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A B S T R A C T   

Although the relationship between creativity and fluid intelligence has been studied extensively with divergent 
and convergent thinking tasks, the underlying neural mechanisms of this relationship are still under debate. As 
both have been associated to working memory (WM), the question arises if there are shared underlying mech-
anisms for creativity and fluid intelligence other than WM-related activity. The present study examined how 
creativity and fluid intelligence, as measured by the creative reasoning task (CRT) and Raven’s Advanced Pro-
gressive Matrices (APM), respectively, are characterized by modulations in the upper alpha band (10–12 Hz) and 
if they share common mechanisms beyond the requirement to maintain information in WM. Hence, we sub-
tracted WM-related activity, measured within the same knowledge domain and by using highly comparable 
stimulus material, from both divergent and convergent thinking activity. Furthermore, to account for the tem-
poral variability in the creative process, we investigated divergent and convergent thinking at early, intermediate 
and late stages. By introducing this methodological approach, we provide evidence for a higher fronto-parietal 
alpha synchronization in divergent relative to convergent thinking, especially towards the end of the thinking 
phase. Furthermore, we provide evidence that creativity and fluid intelligence share underlying mechanisms 
above and beyond task demands that rely on WM processes.   

1. Introduction 

Creativity involves innovation and is defined as the ability to move 
beyond what is already known (Ghiselin, 1952; Wertheimer, 1945/ 
1968). Furthermore, creativity can be defined as the ability to generate 
an idea for an open-ended problem (Getzels & Csikszentmihalyi, 1976; 
Guilford, 1967).These processes also relate to divergent thinking (Ben-
edek, Bergner, Könen, Fink, & Neubauer, 2011; Dietrich & Kanso, 2010; 
Fink & Benedek, 2014; Jaarsveld, Lachmann, & van Leeuwen, 2012), as 
characterized by generating multiple solutions or ideas for an open- 
ended problem (i.e., problem solving in an ill-defined problem space 
(Guilford, 1956; Benedek, Jauk, Sommer, Arendasy, & Neubauer, 2014; 
Getzels & Csikszentmihalyi, 1976). Hence, creative thinking is typically 
assessed using divergent thinking tasks, in which participants are asked 
to come up with as many and as creative solutions as possible (e.g., the 
Alternate Uses task; AUT; Guilford, Christensen, Merrifield, & Wilson, 

1978) or the Torrance Test of Creative Thinking (Torrance, 1974). These 
solutions are then scored in terms of fluency, flexibility, and originality 
(Dietrich & Kanso, 2010; Guilford, 1967; Lee & Therriault, 2013). 

In contrast, general intelligence, in particular fluid intelligence 
defined as the ability to perceive relationships independent of previ-
ously accumulated knowledge (Horn & Cattell, 1967), is typically 
assessed using convergent thinking tasks, in which participants are 
asked to find the one correct solution for a given problem (i.e., well- 
defined problem space). A standard test for fluid intelligence that re-
quires convergent thinking is Raven’s Advanced Progressive Matrices 
test (APM; Raven, Raven, & Court, 1998). In the APM, participants are 
presented with a series of items, where each item consists of nine geo-
metric patterns arranged in a 3 × 3 matrix. Eight cells contain a figure 
composed of one or several geometric components. These eight figures 
form a logical pattern (relations). The ninth cell of the matrix is empty 
and participants are asked to choose the one correct solution that 
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completes the logical pattern. That means, in the case of the APM, 
convergent thinking occurs within a well-defined problem space, in 
which participants have to infer logical relations of a set of geometric 
figures. 

The association between creativity and divergent thinking as well as 
between fluid intelligence and convergent thinking, however, is over-
simplified, especially when looking at the intermediate steps of the 
creative process itself. The creative process starts with the generation of 
several ideas, which need to be selected and evaluated later based on 
their “fitting” to the desired outcome (Campbell, 1960; Ellamil, Dobson, 
Beeman, & Christoff, 2012; Jaarsveld & van Leeuwen, 2005). This 
means that creativity does not only involve divergent thinking (i.e., idea 
generation), it also requires convergent processes to fulfill the demands 
of creative problem solving (i.e., evaluation and selection; see also 
Getzels & Csikszentmihalyi, 1976; Smilanski & Halberstadt, 1986; 
Smilansky, 1984). 

In order to understand the relationship of processes associated with 
creativity and fluid intelligence, cognitive neuroscientists investigate 
their underlying neural functions with various methods such as func-
tional magnetic resonance imaging (fMRI) or electroencephalography 
(EEG). Over the last decade, some researchers have compared brain 
activity during divergent thinking tasks (for example the AUT) with 
brain activity during tasks which do not require divergent thinking (for 
example n-back task) using fMRI (e.g., Abraham et al., 2012; Abraham, 
Rutter, Bantin, & Hermann, 2018; Abraham, Thybusch, Pieritz, & Her-
mann, 2014; Japardi, Bookheimer, Knudsen, Ghahremani, & Bilder, 
2018) or EEG (e.g., Benedek et al., 2011; Danko, Shemyakina, Nagor-
nova, & Starchenko, 2009; Jauk, Benedek, & Neubauer, 2012; Mölle, 
Marshall, Wolf, Fehm, & Born, 1999; Razoumnikova, 2000). Other 
research focused on the divergent thinking process itself, focusing on 
distinct phases of creative idea generation and evaluation (e.g., Ellamil 
et al., 2012; Fink et al., 2009; Rominger et al., 2018; Schwab, Benedek, 
Papousek, Weiss, & Fink, 2014), or different stages of production and 
drawing (Jaarsveld et al., 2015; Jia & Zeng, 2021). 

Considering that the creative process consists of at least two phases 
(idea generation and evaluation, i.e., divergent and convergent 
thinking), the high temporal resolution of EEG is especially useful to 
distinguish between these (see Srinivasan, 2007 as well as Dietrich & 
Kanso, 2010 for overviews). Time-frequency analysis shows temporal 
fluctuation of activation in different EEG frequency bands (e.g., alpha 
and theta) during cognitive processes. Temporal fluctuations of activa-
tion following a stimulus compared to a pre-stimulus reference interval 
is referred to as increase or decrease in event-related synchronization 
and was already assessed during creative thinking (see Benedek et al., 
2011 for overview). In this regard, upper alpha (10–12 Hz) synchroni-
zation has been linked to divergent thinking, observed over frontal and 
parietal regions (Jauk et al., 2012; for overview see (Fink and Benedek, 
2014), whereas desynchronization was observed in convergent thinking 
tasks in upper and lower alpha (7.5–10.5 and 10.5–12.5 Hz; Jauk et al., 
2012). Jaarsveld and colleagues (Jaarsveld et al., 2015) investigated 
synchronicity related to both, convergent and divergent thinking, during 
the creative reasoning task (CRT) by assessing alpha fluctuation during 
consecutive time intervals. For this study, the CRT was adapted for the 
requirements of EEG. In this version, participants are asked to create and 
sketch geometric patterns in subsequent thinking and drawing phases. 
Their data showed that divergent thinking (i.e., the beginning of each 
trial) was accompanied by upper alpha (10–12 Hz) desynchronization, 
whereas convergent thinking (i.e., the end of each trial) was related to 
upper alpha synchronization, especially at pre-frontal electrode sites. 
Additionally, when comparing different time intervals within the 
thinking phase, alpha was most synchronized in the first and the last 
interval of the creative process (i.e., prior to responding; Jaarsveld et al., 
2015). 

Fink, Benedek, Grabner, Staudt, and Neubauer (Fink, Benedek, 
Grabner, Staudt, & Neubauer, 2007) offered possible explanations for 
the functional significance of synchronization in the alpha frequency 

band. One is that in order to produce original ideas during creative 
thinking the brain is in a reduced or lower activity level, and this is 
reflected in enhanced alpha synchronization also known as “cortical 
idling” (Fink et al., 2007; Pfurtscheller, Stancak Jr, & Neuper, 1996). 
Another idea is that alpha synchronization reflects an active inhibition 
process, where cognitive, internal information processing is shielded 
from environmental, external information in creative operations (Fink 
et al., 2007). More specifically, Benedek and colleagues (Benedek et al., 
2011) argued that frontal upper alpha synchronization is more influ-
enced by specific tasks requirements (namely top-down control pro-
cesses) and thus is common to both, divergent and convergent thinking. 
In sum, it might be necessary to differentiate alpha frequency bands 
when investigating divergent and convergent thinking. While upper and 
lower alpha show different activation patterns for these cognitive pro-
cesses, upper alpha seems to be of particular relevance in this context. 
Furthermore, it seems relevant to consider timing, because the pattern of 
alpha activation changes over the time course of the creative process (as 
reported by Jaarsveld et al., 2015). Finally, it is still under debate 
whether there is a specific link between an increase or decrease in alpha 
synchronization and convergent or divergent thinking (Benedek et al., 
2011), respectively. 

1.1. The role of problem space and knowledge domain 

When comparing fluid intelligence and creativity using convergent 
and divergent thinking tasks, respectively, there is one constraint: These 
tasks are based on entirely different experimental designs. Convergent 
thinking tasks require participants to identify logical relations (as in 
APM), whereas divergent thinking tasks involve the generation of ideas 
(as in AUT). Hence, these convergent and divergent thinking tasks 
operate neither within the same problem space nor the same knowledge 
domain. Jaarsveld and colleagues (Jaarsveld, Lachmann, Hamel, & 
Leeuwen, 2010) as well as Jauk and colleagues t (Jauk et al., 2012) 
emphasized that both processes should, at least, be measured within the 
same knowledge domain and by the use of comparable stimulus mate-
rial, and ideally by using the same paradigm. 

One of the first attempts to measure creativity and fluid intelligence 
within the same task was done by Smilansky (Smilansky, 1984), who 
asked participants to generate Raven-like matrices. Later, following the 
same idea, Jaarveld and collegeas (Jaarsveld et al., 2010; Jaarsveld 
et al., 2015), see Jaarsveld & Lachmann, 2017, for an overview) 
developed the creative reasoning task (CRT) encompassing both diver-
gent and convergent thinking processes within the same open problem 
space. The CRT requires participants to create a 3 × 3 matrix of logically 
connected geometrical patterns, hence, participants generate a well- 
defined problem space rather than solving a well-defined problem as 
required in the APM (for more details see Methods section). Both CRT 
and APM are operating in the same knowledge domain, which is logical 
relationships between geometric components (Jaarsveld et al., 2015). 
Creating these matrices in the CRT involves generating the components 
of the geometrical figures as well as thinking about the logical relations 
of the patterns (Jaarsveld et al., 2012; Jaarsveld et al., 2015). The 
beginning of each trial (Toolbox, Ro 1) requires mostly divergent 
thinking (i.e., creation and idea generation), whereas towards the end of 
each trial (Row 2, Row 3), the task requires more convergent thinking (i. 
e., assembling components based on logical relations). Therefore, the 
CRT can be regarded as a measurement for both divergent and conver-
gent thinking within the same open problem space. Due to the strong 
similarities between CRT and APM it is possible to compare EEG alpha 
band activity in CRT and APM without any constraints regarding the 
format or requirements of the test. 

1.2. The role of working memory 

Prior research shows a strong correlation between working memory 
(WM; mainly working memory capacity) and fluid intelligence (e.g., 
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Chuderski, Taraday, Nęcka, & Smoleń, 2012; Domnick, Zimmer, Becker, 
& Spinath, 2017; Fukuda, Vogel, Mayr, & Awh, 2010). The latter study 
suggests that WM plays an important role specifically in solving geo-
metric matrices, as required in the APM. In more detail, the cognitive 
process to solve geometric matrices involves further sub-processes. 
Those were described by Carpenter, Just, & Shell (Carpenter, Just, & 
Shell, 1990) as perceptual analysis (i.e., encoding, finding correspon-
dences, and pairwise comparison), conceptual analysis (i.e., row-wise 
rule introduction, and generalization), and finally response generation 
and selection. Similarly, the cognitive sub-processes of creating geo-
metric matrices, as required in the CRT, starts with generating possible 
components (divergent thinking) and evaluating their logical relations 
(convergent thinking; Jaarsveld et al., 2012). Hence, WM might play a 
crucial part for both solving and creating geometric matrices (i.e., APM 
and CRT, respectively). 

Following this line of argumentation, WM-related processes can be 
assumed to underlie both, convergent and divergent thinking, since it is 
necessary to keep information in an active state in order to compare and 
evaluate possible solutions or ideas (Benedek et al., 2011; De Dreu, 
Nijstad, Baas, Wolsink, & Roskes, 2012). Thus, we assume that WM is 
required in both, solving and creating geometric matrices (i.e., APM and 
CRT). There have been few studies investigating the underlying rela-
tionship between creativity and WM by comparing performance of 
creative thinking and WM tasks so far. However, these results are 
inconsistent as some reported strong correlations (Lee & Therriault, 
2013; Takeuchi et al., 2011), whereas others did not observe any cor-
relation between divergent thinking performance and WM (Lin & Lien, 
2013; Smeekens & Kane, 2016), or only after controlling for partici-
pants’ general intelligence (De Dreu et al., 2012). One of the few studies 
that directly compared neuronal activity (fMRI)) (fMRI)in divergent 
thinking (i.e., AUT) with WM-related activity (i.e., n-back task) indicates 
that the explanatory power is limited because of strong qualitatively 
differences between the tasks, especially in terms of stimulus material, 
as well as task instructions and presentation (Abraham et al., 2012). 

In a related line of research, several investigations have focused on a 
potential association between executive functions and creative thinking. 
For example, Benedek, Jauk, Sommer, Arendasy, and Neubauer (Bene-
dek et al., 2014) found that creative performance was predicted by 
updating and inhibition, but not shifting. Frith et al. (Frith et al., 2021) 
found that executive control mechanisms predict the output originality 
of divergent thinking. Also, the same authors observed that the strong 
relationship between fluid intelligence and divergent thinking was 
explained by attentional control (i.e., one of the core components of 
executive function; Frith et al., 2021). However, as most of these in-
vestigations focused on the performance of various executive functions 
rather than the WM process per se, the specific relationship between 
creativity and WM is still under debate (Frith et al., 2021). To the best of 
our knowledge, the specific association between creativity, fluid intel-
ligence, and WM has previously not been assessed by directly contrast-
ing neuronal activity associated with each of these processes. 

1.3. The present study 

Our goal is to investigate the neurophysiological mechanisms un-
derlying creativity and fluid intelligence beyond the shared requirement 
to hold information active in WM. For this purpose, the task employed to 
measure WM should operate within the same knowledge domain (i.e., 
domains that are organized by general principles; Jaarsveld & Lach-
mann, 2017) and use the same stimulus material as CRT and APM to 
keep the resulting cognitive processes comparable. Therefore, we 
designed a WM-version of CRT: CRT-WM. This newly designed task 
meets two requirements: First, the stimulus material is similar to the one 
in the original CRT and APM (i.e., recombined geometric patterns pre-
sented in matrices), referring to a shared visuo-spatial knowledge 
domain. Second, these geometric patterns do not have any logical re-
lations, therefore participants cannot use specific strategies to encode 

and recall the stimuli but rather need to rely on their WM capacity. 
As the outcome of creative performance is necessarily the result of 

several interleaved cognitive sub-processes, neurophysiological mea-
sures of the underlying mechanisms are optimally suited to dissociate 
component processes and shed light on their temporal course. Therefore, 
we collected EEG data while participants performed all three tasks. 
Since we expect WM to play an important role in both APM and CRT, this 
task demand may overestimate the commonalities in these particular 
tests of intelligence and creativity. For this reason, we compare both 
processes above and beyond the shared requirement to maintain infor-
mation in WM. First, we evaluate whether WM-related brain activity can 
be observed during the new CRT-WM paradigm. Hence, we analyze 
theta band (4–7 Hz) oscillatory activity serving as an indicator of WM- 
related activity (for example Freunberger, Werkle-Bergner, Griesmayr, 
Lindenberger, & Klimesch, 2011; Klimesch, 1999; Riddle, Scimeca, 
Cellier, Dhanani, & D’Esposito, 2020; Schack, Klimesch, & Sauseng, 
2005 for review). Additionally, we evaluate whether there is a system-
atic difference in upper alpha band (10–12 Hz) activation regarding the 
specific timing. We differentiate between divergent and convergent 
thinking by taking advantage of the four stages of the CRT (Toolbox, 
Row 1, Row 2, and Row 3). In the beginning of each trial (stages: 
Toolbox and Row 1), we expect mainly activity related to divergent 
thinking, but with proceeding stages (stages: Row 2 and Row 3) we 
expect an increase of activity related to convergent thinking (see 
Jaarsveld et al., 2015). 

Our first research question focuses on how upper alpha band (10–12 
Hz; Jaarsveld et al., 2015) oscillatory activity reflects divergent and 
convergent thinking, above and beyond the shared requirement to 
maintain information in WM. In order to do that, we subtract WM- 
related upper alpha band oscillatory activity observed during the per-
formance of the CRT-WM from the convergent- and divergent-thinking- 
related upper alpha band observed during the performance of the APM 
(i.e., convergent thinking) and CRT (i.e., divergent and convergent 
thinking). Our second research question focuses on the temporal course 
of this activation. Hence, we examine whether there is a temporal 
change in activity during CRT and APM beyond WM-related activity. It 
is important to investigate upper alpha activity at different intervals in 
time within each stage of the CRT, as the cognitive process to create and 
to solve geometric matrices consists of sub-processes likewise. We 
investigate upper alpha activity in three intervals: at the beginning, the 
middle,and the end of each trial (or CRT stage, respectively) related to 
divergent and convergent thinking in the CRT (similar to Jaarsveld et al., 
2015) and the APM. 

2. Methods 

2.1. Participants 

All participants were undergraduate students from the University of 
Kaiserslautern, and, according to self-reports, were right-handed, had 
normal or corrected-to-normal vision, had no diagnosis of psychological 
or neurological disorders, and did not consume medication affecting the 
central nervous system. Every participant provided written informed 
consent after being informed about the procedure and having had the 
possibility to ask questions. The study was conducted according to the 
Declaration of Helsinki and approved by the ethical review board of the 
Faculty of Social Science of the University of Kaiserslautern. We recor-
ded EEG data from 21 students who received course credit or monetary 
compensation. After initial data preprocessing, we excluded participants 
with an insufficient number of artifact free segments in the CRT Row 3 
(n = 2) and Row 1 (n = 1), and technical difficulties (n = 1). Thus, EEG 
data from 17 students were analyzed (7 female; Mage: 22.41 years, SD =
2.03 years, range: 18–25 years). 

V. Eymann et al.                                                                                                                                                                                                                                



Intelligence 91 (2022) 101630

4

2.2. Materials and procedure 

In the following, we describe our stimulus material. First, we intro-
duce CRT and APM with respect to the material and their rationale. 
Subsequently, we will introduce the CRT-WM, a WM version of CRT, 
that was developed specifically for this study. 

For measuring creativity, we used the EEG adaptation of the CRT 
from Jaarsveld and colleaguesand (Jaarsveld et al., 2015). In this task 
participants are asked to generate a 3 × 3 matrix of geometric figures 
with a logical connection. Notably, distinct phases of subsequent 
thinking and drawing in each CRT trial were self-paced. Each trial 
consisted of four stages (i.e., Toolbox, Row 1, Row 2, Row 3). Partici-
pants were given separate answering sheets (see Fig. 1) for the 10 CRT 
trials that were performed. During the task, participants saw instructions 
on the computer screen helping them to navigate through the task. Each 
trial started with a thinking phase, in which participants were asked to 
come up with the geometric figures they want to use for the matrix (i.e., 
Toolbox). As soon as participants generated an idea, they were asked to 
press a key on the PC keyboard to enter the drawing phase of the 
Toolbox. As soon as they were done drawing, participants pressed 
another key to enter the thinking phase and the subsequent drawing 
phase of Row 1. This procedure was repeated until the end of Row 3. 
Within the stages of Row 1, Row 2, and Row 3 participants were 
required to think about how to put together the components of the 
Toolbox in such a way that the final matrix contained figures with a 
logical relation. Hence, the CRT Toolbox requires mostly divergent 
production, whereas subsequent Rows require additional convergent 
operations. Participants were instructed to design their matrix as orig-
inal and creative as possible, but also to make sure that another person 
would be able to understand the connections within these figures. 

For measuring fluid intelligence with a convergent thinking task, we 
used the APM (Raven et al., 1998). The APM is a non-verbal assessment 
of higher-order cognitive abilities designed for adults with above 
average intelligence (Arthur Jr & Day, 1994). It consists of 36 items that 
gradually increase in difficulty. It requires the participant to complete a 
3 × 3 matrix by adding a correct figure out of eight options. Choosing the 
correct figure can be seen as logical reasoning since the matrix is a closed 
problem space and the figures have logical relations. The task was self- 
paced, which means that participants had no time restrictions to solve 
each item. Overall, participants had 15 min to complete the task and 
they were instructed to work as fast and accurate as possible. 

For measuring WM, we used the figures of 20 CRT matrices that were 
designed by participants of a prior CRT study (manuscript in prepara-
tion). All figures of the CRT matrices were randomly put together in a set 
of three cells, controlling for the number of components in each cell (see 
Fig. 1). The resulting items were digitalized to be presented on a com-
puter screen. For each CRT-WM trial, one item was presented for 30 s. 
After that, participants were asked to draw the figures on a sheet with an 
empty 3 × 1 cell matrix. In total, the CRT-WM consists of 30 items. The 
duration of the drawing phase is self-paced. 

All participants performed the experimental tasks in the same order: 
CRT, APM and CRT-WM (see Fig. 2). We decided against a counter-
balanced order to ensure that the performance of CRT was not 
confounded by a prior presentation of the stimulus material in APM and 
CRT-WM. As the stimulus material is highly comparable, operating with 
the same stimuli before might influence their creative outcome and 
hence influence the use of their full creative potential in this task. 

2.3. EEG recording 

EEG was recorded with 27 Ag/AgCl cap-mounted electrodes (Easy-
Cap GmbH; Gilching, Germany) positioned on an extended 10–20 sys-
tem (Jasper, 1958), plus two electrodes placed at the mastoids and four 
electrodes around the eyes, with the BrainVision Recorder (Brain-
Products GmbH; Gilching, Germany). We used the electrodes around the 
eyes (above and below the right eye, and beside the right and left eye) to 
record eye-movements. The ground electrode was placed at the elec-
trode site AFz. The electrode positioned at electrode site FCz was used as 
online reference. The signal was recorded with electrode impedances 
lower than 10 KΩ. The sampling frequency was 500 Hz. Processing of 
the EEG data was performed by using Brain Vision Analyzer 2.1 
(BrainProducts GmbH, Gilching, Germany). Only for one participant, we 
used a spline interpolation on one electrode (F3) with many artifacts. 
The signal was re-referenced offline to the average of all electrodes 
except for eye electrodes. We used a bandpass filter (zero phase shift 
Butterworth) from 0.5 Hz to 30 Hz (with 12 dB/oct). We performed a 
manual artifact rejection to remove artifacts based on body movements 
occurring during the drawing phase of CRT and CRT-WM. We corrected 
for eye movement artifacts by using an independent component analysis 
(ICA) with the infomax restricted algorithm (Jung et al., 1998). For the 
ICA, we selected an artifact free interval as a training data set for 
computing the unmixing matrix. ICA components were automatically 

Fig. 1. Stimulus Material. We used the CRT to assess divergent and convergent thinking within the same task (A). Participants are asked to create components 
(Toolbox) and use them to generate a logically coherent pattern of geometrical figures during subsequent stages (Row 1 – Row 2). Raven’s APM was used to assess 
convergent thinking (B). Participants are asked to complete the geometric pattern in a logical way, using one of eight figures on the bottom. Original APM items are 
not printed due to copyright concerns, hence this figure only illustrates the layout of the items. The CRT-working memory (CRT-WM) was used to assess working 
memory (C). It requires participants to encode three geometric figures (consisting out of different geometric components) within 30 s and subsequently recall and 
draw them into a form sheet. 
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identified by picking up blinks and saccades, as evidenced by their 
characteristic shape and location (at frontal electrode sites). After 
removing components semi-automatically (on average 2.1 per partici-
pant; ranging between 2 and 3 deleted components), the EEG signal was 
reconstructed. 

The self-paced speed in both APM and CRT resulted in different 
lengths in reaction times of the thinking phase (see Results Section); 
hence, segment lengths differed for each participant in each trial. We 
excluded segments of thinking phases that were shorter than eight sec-
onds (see below), as we analyzed the data in three intervals (beginning, 
middle, and end of the trial). Each of these intervals has a length of 2000 
ms, resulting in 6000 ms for each thinking phase. Furthermore, to ac-
count for smearing effects of frequency filters, we removed the first and 
last 1000 ms of each thinking phase (see for example Cohen, 2014), 
which leads to a minimum length of 8000 ms for each thinking phase. 
For CRT, this resulted in an average of 32 segments for each participant 
(SD = 5; range between 22 and 38 segments). For APM, we only included 
correctly solved items lnger than eight seconds in our oscillatory anal-
ysis; due to this criterion we excluded nine APM segments for the whole 
sample (ranging between 0 and 2 excluded segments per individual). 
The average number of segments retained for each participant in APM 
was 21 (SD = 3; range between 17 and 26 segments). 

Artifacts were removed automatically when (1) a voltage step of 50 

μV/ms was detected, (2) a voltage difference of 200 μV occurred in any 
200 ms interval, or (3) a low amplitude of 0.5 μV occurred in a 200 ms 
interval. Due to the artifact rejection on average 0.15% (SD = 0.23%) of 
all trials were removed in CRT, on average 0.77% (SD = 0.82%) of all 
trials were removed in APM, and 0.46% (SD = 0.40%) of all trials were 
removed in CRT. 

2.4. Spectral changes of oscillatory activity 

Spectral changes of oscillatory activity in the time-frequency domain 
were calculated by the means of complex Morlet’s wavelet transform, 
with wavelets of seven cycles between 1 and 30 Hz, in 0.5 Hz steps. 
Percent change of each trial was calculated by contrasting them to a 
baseline of 300 ms (− 400 to − 100 ms pre-stimulus) where participants 
looked at a fixation cross. Thus, we obtained a relative increase and 
decrease (i.e., synchronization and desynchronization) in oscillatory 
activity. We analyzed three intervals of 2000 ms within each segment. 
The first interval started 1000 ms after the beginning of the self-paced 
thinking phase (1000–3000 ms). The second interval of 2000 ms was 
set in the middle of each segment. The third interval of 2000 ms ended 
1000 ms before the end of thinking phase. As both tasks were self-paced, 
the selection of the interval position (beginning, middle, end) is 
participant-specific, rather than fixed to an absolute interval of time 

Fig. 2. Overview of task procedure and measurement intervals. Each trial of theCRT (top) started with a fixation cross of 700 ms. Next, participants started with the 
self-paced thinking phase for the Toolbox. As soon as they generated components for the subsequent geometrical figure, they pressed the IDEA-button and the 
drawing phase started. As soon as participants finished drawing the components, they pressed the CONTINUE-button and they entered the same procedure for Row 1, 
then Row 2, and finally Row 3. Each trial of the APM (middle) started with a fixation cross of 1000 ms. In the following, participants were presented with the 
geometric pattern. As soon as participants chose the corresponding figure (one of eight figures on the bottom), they were asked to indicate their choice by pressing a 
corresponding button. The CRT-working memory (CRT-WM; bottom) started with a fixation cross of 700 ms. Subsequently, the stimulus was presented for 30 s and 
participants were asked to remember the three geometric figures. After the stimulus disappeared, participants were asked to draw the figures into a form sheet within 
20 s. 
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across the full sample. This approach accounts for individual differences 
of processing speed and allows to observe the thinking processes more 
realistically. Spectral changes were averaged over all segments for each 
participant of APM and CRT-WM. For the CRT this was done for all 
stages separately. In CRT-WM we extracted the wavelet-layers for theta 
(4–7 Hz) and searched local maxima for individual peaks to extract 
values for the layer with the highest peak for each participant. As the 
final step, we extracted the wavelet-layers for upper alpha band (10–12 
Hz), using the same method as for the theta band for each interval (in 
APM and CRT-WM) and for each interval in each stage in CRT for each 
participant. 

2.5. Analysis of behavioral data 

Behavioral data were analyzed with SPSS 25 (IBM Corporation, 
Armonk, NY). For CRT, we computed the total score that involves two 
subscores (cf., Jaarsveld et al., 2012). For CRT-WM, we counted the 
number of correctly recalled geometrical components within each cell 
(see Fig. 1), retaining only items with at least two correctly recalled 
components (correct form and location). As a result, no items of CRT- 
WM needed to be excluded from further analysis. For APM, we only 
included correctly solved items that participants generated within the 
15 min test time. 

2.6. Analysis of oscillatory activity 

The oscillatory activity was analyzed with SPSS 25. This analysis was 
performed by averaging seven electrode-pairs according to Jaarsveld 
and colleagues and coll (Jaarsveld et al., 2015) for each participant. 
These regions of interest (ROIs) were FP1/FP2, F3/F4, F7/F8, C3/C4, 
P3/P4, P7/8, and T7/T8. We decided against a data-driven approach 
focused on one specific region of interest in order to ensure compara-
bility with the former EEG study (Jaarsveld et al., 2015). We analyzed 
theta oscillatory activity serving as empirical measure confirming WM 
activity during the newly developed CRT-WM task. Oscillatory activity 
for CRT-WM was analyzed using a repeated measurements ANOVA for 7 
ROIs. Additionally, we analyzed alpha oscillatory activity serving as 
empirical measure for a differentiation between divergent and conver-
gent thinking in the temporal course of each CRT stage. Oscillatory ac-
tivity was analyzed using a repeated measurements ANOVA for the 4 
stages of the CRT (i.e., Toolbox, Row 1, Row 2, Row 3). According to this 
analysis, we separated the four stages of the CRT into CRTdiv (con-
taining predominantly divergent thinking during Toolbox and Row 1) 
and CRTcon (containing predominantly convergent thinking during 
Row 2 and Row 3). 

The main analysis was based on each of the three processes while 
removing WM activity by subtracting the activity of CRT-WM from 
CRTdiv (CRTdiv|WM), CRTcon (CRTcon|WM), and APM (APM|WM), 
respectively. For statistical analyses, we performed a repeated mea-
surements ANOVA on these upper alpha difference values, serving as 
dependent variable. As within subject factors, we compared PROCESS 
(CRTdiv|WM, CRTcon|WM, and APM|WM), INTERVAL (Int1, Int2, and 
Int3), and AREA (FP1/FP2, F3/F4, F7/F8, C3/C4, P3/P4, P7/8, and T7/ 
T8). We report only those effects and interactions with p-values below 
the conventional significance value of .05. All recorded p-values were 
Greenhouse-Geisser corrected, when needed (Geisser & Greenhouse, 
1958); for readability uncorrected degrees of freedom were reported. To 
clarify significant interaction effects, we used Bonferroni corrected post- 
hoc analysis. 

3. Results 

3.1. Results of behavioral data 

For the CRT-WM, we computed a total score that includes the total 
number of correctly drawn components for each item. On average, 

participants reproduced over 80% of the components in the three cells of 
each item correctly (M = 82.21 %, SD = 20.71%) with a range between 
11.76% and 100.00%. For the CRT, we computed a total score including 
one score for reasoning and one for creativity, according to the scoring 
method of Jaarsveld and colleagues Lachmann, and van Leeuwen 192 
per Item (M = 53, SD = 20.77). For the APM, we only analyzed correctly 
solved items. Within 15 min, participants solved between 18 and 28 
items correctly (M = 21.29, SD = 2.66). On average, participants 
showed the longest reaction times for the thinking phase in CRTdiv 
(Toolbox: M = 46,759 ms; SD = 3 3,282 ms and Row 1: M = 25,769 ms; 
SD = 17,590 ms) as compared to CRTcon (Row 2: M = 23,075 ms; SD =
8425 ms and Row 3: M = 17,215 ms; SD = 6454 ms). For the APM, 
participants required on average 27,656 ms (SD = 6545 ms) to solve an 
item. 

3.2. Results of oscillatory activity 

All results of oscillatory de− /synchronization are reported as per-
centage change relative to the baseline activity, which reflects the 
relative increase and decrease in oscillatory activity. 

For the CRT-WM, we observed theta (4–7 Hz) synchronization for all 
electrodes throughout all three intervals (Int1 M = 29.37, SD = 2.66; 
Int2 M = 29.92, SD = 2.28; Int3 M = 34.14, SD = 5.51). No differences 
were observed between the intervals; all ps > .25 (see Fig. 3). Hence, we 
interpret this result as good evidence that the new CRT-WM paradigm 
taps WM activity. 

As expected, for CRT, we observed upper alpha (10–12 Hz) syn-
chronization for Toolbox and Row 1 as compared to Row 2 and Row 3. 
As expected, based on the task requirements, we did not find significant 
differences regarding oscillatory activity between CRT Toolbox and Row 
1 (p = .23), neither between Row 2 and Row 3 (p = .29). Therefore, in 
further analysis we combined both consecutive stages and refer to 
Toolbox and Row 1 as CRTdiv, and Row 2 and Row 3 as CRTcon. Hence, 
we confirmed that the four stages of the CRT need to be dissociated in 
terms of cognitive processes, i.e., convergent thinking following upon 
divergent thinking. 

In our main analysis, in which we used the subtracted value of WM 
related activity (as measured by the CRT-WM) from CRTdiv (i.e., 
CRTdiv|WM), CRTcon (i.e., CRTcon|WM), and APM (i.e., APM|WM), we 
observed a threefold interaction effect between PROCESS, INTERVAL, 
and AREA, F(24,384) = 2.88, p < .001, ηp

2 = .15, using upper alpha 

Fig. 3. Theta band (4–7 Hz; dashed frame) oscillatory activity in CRT-WM. 
Grand averages include all electrodes and all participants. 
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activity as dependent variable. In line with our expectations, post-hoc 
tests revealed a significantly higher activation in CRTdiv|WM in 
contrast to APM|WM. These differences were found only between Int2 
and Int3 for the following electrodes: F3/F4 Int2 (p < .05), F3/F4 Int3 (p 
< .005), P3/P4 Int2 (p < .05), P3/P4 Int3 (p < .01), and P7/P8 Int2 (p <
.05), P7/P8 Int3 (p < .05). 

In the following, we further decompose our threefold-interaction by 
reporting our interaction effects. We observed an interaction effect be-
tween PROCESS and INTERVAL, F(4,64) = 6.19, p < .001, ηp

2 = .28 (see 
Fig. 4). Post-hoc tests revealed a significantly higher alpha synchroni-
zation in CRTdiv|WM Int2 (M = 39.64, SE = 7.46, 95% CI [23.83, 
55.46]) than CRTdiv|WM Int3 (p < .05; M = 9.32, SE = 5.61, 95% CI 
[− 2.58, 21.23]). However, there was no significant difference between 
CRTdiv|WM Int1 and Int2, as well as no significant differences within 
CRTcon|WM and APM|WM. We observed an interaction effect between 
PROCESS and AREA, F(12, 192) = 9.25, p < .001, ηp

2 = .37. Post-hoc 
tests indicated a higher alpha synchronization in Fp1/Fp2 electrodes 
in CRTdiv|WM (M = 19.50, SE = 5.21, 95% CI [8.45, 30.53]) as 
compared to in Fp1/Fp2 electrodes in CRTcon|WM (p < .05; M =
− 10.50, SE = 5.66, 95% CI [− 22.49, 1.49]), and Fp1/Fp2 electrodes in 
APM|WM (p < .005; M = − 18.13, SE = 4.96, 95% CI [− 28.64, − 7.62]). 
In F3/F4 CRTdiv|WM (M = 19.88, SE = 3.88, 95% CI [11.65, 28.11]), 
alpha was significantly more synchronized in contrast to F3/F4 CRTcon| 
WM (p < .005; M = − 12.46, SE = 4.56, 95% CI [− 22.13, 2.80]) as well 
as in contrast to the APM|WM electrodes F3/F4 (p < .005; M = − 13.03, 
SE = 5.93, 95% CI [− 25.60, − 0.46]). For CRTdiv|WM parietal elec-
trodes P3/P4 (M = 29.08, SE = 4.82, 95% CI [18.87, 39.29]), post-hoc 
tests indicated significantly higher activation than in CRTcon|WM 
electrodes P3/P4 (p < .01; M = − 25.56, SE = 7.23, 95% CI [− 41.30, 
− 9.81]). For CRTdiv|WM electrodes P7/P8 (M = 24.05, SE = 4.92, 95% 
CI [13.62, 34.49]), post-hoc tests indicated a significantly higher alpha 
synchronization than in CRTcon|WM electrodes P7/P8 (p < .05; M =
− 16.65, SE = 5.42, 95% CI [− 28.13, − 5.16]) as well as significantly 
higher activationion than APM|WM electrodes P7/P8 (p < .005; M =
− 39.40, SE = 6.21, 95% CI [− 52.58, − 26.23]). We also observed an 
interaction effect between INTERVAL and AREA, F(12,192) = 4.03, p <
.001, ηp

2 = 0.20. Post-hoc tests indicated that regardless of the process 
(CRTdiv|WM, CRTcon|WM, and APM|WM), prefrontal electrodes Fp1/ 
Fp2 in Int2 (M = 0.21, SE = 4.03, 95% CI [− 8.34, 8.77]) were signifi-
cantly less desynchronized in contrast to Fp1/Fp2 electrodes in Int3 (p 
< .05; M = − 11.13, SE = 4.52, 95% CI [− 20.72, − 1.55]). 

As expected, we also observed a main effect of PROCESS, F(2,32) =

27.15, p < .001, ηp
2 = 0.63 with strong synchronization in CRTdiv|WM 

(M = 24.57, SE = 4.34, 95% CI [15.38, 33.77]) in contrast to CRTcon| 
WM (p < .001, M = − 17.07, SE = 5.49, 95% CI [− 28.73, − 5.41]) and 
APM|WM (p < .001, M = − 18.79, SE = 5.43, 95% CI [− 30.29, − 7.28]), 
see Figs. 4 and 5. We also observed a main effect of INTERVAL, F(2, 32) 
= 7.11, p < .005, ηp

2 = 0.31 where Int3 was more strongly 
desynchronized (p < .05, M = − 12.89, SE = 4.76, 95% CI [− 22.98, 
− 2.80]) as compared to Int1 (M = − 0.37, SE = 4.56, 95% CI [− 10.04, 
9.30]) and Int2 (M = 1.97, SE = 2.93, 95% CI [− 4.24, 8.18]). 
Furthermore, we observed a main effect of AREA, F(6, 96) = 5.74, p <
.001, ηp

2 = 0.26), indicating that both parietal ROIs were most 
desynchronized (M = − 14.05, SE = 4.92, 95% CI [− 24.47, − 3.63]) for 
P3/P4 and (M = − 10.67, SE = 3.27, 95% CI [− 17.60, − 3.73]) for P7/P8, 
whereas the central ROI (C3/C4) was most synchronized (M = 8.01, SE 
= 4.98, 95% CI [− 2.55, 18.56]). 

To summarize, when subtracting WM-related activity, we observed a 
higher synchronization of upper alpha in CRTdiv|WM in contrast to 
CRTcon|WM and APM|WM. While we did not observe differences in 
upper alpha between intervals during convergent thinking, higher syn-
chronization during divergent thinking was most pronounced in Int1 
and Int2 as compared to Int3 at frontal as well as parietal electrodes 
sites. 

4. Discussion 

In this study, we investigated the relationship between divergent and 
convergent thinking beyond the shared attributes due to WM re-
quirements within the same knowledge domain and by using highly 
similar stimulus material. To the best of our knowledge, this is the first 
attempt to separate WM-related oscillatory activity from divergent and 
convergent thinking related oscillatory activity in comparable tasks 
(APM, CRT, and CRT-WM). Hence, we subtracted WM-related activity 
from the activity related to divergent thinking (CRTdiv|WM) and 
convergent thinking (APM|WM and CRTcon|WM). We observed a syn-
chronization in upper alpha band (10–12 Hz) oscillatory activity in 
divergent thinking (CRTdiv|WM) as compared to convergent thinking 
(APM|WM and CRTcon|WM). Additionally, we examined activity dur-
ing three subsequent intervals (beginning, middle, and end) during each 
trial. We observed a higher synchronization at the beginning and middle 
as compared to the end of the trial. 

In a first step, we validated our new WM paradigm and found good 
evidence that CRT-WM measures WM by observing theta (4–7 Hz) 

Fig. 4. Results for upper alpha oscillatory activity over all electrodes for CRTdiv|WM, CRTcon|WM, and APM|WM. We observed significantly higher activation in 
CRTdiv|WM Int2 (dotted) in contrast to CRTdiv|WM Int3 (dashed). No significant differences were observed for CRTdiv|WM Int1 (black) and Int2, as well as within 
CRTcon|WM and APM|WM. Error bars indicate 95% confidence intervals. 
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synchronization. We observed sustained theta synchronization 
throughout the trials of the task. This is in line with prior studies that 
reported theta synchronization as an indicator of WM-related processes, 
such as encoding and prioritizing of new information, attention, control 
processes, increasing task demands, and cognitive load (Freunberger 
et al., 2011; Klimesch, 1999; Riddle et al., 2020; Schack et al., 2005 for 
review). Thus, we interpret this result as good evidence, as it is highly 
consistent with these prior studies. We conclude that the CRT-WM task is 
therefore, appropriate to distinguish between WM processes and diver-
gent and convergent thinking. 

4.1. The role of oscillatory alpha activity 

In a second step, we replicated and extended the findings of Jaars-
veld and colleagues (Jaarsveld et al., 2015) regarding different stages of 
CRT (Toolbox, Row 1, Row 2, and Row 3). In line with prior research 
(see Fink et al., 2009; Fink & Benedek, 2014; Jauk et al., 2012), we 
observed upper alpha synchronization in the mainly divergent thinking 
stages of CRT (Toolbox and Row 1), whereas we observed upper alpha 
desynchronization in the predominantly convergent thinking stages of 
CRT (Row 2 and Row 3). On the first glance, this appears to contrast the 
results by Jaarsveld and colleagues (Jaarsveld et al., 2015), as they 
observed divergent thinking accompanied by alpha desynchronization 
and convergent thinking accompanied by alpha synchronization. 
Furthermore, they reported significant differences between Toolbox and 
Row 2 as well as Toolbox and Row 3, with highest synchronization in 
Row 3 (Jaarsveld et al., 2015). For alpha synchronization observed in 
convergent stages, they suggested that it represents the “active main-
tenance of relevant information” (i.e., WM; Jaarsveld et al., 2015; 
p.177). They further concluded that alpha synchronization, especially at 
frontal sites, “reflects increasing working memory load in those stages” 
(Jaarsveld et al., 2015; p.177). 

4.2. Removing WM-related activity 

Introducing a new methodological approach, we subtracted WM- 
related activity from both CRTdiv, CRTcon, and APM in the present 
study, thereby, removing those WM-related processes that explain, ac-
cording to Jaarsveld and colleagues t al. (Jaarsveld et al., 2015), an 

upper alpha synchronization during convergent stages. Our first 
research question was how oscillatory activity in upper alpha band 
(10–12 Hz) is represented after removing WM-related activity. Our re-
sults show that the differences between divergent and convergent 
thinking cannot solely be explained by different degrees or timing of 
common WM-related activity. In contrast to Jaarsveld et al. (Jaarsveld 
et al., 2015) we also observed desynchronization of upper alpha during 
convergent thinking (i.e., CRTcon|WM and APM|WM). This observation 
can also be a result of the subdivision of CRT in CRTdiv and CRT con, 
which is different from Jaarsveld et al. (Jaarsveld et al., 2015). The 
desynchronization of alpha has been linked to convergent thinking, 
more specifically fluid intelligence tests (Grabner, Fink, Stipacek, Neu-
per, & Neubauer, 2004; Jauk et al., 2012;Neubauer & Fink, 2003). In 
line with prior research (see for example Fink et al., 2009; Fink & 
Benedek, 2014; Jauk et al., 2012), we observed upper alpha synchro-
nization in the mainly divergent thinking stages of CRT (CRTdiv|WM). 
Additionally, in line with prior research (Fink, Grabner, Neuper, & 
Neubauer, 2005; Jauk et al., 2012; Stipacek, Grabner, Neuper, Fink, & 
Neubauer, 2003), we observed upper alpha desynchronization during 
predominantly convergent thinking in the CRT (CRTcon|WM) and APM 
(APM|WM). Thus, the pattern of alpha activation observed here is 
consistent with the literature, even in the absence of WM-related ac-
tivity. At the same time, measuring creativity and fluid intelligence 
within the same knowledge domain demonstrates that these processes 
share characteristics above and beyond WM. Prior studies using 
different paradigms suggest that modulations in the upper alpha band 
are also observed irrespective of task requirements and the stimulus 
material. While we cannot dissociate between the proposed mechanisms 
of active inhibition (Fink et al., 2007) and top-down control (Benedek 
et al., 2011) in the present context, we provide further evidence that 
modulations in the alpha band are common to both, divergent and 
convergent thinking. 

Regarding our second research question, we investigated if upper 
alpha activity differs within the thinking phases by analyzing the ac-
tivity in three intervals. We observed significantly higher alpha syn-
chronization in the second interval than in the third interval of the 
CRTdiv|WM, suggesting more synchronization towards the end of 
divergent thinking phases. Furthermore, we did not find any significant 
differences between intervals within CRTcon|WM and APM|WM. This 

Fig. 5. Upper alpha (10–12 Hz; dashed frame) oscillatory activity in CRTdiv|WM (A) and APM|WM (B). Grand averages for every task after subtracting oscillatory 
activity measured by CRT-WM. Grand averages include all electrodes and all participants to illustrate increase and decrease of upper alpha band oscillations 
analyzed here. 
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implies that increases in alpha activity reflect sub-processes of the 
cognitive process to create (but not to solve) geometrical matrices. Prior 
studies that investigated temporal patterns (in 3 versus 4 intervals) of 
alpha during creative thinking reported a U-shaped pattern as alpha 
synchronized in the first and last interval, but desynchronized in be-
tween (Jaarsveld et al., 2015; Schwab et al., 2014). One crucial differ-
ence between these paradigms and our approach is how individual 
thinking times are incorporated into neurophysiological analyses. A 
particular strength of our approach was that we accounted for the 
considerable variability of the temporal duration in each trial by 
assessing the beginning, middle and end based on individual thinking 
times in each trial. In addition, the pattern analyzed in our study reflects 
the difference between creative thinking and activity related to WM, and 
hence cannot be directly compared to prior findings. We conclude that 
there is a temporal course of alpha activity fluctuations even after the 
removal of WM-related activity. This implies that at least some in-
consistencies in the findings regarding increases and decreases in alpha 
band synchronization during divergent and convergent thinking (Ben-
edek et al., 2011; Fink & Neubauer, 2006; Jauk et al., 2012; see Dietrich 
& Kanso, 2010), for review), could be attributed to confounding WM- 
related processes. 

Towards the end of the thinking phase (between interval 2 and 3), 
prefrontal electrodes sites (Fp1/Fp2) show a decrease in alpha syn-
chronization. Although this effect was observed across all three pro-
cesses (CRTdiv|WM, CRTcon|WM, and APM|WM) it was most 
prominent in CRTdiv|WM. This observation is inconsistent with the 
findings of Jaarsveld and colleagues (Jaarsveld et al., 2015), as they 
found highest prefrontal alpha increase in the first and the last interval, 
whereas both intermediate intervals decreased in alpha power. In the 
current study, the desynchronization in prefrontal alpha activity, in both 
the divergent and convergent thinking, occurs during the very last part 
of the problem-solving process. This process ends with participants 
pressing the response button. Hence, we can assume that the prefrontal 
alpha activity reflects some type of decision making or visuospatial 
attention shifting, as prefrontal regions have been shown to be involved 
in these processes using fMRI and Transcranial Magnetic Stimulation 
(TMS; Paulus et al., 2001; Sauseng, Freunberger, Feldheim, & Hummel, 
2011). Because this effect is most pronounced in divergent thinking, it 
can also be due to a drop of high internal processing demands that are 
required during divergent thinking. As prefrontal alpha has been shown 
to increase during creative thinking and other tasks with high internal 
processing demands (Benedek et al., 2011; Fink & Benedek, 2014; 
Jaarsveld et al., 2015; Schwab et al., 2014), at this point it might 
decrease because this marks the transition to more convergent thinking 
processes. Note however that we cannot rule out that the decrease in 
alpha synchronization across all three tasks might be associated with our 
approach to remove WM-related activity (see Jaarsveld et al., 2015 for 
potential role of alpha modulation in WM). 

In our study, higher synchronization occurred in divergent thinking 
(CRTdiv|WM) as compared to convergent thinking (APM|WM, and to a 
lesser degree in CRTcon|WM) only towards the end of the thinking phase 
(between interval 2 and 3). Note that this higher synchronization was 
observed at fronto-parietal electrode sites (F3/F4, P3/P4, and P7/P8), in 
line with the involvement of a network often referred to as the fronto- 
parietal control network (FPN; Vincent, Kahn, Snyder, Raichle, & 
Buckner, 2008). The FPN is located at dorsolateral prefrontal cortex, 
middle frontal gyrus, and posterior parietal lobule (investigated using 
fMRI; Vincent et al., 2008) and has been associated with working 
memory, complex problem solving and executive functions, such as 
cognitive control (Niendam et al., 2012), but also divergent thinking 
(Gonen-Yaacovi et al., 2013; Zhu et al., 2017). Although using EEG does 
not allow firm conclusions about the origin of the electrical activity, it is 
reasonable to assume a higher synchronization of the FPN during 
divergent thinking (CRTdiv|WM) in contrast to the convergent thinking 
task (APM|WM). Note that the three-way interaction indicates a higher 
synchronization specifically towards the end of the trial (between 

interval 2 and 3), between the CRTdiv|WM and APM|WM at fronto- 
parietal electrode sites (F3/F4, P3/P4, and P7/P8). Hence, the syn-
chronization of the FPN appears to be limited to the later phases of 
divergent thinking during creative problem solving. 

4.3. Limitations and future directions 

Several limitations of our study need to be considered. One limitation 
concerns the sample size. Although we were able to observe consider-
able effect sizes, we cannot exclude that a larger sample size might 
reveal additional or more subtle effects. Furthermore, this study should 
be seen as only a first attempt to shed light on mechanisms of divergent 
and convergent thinking beyond WM. As a second, related limitation, 
our sample is very homogenous regarding age, IQ, and cultural back-
ground, although there is evidence that these sample characteristics may 
influence cognitive processes (Posner & Rothbart, 2017), such as crea-
tivity (Dietrich & Srinivasan, 2007; Welter, Jaarsveld, & Lachmann, 
2017). On a behavioral level, we found large individual differences in 
both CRT and CRT-WM performance. In addition, we cannot rule out 
that participants employed qualitatively different strategies in solving 
our tasks. For instance, it is possible to solve the APM by generating a 
correct solution and then selecting the appropriate response option, or 
alternatively to verify whether each response option is correct or not (i. 
e., trial and error). Hence, in the future, it would be interesting to 
investigate potential moderating factors (such as response strategy, 
gender, or IQ) with a larger sample size. Finally, as we employed EEG, 
there is no direct way to assess functional locations within the brain in 
the present study. The role of the FPN and potentially additional regions 
relevant for convergent and divergent thinking needs to be assessed in 
more detail, for instance by using fMRI. 

Regarding our methodical approach, we would like to emphasize 
that in the current study we analyzed “total power”, which consists of 
periodic (i.e., phase-locked power, evoked signal) and aperiodic (i.e., 
non-phase-locked power, induced signal) power (Cohen, 2014). There-
fore, our results might be also influenced by aperiodic parameters (i.e., 
offset and exponent). Future studies should consider this limitation by 
using parametrization methods (for instance, Donoghue et al., 2020). 
Another interesting observation is an apparent increase in theta and 
delta band in the APM task. As theta and delta band activity was not the 
focal point of interest in this study, we did not test effects in this regard. 
However, this finding should be more closely investigated in future 
studies. 

To summarize, we provide evidence for the role of alpha oscillations 
in convergent and divergent thinking, assessing these functions within 
the same knowledge domain and by using highly comparable stimulus 
material. Although this approach is new, our results constitute a first 
attempt in understanding this relationship beyond WM-related pro-
cesses. In order to understand these processes more completely, the 
temporal course of this activity needs to be taken into account, specif-
ically in light of the variable nature of the creative thinking process. 
After removing WM-related activity, we observed upper alpha syn-
chronization within mainly divergent thinking phases, whereas we 
observed alpha desynchronization during convergent thinking phases. 
Thus, we provide evidence that creativity and fluid intelligence share 
underlying mechanisms above and beyond WM-related activity. Further 
research may explore the role of other executive functions in moderating 
the relationship between fluid intelligence and creativity. 
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