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Abstract
Although there exists increasing knowledge about brain correlates underlying creative ideation in general, the specific
neurocognitive mechanisms implicated in different stages of the creative thinking process are still under-researched. Some recent
EEG studies suggested that alpha power during creative ideation varies as a function of time, with the highest levels of alpha
power after stimulus onset and at the end of the creative thinking process. The main aim of the present study was to replicate and
extend this finding by applying an individual differences approach, and by investigating functional coupling between long
distance cortical sites during the process of creative ideation. Eighty-six participants performed the Alternate Uses (AU) task
during EEG assessment. Results revealed that more original people showed increased alpha power after stimulus onset and before
finalizing the process of idea generation. This U-shaped alpha power pattern was accompanied by an early increase in functional
communication between frontal and parietal-occipital sites during the creative thinking process, putatively indicating activation
of top-down executive control processes. Participants with lower originality showed no significant time-related variation in alpha
power and a delayed increase in long distance functional communication. These findings are in line with dual process models of
creative ideation and support the idea that increased alpha power at the beginning of the creative ideation process may indicate
more associative modes of thinking and memory processes, while the alpha increases at later stages may indicate executive
control processes, associated with idea elaboration/evaluation.
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Introduction

Generating original, useful, and innovative ideas is one of the
most important and fascinating cognitive skills, relevant in
many different contexts and situations in daily life (see, e.g.,
Beaty, 2015; Boccia, Piccardi, Palermo, Nori, & Palmiero,
2015; Fink et al., 2017; Fink, Bay, et al., 2018; Lopata,
Nowicki, & Joanisse, 2017; Papousek, Weiss, et al., 2017;
Pinho, Ullen, Castelo-Branco, Fransson, & de Manzano,
2016). As a result of this growing interest, there are an increas-
ing number of cognitive neuroscience studies attempting to
unveil potential brain mechanisms associated with creative

ideation (see, e.g., Arden, Chavez, Grazioplene, & Jung,
2010; Fink & Benedek, 2014; Jung & Vartanian, 2018;
Pidgeon et al., 2016). Though research in this field is still at
an early stage, considerable progress has been achieved in
unveiling relevant brain mechanisms of divergent thinking by
means of event- and task-related (de)synchronization of power
in the EEG alpha band (TRP; e.g., Benedek, Bergner, Könen,
Fink, & Neubauer, 2011; Benedek, Schickel, Jauk, Fink, &
Neubauer, 2014; Fink, Benedek, Grabner, Staudt, &
Neubauer, 2007; Fink, Graif, & Neubauer, 2009; Fink,
Rominger et al., 2018; Jausovec, 2000; Rominger, Papousek,
Perchtold et al., 2018; for an overview see Fink & Benedek,
2014).

Specifically, there is consistent evidence of increased alpha
power at bilateral frontal and (right) posterior cortical sites
during various divergent thinking demands (Fink &
Benedek, 2014). These task-related alpha power increases,
somewhat more pronounced in the upper alpha band (~10–
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12 Hz), are thought to indicate active inhibition of (task-
irrelevant) sensory stimuli, internal attention, controlled mem-
ory retrieval processes, and the shielding of working memory
processes from task-irrelevant information (for overviews see,
e.g., Benedek, 2018a; Fink&Benedek, 2014; Fink, Perchtold,
& Rominger, 2018). Critically, these neurocognitive functions
(i.e., memory retrieval, inhibition, internal attention) might not
be equally involved at any time point during the generation of
novel ideas. Rather, considering existing behavioral research,
it seems reasonable to assume that they are implicated in dif-
ferent stages of the creative ideation process (e.g., generative
and exploratory processes, Finke, Ward, & Smith, 1996; see
also Beaty, Benedek, Kaufman, & Silvia, 2015; Benedek &
Jauk, 2018; Ellamil, Dobson, Beeman, & Christoff, 2012;
Fink, Rominger, et al., 2018; Kleinmintz et al., 2018; Pringle
& Sowden, 2017; Rominger, Papousek, Perchtold, et al.,
2018; Sowden, Pringle, & Gabora, 2015). For instance,
Gilhooly, Fioratou, Anthony, and Wynn (2007) found by
means of an overt verbal Alternate Uses (AU; Guilford,
1967) task that initial ideas were more often based onmemory
retrieval, while later ideas were typically based on more com-
plex processes such as imagination and inhibition (see also
Cheng, Hu, Jia, & Runco, 2016; Silvia, Nusbaum, & Beaty,
2017). This is congruent with the assumption that at later
stages of the creative thinking process, prepotent, obvious,
and common ideas are inhibited and memory content is inte-
grated in the generation of new ideas, which presumably leads
to more creative outcomes (Beaty & Silvia, 2012; Benedek,
Jauk, et al., 2014; Benedek et al., 2018; Cheng et al., 2016;
Rominger, Papousek, Weiss, et al., 2018; Wang, Hao, Ku,
Grabner, & Fink, 2017; Zabelina, Robinson, Council, &
Bresin, 2012).

Despite these behavioral findings, little is known about the
time-course of functional patterns of brain activity during crea-
tive ideation (but see, e.g., Beaty et al., 2015). EEG techniques
are especially suited to investigate such time-related
neurocognitive processes during the generation of novel ideas,
because of excellent time resolution (Fink et al., 2007). In a first
EEG study in this context, Schwab, Benedek, Papousek,Weiss,
and Fink (2014) found that the process of generating original
alternative uses of objects was reflected in a characteristic time-
course of TRP changes in the upper alpha band. Specifically,
this study revealed that the generation of more versus fewer
original ideas was accompanied by a U-shaped function of
alpha power during creative ideation, with higher levels of al-
pha power at the beginning of idea generation, followed by a
decrease and finally by a re-increase in alpha power prior to
finalizing the idea (prominently in the right hemisphere). Two
more recent studies reported a similar pattern during figural
divergent thinking tasks. Jaarsveld et al. (2015) found increased
upper alpha TRP changes at the initial and final stage during the
process of solving an ill-defined and open problem (i.e., creat-
ing a figural intelligence test). In the study by Rominger,

Papousek, and Perchtold et al. (2018), the stage of idea elabo-
ration (during a picture completion task) was associated with
increased upper alpha TRP changes (compared to the preceding
stage of idea generation). In line with relevant behavioral and
neuroimaging studies (e.g., Benedek, Schickel, et al., 2014;
Gilhooly et al., 2007), the characteristic U-shaped time-course
has been interpreted as an initial recall of ideas from memory,
followed by an increase in inhibitory control and evaluation/
elaboration processes (Jaarsveld et al., 2015; Rominger,
Papousek, Perchtold, et al., 2018; Schwab et al., 2014).

While available EEG studies on time- or process-related
changes in alpha power during creative ideation used within-
subjects research designs (comparing brain activity in response
to more vs. fewer original ideas, or conditions that place differ-
ent demands on creativity), it is still unknown whether interin-
dividual variations in originality are linked to corresponding
time-related changes in alpha power as well. Hence, the first
aim of the present study was to test whether participants who
generate more original ideas in the AU task likewise show the
characteristic U-shaped time-related changes of alpha power
during creative ideation, as shown in EEG studies employing
a within-subject design (e.g., Schwab et al., 2014). As an im-
portant extension of available literature, this study also investi-
gated functional coupling between long distance cortical sites
during the process of creative ideation. This could facilitate a
more comprehensive assessment of the specific kind of
neurocognitive mechanisms (e.g., executive control mecha-
nisms) that are implicated in different stages of the creative
ideation process. For this purpose, measures of task-related al-
pha power changes were combined with task-related long dis-
tance functional connectivity measures (i.e., phase-locking
values; Lachaux, Rodriguez, Martinerie, & Varela, 1999;
Varela, Lachaux, Rodriguez,&Martinerie, 2001) between fron-
tal and parietal-occipital areas, which provide an index of neu-
ronal integration and communication within the executive con-
trol network. This functional connectivity approach appears to
be particularly appropriate in this context since former EEG
studies reported long distance communication between brain
areas (i.e., frontal to parietal areas) during different creative
ideation tasks (Jausovec & Jausovec, 2000; Petsche, 1996;
Petsche, Kaplan, von Stein, & Filz, 1997). A more recent
fMRI study even indicated, by means of a region-of-interest
(ROI)-to-ROI temporal connectivity analysis, a time-course of
functional coupling between frontal and parietal areas during
the AU task (Beaty et al., 2015), which increases during the
final stages of the creative ideation process. Functional coupling
between frontal and parietal areas may reflect the involvement
of executive control networks in creative ideation (Beaty,
Benedek, Silvia, & Schacter, 2016; Ellamil et al., 2012;
Gonen-Yaacovi et al., 2013). Hence, in conjointly looking at
alpha power and functional connectivity patterns during differ-
ent stages of the creative thinking process (by dividing the
continuous thinking process during an AU-task into three
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isochronous time intervals), this study targeted a more in-depth
understanding of the manifold neurocognitive processes impli-
cated in the generation of creative ideas.

Methods

Participants

The total sample consisted of 102 participants. Sixteen partic-
ipants (15.68%) were excluded from the analyses (see below
for detailed information on the exclusion criteria). The final
sample consisted of 86 participants (30 men) with an average
age of 23.36 years (SD = 3.55; min = 18, max = 33). People
with major psychiatric disorders/history of major psychiatric
disorders according to the Structured Clinical Interview for
DSM-IVAxis I Disorders (SCID screening) and people who
reported having a neurological disease or using psychoactive
medication were not included in the study. All participants
were right-handed (assessed by a standardized hand skill
test; Steingrüber, 2010), and were requested to refrain from
alcohol intake for 12 h and from drinking coffee and other
stimulating beverages for 2 h prior to their lab appointment,
and to come to the session well rested.

Written informed consent was obtained from all partici-
pants. The study was approved by the authorized ethics
committee.

Creative thinking task

The AU task (Guilford, 1967) is a verbal creativity/divergent
thinking test used in numerous neuroscientific studies of cre-
ativity (e.g., Benedek, Jauk, et al., 2014; Fink et al., 2007;
Silvia, Beaty, Nusbaum, Eddington, & Kwapil, 2014). In this
task participants are requested to generate as original as pos-
sible uses to everyday objects within a given period of time.
For the purpose of the present investigation, one self-paced
AU task was used where the participants had to produce a
single answer (best idea). An instruction to select the best
and most appropriate idea was applied in order to increase
elaboration and evaluation processes during creative ideation
(Goldschmidt, 2016; Runco & Acar, 2012). Therefore, the
applied approach strongly focuses on the originality aspect
of creativity (Perchtold et al., 2018). The self-paced procedure
might more appropriately capture the spontaneous nature of
the creative thinking process and allows a more accurate esti-
mation of different stages of the creative ideation process
(Benedek, Jauk, et al., 2014; Benedek et al., 2018; Fink,
Rominger, et al., 2018; Jauk, Benedek, & Neubauer, 2012).

The AU task started with a white cross (10 s; reference
period) followed by a picture of a common every day object
(e.g., umbrella, brick, or key). The picture onset indicated the
beginning of the creative ideation period, upon which

participants had to generate a single use of this particular ob-
ject that is as original as possible (e.g., an umbrella as a fruit
basket, a key to decorate the Christmas tree, a brick as a pencil
holder). The participants had to press the IDEA button as soon
as they decided to name their best idea (maximum time until
the IDEA button had to be pressed was 15 s,M = 6.72 s, SD =
2.10 s). After the button-press and before verbalizing their best
idea, participants rated this idea on a six-point Likert scale
(maximum response time was 4 s; from 1 Bnot original^ to 6
Bvery original^). This phase was included in order to increase
or at least maintain the participants’ effort to produce high-
quality ideas for every single item. At the end of each trial,
participants described their best idea as quickly as possible (10
s), which was recorded online and later transcribed for analy-
sis. After that a new trial started with a white cross (see Fig. 1
for an illustrative summary of the procedure). The 16 AU
items were presented in randomized order.

Quantification of creative performance

The originality of the produced ideas was rated by three inde-
pendent and experienced judges (all master students) who
were thoroughly instructed on how to perform the ratings.
Originality depended on the uniqueness of ideas and if these
ideas were possible in principle (no fiction or fantasy).
Originality was rated on a four-point Likert scale ranging from
Bnot original^ (1) to Bvery original^ (4). This procedure is a
common approach in creativity research (cf. Consensual
Assessment Technique; Amabile, 1982; see also, e.g.,
Rominger, Fink, Weiss, Bosch, & Papousek, 2017). The orig-
inality ratings showed acceptable inter-rater reliability (ICC
(2, k) = .66). All ratings were averaged across raters and items,
resulting in one originality measure per participant.

EEG recordings and analysis

The EEG was recorded by 19 electrodes (Fp1, Fp2, F3, F4, F7,
F8, C3, C4, T7, T8, P3, P4, P7, P8, O1, O2, Fz, Cz, Pz), posi-
tioned according to the 10–20 system (Brainvision BrainAmp
Research Amplifier, Brain ProductsTM; 500-Hz sampling rate)
in a separate and quiet room. All participants were instructed not
to close their eyes during the AU-task. Behavior compliance
was monitored by the use of a video camera. The ground elec-
trode was located on the forehead, the reference electrode on the
nose. Vertical and horizontal electro-oculograms were measured
with two bipolar channels for horizontal and vertical eye move-
ments. Electrode impedances were kept below 5 kΩ for all elec-
trodes. The data were preprocessed by removing drifts and low-
pass filtering (50 Hz).

The g.BSanalyze software (g.tec™, Graz, Austria) was used
to manually check the resulting signal for artifacts and to calcu-
late the band power values (μV2) by squaring the filtered EEG
signals (10–12Hz; FFT-filter with a window size of 100 samples
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and an overlap of 99 samples). For estimating the phase-locking
values, the convolution between two signals was computed by
means of a wavelet centered at a frequency of 11 Hz and a
bandwidth of 2 Hz (10–12 Hz). The phase of the convolution
was extracted and was used as an index of phase-locking, which
varies between 0 (independent signals, no functional coupling)
and 1 (constant phase lag between two signals, perfect functional
coupling; see, e.g., Lachaux et al., 1999). The phase-locking
value separates the effect of the phase component from the am-
plitude component for a specific frequency band and represents a
measure of neuronal integration and functional coupling
(Lachaux et al., 1999; Varela et al., 2001).

Only band power and phase-locking values from artifact-
free time-intervals were averaged bymeans of the median. For
the TRP and the task-related phase-locking (TRPL) analyses,
the 8-s interval from 1 s after onset of the fixation cross until
1 s before its offset served as the reference interval and the
period starting 500ms after stimulus onset until 500 ms before
the IDEA button was pressed served as the activation interval
(see, e.g., Jauk et al., 2012).

As in other studies concerning divergent thinking (e.g.,
Rominger, Reitinger, Seyfried, Schneckenleitner, & Fink,
2017), TRP scores were quantified for upper alpha power (10–
12 Hz) for an electrode i by subtracting the log-transformed
power of the reference period (Powi, reference) from that of the
activation period (Powi, activation) for each trial j separately, ac-
cording to the formula:

TRPi ¼ Median log Powi;activation
� �

j−log Powi;re f erence
� �

j

� �

Negative values indicate a decrease of task-related alpha
power from the reference to the activation period, while

positive values express a power increase (Pfurtscheller &
Lopes da Silva, 1999).

Changes in task-related functional coupling (i.e., TRPL)
were calculated between all intra-hemispheric pairs of frontal
and parietal-occipital electrodes (resulting in nine pairs per
hemisphere; left: FP1-P3, F3-P3, F7-P3, FP1-P7, F3-P7, F7-
P7, FP1-O1, F3-O1, F7-O1; right: FP2-P4, F4-P4, F8-P4,
FP2-P8, F4-P8, F8-P8, FP2-O2, F4-O2, F8-O2). After
Fisher’s z transformation, TRPL values were calculated by
the same formula used to identify the TRP scores (see,
Grabner, Fink, & Neubauer, 2007; Neubauer & Fink, 2009;
Reiser et al., 2012 for a similar approach). All resulting TRPL
values were averaged per hemisphere in order to estimate the
mean intra-hemispheric task-related changes of frontal-
parietal coupling in a priori defined anatomical clusters cor-
responding to left and right frontal and posterior association
cortex regions (see, e.g., Miskovic & Schmidt, 2010;
Papousek et al., 2014; Papousek, Ruch et al., 2017; Reiser
et al., 2012; Terhune, Cardeña, & Lindgren, 2011 for similar
aggregation procedures). The involvement of these cortical
sites and the increase in their communication/cooperation is
well documented during creative thinking (Fink & Benedek,
2014; Jausovec & Jausovec, 2000; Petsche, 1996).

Volume conduction artifacts should not have been an issue.
All distances between two electrodes in the used pairs spanned
large distances (Lachaux, et al., 1999; Srinivasan, Winter,
Ding, Nunez, 2007). Furthermore, the applied task-related de-
sign is well suited to control for potential spurious synchrony
in signals. If the activation period contains spurious synchro-
nization, this will be further diminished by subtracting phase-
locking values of the reference period from the activation

Fig. 1 Schematic display of the computerized AU task. An 8-s time
period out of the 10-s fixation cross period (BReference^) served as the
reference interval (leaving out the first and the last second). The time
period starting 500 ms after item onset until 500 ms before the IDEA
button was pressed (BIdea generation^) served as the activation interval,

which was further divided into three isochronous sections (AU-T1, AU-
T2, AU-T3). The participants rated the subjective originality of their idea
from one to six (not original – very original; maximum 4 s) and after their
verbal response (10 s, audio recording) the next trial started
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period (both containing a similar amount of spurious synchro-
nization). Positive TRPL values indicate an increase in func-
tional coupling from reference to activation and negative
TRPL values represent a decrease in communication between
frontal and posterior cortical sites.

In order to calculate the time-course of TRP and TRPL,
each activation interval was divided into three isochronous
time intervals for each answer of a participant (AU-T1, AU-
T2, AU-T3). Only activation periods with at least 250 ms
artifact-free EEG-recording per time interval and reference
periods with a minimum of 1,000 ms artifact-free data were
considered valid and used for statistical analyses. The statisti-
cal analyses were only run for those participants (n = 86) who
produced at least ten activation trials for each time interval that
were within the defined data quality range (valid trials for AU-
T1:M = 14.45, SD = 1.40, AU-T2:M = 14.19, SD = 1.38, AU-
T3: M = 14.14, SD = 1.57, and Reference: M = 15.92, SD =
0.71). The length of the activation intervals ranged from min-
imum = 816 ms to maximum = 14,000 ms (M = 5859.46 ms,
SD = 2982.70 ms; reaction time minus 500 ms after stimulus
onset and 500 ms before button press).

Statistical analysis

Analysis of TRP scores was conducted by an 8 × 2 × 3 anal-
ysis of variance with the within-subjects factors AREA (eight
electrode positions in each hemisphere), HEMISPHERE (left,
right), and TIME (AU-T1, AU-T2, AU-T3). The impact of
individual differences in task performance on the TRP results
was investigated by the same analysis of variance design;
however, in addition the continuous between-subjects factor
ORIGINALITYof generated ideas was considered as a factor.
Functional connectivity values (averaged frontal-parietal
TRPL values) were analyzed by a 2 × 3 analysis of variance
involving the within-subjects factors HEMISPHERE and
TIME. The impact of individual differences in task perfor-
mance on the TRPL results was also investigated by a separate
analysis of variance, additionally considering the continuous
between-subjects factor ORIGINALITY of generated ideas.
For illustration of interaction effects between TIME and the
continuous between-subjects variable, predicted TRP scores
and predicted TRPL values were calculated for one standard
deviation below and one standard deviation above the sample
mean of task performance (i.e., originality of ideas) using
standard regression analysis. For illustration purposes only,
the percentage change score for the time-interval j was calcu-

lated according to the formula
A jð Þ−R

R *100, separately for pow-
er and phase-locking values of each participant. A(j) indicates
power/phase locking values at time-interval j and R indicates
power/phase locking values during the reference period. The
predicted percentage change scores were calculated for one
standard deviation below and one standard deviation above

the sample mean of task performance (i.e., originality of ideas)
using standard regression analysis.

Additional Pearson correlations (r) were conducted to in-
dicate that originality was independent of reaction time and
activation trial length. For EEG sensitivity analyses only, anal-
yses of variance were run for reference and activation, sepa-
rately. For these analyses power values (log transformed) and
PLVs (Fisher’s z transformed) were used as dependent vari-
ables. The two analyses of the activation period (with power
values and PLVs) – in contrast to the two analyses of the
refence period – were run with the additional within-subjects
factor TIME. For all sensitivity analyses the originality score
served as the between-subjects variable.

In case of violations of sphericity assumptions, a multivar-
iate approachwas used (see Vasey& Thayer, 1987). Estimates
of effect size are reported using partial eta-squared (ηp

2). Post
hoc comparisons were performed using Tukey’s Honestly
Significant Differences (HSD) tests. A significance level of
p < .05 (two-tailed) was used for all analyses.

Results

EEG results

Time-course of alpha power during creative ideation

The 8 × 2 × 3 analysis of variance revealed a significant main
effect AREA (F(7,79) = 39.86, p < .001, ηp

2 = .61), indicating
decreased alpha power during creative ideation especially over
posterior and occipital cortical sites (P3/4, P7/8, O1/2) and in-
creased alpha power at frontal sites (Fp1/2, F3/4, F7/8; see Fig.
2). The main effect HEMISPHERE (F(1,85) = 17.34, p < .001,
ηp

2 = .17) indicated relatively higher TRP in the right (M =

Fig. 2 General pattern of task-related power changes (TRP; along with
error bars indicating SEM) in the upper alpha band during verbal creative
ideation
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0.016, SE = 0.017) compared to the left hemisphere (M = -0.013,
SE = 0.017). The interaction AREA × HEMISPHERE was also
significant (F(7,79) = 3.99, p = .001, ηp

2 = .08), suggesting that
the hemispheric difference was apparent at the lateral frontal,
central, and temporal positions (F7/8, C3/4, T7/8).

As revealed by the significant main effect TIME (F(2,84) =
3.88, p = .024, ηp

2 = .05), the highest alpha power increase
was observed at the final time interval of creative ideation,
while the first two intervals were not significantly different
(AU-T1: M = -0.009, SE = 0.017; AU-T2: M = -0.007, SE =
0.018; AU-T3: M = 0.021, SE = 0.018). The time-course of
alpha power was most pronounced at frontal (Fp1/2, F3/4) and
occipital sites (O1/2), as indicated by a significant interaction
of AREA × TIME (F(14,72) = 3.10, p = .001, ηp

2 = .06).
The analysis of variance with ORIGINALITY as continu-

ous between-subjects factor showed a significant interaction
betweenORIGINALITYand TIME (F(2,83) = 8.53, p < .001,
ηp

2 = .06). As illustrated in Fig. 3, more original people
showed increased alpha power during the first and the final
time interval (+ 17% in AU-T1 and + 28% in AU-T3) of the
creative ideation process, whereas less original people showed
no U-shape of TRP changes across time. No other effect in-
volving the factor ORIGINALITY was significant.1

Time-course of phase-locking values (functional coupling)
in the alpha band during creative ideation

The 2 × 3 analysis of variance revealed a significant main
effect TIME (F(2,84) = 14.81, p < .001, ηp

2 = .21), indicating
a continuous increase in functional coupling from AU-T1 (M
= -0.002, SE = 0.004) over AU-T2 (M = 0.014, SE = 0.006) to
AU-T3 (M = 0.033, SE = 0.007). The main effect
HEMISPHERE was also significant (F(1,85) = 4.43, p =
.038, ηp

2 = .05), indicating higher TRPL in the left (M =
0.019, SE = 0.005) compared to the right (M = 0.011, SE =
0.005) hemisphere. The interaction HEMISPHERE × TIME
was not significant (F(1,84) = 1.61, p = .21, ηp

2 = .02).
The analysis of variance involving the continuous

between-subjects variable ORIGINALITY indicated a signif-
icant interaction between ORIGINALITYand TIME (F(2,83)
= 4.74, p = .011, ηp

2 = .03). As illustrated in Fig. 3, more and
less original people did not differ in TRPL at the beginning
(AU-T1) and the end (AU-T3) of the creative ideation process.
Critically, higher originality was associated with a more rapid
increase in TRPL from the first (AU-T1 with +0%) to the

second time interval (+ 12% in AU-T2), while participants
who generated lower original ideas showed relatively stronger
increases at later stages (i.e., from AU-T2 with 4% increases
to AU-T3 with 19% increases). No other effect involving the
factor ORIGINALITY was significant (ORIGINALITY:
F(1,84) = 0.008, p = .928, ηp

2 = .00).1

Additional analyses

The originality score was neither associated with the time until
the IDEA button was pressed (r = .06, p = .61) nor with the
available sample points per time interval (AU-T1: r = -.02, p =
.83, AU-T2: r = .04, p = .74, AU-T3: r = .04, p = .71).

Sensitivity analyses of pre-stimulus reference power re-
vealed only one significant interaction effect involving
ORIGINALITY (ORIGINALITY × HEMISPHERE
(F(1,84) = 4.74, p = .032, ηp

2 = .05). Importantly, analyses
of power values of the activation period showed very similar
findings to those found in the TRP analyses – i.e., significant
interaction ORIGINALITY × TIME (F(2,83) = 10.07, p <
.001, ηp

2 = .06). The sensitivity analyses with PLVs of pre-
stimulus reference period as dependent variable revealed a
significant main effect ORIGINALITY (F(1,84) = 6.56, p =
.012, ηp

2 = .07; no other effect was significant). More original
participants showed higher PLVs during the reference period.
The analysis for the activation period likewise revealed the

Fig. 3 Task-related power (TRP) and task-related phase-locking (TRPL)
in the upper alpha band as a function of time and originality

1 In order to examine the specificity of the reported effects for the upper alpha
band, the same analyses were re-run in the lower alpha band (8–10 Hz) and the
beta band (12–30 Hz). Importantly, the time-by-orignality interaction did not
reach significance in these frequency bands. With the exception of a weak but
significant four-way interaction in the ANOVA with the TRP scores in the
lower alpha band as dependent variable (TIME × POSITION ×
HEMISPHERE × ORIGINALITY) with a rather low effect size (ηp

2=.01),
there were no significant effects involving originality.
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interaction ORIGINALITY × TIME, which was found for
TRPL (F(2,83) = 6.25, p = .003, ηp

2 = .04; ORIGINALITY:
F(1,84) = 6.76, p = .011, ηp

2 = .07).

Discussion

As hypothesized, the process of creative ideation followed a
characteristic time-course of task-related alpha power chang-
es. Specifically, participants who generated more original
ideas showed a U-shaped time-course of TRP, with higher
alpha power at the beginning and towards the end of the cre-
ative ideation process (cf. Schwab et al., 2014). These alpha
power changes were accompanied by a steady increase in
task-related long distance functional coupling between frontal
and parietal-occipital sites, and increases were more rapid in
more creative versus less creative people.

Beyond providing a replication of existing findings ofmore
frontal and right (posterior) alpha power during creative idea-
tion (Fink & Benedek, 2014) as well as a time-course of alpha
power (Schwab et al., 2014), the central novelty of the present
study is the combined use of a functional brain connectivity
measure (i.e., phase-locking; Lachaux et al., 1999) and task-
related alpha power change scores (Fink & Benedek, 2014;
Pfurtscheller & Lopes da Silva, 1999). The approach of com-
bining two largely independent indices of power and phase
(i.e., TRP and TRPL; Lachaux et al., 1999; Varela et al.,
2001), allows the time-course of neurocognitive processes
involved in creative ideation to be studied in more detail.
During the first stage of creative ideation, the initial increase
in alpha power may reflect an early stage of undirected, asso-
ciative thinking, where attention is shifted from stimulus pro-
cessing to internal processes such as the retrieval of associa-
tive information from memory (Benedek, Jauk, et al., 2014;
Benedek & Jauk, 2018; Gilhooly et al., 2007; Schwab et al.,
2014; Silvia et al., 2017). This interpretation is strengthened
by the finding of a relatively small increase in task-related
phase-locking during this stage. The first stage of the creative
thinking process might hence be characterized by relatively
low executive demands because of reduced cooperation be-
tween frontal and parietal areas and lowworkingmemory load
similar to resting state conditions. While functional coupling
at the first stage of creative thinking was largely independent
from originality performance, alpha power was higher in more
than in less original people. The latter suggests that a stronger
internal focus of attention already at this early stage of the
creative process may facilitate more effective memory search
and semantic retrieval processes essential to high creative per-
formance (Benedek, Jauk, et al., 2014; 2018; Gilhooly et al.,
2007; Schwab et al., 2014).

The second stage seems to involve a change in processes as
evidenced by diminished alpha activity and increases in task-
related frontal-parietal phase-locking. At this stage semantic

content from memory might have already been retrieved and
is now integrated to simulate and create possible response
alternatives (Gilhooly et al., 2007; Silvia et al., 2017). The
decreased alpha power was accompanied by a rise in function-
al coupling and neuronal integration of long-distant areas,
which may reflect the onset of central executive control pro-
cesses (Beaty & Silvia, 2012; Gilhooly et al., 2007).
Strikingly, more original people seemed to show an earlier
increase in cooperation between frontal and parietal sites,
which suggests earlier recruitment of the executive network,
possibly providing control mechanisms relevant for more ef-
fective and demanding task strategies (Beaty et al., 2016;
Nusbaum & Silvia, 2011; Sauseng et al., 2005; Terhune
et al., 2011). The more rapid recruitment of control functions
may expand available executive resources in order to evaluate
and elaborate the generated ideas, which might further in-
crease their originality (Rominger, Papousek, Perchtold,
et al., 2018).

This phase of transition is finally followed by a stage
exhibiting the highest level of functional coupling in combination
with a marked re-increase in alpha power, which indicates a high
prevalence of executive control functions operating under in-
creased internal attention demands. The observed combination
of increased power and functional coupling suggests that evalu-
ative and elaboration functions are fully pronounced at this final
stage (Jaarsveld et al., 2015; Schwab et al., 2014). Specifically,
according to the findings of this study, participants who generat-
ed more original ideas may have shown more effective shielding
of irrelevant information and increased internal attention
supporting complex, vivid mental simulations necessary to eval-
uate the feasibility and appeal of ideas (Ellamil et al., 2012;
Jaarsveld et al., 2015; Rominger, Papousek, Perchtold, et al.,
2018). In contrast, although less original people showed a similar
level of functional coupling at this final stage of idea generation
(i.e., strong involvement of the central executive network), they
may be less capable of focusing attentional resources on relevant
internal processes. This admittedly tentative interpretation is in
accordance with literature reporting increased functional cou-
pling in the executive network at later stages of creative thinking
as an index of increased executive control during idea evaluation
and elaboration (Beaty et al., 2015, 2016, 2018).

Some limitations of this study need to be addressed. The
specificity of the results would be further strengthened if the
study design also involved control tasks outside the realm of
creativity. However, the task-related approach utilized in this
study has the advantage that the neurophysiological activation
during a period of creative thinking (i.e., cognitive load) is
contrasted with the activation pattern during a period of refer-
ence (i.e., no/less cognitive load), which controls for task-
unspecific interindividual differences in brain activity.
Furthermore, the creative thinking performance during the
task (i.e., originality) was associated with a marked u-shaped
function and an earlier increase in long distance phase
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synchronization in the upper alpha band. These associations
between neurophysiological changes and task performance
strongly indicate the specificity of the reported findings,
which was additionally strengthened by the fact that this neu-
rophysiological pattern was specifically found in the upper
alpha band and not in the adjacent lower alpha and beta bands.
Additional sensitivity analyses indicated that more original
participants already showed higher long distance phase syn-
chronization during the reference (and activation) period.
Although this finding needs to be replicated in future studies,
it may nicely correspond with the study by Beaty et al. (2014),
who found increased involvement of executive brain networks
at rest in more creative participants. However, it is important
to note that the identified pattern of finding in the reference
period cannot be responsible for the specific time-course of
PLVs and band power, which is the focus of the present study.
Like all EEG studies, this study might be also concerned with
the exact source localization of activity. In this particular con-
text it would be highly desirable to see some conjoint EEG
and fMRI studies in future that apply the same experimental
task to the same sample of participants. In this way we would
be able to better integrate the spatial and dynamic properties
associated with the generation of creative ideas.

However, by combining two different measures of brain func-
tioning (i.e., power and phase-locking), this study corroborates
the notion that creative idea generation involves discriminable
stages (e.g., retrieval, integration/simulation, evaluation;
Benedek, 2018b; see also Ellamil et al., 2012; Fink, Rominger
et al., 2018; Finke et al., 1996; Jaarsveld et al., 2015; Rominger,
Papousek, Perchtold, et al., 2018; Schwab et al., 2014), and high
creative potential is associated with characteristic differences at
each stage. At the level of alpha activity, more creative people
showed a U-shaped time course with increased alpha activity at
the beginning and the end of idea generation that has been pre-
viously related to the production of more original ideas (Schwab
et al., 2014). At the level of frontal-parietal phase-locking in the
upper alpha range, more creative people showed a more rapid
increase, suggesting an earlier involvement of relevant executive
control mechanisms (Benedek, Jauk, et al., 2014; Nusbaum &
Silvia, 2011).

Taken together, the results of this study add new evidence
to the notion that the temporal dynamics of neuro-cognitive
functions across the creative thinking process affect the crea-
tivity of the outcome.
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