional categories. On
the other hand, the invention of the tank led to a brand new category of
strong weapons that differed from traditional pillboxes, vehicles, and
cannons, and the invention of smartphones integrating a good user
experience created a new category of electronics that was different from
traditional mobile phones, computers, and other products such as the
Walkman and cameras. These examples illustrate that the usefulness of
innovations can also lead to the formation of new categories. Therefore,
investigating the neural bases of the two features of creativity could
enrich the understanding of the neural mechanisms of creativity concept
representation.

Thus far, the neural mechanisms of novelty and usefulness feature
representation are widely considered the critical part of creativity;
however, few creativity studies refer to the neural basis of the two fea-
tures. Behavioral studies devoted to investigating the novelty and use-
fulness features of creativity are also rare (Diedrich et al., 2015). One
multivariate analysis of creativity ratings of advertisements found that
the features of “originality” and “logic” (White et al., 2002) were closely
associated with creativity, and another study discovered that “origi-
nality” and “value” (Sullivan and Ford, 2005) were. Well-controlled ex-
periments investigating how ratings of novelty/originality and
usefulness/appropriateness contributed to judgments of creativity have
shown that the novelty feature was strongly positively related to crea-
tivity, while the useful feature was negatively related to both creativity
and novelty (Runco and Charles, 1993). A later study found that use-
fulness could predict creativity only when the novelty of an idea was high
(Diedrich et al., 2015). Although these behavioral studies confirmed the
“novel and useful” account of creativity and revealed that novelty rather
than usefulness might play an essential role in determining the holistic
evaluation of creativity, they did not answer the more fundamental
question of how these basic features of creativity are mentally
represented.

The only two studies devoted to systematically dissociating the
cognitive brain mechanisms for representing novelty and usefulness in
creativity were carried out in the context of a specific type of insight
problem solving. The first study used the chunk decomposition (CD) task,
which involves decomposing familiar patterns into their constituent el-
ements so that they can be recombined in a meaningful way, and adopted
Chinese characters (an ideal kind of perceptual chunk) as materials (Luo
et al., 2006; Luo and Knoblich, 2007). The study found that the proce-
dural memory system (caudate) is involved in novelty processing, while
the episodic memory system (hippocampus) is involved in appropriate-
ness processing (Huang et al., 2015). The second study used the riddle
task, adopting brain teasers as materials. The results indicated that
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novelty processing is completed by the executive system (dorsolateral
prefrontal cortex [DLPFC]), whereas appropriateness processing is
completed by the episodic memory (hippocampus), emotion (amygdala),
and reward systems (orbitofrontal cortex [OFC]). Additionally, both
novelty and appropriateness processing are mediated by the tempor-
oparietal junction (TPJ) (Huang et al., 2018). Although these studies
revealed some of the information constructed in novelty and usefulness
processing, the research results from CD and riddle insight tasks still have
limitations. The most obvious limitation is related to how well the two
tasks can represent the whole field of creativity. As a less common
example of insight problem solving, the CD task is characterized by its
perceptual nature - the difficulty or constraint of CD tasks occurs in the
very early stage of problem perception and encoding (Knoblich et al.
1999, 2001; Luo et al., 2006). The research results on CD are difficult to
generalize to other types of insight, such as constraint relaxation (Kno-
blich et al., 1999), let alone other types of creativity. Moreover, both CD
and riddle tasks apparently differ from typical creative thinking, such as
divergent thinking and real-life creativity. A recent study found that
people’s performance in solving insight problems could not predict their
real-life creativity (Beaty et al., 2014), thus implying a potential differ-
ence between insight and other types of creative thinking. Therefore,
more representative types of creativity are still needed to answer the key
question of how the features of novelty and usefulness are mentally
represented.

In this study, we take a typical example of creativity, creative designs
or products as materials to investigate novelty and usefulness processing.
We utilized everyday objects or designs (“familiar and useful,” FU) as
prototypes or a starting point, and these designs were then further
modified to create two kinds of new objects or designs. The first type of
new object was a novel but inappropriate adaptation that caused the
familiar design to lose its essential function and resulted in an inappro-
priate/useless new object or design (“novel and useless,”NS). The second
type of new object was a novel and appropriate adaptation that could
reasonably extend the function of the familiar design and make it an
innovative object (“novel and useful,” NU). This condition represents the
construction of a new concept with both usefulness and novelty features
(Fig. 1a). We could then define the neural correlates of novelty pro-
cessing by contrasting NU and FU and the neural correlates of usefulness
on the basis of novelty (theoretically, we did not consider the usefulness
feature in the FU condition because it was not a new form of usefulness
produced by the innovative design or products) by contrasting NU and
NS. This experimental design not only enabled us to identify the distinct
neural correlates of “novel” and “useful” processing but also helped us
elucidate the processing of creativity construction based on novelty and
usefulness features; thus, the degree of representational change could be
easily evaluated according to changes in these features. However, we
could not find a familiar useless (FS) design, which means that the FS
design does not exist in the real product (Supplemental Material Fig. S1).
Thus, we retain a 2 � 2 full factorial design instead of the three-level
design. Additionally, it was impossible for participants to generate a
creative design in the different conditions during the limited scanning
time. Here, we used the design-induced paradigm, which displays each
design directly to induce the participant’s creativity processing; this
paradigm has been widely used in studies of creative problem solving
(Luo and Knoblich, 2007; Kroger et al., 2012; Huang et al., 2015; Huang
et al., 2018). This method of passive comprehension is not identical to
generating a creative design; it mostly involves the evaluation of crea-
tivity when participants try to comprehend the utility of a given creative
product, yet also requires an initial stage of constructing the presented
idea through a generative process. The two-fold model of creativity
suggests that creativity involves both idea generation and idea evalua-
tion, cycling between the two phases (Ellamil et al., 2012; Kleinmintz
et al., 2019). Previous research has shown that the evaluation process is
extremely important because intervention in this process can lead to
significant changes in the quality of creative products (Kroger et al.,
2012; Runco and Jaeger, 2012; Rutter et al., 2012a,b; Abraham, 2014;



Fig. 1. | Experimental material and behavioral results. (a) Examples of the three creativity object conditions. A pot lid, i.e., a familiar object, was adapted by hollowing
out the center such that its main function as a cover disappeared, which was a "novel and useless” adaptation. Likewise, the traditional round handle of the pot was
adapted to a long L-shaped handle (this improvement conveniently allowed the pot lid to stand on the table and protected the pot or table from being contaminated),
which was considered a “novel and useful” adaptation. (b) Behavioral results. The picture shows the mean scores of the novelty and usefulness evaluation for the three
conditions. FU, familiar and useful; NS, novel and useless; NU, novel and useful. Error bars represent the standard error of the mean. The asterisks indicate significant differences
between conditions. *p < 0.01, **p < 0.001.
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Mayseless et al., 2014; Kleinmintz et al., 2018). The design-induced
paradigm that we used for the passive comprehension of creative prod-
ucts focuses primarily on the creative evaluation phase, which is usually
accompanied by the “generation process” in the two-process model
(Ellamil et al., 2012). In the current study, the passive comprehension of
creative products involves restructuring a concept to include new func-
tions or seeing it as related to a new category, which requires a phase of
imagination and generation of the concept, as well as an initial stage of
constructing the presented idea through a generative process. Addition-
ally, the involvement of brain regions such as the hippocampus and other
medial temporal lobe (MTL) regions, which are critically involved in the
“generation process” (Ellamil et al., 2012; Beaty et al., 2016b), has been
observed in the solution-induced paradigm (Luo and Niki, 2003).
Therefore, the passive comprehension of creative products belongs to
creative evaluation processes, but also requires a generative process to
construct a concept from a presented idea.

A key hypothesis of this study is that the creative idea or design may
result in the formation not only of novel associations but also of new
concepts. First, creativity is related to inhibiting obvious associations and
forming novel ones. A long-standing theory of creativity postulates that
creative cognition requires mental exploration of remotely connected
concepts (novel association) while suppressing dominant ones (Shen
et al., 2017; Takeuchi and Kawashima, 2019). Recent advances in
cognitive neuroscience also suggest that right temporal alpha oscillations
may support creativity by acting as a neural mechanism for the active
inhibition of obvious semantic associations (Luft et al., 2018). Sup-
pressing old semantic associations to search for a novel association, can
also cause old information to be reorganized. Thus, there is an oppor-
tunity for new information to be generated. Second, in the
hippocampus-neocortex system, the hippocampus is a fast-learning
structure that captures episodic memories, and the neocortex is a
slow-learning structure that stores semanticized knowledge (Mcclelland
et al., 1995; Kumaran et al., 2016). Creative thinking, which is often
accompanied by insight, is a special form of memory encoding,
combining “episodic memory” and “semantic memory” (Luo and Niki,
2003; Huang et al., 2015). Creativity-related memory can be acquired
quickly, sometimes even in a single trial, which is very different from
learning and memory in the general sense. The previous study also
showed that insight leads to reconfiguration of representational neural
networks within a memory space and has implications for knowledge
acquisition in educational settings (Milivojevic et al., 2015). Therefore,
creative thinking may be a direct change in the semantic and conceptual
system. This processing may induce the destruction of old concepts and
3

detach the familiar category to construct a new concept.
More concretely, we predicted that two key functional areas would be

involved in the formation of new associations and concepts, which is
essentially achieved via novelty and usefulness feature processing. The
first area is the hippocampus and adjacent areas in the MTL. The hip-
pocampus plays a critical role in forming useful novel associations (Luo
and Niki, 2003; Hassabis and Maguire, 2007; Duff et al., 2013; Backus
et al., 2016) and in integrating the goal-relevant features of new concept
representations in the process of concept learning (Schapiro et al., 2012;
Mack et al., 2016), which are then incorporated into existing knowledge
neocortical representations (Liu et al., 2016). The second area is the
posterior middle temporal gyrus (pMTG). Although the medial prefrontal
cortex (mPFC) has more frequently been reported to be involved in new
information integration (Takashima et al., 2006; Takashima et al., 2009;
Bonnici et al., 2012; Sheth et al., 2012; Zeithamova et al., 2012;
Schlichting and Preston, 2016; Tompary and Davachi, 2017), the middle
temporal gyrus (MTG) may be highly involved in the construction of
creative concept-related novelty and usefulness information. The MTG
not only plays critical roles in the processing of novel associations in
creativity-related tasks (Shen et al., 2017) but also participates in se-
mantic and conceptual associations (Martin et al., 1996; Chao et al.,
1999; Tranel et al., 2003; Brambati et al., 2006; Wei et al., 2012; Bi et al.,
2016; Kersey et al., 2016). Moreover, as part of the neocortical region,
the MTG may provide the conceptual updating that integrates the useful
novel concept with existing knowledge.

We hypothesize that the neural mechanisms of novelty and usefulness
information construction, e.g., the functions of the hippocampus and
surrounding MTL cortices coupled with the MTG, play vital and distinct
roles during the creative cognitive process. Moreover, we suggest that
hippocampus-MTG mechanisms are involved in successful creative
concept formation. Additionally, beyond the MTL, the MTG is involved in
integrating the creative concept and updating the memory system by
forming different representational patterns of neural population codes.
We also closely focus on the emotion and reward regions, including the
midbrain and amygdala, which are important in the processing of novel
information (Blackford et al., 2010; Kafkas and Montaldi, 2014).

2. Materials and methods

2.1. Experimental design

Participants. Twenty-one healthy subjects (11 males, mean age � s.d.,
22.10 � 2.05) were recruited from an agricultural university as paid



Table 1
Mean scores of the stimulus behavioral assessments.

Familiar and Useful Novel and Useless Novel and Useful

Mean SD Mean SD Mean SD

Novelty 1.52 0.53 5.36 0.86 5.81 0.49
Usefulness 6.37 0.56 2.25 0.41 5.7 0.45
Complexity 1.68 0.56 2.53 0.93 3.11 1.05
Understandability 6.8 0.29 5.87 1.18 6.24 0.73
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volunteers. All twenty-one participants were right-handed with normal
or corrected-to-normal vision and no history of neurological or psychi-
atric disease. Data from two participants (2 males) were excluded from
further fMRI analysis because of headache during scanning in one case
and excessive head motion during scanning (the root mean squared head
motion exceeding 3 mm) in the other case. Another twenty-seven healthy
subjects (11 males, mean age � s.d., 24.5 � 2.72) were recruited as paid
volunteers to participate in the additional behavioral experiment. All
twenty-seven participants were right-handed, had normal or corrected-
to-normal vision and had no history of neurological or psychiatric dis-
ease. Informed consent was obtained from each subject recruited for
fMRI scanning under a protocol approved by the ethics committee of the
Center for Biomedical Imaging Research, Tsinghua University. All the
participants in the behavioral experiment (including stimulus design, the
stimulus screening phase, and the additional behavioral experiment)
signed written informed consent forms before the experiment. Addi-
tionally, all the behavioral experimental protocols were approved by the
ethics committee of the Beijing Key Laboratory of Learning and Cogni-
tion, Capital Normal University.

Stimuli. A total of 153 pictures of objects were used as stimuli in this
experiment. These were further divided into three categories or condi-
tions (51 items in each condition). The “familiar and useful” condition
(FU) included typical objects that individuals often encounter and use in
their daily lives. The “novel and useful” condition (NU) included objects
with novel and appropriate changes that reasonably extended the func-
tion of the familiar designs of their FU counterparts, thus making them
creative objects. The “novel and useless” condition (NS) included objects
with an inappropriate change in the familiar design, resulting in the loss
of essential functions and making the new objects novel but useless. For
instance, for the FU object of a pot lid, the “NU” change exchanged the
traditional round-button handle for a long L-shaped handle (this
improvement made the object more convenient by allowing the pot lid to
stand stably on the table while protecting the pot and table from being
contaminated). The “NS” change corresponded to a pot lid with a
hollowed-out center; thus, the main function of the lid no longer existed,
and the lid became a useless object (Fig. 1a).

The 153 objects (or the stimuli) used in the experiment were selected
from a broader set of pictures depicting more than 300 objects. We
assembled the pool of pictures by searching for the FU materials on the
Internet and designing their corresponding NU and NS stimuli ourselves.
Three people familiar with this experiment (including two authors) were
involved in the NU and NS design process: 1. With reference to the FU
object, we used brainstorming to generate several example NU and NS
designs. 2. We recruited more than 100 people to provide excellent NU
and NS designs for a $1-3 reward. 3. We conducted a preliminary
screening of the collected NU and NS ideas, removing complex or
difficult-to-understand items to form an object idea pool. 4. We wrote a
detailed description of the ideas for each design and gave these ideas to
three professional graphic designers with more than five years of design
experience. 5. We evaluated the pictures drawn by the design experts to
see if they matched the ideas we wanted to express and then returned
them to the experts, who modified them until they met our requirements
(average of three revisions for each picture). To help participants un-
derstand, perceive, and evaluate the object pictures, 11 to 12 words of
description, which included the object’s name and critical function, were
presented at the bottom of each picture. In terms of image quality, we
used Photoshop to create images with a uniform 600 � 450 resolution
and strove to select the products that were most consistent in terms of
visual characteristics.

Notably, fMRI research requires many objects to serve as stimuli. As
some products are difficult to design corresponding NU or NS products
for, the stimuli selected used in our experiments may not completely
guarantee that all objects have three conditions; in other words, the
stimuli for the three conditions may not be the same object. We
attempted to standardize the stimuli and to minimize potential con-
founding factors. We controlled the key attributes of the selected stimuli
4

in terms of novelty, usefulness, complexity, and understandability based
on a pilot study of an independent group of participants (N ¼ 20, mean
age � s.d., 22.1 � 2.13). The subjects were asked to rate these four at-
tributes of each picture on a 7-point scale (e.g., for the novelty factor, "1"
¼ extremely ordinary; "7" ¼ extremely novel. A similar rating scale was
used for usefulness and complexity. For the understandability attribute,
"1"¼ extremely hard to understand; "7" ¼ extremely easy to understand).
The results of the novelty attribute showed a main effect across the three
conditions (F (2, 38) novelty ¼ 349.95, p < 0.001, ηp2 ¼ 0.95). The novelty
scores for the two novel conditions (NS, NU) were higher (above 5
points) than the novelty score for the FU condition (below 2 points). Post
hoc comparisons (multiple comparisons performed with the Bonferroni
test) showed that the novelty scores for the NU and NS conditions were
significantly higher than the novelty score for the FU condition (p <

0.001), and the novelty score for the NU condition was higher than that
for the NS condition (p¼ 0.012, Mean NU�s.d.¼ 5.81� 0.49; Mean NS�
s.d.¼ 5.36� 0.86). The results suggested that the novel objects (NS, NU)
and the familiar objects (FU) we selected could be distinguished by the
novelty score. For the usefulness factor, the main effect was significant
across the three conditions (F (2, 38) usefulness ¼ 426.60, p < 0.001, ηp2 ¼
0.96). The usefulness scores for the two useful conditions (FU, NU) were
higher (above 5 points) than that for the NS condition (below 2 points).
Post hoc comparisons showed that the FU and NU conditions had
significantly higher usefulness scores than the NS condition (p < 0.001),
and the FU condition had a higher usefulness score than the NU condition
(p ¼ 0.001, Mean FU �s.d. ¼ 6.37 � 0.56; Mean NU �s.d. ¼ 5.70 � 0.45).
This result indicated that the useful objects (FU, NU) and the useless
objects (NS) we selected could be distinguished by the usefulness score.
For complexity scores, the main effect was significant (F (2,38) complexity
¼ 25.01, p < 0.001, ηp2 ¼ 0.57), but the mean of all three conditions was
low (below 3.5 points). Post hoc comparisons showed that the complexity
score was higher in the NU condition than the NS condition (p ¼ 0.013)
and in the NS condition than the FU condition (p ¼ 0.005). The main
effect of the understandability score was also significant (F (2, 38) un-

derstandability ¼ 13.92, p < 0.001, ηp2 ¼ 0.42), but the mean scores of all
three conditions exceeded 5.5 points. Post hoc comparisons showed that
the FU condition had a higher understandability score than the NU
condition (p ¼ 0.003), and the NU condition had a higher understand-
ability score than the NS condition (p ¼ 0.04). In conclusion, the results
showed that the objects we selected could be effectively distinguished by
novelty and usefulness, and they all had low complexity and high un-
derstandability (Table 1). In addition, we also performed the stimulus
control for the low-level features (Supplemental Material Table S6).

General fMRI experimental procedures. Every subject performed the
entire experiment, which consisted of three phases: the practice phase,
the fMRI scanning phase, and the post-scan test phase. The practice phase
comprised 15 trials and took approximately 5 min. This phase allowed
participants to become familiarized with the experimental procedures
before entering the scanner (Fig. 2a). The procedures for this phase were
the same as those used in the fMRI scanning phase. During the practice
and fMRI phases, participants were given detailed instructions about the
experimental procedures and the experimental task. For the core task, the
participants were instructed at the beginning of the task to gain a com-
plete understanding of the displayed object by studying it for the entire 6
s period. They were also asked to evaluate the usefulness of the object
during the presentation by pressing a button (1-Yes; 2-No). Participants



Fig. 2. | Experimental design and procedure. The experimental design consisted of three phases: (a) the practice phase, (b) the fMRI scanning phase, and (c) the post-
scan test phase. The procedures in the practice phase were the same as those in the fMRI scanning phase. During (a) and (b), participants were given detailed in-
structions about the experimental procedures and the experimental task. The core task was for the participants to thoroughly study the displayed object for an entire 6
s period, which they were told at the beginning of this task. They were also asked to evaluate the usefulness of the object during the presentation by pressing a button
(1-Yes; 2-No). The detailed procedure was as follows: the item was presented for 6 s, followed by a variable delay period (Jitter: 3–5 s), and the second item was
presented again for 6 s. Participants were expected to evaluate whether the item was useful within 6 s and press the button (see the task procedures for more details).
During (c), the post-scan test phase, participants were asked to rate the degree of novelty and usefulness of each of the 153 items (fMRI scanning phase items) on a 5-
point scale ranging from 1 (very low) to 5 (very high). The time interval between (a) and (b) was 10 min, and that between (b) and (c) was 30 min.
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could press the button whenever they were ready within the 6 s display
period. However, they were also asked to keep understanding, feeling, or
imagining the object, even after they pressed the button, until the image
disappeared (core task). The usefulness evaluation task was an additional
task to keep participants’ attention focused on the core task, and their
performance could also be regarded as an index of their concentration. In
addition, task performance not only ensured that the participants were
focused on fully comprehending each object but was also indicative of
whether the subjects were genuinely engaged in the task. We chose the
usefulness evaluation as an additional task during the experimental
procedures because this evaluation is a more natural task and overlaps
with the object comprehension process better than novelty evaluation,
which means that participants do not need to use many attention re-
sources during the object comprehension process. The usefulness evalu-
ation task was designed to ensure that participants performed the core
task.

During the fMRI scanning phase, participants performed a total of 153
trials, which were equally divided into three runs, with 17 trials per
condition each run. The order of the trials was pseudorandomized with
the constraint that the same condition could not appear more than three
times (to ensure that the subjects focused on the task) in each run, and the
sequence of the three runs was balanced across all participants. During
scanning, each picture, with its descriptive text, appeared for 6 s, and the
subject was instructed to evaluate whether the object or design was
useful by pressing a button using the index or middle finger of the right
hand within this timeframe. The subject was expected to follow the in-
structions given in the practice phase to focus on understanding the ob-
ject for the entire display period. The length of the resting interval
between trials varied randomly from 3 to 5 s (Fig. 2b). The duration of
each run was 9 min 35 s, and the entire functional MRI session took 28
min 45 s. There was a 1 min rest interval between the two runs.

After scanning, the participants completed a post-test phase in which
they were asked to rate the degree of novelty and usefulness of each of
5

the 153 items (fMRI scanning phase items) on a 5-point scale ranging
from 1 (very low) to 5 (very high) (Fig. 2c). To screen out inappropriate
trials, we conducted an evaluation based on the participant’s online (i.e.,
during MRI scanning) and offline (i.e., after MRI scanning) task perfor-
mance. For the online task, we excluded items for which the participant
made a different judgment than the definition. For the offline evaluation,
we excluded pictures with novelty scores above 3 points or usefulness
scores below 3 for the FU condition, novelty scores below 3 points or
usefulness scores above 3 for the NS condition, and novelty scores below
3 points or usefulness scores below 3 for the NU condition. This pro-
cedure was performed for each participant separately.

Additional behavior experimental procedures. One hundred and two
object pictures from the fMRI experiment were used in this experiment,
which employed two types of novel objects or designs (51 items each for
the NU condition and NS conditions, the same as in the fMRI experi-
ment). Participants were asked to make three judgments: Q1. To evaluate
the concept dissimilarity between the novel object and the prototype
object. Subjects were asked to rate the difference on a 6-point scale ("1"
¼ extremely small, "2" ¼ very small, "3" ¼ small, "4" ¼ large, "5" ¼ very
large, "6" ¼ extremely large). Q2. To evaluate whether the object has
generated a new concept. The subjects were asked to answer Yes or No.
Q3. According to the second question, the subject was asked to evaluate
the degree of the new concept generated by the object on a 6-point scale
in two novel conditions (NS and NU; "1" ¼ extremely small, "2" ¼ very
small, "3" ¼ small, "4" ¼ large, "5" ¼ very large, "6" ¼ extremely large)
(scale reliability control in the Supplemental Materials, Table S7). Before
the behavioral experiment began, we gave the participants instructions
on how to answer the three questions. They followed three guidelines in
evaluating the new concept; 1. Evaluate whether the displayed object
belongs to the familiar category, with reference to the familiar object’s
concept; 2. Evaluate whether the displayed object redefines the familiar
concept, with reference to the familiar concept’s novelty; and 3. Evaluate
whether the displayed object redefines the familiar concept, with
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reference to the familiar object’s utility. Participants need to follow these
points to make the three judgments. Regarding the question scale, Q2 and
Q3 ask the same question, the only difference being that Q2 is a binary
question, while Q3 has 6 response options. We designed Q3 because we
wanted to know the degree to which the new object represented a new
concept. After being given the detailed evaluation instructions, each
subject performed the entire behavioral experiment, which consisted of
three evaluations of each object. Fixation crosses ("þ") appeared before
the next stimuli’s display; the two kinds of objects were randomly dis-
played (Fig. 6a).

Imaging data acquisition. All subjects were scanned on a 3T Philips
Achieva 3.0T TX MRI scanner with a 32-channel head coil at the Center
for Biomedical Imaging Research, Tsinghua University. To restrict head
movement, sandbags and foam padding were placed around the subject’s
head during the entire experiment. Functional images were acquired
using an echo-planar imaging (EPI) sequence based on blood oxygena-
tion level-dependent (BOLD) contrast. T2*-weighted function images
parallel to the anterior-posterior commissure and covering the whole
brain were imaged with the following parameters: repetition time (TR)¼
2000 ms, echo time (TE) ¼ 35 ms, flip angle (FA) ¼ 90�, field of view
(FOV) ¼ 200 mm � 200 mm, 64 � 64 matrix, voxel size ¼ 3.12 mm �
3.12 mm � 4 mm, 30 slices, 4 mm thickness, and no-gap slices. High-
resolution structural T1*-weighted anatomical images of the whole-
brain images were acquired using a 3D gradient-echo pulse sequence
(180 slices, TR ¼ 7.65 ms, TE ¼ 3.73 ms, FA ¼ 8�, FOV ¼ 230 mm � 230
mm, voxel size¼ 1 mm� 1 mm� 1 mm, 1 mm thickness). Visual stimuli
were presented using E-prime 2.0 software (Psychology Software Tools,
INC), and the display was projected onto a screen that was visible from
the scanner via a mirror.

Behavioral data analysis for the fMRI experiment. We computed the
stimulus novelty scores and usefulness scores (the scores were tested in
the post-scan test) for the three conditions, which were separately sub-
mitted to one-way repeated measures ANOVAs to test for differences
among the experimental conditions. The post hoc comparisons were
performed with the Bonferroni correction. Individual participants’ nov-
elty scores or usefulness scores for each stimulus were averaged in each
condition and then used for further brain-behavioral prediction analyses.

Behavioral data analysis for the behavioral experiment. A paired samples
t-test was used to test the difference between the NS objects and the NU
objects according to their concept dissimilarity with the prototype object.
The chi-squared (χ2) test showed that the difference between the NS and
NU objects was reflective of the new concept. Additionally, a paired
samples t-test was used to test the difference between the degrees of the
new concepts represented by the NS and NU objects.

2.2. Statistical analysis of fMRI data

Imaging data preprocessing. Brain images were preprocessed and
analyzed using custom scripts combined with core functions from the
Statistical Parametric Mapping software package (SPM8; http://www.fi
l.ion.ucl.ac.uk/spm) implemented within MATLAB 2015a (MathWorks;
http://ch.mathworks.com, Natick, MA, USA). The images for each sub-
ject were realigned for head motion correction, slice-time corrected,
spatially normalized to the standard Montreal Neurological Institute
(MNI) template and resampled into 2 mm isotropic voxels. Finally, im-
ages were spatially smoothed by convolving them with an isotropic
three-dimensional 6 mm full width at half maximum (FWHM) Gaussian
kernel. Additionally, the data were statistically analyzed under the
framework of a general linear model (GLM) (Friston et al., 1995).

Univariate GLM analysis. To dissociate the neural activity associated
with the novelty and usefulness processing of creative objects, a uni-
variate GLM composed of three separate regressors of interest (see
below) was modeled and convolved with the canonical hemodynamic
response function (HRF) for each subject in the first-level analysis. The
three regressors were defined as the experimental conditions (FU, NS,
NU) in which we individually screened the trials for each participant. An
6

additional regressor was modeled for no interest conditions, including
inaccurate (inconsistent with the common definition) or missed response
trials. Additionally, each subject’s six motion parameters (three rigid-
body translations and three rotations from the realignment procedure)
were included to regress out effects related to head movement-related
variability. All events were time locked to the onset of the 6-s image
display period. Regionally specific condition effects were tested using
linear contrasts for each key event relative to the baseline and each
subject. We used a high-pass filter cutoff of 1/128 Hz to remove the slow
signal drifts with a longer period, and a first-order autoregressive model
(AR (1)) was used for serial correlations with the classical restricted
maximum likelihood (REML) parameter.

The resulting contrast parameter estimates from the individual-
subject level were entered into a random effects model for a second-
level analysis. First, we used a one-way within-subjects ANOVA with T
contrast of “NU vs. FU” to examine the novelty effect and a one-way
within-subjects ANOVA with T contrast of “NU vs. NS” to examine the
usefulness effect. Second, to investigate the neural activity associated
with both novelty and usefulness, we performed a conjunction analysis
between the novelty effect (NU-FU) and the usefulness effect (NU-NS).
Significant clusters were determined from the group analysis using a
well-accepted statistical criterion including a threshold of P < 0.05 with
family-wise error (FWE) corrections by random-field theory for multiple
comparisons and activation clusters that involvedmore than 30 voxels, as
reported. Additionally, the threshold of uncorrected P < 0.001 was also
used to detect activation of the amygdala where no superthreshold
activation was found after FWE correction.

Within the defined peak coordinates, we transferred the MNI coor-
dinate to Talairach atlas coordinates and used the Talairach Daemon
(http://www.talairach.org, University of Texas Health Science Center
San Antonio, UTHSCSA) software for the daemon, which includes
graphical overlays and nearest gray matter searches (Lancaster et al.,
1997; Lancaster et al., 2000); the labeled anatomical location was the
peak nearest the gray matter. Thus, the labeled anatomical region may
not be exactly within the peak coordinates when the peak is in the
boundary between different regions or in the white matter (we searched
the nearest gray matter).

Region-of-interest (ROI) analysis. To display the activation differences
in novelty and usefulness processing, we performed a complementary
ROI analysis including the regions of the bilateral amygdala, the left
midbrain, the bilateral MTL and the bilateral MTG, which are critical
regions in novelty detection and mental reward in novelty processing
(NU-FU). Additionally, the regions of the left MFG, the left precuneus, the
bilateral MTL and the bilateral MTG were analyzed for usefulness pro-
cessing (NU-NS). To display the signal change during the two types of
processing, we chose a 4 mm sphere centered at the peak of the clusters
after small volume correction (SVC) showing significant activation for
novelty and usefulness. Our aim was to display the signal changes in
those regions in novelty processing (with the contrast of NU-FU) and
usefulness processing (with the contrast of NU-NS). Because these re-
gions were defined based on the NU-FU and NU-NS comparison, we did
not use inferential statistics to compare the extracted signals across
conditions. The MTL and the MTG are critical for both novelty and use-
fulness processing. We performed a conjunction analysis of (NU-
FU)\(NU-NS) and performed an ROI analysis of the two regions to
investigate the activation across the three conditions. The ROIs were
defined as 4 mm spheres centered at the peaks of the clusters showing
significant activation after the anatomical templates were applied as an
inclusive mask with SVC in the conjunction analysis. Here, we sought to
compare the signal changes in those among in the three conditions,
which all contain the novelty and usefulness features we focus on. To
balance the activation level of the ROI in terms of novelty and usefulness,
we chose the peak coordinates of the ROI with activation related to both
novelty processing and usefulness processing (conjunction analysis).
Parameter estimates (percentage signal changes) associated with the
conditions of interest were extracted from the previously defined ROIs at

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
http://ch.mathworks.com
http://www.talairach.org
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the individual level using MarsBar (http://marsbar.sourceforge.net/),
averaged across voxels within each ROI, and then plotted in bar graphs
for visualization purposes only. For the brain activation visualization, the
activated regions were defined using structurally defined templates as an
inclusive mask, and functionally activated regions derived from the
specific comparison (e.g., the NU-NS comparison) were obtained within
these regions. Structural templates including automated anatomical la-
beling (AAL) templates were defined on the anatomical mask using the
WFU PickAtlas toolbox (Maldjian et al., 2003) (Version 3.0, http://fmri.
wfubmc.edu/software/PickAtlas).

Task-dependent functional connectivity analysis. We examined the
bMTG functional connectivity changes in the NU and NS conditions via
psychophysiological interaction (PPI) analysis (Friston et al., 1997). We
separated the MTG region into left and right subregions and defined each
ROI as a 6 mm sphere centered at the peak of the clusters showing sig-
nificant activation in the conjunction analysis (Conjunction SVC, MNI,
left MTG peak x ¼ �42, y ¼ �66, z ¼ 18; right MTG peak x ¼ 44, y ¼
�72, z ¼ 22). We performed a generalized form of task-dependent PPI
(gPPI) (McLaren et al., 2012). The physiological activity of the given two
seed regions (bMTGs) was computed in all voxels as the mean time series
and was then deconvolved to estimate the neural activity. Next, the three
PPI regressors were modeled and convolved similarly to each task re-
gressor from the individual level in the univariate GLM analysis. The
neuronal activity was estimated from the seed region multiplied by a
vector encoding the effects of each condition, resulting in three PPI
vectors. We further convolved a canonical HRF with the interaction
vector to form three PPI regressors of interest.

The individual-level PPI effects corresponding to contrast images
were then submitted to one-way within-subjects ANOVA for the second-
level group analysis. First, we investigated ROI-seeded functional con-
nectivity with the NU object (compared to the NS object). Additionally,
we investigated ROI-seeded functional connectivity with the NS object
(compared to the NU object). The next setting was similar to the uni-
variate GLM analysis above. The PPI effects were then determined using
the threshold of uncorrected p < 0.001 (cluster size >30) in the PPI
comparison.

Multivoxel pattern similarity analysis. To assess multivoxel pattern
similarity in novelty and usefulness processing, we modeled each item
with a duration of 6 s as a separate regressor and convolved it with a
canonical HRF implemented in SPM8. This resulted in 17 regressors for
each condition and 51 regressors in total (averaged from three runs).
Contrast images for each item versus fixation generated by the
individual-level analysis between conditions (FU-NU, FU-NS, NU-NS)
(Supplemental Material Fig. S2) or within conditions (FU-FU, NS-NS, NU-
NU) were then submitted to subsequent between-conditions or within-
conditions multivariate pattern similarity analysis for the bMTGs and
bMTLs that include the bilateral hippocampal and the bilateral para-
hippocampal gyrus (PHG) ROIs and for the whole brain.

ROI-based pattern dissimilarity analysis. We determined the ROI masks
of the bMTGs and the bMTLs using the AAL atlas. To further our un-
derstanding of how the brain represents the differences among the three
conditions, we implemented a multivariate pattern analysis measuring
the dissimilarity between neural patterns, and we focused on the
dissimilarity between FU and NS stimuli and the dissimilarity between
FU and NU stimuli. We considered the FU condition as a baseline and
computed the dissimilarity between NU and FU and between NS and FU
(Fig. 6b). Then, we compared the difference between the NU-FU
dissimilarity and the NS-FU dissimilarity. We determined the dissimi-
larity score using Fisher’s Z transformation of 1 minus the correlation
coefficient extracted from the whole-brain pattern similarity analysis
separately for each participant (Kriegeskorte et al., 2008; Kriegeskorte
and Kievit, 2013; Haxby et al., 2014).

Whole-brain pattern similarity analysis and prediction analysis. We per-
formed both whole-brain pattern similarity analysis and prediction
analysis to confirm that the MTG specifically represents new concept
knowledge. First, we used a 6 mm spherical ROI (Etzel et al., 2013) to
7

implement a searchlight method to measure interitemmultivoxel pattern
similarity at the whole-brain level (Kriegeskorte et al., 2006; Krie-
geskorte et al., 2008) with the NU-NS (usefulness processing) contrast to
confirm whether the MTG specifically represents the new meaning
concept (Supplemental Material Table S3). Based on the whole-brain
pattern similarity analysis, we inferred that the MTG has a unique
function in both usefulness and novelty representation. Second, we also
used a machine learning approach with balanced four-fold cross--
validation to investigate the relationship of similarity changes and indi-
vidual changes in novelty and usefulness scores (post-scan test scores)
within conditions in the bMTGs (Supplemental Material Fig. S3).

Estimates of effect size and post hoc statistical correction. We used the
partial eta squared (ηp2) values for the ANOVA effect sizes. For the paired
t-test effect sizes, we used Cohen’s d, referred to as das in the text, which
takes the mean difference score as the numerator and the pooled stan-
dard deviation from both repeated measures as the denominator (Lakens,
2013). The Bonferroni post hoc test was used for statistical correction in
this study.

Data and code availability statement. The data and code used in the
study are available upon direct request and can be shared or re-used with
permission from the authors and a formal data sharing agreement. These
data and code sharing policies comply with the requirements of the
funding bodies and the Beijing Key Laboratory of Learning and Cogni-
tion, Capital Normal University. Direct URL to the dataset: https://osf
.io/n9cy7.

3. Results

3.1. Behavioral data of the fMRI experiment

We compared the post-scan test scores of novelty and usefulness,
which were evaluated by the participants on a 5-point scale in the post-
scan test. First, we used repeated measures ANOVA to examine the dif-
ference in the novelty score across the three conditions. The results
showed that the main effect of novelty was significant (Fnovelty (2, 36) ¼
910.61, P < 0.001, ηp2 ¼ 0.98). Post hoc comparisons showed that the
novelty scores in the NS condition (Mean NS ¼ 4.42, P < 0.001) and NU
condition (Mean NU ¼ 4.41, P < 0.001) were significantly higher than
that in the FU condition (Mean FU ¼ 1.18). However, there was no sig-
nificant difference between the NS and NU (Mean NS ¼ 4.42, Mean NU ¼
4.41, P¼ 1) conditions. Second, repeatedmeasures ANOVA revealed that
the main effect of usefulness was significant (Fusefulness (2, 36)¼ 1053.65,
P < 0.001, ηp2 ¼ 0.98). Post hoc comparisons showed that the usefulness
scores in the FU (Mean FU ¼ 4.68, P< 0.001) and NU (Mean NU ¼ 4.48, P
< 0.001) conditions were significantly higher than that in the NS (Mean
NS ¼ 1.28) condition, and the FU condition score was also significantly
higher than the NU condition score (Mean FU ¼ 4.68; Mean NU ¼ 4.43, P
¼ 0.001) (Fig. 1b). Together, these results indicate that the rating scores
can differentiate the three conditions.

4. Image analyses

4.1. The neural basis of the novelty and usefulness processing of creative
objects

4.1.1. The whole-brain activation basis of novelty processing
To detect the brain regions relevant to novelty processing, we

compared the NU condition and the FU condition (NU minus FU). The
results revealed the involvement of the following brain regions: the MTL,
the posterior MTG, the middle occipital gyrus (MOG), the amygdala, the
midbrain (substantia nigra, SN), the thalamus, the fusiform gyrus, the
perceptual motion system (pre/postcentral gyrus), the precuneus and
several frontal regions (Fig. 3, Table 2). The results showed that novelty
processing involves many novel detection regions and reward-related
regions.

http://marsbar.sourceforge.net/
http://fmri.wfubmc.edu/software/PickAtlas
http://fmri.wfubmc.edu/software/PickAtlas
https://osf.io/n9cy7
https://osf.io/n9cy7


Fig. 3. | Distinct brain regions involved in novelty and usefulness processing. (up) Novelty processing. (a, c) HIP [left (MNI, peak at -34 -32 -12, SVC), right (MNI, peak
at 38 -32 -12, SVC)] and bilateral posterior MTG [left (MNI, peak at (�58, �56, �2), SVC), right (MNI, peak at (42, �72, 22), SVC)], bilateral amygdala and left
midbrain are involved in novelty detection in comparisons of the novel and useful and familiar and useful objects (NU > FU) (b, d) Violin graphs represent functional
activation in the regions showing higher engagement during novelty feature processing. (down) Usefulness processing. (a, c, e, g) HIP [left (MNI, peak at (�34, �32,
�12), SVC) and right (MNI, peak at (36, �34, �10), SVC)] and several cortical regions are involved in usefulness feature processing in comparisons of the novel and
useful and novel and useless objects (NU > NS), including the bilateral MTG [left (MNI, peak at (�42, �66, �18), SVC), right (MNI, peak at (44, �72, 22), SVC)], left
precuneus and left MFG. (b, d, f, h) Violin graphs represent functional activation in the HIP and these cortical regions, with higher engagement during usefulness
feature processing. Color bars represent T values. MFG, middle frontal gyrus; MTG, middle temporal gyrus; HIP, hippocampus; L, left; R, right. MNI, Montreal Neurological
Institute coordinate system; SVC, small volume correction.
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4.1.2. The whole-brain activation basis of usefulness processing
To examine the neural correlates of the usefulness processing of novel

objects, we compared the NU condition and the NS condition (NU minus
NS). Again, we observed the involvement of the MTL and the posterior
MTG. We also detected the involvement of the superior/middle occipital
gyrus, the precuneus, and several frontal regions, such as the superior/
middle frontal gyrus (Fig. 3, Table 3).

4.2. The shared neural basis of novelty and usefulness found in the MTL
and the MTG

4.2.1. The whole-brain activation basis of both novelty and usefulness
processing

Since we identified the involvement of both the MTL and the MTG in
novelty and usefulness processing, we conducted a further investigation
to refine these results. We performed a conjunction analysis between
novelty (novel and useful minus familiar and useful [NU-FU]) and use-
fulness (novel and useful minus novel and useless [NU-NS]), which
revealed significant clusters in the MTL, the MTG and several other brain
regions (Table 4). This result supports our hypothesis that the MTL and
the MTG are both involved in novelty and usefulness processing. Further,
we sought to determine whether the MTL and the MTG played different
roles in the two types of processing. To investigate the primary functions
of theMTL and theMTG, we conducted an ROI analysis and a time-course
analysis.

4.2.2. The ROI analysis of the MTL and the MTG
To detect whether the neural activity of the MTL and the MTG varied

across the three conditions, we chose the bilateral regions of the MTG
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(bMTGs) and theMTL (bMTLs) from the conjunction analysis and applied
a GLM to compute the signal change within the MTG and the MTL across
the FU, NS, and NU conditions. The results showed increased signal
changes across the FU, NS, and NU conditions. However, the most
consistent signal change pattern between the MTL and the MTG was
observed in the NU condition, which induced the highest activation in
both the bMTGs and the bMTLs among the three conditions. In contrast,
the signal change in the FU condition showed the greatest deactivation,
and the NS condition showed weaker activation than the NU condition
(Fig. 4). Our results indicate that both the MTG and the MTL participate
in novelty and usefulness processing, and their involvement, according to
the signal changes in the three conditions, is most consistent in the NU
condition.

4.3. Distinct functional pathways in MTG representing the useful or useless
concept

Next, as we hypothesized that the MTG plays a critical role in se-
mantic concept processing. Thus, we sought to determine whether there
was stronger functional connectivity between the MTL and the MTG
when the usefulness of novel stimuli was being processed. Hence, we
conducted a PPI analysis to identify functional coupling of the MTG from
each hemisphere with every other voxel of the brain for the comparison
of the NU minus NS conditions. For the left MTG, the results revealed
significantly higher functional coupling with brain regions such as the
PHG, the hippocampus (HIP) and the caudate. A similar result was
observed for the right MTG, with significantly higher functional coupling
with the PHG and the HIP. These results showed that instead of working
separately, the MTG and the MTL cooperate to process the usefulness



Table 2
Brain regions associated with novel and useful objects (NU) and familiar and useful objects (FU).

Brain Region Hemisphere Brodmann’s MNI Coordinates t (18) k

Area x y z

Novel and Useful > Familiar and Useful
Fusiform Gyrus Left 37 �40 �46 �14 12.69 5661
Middle Temporal Gyrus Right 39 42 �72 22 12.47 3853
Parahippocampal Gyrus Right 36 34 �40 �12 11.87
Middle Temporal/Occipital Gyrus Right 19 38 �82 22 11.84
Midbrain Left – �4 �28 �4 7.76 94
Substantia Nigra Left – �12 �16 �4 6.06
Midbrain Left – �6 �28 �12 6.01
Amygdala* Left – �28 �4 �16 5.86 140
Amygdala* Right – 28 �2 �18 4.64 62
Precuneus Left 7 �24 �70 46 11.73
Middle Temporal/Occipital Gyrus Left 19 �38 �80 22 11.64
Middle Frontal Gyrus Right 6 30 0 58 6.9 103
Precentral Gyrus Left 6 �52 8 34 11.04 1770
Middle Frontal Gyrus Left 6 �28 8 60 10.38
Precentral Gyrus Left 6 �48 6 24 10.04
Precentral Gyrus Right 6 50 6 32 7.26 176
Precentral Gyrus Right 6 42 0 38 5.99
Postcentral Gyrus Right 2 64 �24 46 7.22 43
Thalamus Left – �20 �30 2 7.03 32
Culmen Right – 28 �68 �26 6.85 137
Dentate Right – 20 �72 �26 6.66
Familiar and Useful > Novel and Useful
Precuneus Left 31 �14 �68 28 10.21 4682
Cuneus Left 18 �10 �78 32 9.29
Precuneus Right 31 10 �66 32 9.03
Superior Frontal Gyrus Right 9 22 54 24 7.55 400
Medial Frontal Gyrus Right 10 16 56 6 6.97
Superior Frontal Gyrus Right 10 26 58 18 6.86
Inferior Parietal Lobule Right 40 52 �60 44 7.17 36
Lentiform Nucleus Left 30 �32 �52 4 6.94 60

Note: Activation was considered significant at p< 0.05, FWE corrected unless otherwise specified, * means threshold was set at p< 0.001 (uncorrected). Statistics in the
t column show values at the peak coordinates. The cluster size is represented by k (k > 30). MNI ¼ Montreal Neurological Institute.
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feature of novel stimuli, which indicates that more information is
transferred between the MTG and the MTL (PHG, HIP) when processing
NU stimuli than when processing NS stimuli. However, the opposite
comparison (NS minus NU) showed significantly higher functional
coupling of both the left and right MTG with brain regions such as the
anterior cingulate gyrus (ACC) and several other frontal/parietal regions
(Fig. 5, Table S1 and Table S2).
4.4. The neural-based pattern representation of new concept formation in
the MTG

4.4.1. Distinct concept distance of the NU and NS objects and new concept
formation in the NU condition

To investigate the degree of new concept construction achieved by
increasing the novelty and usefulness features and whether the NU object
represented a new or creative concept, we conducted an experiment with
an independent cohort of 27 participants to evaluate the concept
dissimilarity between NU and NS objects and the corresponding familiar
object (FU) at the behavioral level. The behavioral results showed that
the concept dissimilarity distance between the NU and FU conditions was
larger than that between the NS and FU conditions (t (26) ¼ 19.13, P <

0.001, das ¼ 3.68) (Fig. 6 d1). Moreover, the percentage of NU objects
representing ameaningful new concept was significantly higher than that
in the NS condition (χ2 ¼ 2067.178, phi (ϕ)¼ 0.866, P< 0.001), and the
degree of meaningful new concept construction in the NU condition was
significantly higher than that in the NS condition (t (26) ¼ 24.23, P <

0.001, das ¼ 4.66) (Fig. 6c). The results indicated that concept distance is
increased by adding the usefulness feature, which might lead to the
meaningful new concept creation in the NU condition.
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4.4.2. Distinct representation pattern distance among the three conditions in
the MTG

In a further analysis, we computed the dissimilarity or representation
distances as in the behavior experiment to investigate how the concept of
novel information is represented in the MTG and the MTL. The distance
between two conditions reveals the degree of representational change
from one condition to the other, and greater distances indicate greater
dissimilarity between the two conditions (Fig. 6b).

Regarding the MTG, which was anatomically defined, comparison of
the dissimilarity between the FU and NU conditions (disSNU-FU) with the
dissimilarity between the FU and NS conditions (disSNS-FU) revealed a
significant difference in the left (t LMTG (18) ¼ 2.20, P ¼ 0.042, das ¼
0.50) and right MTG (t RMTG (18) ¼ 3.33, P ¼ 0.004, das ¼ 0.76). For the
anatomically defined MTL, no significant difference between the disSNS-
FU and disSNU-FU was found in the left HIP (t LHIP (18) ¼ 1.84, P ¼ 0.083),
the left PHG (t LPHG (18) ¼ 1.56, P ¼ 0.137), the right HIP (t RHIP (18) ¼
1.75, P ¼ 0.097), or the right PHG (t RPHG (18) ¼ 1.93, P ¼ 0.069) (Fig. 6
d2).

Together, the more significant concept dissimilarity between the NU
and FU than between the NS and FU conditions observed in the behavior
experiments conducted with the independent sample of 27 participants,
consistent with the neural pattern representation distance in the MTG,
may reflect new meaningful concept formation in the MTG induced by
the NU stimuli.

5. Discussion

We investigated the neural basis of novelty and usefulness processing,
which inevitably results in the formation of new associations and new



Table 3
Brain regions associated with novel and useful objects (NU) and novel and useless objects (NS).

Brain Region Hemisphere Brodmann’s MNI Coordinates t (18) k

Area x y z

Novel and Useful>Novel and Useless
Parahippocampal Gyrus Left 36 �30 �32 �16 10.62 364
Parahippocampal Gyrus Left 37 �32 �40 �10 9.96
Parahippocampal Gyrus Right 37 36 �40 �10 9.26 141
Hippocampus Right – 38 �32 �14 6.79
Middle Temporal Gyrus Right 39 44 �72 22 9.11 278
Superior/Middle Occipital Gyrus Left 19 �38 �80 24 8.5 892
Middle Temporal/Occipital Gyrus Left 19 �40 �70 16 7.86
Middle Occipital Gyrus Left 19 �40 �80 34 7.82
Middle Frontal Gyrus Left 6 �26 6 58 7.5 238
Middle Frontal Gyrus Left 6 �22 8 50 7.2
Superior Frontal Gyrus Left 8 �24 22 44 6.71
Precuneus Left 7 �6 �66 58 7.27 80
Precuneus Left 7 �22 �72 46 6.65 75
Novel and Useless > Novel and Useful
Superior Temporal Gyrus Right – 50 �22 �2 8.28 314
Superior Temporal Gyrus Right 22 64 �24 �4 6.48
Inferior Frontal Gyrus Left 47 �32 22 �12 8.14 177
Insula Left 13 �42 20 �4 6.74
Inferior Parietal Lobule Right 40 52 �60 44 8.02 272
Supramarginal Gyrus Right 40 60 �52 34 7.45
Inferior Parietal Lobule Right 40 52 �52 52 6.87
Inferior Frontal Gyrus Right 47 46 36 �8 7.94 261
Inferior Frontal Gyrus Right – 52 18 �6 6.32
Inferior Frontal Gyrus Right 13 46 30 4 6.14
Medial Frontal Gyrus Right 6 4 46 32 7.74 402
Superior Frontal Gyrus Right 6 6 32 52 7.27
Medial Frontal Gyrus Left 9 2 54 28 7.21
Superior Frontal Gyrus Right 9 22 54 24 7.55 116
Insula Left 13 �38 6 12 6.56 34
Claustrum Right – 34 12 4 6.26 30
Lentiform Nucleus Right – 32 14 �8 6.26 31

Note: Activation was considered significant at p < 0.05, FWE corrected unless otherwise specified. Statistics in the t column show values at the peak coordinates. The
cluster size is represented by k (k > 30). MNI ¼ Montreal Neurological Institute.

Table 4
Brain regions associated with the conjunction of novelty and usefulness.

Brain Region Hemisphere Brodmann’s MNI Coordinates t (18) k

Area x y z

(Novel and Useful>Familiar and Useful) ∩ (Novel and Useful>Novel and Useless)
Parahippocampal Gyrus Left 36 �30 �32 �18 10.2 289
Parahippocampal Gyrus Left 37 �32 �40 �10 9.96
Parahippocampal Gyrus Right 37 36 �40 �10 9.26 132
Hippocampus Right – 38 �32 �14 6.79
Middle Temporal Gyrus Right 39 44 �72 22 9.11 268
Superior/Middle Occipital Gyrus Left 19 �38 �80 24 8.5 785
Middle Temporal/Occipital Gyrus Left 19 �40 �70 16 7.86
Superior Occipital Gyrus Left 19 �36 �72 28 7.43
Middle Frontal Gyrus Left 6 �26 6 58 7.5 159
Middle Frontal Gyrus Left 6 �22 8 50 7.2
Precuneus Left 7 �22 �72 46 6.65 74

Note: Activation was considered significant at p< 0.05, FWE corrected. Statistics in the t column show values at the peak coordinates. The cluster size is represented by k
(k > 30). MNI ¼ Montreal Neurological Institute.
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concepts. Our results showed that the hippocampus and the MTG are
critical in both novelty and usefulness processing during concept con-
struction. The MTG distinguished information transfer via functional
connectivity with the MTL to construct a new concept from that with the
executive control system to detect the destruction of a useless concept
during the updating of the usefulness concept. Additionally, the behav-
ioral concept distance evaluation in an independent cohort of 27 par-
ticipants showed that the representation distance was larger between
successful concept construction and the familiar concept than that be-
tween unsuccessful concept construction and the familiar concept; this
finding was consistent with the neural pattern representation in the MTG,
possibly reflecting new meaningful concept formation in the MTG. Our
10
findings suggest the critical role of the hippocampus-MTG during the
creative concept construction process, which involves detecting novelty
features to create new associations in novelty processing and evaluating
the new associations in usefulness processing, thereby leading to new
concept formation through the MTG.

First, we observed significant activation in the MTL, amygdala,
midbrain (substantia nigra, SN) and MTG during novelty processing.
Most of these regions appear to be involved in novelty detection circuits
(Blackford et al., 2010; Kafkas and Montaldi, 2014) and the dopamine
reward loop (Gruber et al., 2014). Previous studies have shown that the
MTL is critical in processing novelty-related stimuli, especially in novelty
detection processing (Blackford et al., 2010; Kafkas and Montaldi, 2014).



Fig. 4. The signal activity between the MTL and the MTG across the three conditions. Schematic polar plot illustrating the signal change in the three conditions
distributed across the MTG [left (MNI, peak at (�42, �66, �18), SVC), right (MNI, peak at (44, �72, 22), SVC)], HIP [left (MNI, peak at (�34, �32, �12), SVC), right
(MNI, peak at (36, �34, �10), SVC)], and PHG [left (MNI, peak at (�32, �40, �10), SVC), right (MNI, peak at (36, �40, �10), SVC)] regions separated into the left
and right sides. The graphs show that the percent signal changes increased across the FU, NS, and NU conditions. Error bars represent the standard error of the mean.
The asterisks indicate significant differences between conditions. FU, familiar and useful; NU, novel and useful; NS, novel and useless; MTG, middle temporal gyrus; HIP,
hippocampus; PHG, parahippocampal gyrus; L, left; R, right. MNI, Montreal Neurological Institute coordinate system; SVC, small volume correction. *p < 0.05, **p < 0.005,
***p < 0.001.
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The amygdala is a critical brain area for emotional arousal (McGaugh,
2004; Phelps and LeDoux, 2005), and the activation level of the amyg-
dala reflects the intensity of emotional arousal for both positive and
negative emotions (L€ow et al., 2008; Shabel and Janak, 2009; Costa et al.,
2010; Fastenrath et al., 2014). The amygdala responds to novel stimuli
(Schwartz et al., 2003; Wright et al., 2003; Kiehl et al., 2005) and un-
known or ambiguous stimuli (Whalen, 1998; Hsu et al., 2005; Whalen
et al., 2005). Neural activity in the SN is beneficial to reward-related
memory (Adcock et al., 2006; Wolosin et al., 2012) and
curiosity-driven reward learning (Gruber et al., 2014). Surprisingly,
while most of the brain regions identified seem reasonable, as we dis-
cussed above, our results also revealed that the MTG, which was rarely
mentioned in previous studies, was also related to novelty detection
processing. Several pieces of evidence suggest that the MTG promotes the
novel semantic associations of novel stimuli involved in inhib-
iting/ignoring the default task-relevant semantic concept meaning
(Jung-Beeman, 2005) and seeking remote semantic associations (novel
semantic associations) (Whitney et al., 2011a,b; Davey et al., 2016).
Therefore, the MTG activation here may facilitate the ability of the MTL
to detect novel stimuli by novel semantic associations. In addition, the
fusiform gyrus, thalamus, perceptual motion system (pre/postcentral
gyrus), precuneus and several frontal regions were also found to be
involved in novelty processing. A previous study showed that the
11
fusiform gyrus is involved in high-level visual processing, specifically
object recognition and category identification (Weiner et al., 2018).
Additionally, as part of the olfactory and visual system, the thalamus has
an important role in mediating sensory information to cortical areas
(Muller et al., 2019). The perceptual motion system is most likely
involved in action-related information processing (Binkofski et al., 1999;
Johnson-Frey, 2004; Rumiati et al., 2005), such as the mental manipu-
lation of the spatial representation of tools or other objects (Johnson--
Frey, 2004), especially in the case of the use of the right hand (Martin
et al., 1996). Our results are consistent with those of previous studies,
which may indicate that visual object category identification and mental
manipulation of spatial representation are involved in the process of
novel detection. Moreover, the precuneus is part of the default mode
network (DMN), and the frontal regions, which are critical in the exec-
utive control network, are both activated in novelty detection as well in
usefulness processing. This finding is consistent with previous studies
showing that default and executive control networks, which can exhibit
an antagonistic relation, tend to cooperate during creative cognition and
artistic performance (Takeuchi et al., 2012; Beaty et al., 2016a; Beaty
et al., 2017; Beaty et al., 2018).

Second, we also found activation of the MTL and MTG regions and
several left frontal regions and the left precuneus in usefulness process-
ing. According to previous studies, the middle/superior frontal regions



Fig. 5. Distinct functional connectivity pathways for different novel object representations. (a) The right MTG seed (MNI, peak at (44, �72, 22), SVC) used in the gPPI
analysis of task-based functional connectivity. (b, d) Regions showing positive (red) and negative (blue) associations with right MTG activation modulated by a novel
and useful object relative to a novel and useless object (NU vs. NS). (c, e) An increase in activation in the right MTG was associated with an increase in activation in the
HIP and a decrease in activation in the ACC under the condition of NU compared with NS. The color bar represents T values; MTG, middle temporal gyrus; HIP,
hippocampus; PHG, parahippocampal gyrus; ACC, anterior cingulate cortex; NU, novel and useful; NS, novel and useless; MNI, Montreal Neurological Institute coordinate system;
SVC, small volume correction.
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are involved in the storage of prior existing knowledge (Liu et al., 2016),
and the precuneus, together with the left prefrontal cortex, is involved in
the recall of episodic memories (Lundstrom et al., 2003). We speculated
that usefulness processing might be related to the retrieval of prior in-
formation from the left prefrontal cortex and the precuneus. The hippo-
campus and the surrounding MTL are well known to be involved in the
acquisition of novel associations and the formation of new memories
(Squire et al., 2004). A recent study suggested that the hippocampus
plays an essential role in the formation of new concepts (Mack et al.,
2016). Here, MTL and neocortical region activation may reflect that
usefulness processing requires the hippocampus to form and update the
new concept in the presence of novel stimuli (Davachi et al., 2003;
Komorowski et al., 2009), and this process may require the retrieval of
prior information from various cortical regions (Squire and Alvarez,
1995; Nadel and Moscovitch, 1997). The MTG is another region that we
speculated could be involved in new concept processing. Previous studies
also showed that the MTG plays crucial roles in novel associations, se-
mantic categorization and tool processing (Chao et al., 1999). Our results
showed that the MTG exhibits differential functional connectivity in the
processing of NS and NU concepts. The functional connectivity between
the MTG and the MTL indicates information transformation in the MTG
and the MTL during useful information processing. Thus, the MTG plays a
crucial role in interpreting the novel associations of novel useful infor-
mation. The data lead us to speculate that communication between the
MTL and the MTG is critical in interpreting the meaning of novel stimuli
during usefulness processing. However, functional connectivity between
12
the MTG and the ACC and other frontal regions was found during useless
information processing. Previous studies have shown that the dorsal ACC
(dACC) and the frontal regions are the critical hubs in a domain-general
executive function network (Shenhav et al., 2016). Some evidence sug-
gests that the function of the dACC in cognitive control corresponds to
error detection (Ito et al., 2003; Narayanan et al., 2013; Shen et al.,
2015), explicit negative feedback (Quilodran et al., 2008), and conflict
(Sheth et al., 2012; Oehrn et al., 2014; Michelet et al., 2016; Tang et al.,
2016). Moreover, the cingulo-opercular network, which contains the
dACC, and the bilateral anterior insula play critical roles in the task
control signal (Neta et al., 2017). Additionally, previous studies revealed
the role of the frontal regions in inhibitory control: enhanced activation
of the left inferior frontal gyrus (IFG) was associated with lower origi-
nality scores (Mayseless et al., 2014; Mayseless and Shamay-Tsoory,
2015; Ivancovsky et al., 2018). Therefore, the functional connectivity
between the MTG and the executive function network may suggest that
greater effort is necessary to process the mismatch created by the inap-
propriateness of novel but useless objects. Overall, the difference in
functional connectivity in the processing of NU and NS objects may
reflect the ease of assigning a new existing category to NU objects.
Finding a suitable category for objects after they lose their obvious
functionality (NS object) is comparatively difficult.

It is worth noting that the MTL and the MTG are involved in both
novelty and usefulness processing, but we believe that they are engaged
in different functional roles in representing the two features. With the
involvement of other novel detection regions, novelty processing may



Fig. 6. | Distinct behavioral and multivoxel representational concept patterns in new concept processing. (a) Procedure of the evaluation experiment. Participants
were asked to make three judgments: Q1. To evaluate the concept dissimilarity between the novel product and the prototype product. Subjects were asked to provide
respond on 1–6 point scale (“1” ¼ extremely small, “2” ¼ very small, “3” ¼ small, “4” ¼ large, “5” ¼ very large, “6” ¼ extremely large). Q2. To evaluate whether the
product has generated a new concept. The subjects were asked to answer Yes or No. Q3. As a follow-up to the second question, the subject was asked to evaluate on a 6-
point scale the degree of the new concept generated by the object in the two novel conditions (NS and NU; "1" ¼ extremely small, “2” ¼ very small, “3” ¼ small, “4” ¼
large, “5” ¼ very large, “6” ¼ extremely large). (b) The representational change in the two novel conditions. The distance between FU and NS represents the degree of
change for the NS condition (with the novelty feature); the distance between FU and NU represents the degree of change for the NU condition (with both novelty and
usefulness features). (c) The new concept percentage contained in the NS and NU products (left); the degree of new concept contained in NS and NU products (right).
(d1) Mental conceptual distance behavioral experiment results (dissimilarityNU-FU > dissimilarityNS-FU). The mental conceptual distance was evaluated as the con-
ceptual distance between the novel object and its familiar object (FU) by participants. (d2) The MTG neural pattern represents the difference between the NU-FU
distance and the NS-FU distance (dissimilarityNU-FU > dissimilarityNS-FU), but the MTL neural pattern represents the distance between NU-FU and NS-FU, with no
significant difference. Error bars represent the standard error of the mean (SEM). The asterisks indicate significant differences between conditions. *p < 0.05, **p <
0.005, ***p < 0.001; FU, familiar and useful; NS, novel and useless, NU, novel and useful; NS-FU, the dissimilarity values between FU and NS; NU-FU, the dissimilarity values
between FU and NU; MTG, middle temporal gyrus; HIP, hippocampus; PHG, parahippocampal gyrus; L, left; R, right.
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depend on the MTL to detect novel features, and the MTG, which is
involved in novelty processing, may play a role in facilitating the ability
of the MTL to detect novelty features through novel semantic association.
In usefulness processing, functional connectivity was found between the
MTG and MTL, and signal changes in the MTL and MTG were both
enhanced when the stimuli were both novel and useful. These results
reflect that communication between the MTL and the MTG may reflect
critical information transfer during usefulness processing.

Third, the results of the additional behavioral concept distance
evaluation experiment with 27 independent participants showed that a
new concept was formed in the NU condition based on the participants’
direct evaluation and that the conceptual distance was larger between
the NU and FU than between the NS and FU objects. This may indicate
that conceptual distance is based on appropriate functionality and that
positive change in appropriate functionality creates conceptual distance.
The objects can either gain an additional function (novel function),
expand their mental conceptual perception (NU) or lose functionality
(NS). In the expanding conceptual perception condition (NU), the object
gains a new function that refines the familiar object. For example, the NU
object of “a lid that can stand up since it has an L-shaped handle”, the
improvement made the lid handle more convenient by allowing the pot
lid to stand stably on the table while protecting the pot and table from
being contaminated. This prompted the participants to refine the object
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and put it into a new concept category. However, in the loss of familiar
functionality (NS) condition, the object may gain an unexpected func-
tionality and thus creative value. For example, useless objects such as “a
pot lid with many hollowed-carved cavities in the center” or “a wooden
writing desk covered with dead wood cracks” could elicit the following
thoughts: “the pot lid is a steamer or humidity creator” and “the table can
now be seen as a sculpture”. Therefore, a shorter distance exists between
FU and NS than that between FU and NU demonstrating the difficulty of
detaching oneself from the familiar use of an object and that once objects
are made “useless” by removing their familiar functionality, more effort
is required to see these useless objects as valuable, not only in functional
terms but also in creative terms. This result is consistent with PPI results
showing that the stronger the functional connectivity was between the
MTG and the executive function network in the NS condition, the more
effort was required to process the mismatch created by the inappropri-
ateness of these novel but useless objects.

In addition, considering that the multivoxel pattern similarity anal-
ysis showed a pattern distance similar to the behavior concept distance in
the MTG, the MTG may play a critical role in representing new meaning
concept formation. Most neuroscience studies have suggested that new
knowledge acquisition supported by the hippocampus-neocortex is
related to the subsequent integration of partially overlapping events
(Daphna and Wagner, 2008; Dagmar and Preston, 2010; Kuhl et al.,
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2011; Schlichting and Preston, 2014; Tompary and Davachi, 2017). From
this perspective, as a special type of new knowledge processing, creative
concept formation through creative thinking needs to associate the basic
familiar concept with novel information through the hippocampus-MTG
system. We believe that both the hippocampus and MTG are associated
with new concept in terms of both novelty and usefulness features. Our
signal change results showed that the signal increased both in the MTL
and MTG as the features increased. However, the novel association,
supported by a well-established associative memory network, needs to
pass the usefulness association evaluation, which integrates the new
concept with the existing memory system that can be accepted. There-
fore, the MTG may act as a classifier to stop further useless information
concept construction through functional connectivity with the executive
system. It is different to assign meaning to NS objects. Finally, only the
new meaning information can be further constructed in the MTG. Pre-
vious studies indicate that the posterior MTG is the core of conceptual
processing (Karalyn et al., 2007). It contributes to the retrieval of con-
ceptual knowledge (Tranel et al., 2003; James et al., 2015; Davey et al.,
2016) and allows semantic retrieval to be ‘shaped’ to suit the current
context to understand actions and nondominant semantic associations
(Tranel et al., 2003).

The additional behavioral and functional connectivity data together
indicate that the designs in the NU condition were more likely to be
perceived as a new category of objects than the designs in the NS con-
dition. Overall, we believe that the MTG integrates novel and useful
conceptual knowledge ‘shaped’ by prior semantic knowledge, repre-
senting creative conceptual knowledge.

6. Limitations and future directions

There were several limitations to this study. Primarily, although
creativity is generally considered an active process of both generation
and evaluation, the current task merely requires participants to engage in
a relatively passive form of evaluation. Although the evaluation process
has an important influence on the quality of creative products and the
passive comprehension of creative products process may reflect a form of
creativity evaluation processing, yet also requires an initial stage of
constructing the presented idea through a generative process, these
processes are also unlikely to be completely equivalent to full creativity
processing. Further experiments are recommended to focus on sponta-
neously generated creativity design processing (Dietrich and Kanso,
2010; Gonen-Yaacovi et al., 2013). The generation phase combines
remote associations in a novel way (Mednick, 1962) based on a search of
semantic memory and autobiographical memory (Milivojevic et al.,
2015; Christensen et al., 2018; Madore et al., 2019), which is also critical
for creativity concept reconstruction. In addition, our experimental
design lacks an FS condition. It should be noted that there are no FS
objects exist in real life. The current study from our previous two studies
on insight problem solving, in which we used insight problems with
possible FS answers as the materials (Huang et al., 2015; Huang et al.,
2018). Moreover, considering the better representation of creativity in
the real world, we made the creative object the material in this experi-
ment. Although this made for better material than in previous studies, the
objects still could not represent all types of creativity. Future studies
could find other materials to represent creativity more comprehensively.
Furthermore, the total number of scanned participants was somewhat
low in this study. The previous study showed that although the power
was very poor in the range of most conventional fMRI studies (10–20
subjects), most activated areas were true positives (Murphy and Garavan,
2004); we hope that future studies will include larger fMRI-scanned
samples.

7. Conclusion

In conclusion, our study provides behavioral and neuronal evidence
demonstrating the neural mechanisms of novelty and usefulness
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representation during creative cognitive processing. The hippocampus-
MTG connection is involved in both novelty and usefulness concept
processing and is associated with the interpretation of new conceptual
knowledge. Moreover, the MTG is involved in integrating the creative
concept and updating the memory system by forming different repre-
sentational patterns of neural population codes. Our study provides new
evidence for understanding the critical mechanism of new association
formation and concept formation during novelty and usefulness pro-
cessing and reveals the critical role of the new concept and new category
processing mechanism in creativity formation.
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