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Abstract: The goal of the current study was to investigate the role of executive functions in
mathematical creativity. The sample included 278 primary school children (ages 8–13). Two models
were compared: the starting model tested whether executive functions (shifting, updating, and
inhibition), domain-general creativity, and mathematical ability directly predicted mathematical
creativity. The second model, which fitted the data best, included the additional assumption
that updating influences mathematical creativity indirectly through mathematical ability and
domain-general creativity. Updating was positively related to mathematical creativity. Additionally,
updating was positively related to mathematical ability and domain-general creativity. Inhibition,
shifting, domain-general creativity and mathematical ability did not have a significant contribution
to either model but did positively correlate with mathematical creativity. This study reports the
first empirical evidence that updating is a predictor of mathematical creativity in primary school
children and demonstrates that creativity is a higher order cognitive process, activating a variety of
cognitive abilities.

Keywords: creativity; mathematics; executive functions; updating; shifting; inhibition;
divergent thinking

1. Introduction

It is of no doubt that creativity is important in mathematics (Sriraman 2004). For example, some
mathematical questions can be answered in multiple ways or require out-of-the-box thinking (Leikin
and Pitta-Pantazi 2013). Therefore, creativity should be encouraged and taught during primary school.
However, teachers are unsure about how to incorporate creative exercises into their teaching methods,
especially in the field of mathematics (Kaufman and Baer 2004). From this perspective, research into
creativity and mathematics has increased over the last years (Singer et al. 2017), but mainly in adults
or secondary school students, and much is still unknown. In particular, how executive functions are
related to the domain of mathematical creativity remains unresearched. Executive functions, or the
higher cognitive order functions that are necessary to reach a goal or finish a task, are important for the
development and acquisition of mathematical ability. In addition, since executive functions are mainly
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important in novel, challenging situations in which flexibility is a key aspect (Davidson et al. 2006;
Rhoades et al. 2011; Van der Sluis et al. 2007), they also seem to fulfill an important role during creative
tasks (e.g., Benedek et al. 2014; Sharma and Babu 2017). Domain-general creativity and mathematical
ability, in their turn, seem to promote mathematical creativity (e.g., Jeon et al. 2011; Kroesbergen and
Schoevers 2017; Lin and Cho 2011; Sak and Maker 2006). To move beyond such correlational results
and provide a more holistic image, the current study investigated if and how executive functions,
domain-general creativity, and mathematical ability are related to mathematical creativity in a sample
of 8- to 13-year-olds.

1.1. Domain-General Creativity and Mathematical Ability in Relation to Mathematical Creativity

Although creativity knows many definitions, a common description of the general creative process
is that it is an “interaction among aptitude, process, and environment by which an individual or
a group produces a perceptible product that is both novel and useful as defined within a social
context” (Plucker et al. 2004, p. 90). That a more general type of creativity is required in order to be
mathematically creative has been reported in several studies (Ayllón et al. 2016; Kroesbergen and
Schoevers 2017; Lin and Cho 2011; Sak and Maker 2006; Schoevers et al. 2018). These studies verify
that there is a domain-general part of creativity, perhaps related to insight or divergent thinking
(Mumford and Gustafson 1988; Plucker 1999). However, as others have found, most variance is
explained by specific abilities (Chen et al. 2006; Leikin 2014; Sawyer 2006). For instance, a very creative
mathematician is not necessarily creative in another domain such as writing.

For example, Lin and Cho (2011) found that there was a direct effect of domain-general creativity
on mathematical creativity, whereas variables such as motivation and environment only showed an
indirect effect. Similar to the definition problem of creativity in general, the concept of mathematical
creativity has also been operationalized in various ways (Mann 2006; Sriraman 2005). In the current
study, mathematical creativity is used as a synonym for mathematical divergent thinking, in accordance
with other work on this topic, and given the focus of the current study (e.g., Kattou et al. 2013;
Leikin 2009; Stolte et al. 2018). In other words: mathematical creativity is the simultaneous activation of
multiple ideas and sources of information in order to select and assemble several alternative solutions
for mathematical tasks. Given the open nature of divergent thinking tasks, mathematical creativity is
often associated with mathematical problem solving (Sriraman 2005). Some mathematical tasks cannot
be answered with standard or pre-learned strategies. For these tasks, creativity is important because
more than one answer can be correct or more than one strategy can be used to find an answer (Leikin
and Pitta-Pantazi 2013). Mathematical creativity tasks are commonly scored on fluency (the number of
correct answers), flexibility (the different strategies used or answer-categories), and originality (how
unusual an answer is) (Sak and Maker 2006; Schoevers et al. 2018). This differentiation provides both a
quantitative and a qualitative measure of creativity.

Apart from domain-general creativity, domain-specific skills and proficiency (i.e., mathematical
abilities such as spatial abilities, algebraic reasoning, and number sense) (Kattou et al. 2013) are also
related to mathematical creativity. In order to be creative in a domain, a person needs to have at least
some familiarity with this domain to use creatively (Csikszentmihalyi 1997; Jeon et al. 2011; Sak and
Maker 2006). Empirical research supports this claim (Hong and Aqui 2004; Mann 2005; Sak and Maker
2006; Schoevers et al. 2018; Stolte et al. 2018).

In comparison, the relation between domain-general creativity and mathematical ability is
less straightforward. For instance, Schoevers et al. (2018) found that mathematical ability and
domain-general creativity were not significantly related in a sample of fourth graders. Interestingly,
their study showed that mathematical ability and domain-general creativity explained an almost
similar amount of variance of mathematical creativity. They reported that creativity may not be
a general construct of mathematical ability but may instead be domain-specific for mathematical
creativity (Baran et al. 2011; Schoevers et al. 2018). On the other hand, a positive relation between
domain-general creativity and mathematical ability has been reported in a previous study, too. In this



J. Intell. 2020, 8, 26 3 of 20

study, with 8-, 9-, and 10-year-olds, domain-general creativity predicted a similar amount of variance
in mathematical ability as updating and number sense did (Kroesbergen and Schoevers 2017).

1.2. Executive Functions and Mathematical Ability

A longstanding line of research shows the relation between executive functions and mathematical
abilities. In such research, executive functioning is often divided into three processes: updating, shifting,
and inhibition (or response inhibition) (Bull and Scerif 2001; Cragg and Gilmore 2014; Toll et al. 2011).
Updating can be defined as the ability to continuously add and remove information from working
memory storage as well as monitoring this process (Miyake et al. 2000). This function is important
during a variety of everyday activities that involve several steps such as cooking, driving, and writing.
Shifting refers to the ability to change strategies or shift from a set of rules to another; for instance,
when changing between adding or multiplying numbers every other time. Response inhibition is
characterized as the ability to stop an impulsive response and opt for a more appropriate response given
the circumstances but also to inhibit immature strategies that are no longer optimal (e.g., when solving a
mathematical assignment). Although the different executive functions are known to overlap, they each
have unique properties (Miyake et al. 2000; De Ribaupierre and Lecerf 2017). Therefore, we will study
them separately in the current study, whilst accounting for their possible correlation.

In mathematics, updating is required to extrapolate the individual parts from a whole and to
simultaneously add new information to the mix. These are important aspects of successful mathematical
reasoning (Friso-Van den Bos et al. 2013; Kroesbergen and Dijk 2015; Lee et al. 2012; Raghubar et al.
2010; Van der Ven et al. 2012). In addition, updating allows for the storage of intermediate results
in working memory that can be manipulated to find the end-solution during a mathematical task
(Van der Ven et al. 2012). Similarly, well developed shifting abilities are necessary when changing
strategies during more advanced mathematical tasks (Agostino et al. 2010; Bull and Scerif 2001;
Yeniad et al. 2013). However, when the shared variance with updating is accounted for, the relation
between shifting and mathematics may not be present anymore (Espy et al. 2004; Van der Sluis
et al. 2004; Van der Ven et al. 2012). For the third executive function, inhibition, the relation with
mathematics seems comparable. Good inhibitory skills make it possible to inhibit immature strategies
and irrelevant knowledge from entering working memory. Moreover, good inhibition is also necessary
to stay focused on a task, and several studies find a positive relation between the two (Chiappe
et al. 2000; De Beni et al. 1998; Passolunghi and Siegel 2001) but others do not support this relation
(Lee et al. 2012; Van der Sluis et al. 2004; Van der Ven et al. 2012). Seemingly, updating may also be
involved in inhibition and shifting, by keeping information online to manipulate in working memory
(Van der Ven et al. 2012).

1.3. Executive Functions and (Mathematical) Creativity

Executive functions are indispensable for the flexible adaptation of skills and knowledge, especially
in novel situations (Dajani and Uddin 2015). Given these characteristics, it seems plausible that they
are linked to creativity as well. In the current study, we defined domain-general creativity as those
creative abilities that are transferable across domains, similar to the intelligence factor g (Baer 2012;
Chooi et al. 2014). Moreover, it may be that executive functioning and intelligence are related but
unique concepts. For instance, one study found that only updating was a significant predictor of
intelligence in young adults (Friedman et al. 2006). In a study about the unity and diversity of
intelligence and executive functions in children between 7 and 9 years of age, a similar result was
found (Brydges et al. 2012). Additionally, there are also indications that both inhibition and updating
predict intelligence (Duan et al. 2010) and that shifting predicts intelligence (Purić and Pavlović 2012).
Other studies found no such predicting effect of executive functions on intelligence (Lehto et al. 2003).
This failure to find a relation was probably due to statistical decisions. In their study, Brydges et al.
(2012) found a large overlap in variance between executive functioning and intelligence (between 69%
and 80%). It has therefore been argued that, at least for children, what is measured during intelligence
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tests is not that different from the engagement of executive functioning (Brydges et al. 2012). Therefore,
the current study placed its focus on executive functioning.

When creativity is required, it is important that different elements from the environment and
from memory are connected even when they are not always obviously relevant at first. With this
(uncommon) combination of elements, an original and creative idea can be generated. In order to
do this, working memory needs to be continuously updated with new and/or different information.
This leads to a broader scope of ideas and action possibilities. Therefore, a positive relation between
creativity and updating can be expected (Benedek et al. 2014; Diamond 2013).

In addition, it is important to shift one’s focus from standard answers and concepts towards more
novel ideas when thinking creatively. In this way, shifting also seems to be important to boost creativity
by promoting flexibility (Nusbaum and Silvia 2011; Pan and Yu 2018). Surprisingly, empirical evidence
for a positive relation between shifting and creativity is lacking and the only two studies reporting on
this association found opposite results (Benedek et al. 2014; Pan and Yu 2018). Although (cognitive)
flexibility is often mentioned as one of the cornerstones of creativity such as in the dual pathway model
of creativity (Nijstad et al. 2010; Stein 1953; Torrance 1974), only one empirical study supports this claim
(Pan and Yu 2018). This study by Pan and Yu (2018) only measured shifting and no other executive
functions, whereas Benedek et al. (2014) took updating and inhibition into account as well. Perhaps
the explanation that once several executive functions are taken into account, the explained variance
from shifting is not significant anymore also applies for the relation between creativity and shifting.

Besides, good response inhibition and creativity have also been linked in the past
(Benedek et al. 2014; Cassotti et al. 2016; Edl et al. 2014). Effective inhibition helps to suppress
the increasing interference of previous responses in order not to persevere on initial ideas. There are
also indications that good inhibition makes it difficult to move beyond less creative answers and think
out-of-the-box (Burch et al. 2006; Carson et al. 2003; Scibinetti et al. 2011). However, these studies refer
to an early type of inhibition, namely latent inhibition, and thus, creativity may benefit from decreased
early inhibition and well-developed response inhibition. Thus, with lowered latent inhibition, a more
diverse collection of stimuli is available to a person, which leads to different and perhaps more original
action possibilities (Carson et al. 2003). Response inhibition, on the other hand, needs to be sufficient
to stay focused on the task at hand and move beyond less creative responses. Although there are
a handful of studies that report on the effect of executive functions on domain-general creativity,
these studies have investigated adult samples and did not always take the shared variance of executive
functions into account. In addition, empirical evidence about the relation between executive functions
and mathematical creativity is missing. It is important to understand what cognitive abilities are
involved during mathematical creativity in children in order for teachers to feel more confident about
incorporating creativity in their math lessons (Kaufman and Baer 2004).

1.4. The Current Study

Even though previous studies have demonstrated that there are (mostly positive) relations between
domain-general creativity, mathematical abilities, and mathematical creativity, to our knowledge, these
factors have never been combined in a model with executive functions before or examined together
in a sample of primary school children. Therefore, the current study aimed to create a theoretical
model about the roles of the executive functions on domain-general creativity, domain-specific
mathematical ability and mathematical creativity in primary school children. With this, we seek to
transcend the correlational results that have been reported thus far and provide an integrated image
of what underlying cognitive and behavioral factors are involved in mathematical creativity. Visual
representations of our hypothesized models are presented in Figures 1 and 2. Based on our discussion
of the literature, we assumed that (1) domain-general creativity and mathematical ability would have a
positive relation on mathematical creativity; (2) the executive function updating would have a positive
relation to mathematical ability and domain-general creativity, but also to mathematical creativity;
and (3) inhibition and shifting would be directly and positively related to mathematical creativity.
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Although there are indications that shifting and inhibition do not explain additional variances in
mathematics and (general) creativity once the shared variance with updating is accounted for, no such
evidence is present within the domain of mathematical creativity (Benedek et al. 2014; Espy et al. 2004;
Van der Sluis et al. 2004). Indeed, given the theoretical link between shifting and creativity, we wanted
to hypothesize a positive link between the two for mathematical creativity.
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To investigate these hypotheses, we compared two models. The first model tested if all dependent
variables (i.e., shifting, updating, inhibition, domain-general creativity, and mathematical ability)
were directly related to mathematical creativity. The second model tested whether updating also
had an indirect effect on mathematical creativity through its influence on mathematical ability and
domain-general creativity, given that all previous studies consistently report that updating plays
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the biggest (and most stable) role of all executive functions in creativity and mathematics (e.g.,
Benedek et al. 2014; Diamond 2013; Friso-Van den Bos et al. 2013; Van der Ven et al. 2012).

2. Materials and Methods

Data was collected through a large-scale cross-sectional study with one measurement time point
with children between the ages of 8 and 13. This study investigated the role of mathematical ability,
domain-general creativity, and executive functions during mathematical creativity.

2.1. Participants

In the current study, 360 children participated. After excluding any cases with missing data,
the final sample was composed of 278 children (Mage = 9.71, SDage = 0.93), of which 139 (50.0%) were
boys. Based on the minimum requirement of 10 cases per variable for structural equation modelling and
14 observed variables in our model, the sample was deemed sufficient for the intendent statistical method
(Kline 2010). According to a teacher-questionnaire, 7 (2.5%) children that participated had autism or a
related disorder and 16 (5.75%) children had an attentional disorder such as ADHD. In the Netherlands,
prevalence of autism in 4–12-year olds is around 2.8% (Centraal Bureau voor de Statistiek CBS).
According to the DSM-5, the prevalence of ADHD is 5% in children (American Psychiatric Association
2013). Therefore, we assumed the participants to be a realistic representation of children in Dutch
primary school education. Participants were recruited from 21 classes of 9 regular primary schools,
situated in the Netherlands. All schools were located in the central part of the Netherlands. Four schools
were situated in an urban area (i.e., city with more than 50,000 inhabitants) and five schools were
situated in more rural areas. Six of the schools had classes with 20 children or more, whereas the
others worked with a system of smaller classes. Children were included in the study if at least one of
the parents gave active informed consent. Prior to data collection, the study had been approved by
the Ethics Committee of the Faculty of Social and Behavioral Science of Utrecht University in 2016
(FERB16-112).

2.2. Procedure

Over the course of two days, participating primary school children were administered a test
battery containing several tasks that measured mathematical ability, creativity, executive functioning,
and intelligence. On both days, the session was roughly one hour. Testing commenced at the
participating primary schools. Children were, therefore, in a familiar and safe environment. Most classes
completed the tests on two consecutive days. If this was not possible, the two test days were, at most,
nine days apart. On day one, participants completed individual paper-and-pencil tasks in their own
classroom. During day one, the participants sat in a test setup and completed the domain-general
creativity task amongst several other tasks not relevant to the current study. On day two, participants
made one more paper-and-pencil task in the classroom. This task measured mathematical creativity.
In addition, the executive functioning tasks were administered individually in a separate quiet room
in small groups of maximal six children. There were three executive functioning tasks, two to
measure updating and one that measured shifting and inhibition. All executive function tasks were
computerized in order to measure reaction time and accuracy. All tests were administered and
supervised by at least one test leader. Test leaders were trained prior to data collection by their
supervisor and used a protocol during data collection to ensure standard test instructions across classes,
schools, and test leaders.

2.3. Materials

2.3.1. Inhibition

The Fish Game (Stolte et al. 2018) measured inhibition, which is an adapted version of the classical
Flanker task, where the middle target has to be identified amongst distractors. In the Fish Game (of
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which Figure 3 shows a visual representation), the middle target is flanked by four identical targets
that can be identical to the middle target (i.e., congruent trials) or be the mirror image of the middle
target (i.e., incongruent trials). The Fish Game also contained so called neutral trials, in which only one
stimulus was presented without distractors. The task started with five practice trials, in which the
participant received feedback on the accuracy of the responses. The practice trials were followed with
a testing block that contained 12 congruent trials, 12 incongruent trials, and 12 neutral trials. Stimulus
presentation was at random and participants had 2000 ms to respond. Stimuli were presented either at
the top or the bottom of the screen. To measure inhibition, average reaction time during incongruent
trials was used. Therefore, this task is a reversed indicator of inhibition. The inhibition block of the Fish
Game has good internal consistency as assessed in the current study (neutral trials α = 0.84; congruent
α = 0.87; incongruent α = 0.88).
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trial during the Fish Game.

2.3.2. Shifting

The second block of the Fish Game measured the executive function shifting. During this part
of the task, the child has to keep shifting between two strategies. The child is instructed that when
they see an image of a plant (see Figure 4 for an example), they need to respond to the direction that
the fish on the outside are swimming in. This is because the fish on the outside are tired and want
to go to sleep between the plants. However, when an image of fish food is presented, the child is
instructed to respond to the middle target, as they are used to from the first block of the Fish Game
that measured inhibition. The story behind this is that the middle fish is still hungry and, therefore,
wants to go to the fish food. This block of the game contains 22 shift trials (the trials with an image
of a plant) and 18 non-shift trials (the trials with an image of fish food). Participants had 2500 ms to
respond to each trial and trials were presented in a fixed order. The shifting block of the Fish Game
has good internal consistency as assessed in the current study (shifting trials’ Cronbach’s α = 0.94;
non-shift trials’ Cronbach’s α = 0.99). We measured shifting ability by recording the average reaction
time in milliseconds on the shift trials. Therefore, this variable is a reversed indicator of shifting.
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2.3.3. Updating

Two tasks were administered to measure updating (Van de Weijer-Bergsma et al. 2016). Verbal
updating was measured with the Monkey Game. In this task, the child is instructed to remember and
recall a sequence of words in the reversed order. During the task, the child will hear a sequence of
spoken words, for example “fire, coat, cat.” Then, the child is instructed to remember this sequence
in reverse, which, in this case would be “cat, coat, fire.” The Monkey Game measures this by letting
the child click on the correct words in the correct order. All words are presented in a 3 × 3 matrix.
The task contains five levels with four trials. In the first level, the child has to remember and
reverse two words. In the last level, the child has to remember and reverse a sequence of five words.
Internal consistency of the Monkey Game was found to be “acceptable” to “good” (Cronbach’s α

between 0.78 and 0.89). Additionally, concurrent validity was also good (ρ between 0.51 and 0.59)
(Van de Weijer-Bergsma et al. 2015a).

To measure visuo-spatial updating, participants completed the Lion Game (Van de Weijer-Bergsma
et al. 2015b). The children were asked to remember where they saw the last lion with a specific color.
The task consisted of a 4 × 4 matrix. Every square contained a bush, behind which a colored lion
could appear. Each trial, eight lions were presented on the screen, one after the other. Every lion
was visible for 2000 ms. Lions could be green, yellow, purple, blue, or red. After eight lions were
presented, the child was instructed to click in the matrix where they had seen the last lion with a
specific color. The task consisted of 20 trials which were equally divided over five levels. The task
increases in difficulty because the number of colored lions that should be remembered increased with
every level, starting at two colors and ending with all five colors. The Lion Game has good internal
consistency (Cronbach’s α between 0.86 and 0.90), good concurrent and predictive validity, and a
satisfactory test-retest reliability (ρ = 0.71) (Van de Weijer-Bergsma et al. 2015b).

For both the Monkey and the Lion Game, the proportion of items correct is recorded, which
leads to a score between 0 and 1. The current study created a composite score of updating by first
standardizing the outcomes for the Monkey and the Lion Game to account for possible differences in
mean and standard deviation between the tasks. Hereafter, the standardized scores were added and
subsequently averaged to create the new updating variable.

2.3.4. Mathematical Creativity

We measured mathematical creativity with an adapted version of the Mathematical Creativity
Test developed by Kattou et al. (2013) (see Schoevers et al. 2018). This task contained five open-ended
mathematical questions about geometry that could be answered in multiple ways. Participants are
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instructed to think of as many answers to each of the mathematical questions as they can. In our
adapted and translated version, we aimed to measure the construct of mathematical creativity instead
of geometric creativity. To achieve this, we used three questions from the original task and included a
similar question that Hershikovitz et al. (2009) used in their research. This question is about dividing a
square pie in such a way that four people would get the same amount. This task had the following
instruction: “Four children [names given] have to share a square cake fairly. How will they cut the
cake?” In addition to this instruction, we included a sentence instructing participants to think of as
many different solutions to cutting the cake as they could. Answers were scored on fluency, flexibility
(maximum score = 22), and originality (maximum score = 1 for each question). Similar to Leikin and
Leikin and Lev (2013), fluency was operationalized as the sum score of correct answers. Flexibility
was operationalized as the number of categories the correct answers could be placed in. Originality
was scored by comparing the answer of a participant to a reference group. Previous research reported
that the Mathematical Creativity Test had an acceptable internal consistency (Cronbach’s α = 78)
(Kattou et al. 2013). An exploratory factor analysis was done to investigate if these questions measured
the same latent construct.

2.3.5. Mathematical Ability

The Cito test is a Dutch ability test used by most Dutch primary schools in grade 1
through 5 to monitor spelling, vocabulary, reading comprehension, and mathematical development
(Janssen et al. 2007). The test contains multiple choice questions and is used to advise children on
the most appropriate level of higher education after primary school and is administered twice a year
by teachers. We requested the most recent ability scores of the mathematical part of the Cito test
from the participating schools to obtain a measure of participants’ standard mathematical abilities.
The mathematical part of the Cito has different subtests to measure different types of mathematical
ability (e.g., arithmetic, measuring, fractions, percentages, and proportions), adjusted for the level of
mathematical ability in each grade. The sum of the subtests leads to a final ability score in a domain,
in this case, mathematical ability. The ability scores of the Cito test have a good reliability (Cronbach’s
α between 0.91 and 0.94 for grades 3 and 5) (Janssen et al. 2010). Since the ability scores differ between
grades and schools, in different versions of the Cito test, we made standard scores of all values to be
able to compare them.

2.3.6. Domain-General Creativity

The Test for Creativity Thinking Drawing Production (TCT-DP) is a measure of general creativity
(Kālis et al. 2014; Urban 2004). We selected this measure as our variable for domain-general creativity
since it supersedes the dichotomy of convergent and divergent creativity and incorporates non-cognitive
aspects of creativity into the task (Urban 2004). During administration of the TCT-DP, each participant
receives a piece of paper that contains six figural fragments. A test leader than instructs participants
that a painter started with this painting and that the participant will now have to finish it however
they see fit. Participants have to try to finish the drawing in 15 min (or less). The end product is scored
on 14 creativity aspects such as new elements and humor. Time is taken into account if the score of the
first 13 creativity aspects is at or above 25 points and a maximum score is calculated. The points gained
on the 14 aspects are summed to a total score, which can reach a maximum of 72 points. The TCT-DP
has a high differential reliability (χ2 = 33.45, C(corr.) = 0.92) (Urban 2004) and good interrater reliability
in the current study (Cronbach’s α = 0.96).

2.4. Analyses

The relationship between variables were examined by performing Spearman correlations, as all the
variables were found to have a non-normal distribution (based on the Shapiro-Wilks test of normality).
Before performing the path analyses, an exploratory factor analysis (EFA) for mathematical creativity
was conducted in order to test if one latent construct could be created. Hereafter, path analyses
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were performed to test our theoretical models. This was done twice; with and without the proposed
mediation effects (Figures 1 and 2). In order to formally test our mediation model, we performed a
bootstrap with 100 samples. Robust Maximum Likelihood was used to assess the model since our
data failed to meet the assumption of normally distributed data. The degree of fit was based on the
Chi-square (χ2) and degrees of freedom (df ) ratio, the comparative fit index (CFI), the Tucker Lewis
index (TLI), and the root mean square error of approximation (RMSEA) and standardized root mean
square residual (SRMR). The model fit was considered to be good when CFI ≥ 0.95, TLI ≥ 0.95, and
RMSEA ≤ 0.06, SRMR ≤ 0.08 and χ2/df < 3 (Schreiber et al. 2006). The analyses were carried out with
the sample as a whole, leaving age and gender out of the equation to reduce complexity and in order
to have a sufficient sample size for structural equation modelling. The statistical programs, SPSS 24
and the SPSS add-on for structural equation modelling AMOS 24, were used. The Supplementary
Materials contains the data package of the current study.

3. Results

Before testing our hypothesized models, we investigated the correlations between the variables
alongside the descriptive statistics, which can be viewed in Table 1, and employed EFA to extract a
latent factor of mathematical creativity.

Table 1. Descriptive statistics and Spearman correlations of the studied variables.

Mean SD Skew Kurtosis 1 2 3 4 5 6

1. D-G Creativity 20.33 9.58 0.63 −0.44 -
2. Math Ability 0.01 1.00 −1.20 4.78 −0.003 -

3. Updating 0.04 0.83 −0.75 0.73 0.209 *** 0.153 * -
4. Shifting 1386.83 236.50 −0.48 0.77 0.072 0.097 0.124 * -

5. Inhibition 790.08 151.84 1.12 1.65 0.101 −0.038 0.354 *** 0.416 *** -
6. MC (Factor) 0.000 0.69 0.33 −0.23 0.198 ** 0.202 ** 0.429 *** 0.169 ** 0.281 *** -

1 D-G = Domain-General; Math Ability = Mathematical Ability; MC = Mathematical Creativity. 2 For shifting and
inhibition, scores were reversed so that higher values indicated faster reaction times. 3 *** p < 0.001; ** p < 0.01;
* p < 0.05.

Mathematical creativity showed significant positive correlations with domain-general creativity,
mathematical ability, updating, shifting and inhibition. Moreover, in line with our expectations,
domain-general creativity and mathematical ability also had positive correlations with updating.

EFA was performed to investigate if the four questions from the mathematical creativity task
measured the constructs of fluency, flexibility, and originality in a similar way. We chose this method
because there is no data available on how the three questions from the original mathematical creativity
task are related to the question from Hershikovitz et al. (2009) that we included. The results showed
that when all four questions were added to the analyses, there was no significant increase in the
amount of explained variance (73.16% versus 74.07%) compared to when the three original questions
from Kattou et al. (2013) were added. In addition, in the EFA containing three factors, all correlations
between the scoring components (i.e., fluency, flexibility, and originality) were significant, whereas
this was not the case when all four questions were included. Therefore, we concluded it was best to
exclude question number 2 from Hershikovitz et al. (2009) from further analyses. In other words,
it seems that the three separate questions from the mathematical creativity task each measure a unique
part of mathematical creativity. In question 1, for example, creative geometry is examined; question 3
is about creating an equation, and question 4 is about number sense.

As for the two different models tested, Model 1 (the starting model, with 57 estimated parameters,
depicted in Figure 1) showed a good fit to the empirical data (CFI = 0.972, TLI = 0.958, χ2 = 97.32, df = 62,
χ2/df = 1.57, p = 0.003, RMSEA = 0.045 (90% CI: 0.027–0.062), SRMR = 0.059). A full representation of
the model can be viewed in Figure 5 The starting model demonstrated a positive relation between
shifting, updating, inhibition, domain-general creativity, mathematical ability and mathematical
creativity. Unlike the significant Spearman correlations, the effects of inhibition (Standard Error = 0.000;
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Critical Ratio = −1.563; p = 0.118), shifting (Standard Error = 0.000; Critical Ratio = −0.862; p = 0.389),
domain-general creativity (Standard Error = 0.012; Critical Ratio = 1.875; p = 0.061), and mathematical
ability (Standard Error = 0.061; Critical Ratio = 1.461; p = 0.144) on mathematical creativity were not
statistically significant. The effect of updating on mathematical creativity was statistically significant
(Standard Error = 0.094; Critical Ratio = 5.314; p < 0.001) (see Figure 5).

J. Intell. 2020, 8, x FOR PEER REVIEW 11 of 21 

 

As for the two different models tested, Model 1 (the starting model, with 57 estimated 
parameters, depicted in Figure 1) showed a good fit to the empirical data (CFI = 0.972, TLI = 0.958, χ2 
= 97.32, df = 62, χ2/df = 1.57, p = 0.003, RMSEA = 0.045 (90% CI: 0.027–0.062), SRMR = 0.059). A full 
representation of the model can be viewed in Figure 5 The starting model demonstrated a positive 
relation between shifting, updating, inhibition, domain-general creativity, mathematical ability and 
mathematical creativity. Unlike the significant Spearman correlations, the effects of inhibition 
(Standard Error = 0.000; Critical Ratio = −1.563; p = 0.118), shifting (Standard Error = 0.000; Critical 
Ratio = −0.862; p = 0.389), domain-general creativity (Standard Error = 0.012; Critical Ratio = 1.875; p = 
0.061), and mathematical ability (Standard Error = 0.061; Critical Ratio = 1.461; p = 0.144) on 
mathematical creativity were not statistically significant. The effect of updating on mathematical 
creativity was statistically significant (Standard Error = 0.094; Critical Ratio = 5.314; p < 0.001) (see 
Figure 5). 

 

Figure 5. Standardized factor loadings of the starting model, with only direct effects on mathematical 
creativity (Model 1). Bold arrows signify a significant relation, striped arrows signify an insignificant 
relation. R2 of the endogenous variables is added in cursive above its rectangle. Note. To increase 
clarity, this image does not show error-terms or that we correlated the errors of the executive functions 
or the error covariances between fluency, flexibility, and originality to account for their overlap. 

Next, we tested Model 2, with direct associations between updating on the one hand and 
mathematical ability, domain-general creativity and mathematical creativity on the other (as 
originally depicted in Figure 2). This model had 59 estimated parameters which met the fit 
requirements (CFI = 0.990, TLI = 0.985, χ2 = 72.64, df = 60, χ2/df = 1.21, p = 0.13, RMSEA = 0.028 (90% 
CI: 0.000–0.047), SRMR = 0.043). For a full visual representation of the results, see Figure 6 This model 
revealed a positive influence of updating on mathematical ability and mathematical creativity. 
Furthermore, shifting, updating, inhibition, mathematical ability, and domain-general creativity also 
positively influenced mathematical creativity. The effects of inhibition (Standard Error = 0.000; 
Critical Ratio = −1.564; p = 0.118), shifting (Standard Error = 0.000; Critical Ratio = −0.878; p = 0.380), 
mathematical ability (Standard Error = 0.061; Critical Ratio = 1.476; p = 0.140), and domain-general 
creativity (Standard Error = 0.006; Critical Ratio = 1.887; p = 0.0.59) on mathematical creativity were 
not statistically significant. All other paths were statistically significant (see Figure 6 and Table 2). 
Thus, although the total mediation effect of updating on mathematical creativity through 
mathematical ability or domain-general creativity was not significant, we can still conclude partial 
mediation is present (MacKinnon et al. 2002; Shrout and Bolger 2002; Zhao et al. 2010). 

Figure 5. Standardized factor loadings of the starting model, with only direct effects on mathematical
creativity (Model 1). Bold arrows signify a significant relation, striped arrows signify an insignificant
relation. R2 of the endogenous variables is added in cursive above its rectangle. Note. To increase
clarity, this image does not show error-terms or that we correlated the errors of the executive functions
or the error covariances between fluency, flexibility, and originality to account for their overlap.

Next, we tested Model 2, with direct associations between updating on the one hand and
mathematical ability, domain-general creativity and mathematical creativity on the other (as originally
depicted in Figure 2). This model had 59 estimated parameters which met the fit requirements
(CFI = 0.990, TLI = 0.985, χ2 = 72.64, df = 60, χ2/df = 1.21, p = 0.13, RMSEA = 0.028 (90% CI: 0.000–0.047),
SRMR = 0.043). For a full visual representation of the results, see Figure 6 This model revealed a positive
influence of updating on mathematical ability and mathematical creativity. Furthermore, shifting,
updating, inhibition, mathematical ability, and domain-general creativity also positively influenced
mathematical creativity. The effects of inhibition (Standard Error = 0.000; Critical Ratio = −1.564;
p = 0.118), shifting (Standard Error = 0.000; Critical Ratio = −0.878; p = 0.380), mathematical ability
(Standard Error = 0.061; Critical Ratio = 1.476; p = 0.140), and domain-general creativity (Standard
Error = 0.006; Critical Ratio = 1.887; p = 0.0.59) on mathematical creativity were not statistically
significant. All other paths were statistically significant (see Figure 6 and Table 2). Thus, although
the total mediation effect of updating on mathematical creativity through mathematical ability or
domain-general creativity was not significant, we can still conclude partial mediation is present
(MacKinnon et al. 2002; Shrout and Bolger 2002; Zhao et al. 2010).

This second model had a lower AIC and BCC (AIC = 19064, BCC = 197.40) compared to the
first model (AIC = 211.32, BCC = 217.84), which indicates that it fits the data better. For a complete
overview of statistics of the second model, see Table 2.

Table 2 shows the coefficients of the relations in the structural and measurement models of the
second model, as well as their corresponding estimation errors, critical ratio, and associated significance.
The measurement model represents the relations between latent variables or composite variables while
the structural model tests all the hypothetical dependencies based on path analysis (Kline 2010).
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Table 2. Results of testing the second model with the direct and indirect effect of updating on
mathematical creativity (structural and measurement models).

Standardized
Coefficients SE CR P

Structural Model
D-G Creativity → Updating 0.226 0.672 3.865 ***
Math Ability → Updating 0.189 0.071 3.212 0.001

Math Creativity → Math Ability 0.102 0.061 1.476 0.140
Math Creativity → D-G Creativity 0.132 0.006 1.887 0.059
Math Creativity → Inhibition 0.121 0.000 −1.564 0.118
Math Creativity → Shifting 0.063 0.000 −0.878 0.380
Math Creativity → Updating 0.475 0.090 5.521 ***

Measurement Model
Question 1 → Math Creativity 0.638 - - -
Question 3 → Math Creativity 0.677 0.645 4.767 ***
Question 4 → Math Creativity 0.549 0.165 5.910 ***

MC 1 fluency → Question 1 0.950 - - -
MC 1 flexibility → Question 1 0.760 0.030 13.842 ***
MC 1 originality → Question 1 0.699 0.014 12.603 ***

MC 3 fluency → Question 3 0.460 - - -
MC 3 flexibility → Question 3 0.754 0.025 6.428 ***
MC 3 originality → Question 3 0.755 0.007 6.438 ***

MC 4 fluency → Question 4 0.987 - - -
MC 4 flexibility → Question 4 0.809 0.030 17.092 ***
MC 4 originality → Question 4 0.722 0.009 14.363 ***

1 D-G = Domain-General; Math Ability = Mathematical Ability; MC = Mathematical Creativity Question;
Standardized Coefficients = Standardized Regression Weights; SE = Standardized Errors; CR = Critical Ratio;
p = Probability; Structural Model = relation between the independent and the dependent variables in the model;
Measurement Model = relation between the latent variables and the observed variables in the model. 2 For shifting
and inhibition, scores were reversed so that higher values indicated faster reaction times. 3 *** p < 0.001.

4. Discussion

The aim of the current study was to provide an overview of the relation between executive
functions, domain-general creativity and mathematical ability on mathematical creativity. To this end,
we tested and compared two models. The first model consisted of only direct relations of mathematical
ability, domain-general creativity, and executive functions (shifting, updating, and inhibition) on
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mathematical creativity. The second model consisted of all direct relations including indirect effects
of updating through its influence on domain-general creativity and mathematical ability. Based on
the correlational analyses, we found significant associations between mathematical creativity and
updating, shifting, inhibition, mathematical ability, and domain-general creativity. Furthermore,
our results revealed that a model in which mathematical ability and domain-general creativity act as
partial mediators between updating and mathematical creativity, and where updating also has a direct
relation to mathematical creativity, fitted the data best. More specifically, there was a positive relation
between updating and mathematical ability, domain-general creativity, and mathematical creativity.
Additionally, mathematical creativity was positively related to updating directly as well.

Concerning the relation between updating and mathematical creativity, we found most support
for the model in which updating influenced mathematical creativity directly and indirectly through
its positive association with mathematical ability and domain-general creativity. Although this has
not been studied before in the domain of mathematical creativity or in children, this result was not
unexpected because it is in line with the known relation between general creativity and updating
in adults (Diamond 2013; Benedek et al. 2014) and with the relation between mathematical ability
and updating in children (e.g., Friso-Van den Bos et al. 2013; Van der Ven et al. 2012). Thus, since
mathematical creativity requires both domain-general creativity and mathematical ability, it can be
argued that updating exerts its influence on mathematical creativity in direct and indirect ways.
That is, although the total effect of the mediator on mathematical creativity was not significant, indirect
mediation was still present since the path between updating and domain-general creativity, and
updating and mathematical ability was significant (MacKinnon et al. 2002; Shrout and Bolger 2002;
Zhao et al. 2010). Updating plays a vital role in both processes because it allows for the storage
of intermediate results or ideas. Mathematical tasks and creativity tasks are often comprised of a
multi-step process in which updating is therefore necessary to move from one step to the next. To apply
one’s abilities creatively, preexisting knowledge and skills should be activated, and working memory
continuously updated to come to creative solutions (Benedek et al. 2014).

Similarly, general creative abilities are transferable to specific domains and therefore, requested
during mathematical creativity, too (Jeon et al. 2011). Thus, well developed general creative abilities
might make it possible to use one’s mathematical abilities creatively during a divergent thinking task
(Bahar and Maker 2011; Sak and Maker 2006). However, it is not possible to make a prediction about
the direction of this relation at this point and it may be that mathematical ability influences domain-
general creativity, too (Kattou et al. 2013). Furthermore, one can question whether our current task to
assess mathematical creativity did indeed measure this construct or if the strong connection between
executive functions and mathematical creativity reflect the predicted positive link between novelty
and executive function as well (Davidson et al. 2006; Rhoades et al. 2011; Van der Sluis et al. 2007). In a
regular classroom environment, mathematics and divergent thinking are seldom combined. Therefore,
the mathematical creativity task that we used may have made an appeal to the executive functions of
the participating children because of their unfamiliarity with such tasks and because of the divergent
thinking aspect, which explains the strength of the correlation that we found. Additionally, since
the positive correlation between mathematical abilities and mathematical creativity was no longer
significant after executive functions were taken into account, there appears to be a common variance
between the two. We recommend future studies to take other (domain-general) cognitive factors into
account, such as intelligence, processing speed, or motivational factors (Brydges et al. 2012; Clark et al.
2014; Duan et al. 2010; Tella 2007; Moenikia and Zahed-Babelan 2010).

Although this study replicated the positive relation between updating, domain-general and
domain-specific aspects of creativity, the role of response inhibition and shifting on creativity and
mathematics is still debatable. Regarding inhibition, we found a significant relation between inhibition
and mathematical creativity in the correlational analysis but in the path model there was no such
effect. This may be because there is overlap of response inhibition with updating and shifting
(Miyake et al. 2000). Therefore, the explained variance of inhibition may have gone through the other
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two executive functions instead. Since the executive functions are still developing in our included
age range, it is possible that the three functions are not fully distinct factors yet (Huizinga et al. 2006;
Van der Sluis et al. 2007; Van der Ven et al. 2012). Since making different age groups within the current
sample would have led to too small samples to draw definite conclusions, we recommend future
research to be done with a larger sample size to replicate and expand the current results with more
specific information about the contribution of age and gender to the model.

In the correlational analysis, the current study found that response inhibition had a small positive,
albeit nonsignificant, predictive value on domain-general creativity but a significant positive relation
to mathematical creativity. This deviates from previous results that investigated domain-general
creativity (Benedek et al. 2014; Cassotti et al. 2016; Edl et al. 2014). This suggests that the relation
between inhibition and creative activities may be task dependent, and something similar may have
played a role in our other variables of interest as well. This is further corroborated in the study by
White and Shah (2006). This provides support that inhibition can either help or harm the creative
process, depending on the specific measure of creativity. Previous literature indicated that creativity
and good response inhibition were connected by the suppression of interferences from dominant
responses (e.g., Benedek et al. 2012a; Groborz and Necka 2003) but negative correlations were found
when no such interference was present (Vartanian et al. 2007). For instance, the TCT-DP may require
less response inhibition because of a lack of interference during the task. When this task is first
presented, divergent thinking is important to stipulate the different options of finishing the painting,
and response inhibition is necessary to delay making a decision what to draw until you have reviewed
several ideas. After assessing all options, convergence is necessary to choose which option to draw,
which requires good response inhibition (White and Shah 2006). However, since the TCT-DP is not a
particularly time sensitive or complex task, with no ‘incorrect’ answers, the executive functions are
probably less engaged (Miyake et al. 2000). Since no competing concepts or ideas are present anymore
at the stage of drawing, response inhibition is probably less important.

However, in a divergent task such as our mathematical creativity task, it seems plausible that
some response inhibition is needed to overcome interference of common ideas. To generate more
creative ideas, it is necessary to activate concepts that are more distantly associated with a task or
problem, which is related to earlier forms of inhibition and attention (Benedek et al. 2012b; Carson et al.
2003; Friedman and Miyake 2004). When stated this way, perhaps it is not so much efficient response
inhibition that is important during mathematical creativity but efficient updating skills. At first,
the most common and closely related concepts are activated in working memory. Hereafter, updating
is required to facilitate the process of gating less obvious information into working memory as well
(Benedek et al. 2014; Diamond 2013). These strong and weakly related concepts can be combined to
form novel and creative ideas (Mednick 1962). As such, it is not necessarily the inhibition of irrelevant
information that is important but the continuous updating of the information in the working memory,
in order to create new combinations, that is important for creativity.

Regarding the relation between shifting and mathematical creativity, the current study found no
support that well developed shifting abilities are linked to mathematical creativity once the overlap
with updating was accounted for. Shifting, as well as other executive functions, are used during
perspective taking. That is, processes such as perspective taking first require inhibition of the old
perspective, making space for new ideas (i.e., the process of updating working memory) to come to a
new perspective or idea (Davidson et al. 2006). Therefore, it is often cited that (cognitive) flexibility
or shifting are paramount in creativity and mathematics (Bailey et al. 2007; Bull and Scerif 2001;
Nijstad et al. 2010; Yeniad et al. 2013). Within the field of mathematics, there is research supporting
this finding (i.e., Clark et al. 2010; Mayes et al. 2009) although not all studies find such clear results
when other executive functions are added (Espy et al. 2004; Toll et al. 2011). However, for the field
of mathematical creativity, such empirical evidence is missing. One study on shifting and creativity
did find a relation between creativity and shifting (Pan and Yu 2018) but the only other study that
investigated this relation did not (Benedek et al. 2014). Providing an explanation for this difference in
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results is difficult. Perhaps the difference in age of participants, the complexity of the task, or the type
of creativity task (domain-general versus mathematical creativity) was a factor or the difference in
the measurement of shifting (difference score or reaction time of shift-trials). More likely, however,
the difference in whether or not shared variance with updating was taken into account explains these
discrepancies in results (Van der Ven et al. 2012). The current study further strengthens the idea that
shifting and inhibition are ancillary to updating during creative and mathematical tasks.

5. Conclusions and Future Directions

The current study provided the first theoretical model that included the roles of the executive
functions of updating, shifting and inhibition, mathematical ability, and domain-general creativity, on
mathematical creativity in children. This contributed to our understanding of the complex underlying
factors to mathematical creativity and further strengthens the idea that creativity/divergent thinking is
a top-down process (Razumnikova 2007; Zabelina et al. 2016). The substantive sample size allowed for
employing structural equation modelling which made it possible to test the fit of several models to
the data and to compare these models against each other. In addition, from a theoretical perspective,
the graphical representation of the relations between variables increases our understanding of set
connections and it provides a means to examine the impact of direct as well as indirect relations within
the same analysis.

Our study implies that updating is associated with mathematical creative performance in a
direct and in a smaller capacity, as well as in an indirect manner because it positively predicted
domain-general creativity and mathematical ability as well. Although the current study contributed to
our understanding of mathematical creativity, it is not without its limitations. First, caution should
be taken when generalizing these results as it seems that results are task dependent. In the current
study, we used a mathematical divergent thinking task, while convergent thinking was not measured
separately. Therefore, conclusions are limited to divergence. Future research should take both forms of
creativity into account to provide a more complete picture. Second, it is recommended to use more
than one measure for domain-general creativity in the future to better capture the entire construct of
general creative abilities (Cropley 2010). Although the TCT-DP is widely used to measure creativity
thinking and creative potential in a culturally independent way, domain-specific abilities are involved
(Kālis et al. 2014; Urban 2004). Third, since the current study had one measurement time point, it is
not possible to say something about the causal relationships between variables. Therefore, it would
be beneficial to carry out future research with a longitudinal design to examine if the implied causal
relations described here can be confirmed. Additionally, our sample was restricted in terms of age.
This makes any generalization of our results to other age groups difficult, especially since the ability of
inhibiting one’s irrelevant thoughts and responses is still developing until the age of 11, shifting abilities
until the age of 12, and updating, even until 18 years of age (Carlson et al. 2004; Gathercole et al. 2004;
Huizinga et al. 2006; Huizinga and Van der Molen 2007).

Despite these limitations the current study provided a first look at the underlying cognitive factors
of mathematical creativity in primary school children. These results can have important implications
for how primary school teachers can promote (mathematical) creativity. While the effectiveness of
training programs for executive functions is up for discussion (Karbach and Unger 2014), insight into a
person’s strengths and weaknesses can serve an important purpose for psychoeducation, for example.
By creating awareness about the role of, and perhaps providing training in executive functions such as
updating abilities, creativity can be promoted in domain-general and domain-specific ways.
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