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Abstract
Theories of the processes involved in creative cognition posit that cognitive control has a negative effect on creative idea
generation but a positive effect on creative idea evaluation. Brain stimulation research has started to examine empirically the
effects of cognitive control, with several reports of decreased cognitive control facilitating creative ideation. Such studies have
shown how decreased cognitive control mechanisms facilitate creative idea generation, potentially by allowing participants
access to less inhibited weaker-related associations, thereby increasing novelty. In the current study, we advance this line of
work by investigating how cognitive control affects creative thinking, potentially inhibiting or facilitating novel idea generation
based on task demands. Participants read sentences with the final wordmissing and were instructed to complete the sentence with
an uncommon (but appropriate) ending. Participants performed this task while undergoing either anodal (excitatory), cathodal
(inhibitory), or sham (control) transcranial direct current stimulation over their left prefrontal cortex. These responses were then
rated for their novelty and appropriateness by an independent sample of raters. We found that anodal stimulation increased the
appropriateness and decreased the novelty of participants’ responses. Contrary to previous studies, we did not find that cathodal
stimulation increased the novelty of participants’ responses, which may be due to the nature of our task. Overall, we demonstrate
how cognitive control mechanisms may inhibit novel idea generation.
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Introduction

The role of executive function in creative cognition is com-
plex and multifaceted (Chrysikou, 2019). The novel genera-
tion of ideas can arise from increased availability of low-level
(such as perceptual) information, which could benefit from
lower levels of top-down intervention in the form of cognitive
control (Chrysikou, Weber, & Thompson-Schill, 2014). Such
low-level information may facilitate remote associations,
which play a critical role in novel idea generation (Kenett,
2018b; Kenett & Faust, 2019; Mednick, 1962). Conversely,
the creative process also involves the evaluation of the

appropriateness of these novel ideas, which likely benefits
from higher levels of cognitive control (Chrysikou, 2018,
2019).

According to the control-attention theory of creativity,
goal-directed idea generation is governed by top-down control
processes, such as inhibition, that facilitate the strategic search
for task-relevant responses (Beaty & Silvia, 2012; Benedek,
Franz, Heene, & Neubauer, 2012; Benedek, Jauk, Sommer,
Arendasy, & Neubauer, 2014; Frith et al., 2020; Silvia, 2015).
Specifically, the quality of creative responses is thought to
depend on individual differences in such cognitive control
processes (Benedek et al., 2014; Benedek & Fink, 2019).
Finally, theories on creativity propose that optimal cognitive
control in the creative process is contingent on the creative
stage, that is, on either the generation or evaluation of creative
ideas (Kleinmintz, Ivancovsky, & Shamay-Tsoory, 2019;
Sowden, Pringle, & Gabora, 2014).

A growing number of studies applying brain stimulation
techniques to inhibit neural activation in the prefrontal
cortex—by targeting cognitive control mechanisms, such as
inhibition (Miller, 2000)—have demonstrated how such an
inhibition facilitates the generation of creative responses
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(Weinberger, Green, & Chrysikou, 2017). However, it is still
debated whether exciting neural activation in the prefrontal
cortex may inhibit the generation of creative responses. We
continue this line of research and examine whether cognitive
control acts as a filter mechanism in such creative generation
processes via anodal and cathodal stimulation of the prefrontal
cortex.

Transcranial direct current stimulation (tDCS) has been
used as a complementary method to more ubiquitous brain
imaging studies in order to allow direct tests of the causal roles
of specific brain areas in cognitive function. It is applied via a
constant, low-level electrical current to the cortex through
surface electrodes positioned on the scalp to modulate the
excitability of neurons within a region of interest (Nitsche
et al., 2008; Stagg & Nitsche, 2011). Experiments utilizing
tDCS apply anodal stimulation (generally intended to increase
cortical excitability) and/or cathodal stimulation (generally
intended to decrease cortical excitability) over brain regions
hypothesized to play a role in some aspect of cognition or
behavior. Most studies also include a “sham” condition in
which electrodes are placed on the scalp but without the ap-
plication of sustained electrical current, serving as a control
condition.

Several studies have examined the effects of tDCS over
frontotemporal areas (inferior frontal gyrus, dorsolateral pre-
frontal cortex, anterior temporal lobe, and middle temporal
gyrus) on verbal creativity (Weinberger et al., 2017). These
studies mainly investigated how cathodal tDCS stimulation
inhibits cognitive control mechanisms during divergent think-
ing tasks (Chi & Snyder, 2011; Chrysikou et al., 2013;
Mayseless & Shamay-Tsoory, 2015). In particular, open-
ended problem-solving tasks requiring divergent thinking that
have been widely used in creativity research, requiring partic-
ipants to generate uncommon uses to common objects (Acar
& Runco, 2019; Runco & Acar, 2012). Stimulation studies in
divergent thinking tasks are based on theories arguing that
inhibited cognitive control facilitates novel responses via ac-
cess to widespread associative networks (Kounios & Beeman,
2015). One such theory relates creative performance to the
role of the prefrontal cortex in cognitive control as a matching
filter hypothesis (MFH; Chrysikou et al., 2014).

According to the MFH, cognitive control mechanisms are
critical to optimize performance on convergent tasks that
hinge on regulatory, top-down filtering processes (e.g., idea
evaluation), whereas the same mechanisms may constrain or
impede performance on open-ended tasks that rely on sponta-
neous, bottom-up processes (e.g., idea generation). Based on
this hypothesis, Chrysikou et al. (2013) applied cathodal tDCS
stimulation to modulate left inferior frontal gyrus (IFG) activ-
ity during a divergent thinking task. In accordance with the
MFH, they found that cathodal tDCS over the left IFG de-
creased RTs and improved fluency in an uncommon
divergent-thinking generation task compared with a

common-uses generation task and compared with cathodal
stimulation of the right IFG or sham condition (Chrysikou
et al., 2013). Other studies have found that anodal tDCS over
left dorsolateral prefrontal cortex facilitates performance in
convergent thinking creative tasks (Cerruti & Schlaug, 2009;
Goel, Eimontaite, Goel, & Schindler, 2015; Metuki, Sela, &
Lavidor, 2012; Zmigrod, Colzato, & Hommel, 2015).
Convergent creativity tasks require finding a unique solution
to a closed ended problem, such as in the remote association
test (Mednick, 1962). In accordance with the MFH, such tasks
require higher involvement of cognitive control mechanisms
(Chrysikou, 2018, 2019; Chrysikou et al., 2014). Collectively,
the set of findings reviewed here illustrate that both increases
and decreases in frontally mediated cognitive control
functions— induced by anodal or cathodal tDCS,
respectively—effects on creative output depends on the pre-
cise demands of the particular creativity task.

In contrast to the picture painted above, there is still debate
on whether increasing cognitive control mechanisms during
idea generation can lead to inhibited creative output.
Ivancovsky, Kurman, Morio, and Shamay-Tsoory (2019) ap-
plied anodal and cathodal tDCS stimulation to the left IFG in a
sample of Israeli and Japanese participants while they per-
formed a divergent thinking task. The authors found a mar-
ginally significant interaction between stimulation type (anod-
al/cathodal) and condition (stimulation/sham; p = 0.047) on a
general creativity score (that averaged over fluency, original-
ity, and flexibility scores of participants’ responses).
Furthermore, simple effect t-test analysis found a weaker ef-
fect of the anodal stimulation (p = 0.05)—decreased creativity
scores compared with sham—and no significant effect for the
cathodal stimulation (p = 0.09; Ivancovsky et al., 2019).
Based on these findings, the authors concluded that increasing
frontally mediated cognitive control processes impairs diver-
gent thinking. In sum, it is yet to be determined whether (and
in what circumstances) anodal stimulation over the left IFG
can inhibit creative performance in divergent thinking tasks.

In all of the studies reviewed above, the measures that have
been subjected to scrutiny following tDCS manipulations are
the number of responses, the latency of responses, or the sub-
jective ratings of the content of the responses (e.g., novelty or
appropriateness) as evaluated by independent raters. Recently,
a growing body of studies have been using quantitative mea-
sures of semantic distance as an objective measure of creative
output (Heinen & Johnson, 2018; Kenett, 2019). Such an ob-
jective measure circumvents the limitations of subjective rat-
ings of creative output (Forster & Dunbar, 2009; Silvia et al.,
2008) and thus may lead to more reliable results in tDCS
studies of creative thinking. Such measures have been gaining
popularity in creativity research due to the assumption that
such measures can be used to quantify the degree of diver-
gence of participants’ responses (Acar & Runco, 2014; Beaty
& Johnson, 2020; Beketayev & Runco, 2016; Hass, 2017a,
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2017b; Kenett, 2018a, 2019). A distributional model that has
been used to extract semantic distance is Latent Semantic
Analysis (LSA; Landauer, Foltz, & Laham, 1998). LSA quan-
tifies the semantic similarity between words in a given multi-
dimensional semantic space by determining the probability of
a given word co-occurring in a specific context (e.g., a para-
graph of a document).

Over the past few years, LSA has gained popularity in
creativity research (Beaty, Silvia, Nusbaum, Jauk, &
Benedek, 2014; Bourgin, Abbott, Griffiths, Smith, & Vul,
2014; Dumas & Dunbar, 2014; Forster & Dunbar, 2009;
Green, 2016; Heinen & Johnson, 2018). For example,
Heinen and Johnson (2018) recently showed that LSA scores
relate to measures of novelty and appropriateness, which are
considered common subjective measures of creative output
(Runco & Acar, 2012). Furthermore, the authors show that
such LSA scores were sensitive to instruction manipulation
and changed when participants were required to generate cre-
ative responses (Heinen & Johnson, 2018). While objections
have been raised at applying LSA to studying behavioral per-
formance (Kenett, Levi, Anaki, & Faust, 2017), it is a useful
method to measure semantic distance (Kenett, 2019).

Recent studies examined the effects of tDCS on semantic
distances of participant’s responses, as measured with LSA
(Brunyé et al., 2015; Green et al., 2017). Green et al. (2017)
used LSA to examine the effect of anodal tDCS stimulation on
the frontal pole on analogical reasoning. The authors show
how tDCS stimulation leads to analogies that are farther apart
(lower LSA similarity scores) without affecting their appro-
priateness (Green et al., 2017). Thus, there is precedent for
semantic distance, measured via LSA, to be empirically ex-
amined in relation to creativity in tDCS studies.

We examined the effects of anodal and cathodal stimula-
tion over a region corresponding to the left inferior frontal
gyrus on a task requiring participants to provide an uncom-
mon but plausible ending to an incomplete sentence. Our task
is similar to the Hayling task (Burgess & Shallice, 1997), in
which participants are asked to complete open-ended
sentences with either a word that fits the sentence (initiation
condition) or a word that is completely unrelated to the sen-
tence (suppression condition). Previous studies have linked
the suppression condition, which requires inhibition of related
responses, to the left dorsolateral prefrontal cortex (Allen
et al., 2008; Nathaniel-James & Frith, 2002). Metzuyanim-
Gorlick and Mashal (2016) examined the effect of anodal
tDCS over left dorsolateral prefrontal cortex and cathodal
tDCS over the right dorsolateral prefrontal cortex on perfor-
mance of the Hayling task and found that this tDCS stimula-
tion montage improves performance in the suppression con-
dition, by facilitating inhibition of responses (Metzuyanim-
Gorlick & Mashal, 2016). To control for confounding effects
of retrieval strategies that are required in our uncommon sen-
tence completion task and individual differences in working

memory and broad retrieval abilities, we administered a pho-
nemic verbal fluency task (Benedek et al., 2017) and a reading
span task (van den Noort, Bosch, Haverkort, & Hugdahl,
2008).

In line with theMFH (Chrysikou et al., 2014), and based on
the work of Metzuyanim-Gorlick and Mashal (2016), we ex-
pected that tDCS stimulation would reduce (anodal) or in-
crease (cathodal) the “uncommonness” (i.e., the semantic dis-
tance) of participants’ responses in our uncommon sentence
completion task. We examined this hypothesis by measuring
how anodal and cathodal stimulation alter the latencies, se-
mantic distances, and the subjective ratings of the creative
content of participants’ responses. Such findings can provide
further empirical support for theMFH (Chrysikou et al., 2014)
and further highlight the costs and benefits of cognitive con-
trol in creative thinking (Chrysikou, 2018).

Materials and Methods

Study Design

The design of our study is a between-subject tDCS study, such
that we pseudo-randomly assigned participants to one of three
stimulation type conditions (anodal, cathodal, or sham). A
within-subject tDCS design can account for individual vari-
ability (Li, Uehara, & Hanakawa, 2015). However, a within-
subject design introduces different confounds that a between-
subject design addresses (Thair, Holloway, Newport, &
Smith, 2017). These issues include experiential unblinding
to study conditions (i.e., noticing differences between sham
and nonsham conditions), and additional confounds due to
learning, practice, and order effects (Thair et al., 2017). In lieu
of using a within-subjects design to minimize the impact of
extraneous variability on our analyses, we instead opted to
collect several behavioral measures from each participant to
allow us to assess and statistically control for variability in
individual skills and abilities that might impact the outcome
measures for the study (e.g., working memory capacity and
broad retrieval abilities).

Participants

We recruited 48 adults (ages 18-35 years, 24 females) for the
study from the University of Pennsylvania community.
Participants were placed into a stimulation condition (anodal,
cathodal, sham) based on the order of their recruitment but
also based on their demographic information (age, gender,
etc.). In this way, potential confounders at the subject level
were counterbalanced within stimulation condition. All par-
ticipants were right-handed and confirmed that they did not
suffer from any neurological or psychiatric issues and were
not taking any neurological or psychiatric medications. One
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participant from each group was removed from the final anal-
ysis. Stimulation was discontinued for one participant in the
anodal stimulation group by request, although no adverse ef-
fects were reported. Data from another participant in the cath-
odal stimulation group was lost due to a malfunction with the
recording device. In order to balance stimulation conditions, a
participant was removed at random from the sham group,
leaving 45 participants (n = 15 per stimulation condition) for
the final analyses reported below. Gender, age, and years of
formal education were matched across conditions (Table 1).

Materials

Behavioral Measures

Uncommon Sentence completion task Participants were pre-
sented with sentences missing a final word and were asked to
generate uncommon endings to complete them. In line with
Chrysikou et al. (2013), as well as standard instructions in
creativity studies, participants were explicitly required to gen-
erate novel, uncommon responses (Acar, Runco, & Park,
2020; Said-Metwaly, Fernández-Castilla, Kyndt, & Van den
Noortgate, 2020). Participants were required to generate un-
common responses, which is a common way to measure re-
sponse originality (Wilson, Guilford, Christensen, & Lewis,
1954). The sentences for the task were chosen from a set of
493 sentences from a published set of incomplete sentences,
with only the final word missing (Block & Baldwin, 2010).
We selected sentences with Cloze probabilities (probability
that a general population would converge on a given word
to complete the sentence) for completion between 70-90%.
This probability range was chosen to have moderate to high
constraint on the range of responses each sentence could
evoke by the sample. This led to a subsample of 141
sentences, from which 21 were randomly chosen to be the
practice stimuli. The 120 sentences used in the task varied in
length from 4 to 12 words (see Appendix). Each response
(along with the response latency) was recorded.

The content of these responses was analyzed in two ways.
As described earlier, we computed LSA semantic distance
scores for each of the responses compared to the Cloze re-
sponse. Based on previous studies (Beaty et al., 2014), LSA

similarity scores were computed via the Colorado LSA
website (http://lsa.colorado.edu/). This score was computed
between the Cloze response and all empirical responses
generated for all of the sentences. We then derived a value
of semantic distance by computing the inverse of the LSA
similarity score (Beaty et al., 2014).

In addition to these measurements of semantic distance, we
also obtained subjective evaluations of the content of partici-
pants’ responses, in line with prior studies of divergent think-
ing. We used Amazon Mechanical Turk (AMT; Buhrmester,
Kwang, & Gosling, 2011) to recruit an independent group of
raters to evaluate the set of responses that we obtained from
participants in the tDCS experiment. In this survey, AMT
raters were presented with the sentences and participants’ re-
sponses and were asked to rate for each response its novelty
and appropriateness (20 raters per sentence, each rating both
dimensions). Each AMT rater was presented with a random
subset of 10 sentences. For each of these sentences, each
unique response generated by any of the participants to that
sentence was presented, along with the Cloze response. Thus,
the AMT rater viewed the full range of responses for a given
sentence. Each response was displayed next to a slider bar on a
scale ranging from 1 to 7: with 1 being the lowest rating, and 7
being the highest. AMT raters were instructed to use the full
range of the scale and rated two creativity dimensions for each
of the responses for that subset of sentences: Novelty and
Appropriateness (defined based on a previous study; Heinen
& Johnson, 2018). Novelty was defined as “The property of
originality or newness of the response in relation to complet-
ing the sentence. Furthermore, a novel response can be
completely unrelated to the end of the sentence.”
Appropriateness was defined as “the inherent explanatory
ease of the response to complete the sentence. That is, appro-
priateness relates to whether the response is comprehensible,
understandable, and accessible in relation to the sentence that
it completes.”

To examine consistency across AMT raters, we used an
intraclass correlation coefficient (ICC) employing a one-way
random effects structure, appropriate for multiple AMT raters
and measurements of the same construct (Koo & Li, 2016).
This was achieved using the ICC function in the psych pack-
age in R (Revelle, 2014), based on the ICC2 model that as-
sumes that a random number of raters rated each response
with absolute agreement in the ratings, with the method that
utilizes the mean across k raters. Both novelty (ICC = 0.89, df
= 3403, 95% confidence interval [CI] [0.88 0.90]) and appro-
priateness (ICC= 0.94, df = 3415, 95%CI [0.94 0.95]) ratings
displayed high-excellent reliability among AMT raters.
Interpretations of the coefficients magnitudes were specific
to ICC (Koo & Li, 2016), but also align with other, similar
measures of reliability (Cicchetti et al., 2006). Finally, raters
used the entire range of the scale (1-7) for both dimensions,
and the rating data for novelty (M = 4.13, SD = 2.21,

Table 1 Demographic information

Anodal Cathodal Sham

Mean age (yr) 22.4 (3.2) 21.8 (3.7) 22.1 (2.3)

Mean education (yr) 15.6 (1.6) 15.1 (1.4) 15.8 (1.6)

Sex (%M/%F)a 43/57 50/50 50/50

Values are presented as means with standard deviations in parentheses.
a Percentage of males and females in the sample.
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Skewness = −0.14) and appropriateness (M = 3.59, SD = 2.29,
Skewness = 0.19) were normally distributed.

Verbal Fluency To account for individual differences in broad
retrieval strategies, we administered the F-A-S phonemic ver-
bal fluency test (Harrison, Buxton, Husain, & Wise, 2000) to
all participants. Participants were instructed to come up with
as many unique words as possible in a set amount of time,
beginning with the specified letter (F, A, or S, 1 minute each),
and to avoid the use of proper nouns and multiple words using
the same word-stem with a varying suffix (e.g., fast, faster,
fastest), because they would not count towards their total
(Bechtoldt, Benton, & Fogel, 1962). Participants verbally gen-
erated their responses while the experimenter recorded them.
The total number of valid words generated in the task were
summed to create a verbal fluency score.

Reading span test We used a standard computerized version
of the reading span test (van den van den Noort et al., 2008) in
order to assess participants’ verbal working memory abilities.
The test began with instructions and two practice trials, after
which the experimental sentences were presented. Participants
were instructed to read the sentences aloud at a “comfortable,
conversational pace” as they attempted to keep the sentence
final word in mind for a given set of sentences. Set sizes
ranged from two to six sentences, and the different set sizes
were presented in a random order, randomly distributed across
sets for each participant. At the end of a set, a visual “recall”
prompt was delivered on the screen, and participants verbally
recited the sentence-final words that they could remember, in
the order in which they appeared. These responses were re-
corded by the experimenter. The total number of correctly
remembered words was used as the working memory score
for each participant.

Transcranial direct current stimulation

A battery-powered constant DC stimulator (NeuroConn
GmbH, Ilmenau, Germany) was used to deliver the stimula-
tion current. Thin, saline-soaked sponges were used to inter-
face the 5-cm x 5-cm rubber electrodes with the scalp.
Electrode placement locations were determined using the 10-
20 system. The active-site (anode/cathode) electrode was
placed on position F7, corresponding to a swath of cortex
including the left inferior frontal gyrus (Chrysikou et al.,
2013; Okamoto et al., 2004). The reference (cathode/anode)
electrode was placed on the mastoid of the contralateral side.
Stimulation ramped up to its final intensity of 1.5 mA over the
course of 10 seconds. Stimulation began 180 seconds before
the first experimental trial to allow stimulation effects to set in
before experimental trials (Nitsche & Paulus, 2000).
Stimulation continued for an additional 14 minutes (total time
under stimulation = 17 minutes), and the stimulation intensity

ramped-down for 10 seconds until ending. In the sham stim-
ulation condition, participants received 30 seconds of post-
ramp-up stimulation before ramp-down. The anode and cath-
ode electrode location (F7 or mastoid) were counterbalanced
in the sham condition. Stimulation lasted until roughly a min-
ute after the task was completed; therefore, the entirety of the
task was done under full-strength stimulation.

The logic of this study, and of our tDCS manipulation in
particular, hinges on the assumption that we can modulate fron-
tally mediated cognitive control processes with this technique.
We used the same electrode montage as in Chrysikou et al.
(2013), with the same device, electrode sizes, current strength,
and polarities. Furthermore, Chrysikou et al. (2013) simulated a
model to describe the resulting current flow (Datta et al., 2009;
Datta, Baker, Bikson, & Fridriksson, 2011). This simulatedmod-
el was used to verify that the mode of polarization under the
cathode applied to F7 lead to decreased excitability in the PFC
(Radman, Su, An, Parra, & Bikson, 2007).

This simulated model demonstrated the following tDCS
effects of the montage: First, the tDCS effect of the electrode
over F7 lead to a concentrated effect of peak current under the
posterior portion of the electrode (PFC), which was the most
homogeneous, consistent hyperpolarizing current flow. A sec-
ond current peak in the temporal cortex was more heteroge-
neous, thus less likely to drive consistent hyperpolarization.
The use of a mastoid electrode resulted in a diffuse current
flow, which was inconsistent with the electric flow over the F7
electrode (see Chrysikou et al., 2013 for more details). As
such, the model confirmed that this tDCS montage produces
a current over the PFC, with diffuse current flow in other
regions located between the electrodes. While individual var-
iability in brain anatomy may result in differences in the exact
location of the effect across participants, the computational
model simulated by Chrysikou et al. (2013) confirms the gen-
eral effect of the montage that we are using in the current
study. Finally, we note that a growing number of tDCS studies
examine how stimulating the PFC modulates executive func-
tions (Chase, Boudewyn, Carter, & Phillips, 2020; Sarkis,
Kaur, & Camprodon, 2014); a few of these experiments have
used the same montage that we are using in our current study.
These studies have demonstrated how stimulating the F7 re-
gion that corresponds to the left IFG (Okamoto et al., 2004)
affects frontally mediated processing, such as category learn-
ing (Lupyan, Mirman, Hamilton, & Thompson-Schill, 2012)
and cognitive control tasks (e.g., the Flanker task; Nozari,
Woodard, & Thompson-Schill, 2014). These findings lend
support to our assumption that the montage that we are apply-
ing does indeed alter cognitive control.

Procedure

After providing informed consent, participants completed the
phonemic verbal fluency and working memory tasks in a
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counterbalanced order within stimulation condition.
Participants were then fitted with the tDCS electrodes and
presented with the instructions of the uncommon sentence
completion task. Participants were made aware that “com-
mon” endings for the sentences existed and were explicitly
told to avoid those responses (i.e., “avoid the most common
word, or the word that someone else would be likely to say”)
in favor of endings that are more uncommon or novel but still
contextually and grammatically appropriate. They also were
instructed to avoid the use of proper nouns. Participants then
completed a practice session of 21 sentences with feedback,
and they were walked through the stimulation process before
stimulation began. They then completed the uncommon sen-
tence completion task entirely under stimulation (or sham),
which consisted of 120 sentences.

At the beginning of each trial, a fixation cross with a con-
sistent duration of 500 ms appeared, followed by an incom-
plete sentence (missing the last word), printed on a single line
in 22-point solid black font in the center of a white screen. A
sound was generated at stimulus onset to serve as a reference
point for calculating reaction times. The intertrial interval
consisted of a blank screen with a jittered length between
600-1,500 ms. Participants had 5,500 ms to respond before
the sentence disappeared from the screen, in line with previous
fMRI and tDCS studies using a similar task (Benedek, Jurisch,
Koschutnig, Fink, & Beaty, 2020; Green et al., 2017).
Participants were instructed not to respond during the intertrial
interval, once the sentence was no longer displayed on the
screen. Responses were recorded on paper for each trial by
an experimenter seated behind the participant. In addition, an
audio recording of the entire experiment was obtained via an
omnidirectional room microphone connected to a solid-state
recording device (Marantz, Kawasaki, Japan). The micro-
phone was positioned near the stimulus presentation laptop
computer, as well as in close proximity to the participant.

Statistical analysis

Continuous outcome variables (novelty and appropriateness
ratings) were analyzed using linear mixed-effects (LME) hi-
erarchical regression models (Baayen, 2008), as implemented
in the lme4 package (Bates et al., 2015) in R v.3.4.4 (R Core
Team, 2017). We chose this approach to account for poten-
tially high variability of tDCS response between individuals.
In this type of analysis, a random intercept for each participant
statistically removes some of the influence of individual var-
iability from the final fixed-effects comparison (e.g., effect of
tDCS on an outcome), thereby making the final estimate a
better, more generalizable estimate of the true effect. We go
further to address response variability by controlling for some
or all collected individual factors (age, gender, education, ver-
bal fluency, and working memory) and sentence characteris-
tics (sentence length, mean word length, and the Cloze

probability), if they are additive, before assessing the effect
of tDCS condition (anodal, cathodal, sham) on the novelty
(Table 2) and appropriateness (Table 3) ratings. Thus, any
such potential effect of tDCS on the novelty or appropriate-
ness ratings is above and beyond any of these additional var-
iables, uniquely related to these specific aspects of partici-
pants’ responses. We included random intercepts for each par-
ticipant to account for interindividual variation (Baayen,
2008; Mirman, 2014).

ANOVA model comparisons were applied to determine
the parameters that best predicted the ratings of the sentence
completion responses. To determine the most predictive
models for novelty and appropriateness, we began by comput-
ing the model with only the intercept term (baseline) and ran-
dom effects and tested the effects of all other factors that were
hypothesized a priori to influence them. Each parameter was
serially added into the model in the order displayed in Tables 2
and 3. If a parameter significantly improved model fit, it
remained in the model for subsequent comparisons. Because
the tDCS stimulation condition was our primary parameter, it
was added to the model after all other parameters. In doing so,
the resulting statistic represents the amount of variance in the
ratings that was explained by the stimulation condition be-
yond all other fixed effects in the model. Effect sizes of the
fixed-effects variables are reported based on their estimates. In
addition, the marginal R2 (variance of only the fixed effects)
and the conditional R2 (variance of the fixed- and random-
effects) of the LMEmodel is computed based on the approach
of Nakagawa and colleagues (Nakagawa, Johnson, &
Schielzeth, 2017; Nakagawa & Schielzeth, 2013), using the
performance package (Lüdecke, Makowski, Waggoner, &
Patil, 2020) in R v.3.4.4 (R Core Team, 2017). As a more
exploratory analysis, we examined interactions between
tDCS and semantic distance and between tDCS and RT. If
such an interaction term outperformed any previous models
for the three ratings, it was included in the final model.
Improvements in model’s predictive ability were determined
using the log-likelihood goodness-of-fit measure, such that
deviations in −2 times the change in log-likelihood are distrib-
uted as x2 with degrees of freedom equal to the number of
parameters added (Mirman, 2014, p. 143). All models’ ran-
dom effect structures were identical and took into consider-
ation random variability among participants.

Results

Data from one stimulus sentence were rendered unusable due
to an error, and the analyses were performed on 119 of 120
sentences. From the full set of trials (N = 5,355), we removed
trials that did not have RTs due to response omissions (N =
848) or semantic distance values (N = 99), leaving us with
4,408 trials (82.3% of responses). For these trials, we analyzed
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participants’ RT, semantic distance, novelty, and appropriate-
ness ratings (Tables 2 and 3). In addition, no differences were
found across the three groups in the phonological verbal flu-
ency or the working memory tasks (all ps ns).

This analysis led to similar models for the novelty and
appropriateness ratings (Tables 2 and 3). Age, gender, and
education did not significantly affect novelty and appropriate-
ness ratings. Sentence length (number of words) significantly
improved model fit for novelty and appropriateness, while the
mean word length and Cloze word probability failed to do so.
Keeping sentence length (SL) in these models, we examined
the impact of verbal fluency and working memory. Including

verbal fluency significantly improved both models’ fit, but
working memory did not. The next parameters added to these
models were semantic distance and RTs, both of which
significantly improved the models’ fit. We then tested
our hypothesis that tDCS stimulation condition would
significantly impact novelty and appropriateness ratings.
As predicted, tDCS stimulation condition significantly
improved both models’ fit, indicating the significant ef-
fect of stimulation on novelty and appropriateness rat-
ings. Furthermore, there was a significant interaction
between tDCS and semantic distance but only for ap-
propriateness ratings.

Table 2 Chi-square difference tests for novelty model comparisons

Model parameters Log- Likelihood Chi-squared (χ2) Degrees of freedom (df) p value

Baseline −6444.4 NA NA

Age (yr) −6443.9 1.738 1 0.187

Gender −6444.2 1.133 1 0.287

Education −6444.3 0.912 1 0.340

Sentence length (SL) −6432.6 24.380 1 <0.001***

SL + mean word length −6432.5 0.250 1 0.617

SL + Cloze probability −6432.3 0.529 1 0.467

SL + verbal fluency (FAS) −6429.3 6.492 1 0.011*

SL + FAS + working memory (RS) −6429.2 0.274 1 0.601

SL + FAS + semantic distance (SD) −6215.8 427.15 1 <0.001***

SL + FAS + SD + reaction time (RT) −6198.7 34.223 1 <0.001***

SL + FAS + SD + RT + tDCS −6193.6 10.063 2 0.007**

SL + FAS + RT + SD * tDCS −6191.4 4.410 2 0.110

Each parameter was added to the model and tested against the parameters with the best model fit preceding it (from top to bottom). *p < 0.05; **p < 0.01;
***p < 0.001.

Table 3 Chi-square difference tests for appropriateness model comparisons

Model parameters Log- likelihood Chi-squared (χ2) Degrees of freedom (df) p value

Baseline −7541.3 NA NA

Age (yr) −7540.4 1.842 1 0.175

Gender −7541.0 0.549 1 0.459

Education −7540.5 1.623 1 0.203

Sentence length (SL) −7538.5 5.568 1 0.018*

SL + mean word length −7538.1 0.724 1 0.395

SL + Cloze probability −7537.0 2.995 1 0.084

SL + Verbal Fluency (FAS) −7535.4 6.214 1 0.013*

SL + FAS + working memory (RS) −7534.9 0.980 1 0.322

SL + FAS + semantic distance (SD) −7291.9 487.1 1 <0.001***

SL + FAS + SD + reaction time (RT) −7278.9 25.882 1 <0.001***

SL + FAS + SD + RT + tDCS −7273.9 9.973 2 0.007**

SL + FAS + RT + SD * tDCS −7269.9 8.099 2 0.017*

Each parameter was added to the model and tested against the parameters with the best model fit preceding it (from top to bottom). **p < 0.01; ***p <
0.001.
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The last row in Tables 2 and 3 represent the final models
with the greatest fit for each type of rating. All parameter
estimate analyses are generated from these models. The mar-
ginal R2 (variance of only the fixed effects) for the novelty
model was 0.13 and for the appropriateness model was 0.14.
The conditional R2 (variance of the fixed- and random-effects)
of the novelty model was 0.18 and for the appropriateness
model 0.19. LME model comparisons were also conducted
with semantic distance and RTs as outcome variables, and
stimulation condition failed to significantly predict either.
Thus, we do not report these models.

After identifying our final model, we examined the coeffi-
cients and model estimations for each fixed effect on the out-
come variables (novelty and appropriateness ratings).
Sentence length had a significant positive relation with novel-
ty ratings (estimate = 0.039, SE = 0.009, p < 0.001), and a
nonsignificant negative relation with appropriateness ratings
(estimate = −0.045, SE = 0.01, p = 0.151). Phonemic verbal
fluency scores had a significant positive relation with novelty
rating (estimate = 0.008, SE = 0.003, p = 0.02), and a signif-
icant negative relation with appropriateness ratings (estimate
= −0.011, SE = 0.005, p = 0.024).

This pattern of parameters differentially impacting novelty
and appropriateness ratings continued for semantic distance and
RT. Semantic distance had a significant positive relation with
novelty rating (estimate = 1.442, SE = 0.068, p < 0.001), and a
significant negative relation with appropriateness ratings
(estimate = −1.617, SE = 0.170, p < 0.001). RT had a significant
negative relation with novelty rating (estimate = −0.105, SE =
0.018, p < 0.001), and a significant positive relation with appro-
priateness ratings (estimate = 0.112, SE = 0.023, p < 0.001).

Finally, we examined the effect of tDCS condition, by
computing the averages and standard errors for each stimula-
tion condition based on our model estimates (Fig. 1). For this
analysis, the sham condition was treated as the control condi-
tion, and both anodal and cathodal stimulation conditions
were compared to it. Anodal stimulation had a significantly
negative relation with novelty ratings (estimate = −0.270, SE
= 0.094, p = 0.004), and a significantly positive relation with
appropriateness ratings (estimate = 0.803, SE = 0.207, p <
0.001) compared with sham. Cathodal stimulation did not
significantly affect novelty (estimate = 0.000, SE = 0.091, p
= 0.998) or appropriateness (Estimate = 0.221, SE = 0.202, p =
0.275).

These results demonstrate that for both novelty and appro-
priateness, the cathodal and sham stimulation conditions did
not significantly differ, but anodal stimulation significantly
predicted both types of ratings. These results indicate that
the effects were due to anodal stimulation, specifically, not
broad effects of brain stimulation. To verify this specific an-
odal stimulation effect, we conducted subsequent similar anal-
ysis, where either the anodal or cathodal (and not sham) con-
ditions served as the control, comparison, condition. These

analyses resulted in similar effects and estimates to the ones
reported here.

For appropriateness ratings, there was a significant interac-
tion between semantic distance and tDCS conditions, such
that the impact of tDCS condition on ratings differed, depen-
dent on the semantic distance of a response. Put another way,
this interaction reveals differences, across conditions, in the
slope describing the relationship between the appropriateness
of the response and its distance from the Cloze response
(Mirman, 2014, p. 29). This relationship was stronger for par-
ticipants in the anodal condition compared to those in the
sham condition (estimate = −0.636, SE = 0.223, p = 0.004).
The results were not significant for the cathodal stimulation,
although they were in the same direction (estimate = −0.350,
SE = 0.22, p = 0.111). In Fig. 2, we display a model-based
estimation displaying the interaction effect of tDCS condition
and semantic distance on appropriateness ratings. This figure
illustrates that, as a result of the differences in these slopes, the
appropriateness ratings are maximally different, across condi-
tions, for responses that are “closer” to the Cloze response.

Discussion

Cognitive control is hypothesized to play a critical role in
creative cognition (Chrysikou, 2018; Chrysikou et al., 2014).
Inhibited prefrontal cortex activity, by way of cathodal tDCS,
has been associated with higher performance in generation of
responses (number and speed of responses) in divergent think-
ing tasks (Chi & Snyder, 2011; Chrysikou et al., 2013;
Mayseless & Shamay-Tsoory, 2015). Here, using a more nat-
uralistic sentence completion task, we provide evidence that
supports the other direction of this effect: Excitatory stimula-
tion over the lateral prefrontal cortex leads tomore appropriate
and less novel responses, in a divergent thinking uncommon
sentence completion task. Our task is similar to the Hayling
task, a task that contrasts common with uncommon sentence
completion (Burgess & Shallice, 1997). Thus, the task is op-
timal to examine the effects of excitatory and inhibitory tDCS
stimulation in such an open-ended task that has been used to
measure participants’ abilities to inhibit common responses.
Furthermore, this task is more natural and thus potentially
offers a more controlled task to measure divergent thinking
than the standard alternative uses task (Acar & Runco, 2019).
In that sense, our task is more similar to verb generation tasks
that have been applied in the past to study creativity (Heinen
& Johnson, 2018; Prabhakaran, Green, & Gray, 2014).

tDCS stimulation and performance in the uncommon
sentence completion task

An account that maps such a dynamic shift in PFC activation
to the creative process is the matched filter hypothesis for
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cognitive control (Chrysikou et al., 2014). According to the
MFH, cognitive control mechanisms dynamically shift be-
tween spontaneous and controlled filtering of information de-
pend on task demands and individual differences (Chrysikou
et al., 2014). Thus, such a dynamic shift may correspond to the
two stages of the creative process (Chrysikou, 2019), namely
generation and evaluation of creative ideas (Chrysikou, 2019;
Kleinmintz et al., 2019; Sowden et al., 2014). During genera-
tion, inhibited cognitive control mechanisms (left inferior
PFC) may facilitate novel responses via access to widespread
associative networks. During evaluation, excited cognitive
control mechanisms (left dorsolateral PFC) may facilitate re-
sponse selection and the evaluation of the novelty and appro-
priateness of the generated response (Chrysikou, 2019;
Weinberger et al., 2017). In reviewing recent tDCS studies
on creative thinking, Weinberger et al. (2017) highlighted
the tDCS effect as a function of the interactions between task

demands (generation vs. evaluation), polarity (anodal vs. cath-
odal), and stimulation site (left inferior vs. dorsolateral PFC).
While previous studies have shown how inhibitory stimula-
tion over the left IFG increases the novelty of responses in a
divergent task (Chi & Snyder, 2011; Chrysikou et al., 2013;
Mayseless & Shamay-Tsoory, 2015), our findings demon-
strate the other direction of this effect: Excitatory stimulation
over the left IFG decreases the novelty of responses in an
uncommon sentence completion task (see also Ivancovsky
et al., 2019).

We found that the novelty and appropriateness ratings of
participants’ responses were significantly modulated by excit-
atory anodal stimulation over the left prefrontal cortex.
Anodal stimulation decreased the novelty and increased the
appropriateness of participants’ responses, given the context
of the sentence relative to sham stimulation. This finding sup-
ports and extends the MFH for cognitive control (Chrysikou
et al., 2014). However, we did not find an opposite effect, that
is, cathodal stimulation decreasing appropriateness and in-
creasing novelty ratings. This null finding seems to be at odds
both with the MFH (Chrysikou et al., 2014) and with previous
tDCS findings (Chrysikou et al., 2013). However, Chrysikou
et al. (2013) used visual presentation of objects, which may
demand different cognitive processes than those utilized in
verbal divergent thinking tasks (Chrysikou, Motyka, Nigro,
Yang, & Thompson-Schill, 2016). Furthermore, this null find-
ing is in line with a previous tDCS study that did not find any
cathodal prefrontal effect on divergent thinking (Mayseless &
Shamay-Tsoory, 2015). However, our task is different than
that used by Chrysikou et al. (2013) or Mayseless and
Shamay-Tsoory (2015), which also may contribute to this null
effect. Finally, Karuza et al. (2016) systematically probed the
effects of current polarity and stimulation intensity on partic-
ipants’ ability to perform a task of inhibitory cognitive control.
The authors found that cathodal stimulation led to highly var-
ied and weakly reliable effects (Karuza et al., 2016).

Fig. 1 Fixed effects of tDCS condition on novelty (A) and appropriateness (B) ratings. Boxplots display the distributions, and the points display the
model adjusted effects. Error bars on the points show 95% confidence internals

Fig. 2 Interaction effects of tDCS condition and semantic distance on
appropriateness ratings. Responses with low semantic distance in the
anodal stimulation condition were related to a significant increase of
appropriateness ratings compared to sham and cathodal stimulation.
When semantic distance is high, there was not a significant difference
between stimulation conditions on ratings.
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Thus, our main finding is that anodal simulation induced
the generation of responses that were generally more appro-
priate given the context. This suggests that excitatory anodal
stimulation over the lateral prefrontal cortex may have in-
creased participants’ adherence to typical, instead of novel,
sentence completion. Our findings strengthen recent findings
(Ivancovsky et al., 2019) and complement a large body of
work that has shown how cathodal stimulation of the left
IFG facilitates the novelty of generated responses
(Chrysikou et al., 2013; Weinberger et al., 2017).

Behavioral measures & performance in the
uncommon sentence completion task

We also found an effect of sentence length, broad retrieval
abilities (as measured with the phonemic verbal fluency task)
and RTs on the novelty and appropriateness ratings of partic-
ipants’ responses. Sentence length of the stimuli had a signif-
icant negative relation with appropriateness ratings and a sig-
nificant positive relation with novelty ratings. This may be
related either to the increased time involved in reading the
sentence for longer sentences or to the amount of words in
the sentence that activate alternative interpretations. Both of
these possibilities can lead to increased novelty and lowered
appropriateness of the response. Thus, we controlled for this
effect as a confound in our model. Broad retrieval ability,
measured via the phonemic verbal fluency task, was found
to have a significant negative relation with the appropriateness
and a significant positive relation with the novelty ratings of
participants’ responses. Thus, the higher broad retrieval abil-
ities a participant had, the more novel their responses were.
This finding is in accordance with previous behavioral find-
ings that have shown the relation between such broad retrieval
abilities and creativity (Beaty et al., 2014; Benedek et al.,
2017; Silvia, Beaty, & Nusbaum, 2013). Such a relation has
been attributed to executive abilities facilitating effective re-
trieval from semantic memory (Gilhooly, Fioratou, Anthony,
& Wynn, 2007). Performance on the task requires the partic-
ipant to recall information stored in long-term memory with
little to no queue. Therefore, it is possible that participants
with increased access to words stored in long-term memory
are simply quicker at producing words that satisfy the simplest
part of the sentence completion task, generating a word that
fits appropriately. Thus, individuals with high broad retrieval
abilities had more time to accomplish the difficult part of the
task, achieving higher degrees of novelty. Similar to sentence
length, we controlled for this effect as a confound in our mod-
el. In regard to RT, we found that as RT increased, their re-
sponses became more appropriate and less novel. This finding
is in line with previous findings on the Hayling task, showing
that longer RTs led to worse performance (Cervera-Crespo &
González-Alvarez, 2016).

We also measured the effect of working memory on the
novelty and appropriateness ratings of participants’ responses.
Research has indicated a link between working memory and
performance in creativity tasks (Lee & Therriault, 2013). De
Dreu, Nijstad, Baas, Wolsink, and Roskes (2012) found that
working memory capabilities correlated positively with per-
formance in a range of creative tasks and on a variety of
measures of performance in those tasks. Of particular rele-
vance, they found that higher working memory scores corre-
lated with better fluency and subjective originality scores on
an insight task. However, we did not find any significant ef-
fects of working memory on the novelty and appropriateness
of participants’ responses. This null effect might be related to
the nature of our uncommon sentence completion task or to
the specific subjective ratings that we used in our study.

tDCS stimulation, semantic distance, & performance
in the uncommon sentence completion task

Finally, in our study we also examined an objective measure
of the uncommonness of participants’ responses, quantified as
the semantic distance of each response from the common,
Cloze response of the sentence. Semantic distance had a sig-
nificant negative relation with appropriateness ratings and a
positive relation with novelty and creativity ratings. Thus, in
accordance with research implicating the role of semantic dis-
tance in creativity (Kenett, 2018a), the higher the semantic
distance of participants’ responses, the more novel and less
appropriate they were judged to be. Our findings are in line
with recent research relating LSA semantic distance scores
with responses in a divergent thinking task (Beaty &
Johnson, 2020; Hass, 2017a, 2017b) and to novelty and ap-
propriateness scores of creative output (Heinen & Johnson,
2018).

As an exploratory analysis, we examined the interaction
between tDCS and semantic distance on the novelty and ap-
propriateness ratings. This is due to previous findings demon-
strating that tDCS may affect LSA-based measures of seman-
tic distance (Green et al., 2017) and studies relating semantic
distance to novelty and appropriateness (Heinen & Johnson,
2018). This analysis revealed a significant interaction between
semantic distance and tDCS condition, such that the correla-
tion between semantic distance and appropriateness was
stronger for subjects in the anodal stimulation condition than
in the other two conditions. This interaction hints at the pos-
sibility that anodal stimulation changed how these participants
generated more appropriate responses, perhaps by searching
for close semantic neighbors of the expected completion.

A possible interpretation of this interaction effect can be
attributed to the work of Nozari and Thompson-Schill (2013),
who examined cost-benefit effects of selective attention due to
anodal stimulation over the left PFC. The authors found a
“focusing effect” of selective attention on participants’
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performance in reciting four words “tongue-twisters,” where
one of the tongue-twisters in each trial served as a target word.
After anodal stimulation, participants made fewer errors for
the target word (increased benefit) but more errors for the
nontarget words (increased cost). The authors interpret their
findings as indicating that anodal stimulation of the left PFC
boosts attentional bias of selection, leading to more focused
selection of the attended item, while increasing errors in unat-
tended items (Nozari & Thompson-Schill, 2013). Under this
focusing hypothesis, anodal stimulation may have led to acti-
vation of a more “focused” semantic field around the conven-
tional Cloze response. Such a focused semantic field could
increase the salience of more conventional responses, thus
leading to responses judged to be more appropriate.
Although such a theory is supported by findings that tDCS
stimulation can alter the semantic distance between responses
(Green et al., 2017), we cannot directly examine it in the
current study and future research is required to do so.

Limitations and future research

So far, we have interpreted our results in light of the matched
filter hypothesis on the role of cognitive control in creative
thinking. This interpretation is tempered by several important
limitations of our study—some of which concern tDCS in
general and some of which arise from particular methodolog-
ical choices in this study in particular—which we will outline
below. Despite these limitations, we believe that our findings
in this study further highlight the role of mediated cognitive
control in creative thinking. Nonetheless, additional follow-up
studies with our task are needed to replicate, extend, and ad-
dress the limitations of the current study.

First, we only found a significant effect of tDCS stimula-
tion on the subjective ratings of participants’ responses, and
not on the additional measures we collected. Chrysikou et al.
(2013) found a significant improvement (decrease) in RTs on
a divergent thinking task in participants undergoing cathodal
stimulation. We did not find any stimulation effect on partic-
ipants’ RT. However, the RTs in our study included the time
spent reading the sentence that was presented on the screen;
therefore, we are unable to distinguish between time spent
reading and response generation. Furthermore, the task used
by Chrysikou et al. (2013) required generating alternative uses
for visually, not verbally, presented objects (see also
Mayseless & Shamay-Tsoory, 2015). Similarly, a few tDCS
studies on verbal fluency did not find behavioral effects of
stimulation (Ehlis, Haeussinger, Gastel, Fallgatter, &
Plewnia, 2016. We did not find any stimulation effect on the
semantic distance of participants’ responses. This indicates
that stimulation does not generally alter participants’ semantic
space, but rather targets task related demands. This lends fur-
ther support to a potential semantic “focusing” effect due to
our stimulation (Nozari & Thompson-Schill, 2013). A follow-

up study is needed to directly compare the effect of tDCS
stimulation on the standard divergent thinking task with our
uncommon sentence completion task on these variables (RT,
semantic distances). Such a study will allow replication of our
findings and a more direct link to previous relevant studies
(Chrysikou et al., 2013; Mayseless & Shamay-Tsoory, 2015).

A second limitation is having only an uncommon, without
a common, completion condition in our task. However, the
uncommon condition which requires applying divergent
thinking generation capabilities is the focus of our research
and a common sentence completion task would only serve
as a baseline. To this point, Chrysikou et al. (2013) found in
their study a general task effect of uncommon versus common
condition and an interaction between the uncommon genera-
tion task and tDCS condition. As such, our current study pro-
vides preliminary results demonstrating how the uncommon
sentence completion task can be used to study creativity.
However, a follow-up study that includes both an uncommon
and a common sentence completion conditions is needed to
replicate and extend our findings. Such a follow-up study
should include standard divergent thinking tasks that will al-
low a more thorough comparison of the effect of anodal and
cathodal tDCS stimulation over the left PFC on these tasks.

A third limitation of our study is that we used a between-
subject design, with small sample size in each group (n = 15).
Many between-subject design tDCS studies have a small sam-
ple size and thus suffer from low power (Berryhill, Peterson,
Jones, & Stephens, 2014; Thair et al., 2017). However, similar
sample sizes to ours have been used in previous tDCS studies
of creativity (Chrysikou et al., 2013; Colombo, Bartesaghi,
Simonelli, & Antonietti, 2015; Green et al., 2017; Mayseless
& Shamay-Tsoory, 2015). Further research is needed to rep-
licate our findings in a within-subject design with a larger
sample size. Such a within-subject design would ensure suffi-
cient power and allow examining how additional factors (ei-
ther trait or state level factors) predict the magnitude of stim-
ulation effect at the individual level.

A fourth limitation in our study is a lack of a neural mea-
surement of the effect of the tDCS stimulation on our uncom-
mon sentence completion task (Chase et al., 2020). Such a
neural measurement would allow us direct evidence for the
effect of our tDCS stimulation on the IFG and better elucidate
our results. Such a neural measurement also is crucial given
that our stimulation montage is based on a simulated model
(Chrysikou et al., 2013), where we assume that the F7 corre-
sponds to the left IFG. This anatomical claim is based on an
assumption derived from a model simulation, and therefore
should be considered tentative until additional anatomical
consideration is available. Furthermore, even if the model is
correct on average, it provides no estimate of individual var-
iability, which is a further limitation of this approach (as we
discuss above). A growing number of studies have applied
tDCS with EEG (Jones, Johnson, & Berryhill, 2020) and
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MEG (Ikeda, Takahashi, Hiraishi, Saito, & Kikuchi, 2019)
methods. However, tDCS-fMRI studies are still rare and de-
veloping (Esmaeilpour et al., 2019). Regardless, several cur-
rent meta-analysis have consistently argued that the effect of
anodal tDCS on the PFC (focusing mostly on the dorsolateral
PFC) in various cognitive control tasks is by impacting goal-
maintenance functions (Mancuso, Ilieva, Hamilton, & Farah,
2016; Simonsmeier, Grabner, Hein, Krenz, & Schneider,
2018). Thus, evidence that tDCS over the PFC can impact
executive functions (such as cognitive control) is growing
(Chase et al., 2020). Overall, while we cannot directly dem-
onstrate that our findings are a result of altered IFG function-
ing, we provide further support for a growing body of litera-
ture that demonstrates similar effects in relation to creative
thinking and further cognitive tasks that require cognitive con-
trol (Chase et al., 2020; Weinberger et al., 2017). A follow-up
combined tDCS-fMRI study with our task would allow to
address this issue directly.

Finally, we applied concurrent tDCS stimulation with the
experiment. It is possible that there are differences in perfor-
mance with different timing parameters, including application
of tDCS prior to testing (Stagg et al., 2011). For example,
Nozari et al. (2014) examined the timing (during or after)
and task during stimulation (low or high demands) of cathodal
stimulation on the PFC. The authors found that a high-demand
task during concurrent cathodal stimulation had a systematic
effect on participants’ performance on a cognitive control task
(the Flanker task). Their finding may also explain our null
finding for the effect of cathodal stimulation on participants’
responses, potentially highlighting differences in task de-
mands between the standard divergent thinking task and our
uncommon sentence completion task. Further research is
needed to examine the time varying and cognitive demand
effects of tDCS stimulation on creative tasks.

Conclusions

In the current study, participants performed an open-ended,
uncommon-ending sentence completion task while undergo-
ing tDCS stimulation over their left lateral prefrontal cortex.
We found that anodal, but not cathodal, stimulation led to
noticeable differences in the types of responses participants
produced. Participants undergoing excitatory anodal stimula-
tion produced responses that were subjectively rated by an
independent group to be more appropriate and less novel,
given the context of the task. These results provide further
empirical support for the matched filter hypothesis framework
(Chrysikou et al., 2014) and shed new light on the extent to
which cognitive control mechanisms can influence the gener-
ation of novel responses (Chrysikou, 2019). Although the en-
gagement of cognitive control systems can impede creative

idea generation, their contribution is imperative for maintain-
ing task goals in working memory and in evaluating the nov-
elty and appropriateness of the generated output. Still, to de-
termine the nature of this relationship, it is critical to consider
individual differences and task factors, as well as specific
stages of the creative processes (e.g., generation vs. evalua-
tion). Thus, complex interactions between spontaneous and
regulatory systems likely guide creative performance. Thus,
extending past literature, our findings provide additional—
albeit preliminary—empirical support for the role of the pre-
frontal cortex as a matched filter of cognitive control, contin-
gent on task demands (Chrysikou, 2018; Chrysikou et al.,
2014).

Appendix

Stimuli used in the uncommon sentence completion task, tak-
en from Block and Baldwin (2010).

1. A good way to exercise is to ride a ____
2. After breaking her keyboard, she could not use it to ____
3. After coming inside, he threw the bolt on the ____
4. After driving for hours, he rested at the next ____
5. After speaking, he left the noisy ____
6. After the hotel emptied, the rooms were cleaned by the

____
7. After the recital, she faced the audience and took a ____
8. After winning, the carnival game he received a ____
9. All the guests had a very good ____

10. At her birthday party, they ate a delicious ____
11. At the pub, he ordered another mug of ____
12. Because of his driving ticket, the man had to pay a ____
13. Don't believe everything you ____
14. During class, the teacher discovered the boy could not

____
15. During his cold, he lost his ____
16. During the holidays, it is expensive to book a ____
17. During the lecture, she kept checking the ____
18. During the winter holidays, people tend to eat a lot of

____
19. Every Sunday, the family goes to ____
20. For Christmas dinner, the family ate a ____
21. For her school dance, she needed a new ____
22. For his interview, he needed a new ____
23. He broke his arm and needed to wear a ____
24. He crept into the room without a ____
25. He handed the librarian the overdue ____
26. He hoped he was not in trouble as he came home ____
27. He knew he needed a new sock when he saw the ____
28. He liked lemon and sugar in his ____
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29. He took his date out for a night on the ____
30. He took his dog out for a ____
31. He was in a hurry and kept watching the ____
32. His job was to keep the sidewalk ____
33. I had the key to open the locked ____
34. I had to key to open the locked ____
35. If the crowd quiets down, the band will ____
36. Instead of a full Halloween costume, he just wore a ____
37. Instead of dressing, I prefer vinegar and ____
38. It's hard to admit when one is ____
39. Many commuters complain about the price of ____
40. Molly angrily declared that the wedding was ____
41. Most aspiring actors hope for fortune and ____
42. Most shark attacks occur very close to ____
43. On Friday, he and his hungry friends went to go ____
44. On her birthday, she excitedly opened the ____
45. Several hours into his shift he was ready for a ____
46. She bought a dress so now she just needed new ____
47. She did not have any clothes to ____
48. She enjoyed studying in the library because it was ____
49. She fed her baby some warm ____
50. She fried some bacon in the ____
51. She had the flu and needed to drink some hot ____
52. She kept her wallet and keys inside her ____
53. She knew how to make the pie filling but not the ____
54. She knew that hewas frightened because he looked ____
55. She lived in sunny Florida and never saw falling ____
56. She made herself a sandwich and chips for ____
57. She must keep his pet on a ____
58. She put the pot on the stove so the water would ____
59. She stayed at home from work because she felt ____
60. She teased that this year his stocking would contain ____
61. She threw away the old paper in the ____
62. She turned her nose up at the boy because she was a

____
63. She was always cold and liked to keep her room ____
64. She was creative and loved to study ____
65. She was so embarrassed that she started to ____
66. She was the last person to hear the bad ____
67. She was tired of her life and felt ready for a ____
68. She went to bed because she was ____
69. She went to the post office to collect her ____
70. Some people say vegetables are healthier if eaten ____
71. The accountant ironed his shirt before going to ____
72. The baseball player's cap protected him from the ____
73. The bill was due at the end of the ____
74. The candles smelled even better when they were ____
75. The captain decided to stay with the sinking ____
76. The control tower cleared the plane to ____
77. The dealer shuffled and cut the ____
78. The diving board was scary because it was so ____
79. The dramatic actress preferred acting on the ____
80. The game was called when it started to ____

81. The indoor plant was growing bigger and needed a new
____

82. The janitor accidentally spilled some water on the ____
83. The kids fed the ducks some stale ____
84. The landlord did not like when the rent was ____
85. The librarian sternly told us to be ____
86. The little girl was afraid of the ____
87. The man presented his new fiancé with an expensive

____
88. The miner knew he struck it rich when he discovered

____
89. The movers put the sofa on the bare ____
90. The movie was so sad it made the audience ____
91. The new officer was of a higher ____
92. The new space shuttle was ready to ____
93. The old house will be torn ____
94. The old man has to use a cane to go on his daily ____
95. The only way to kill a vampire is with a wooden ____
96. The parents pleaded with their daughter to come ____
97. The pine cone fell and hit him in the ____
98. The port gave the incoming ship permission to ____
99. The real estate agent quickly sold the ____
100. The roommates agreed to split the rent in ____
101. The runner protested that the match was not ____
102. The shape of the woman's crystal ball was ____
103. The sign cautioned for people to drive ____
104. The soldier's wife was grief stricken when he went off

to ____
105. The store employees knew it was illegal to ____
106. The students decided to go out dancing at the ____
107. The thief ran by and snatched the lady's ____
108. The traffic stopped suddenly so he hit the ____
109. The whole town came out to hear their mayor ____
110. The woman's shirt was so worn that it had a ____
111. There were no extra seats so she sat on the ____
112. They wanted their parents to come ____
113. They were out of milk so she sent her son to the ____
114. To keep his breath fresh, he bought a pack of ____
115. To lose weight, she decided to go on a ____
116. To make the pie crust, he needed eggs and ____
117. To protect his family, he hired several armed ____
118. We couldn't go sailing, because there was no ____
119. We sprayed the yard to keep away the ____
120. When the power went out, she could not ____

Acknowledgment The authors thank Evangelia Chrysikou for her help-
ful remarks on a previous version of this manuscript. This work was
supported by a National Institute of Health (5R01DC009209-14) award
to Sharon Thompson-Schill.

Declarations

Competing interests The authors declare no competing interests.

Cogn Affect Behav Neurosci



References

Acar, S., & Runco, M. A. (2014). Assessing associative distance among
ideas elicited by tests of divergent thinking. Creativity Research
Journal, 26(2), 229-238.

Acar, S., & Runco, M. A. (2019). Divergent thinking: New methods,
recent research, and extended theory. Psychology of Aesthetics,
Creativity, and the Arts, 13(2), 153-158.

Acar, S., Runco, M. A., & Park, H. (2020). What should people be told
when they take a divergent thinking test? A meta-analytic review of
explicit instructions for divergent thinking. Psychology of
Aesthetics, Creativity, and the Arts, 14(1), 39-49.

Allen, P., Mechelli, A., Stephan, K. E., Day, F., Dalton, J., Williams, S.,
& McGuire, P. K. (2008). Fronto-temporal interactions during overt
verbal initiation and suppression. Journal of Cognitive
Neuroscience, 20(9), 1656-1669.

Baayen, R. H. (2008). Analyzing linguistic data: A practical introduction
to statistics using R. Cambridge: Cambridge University Press.

Bates, D., Maechler, M., Bolker, B., Walker, S., Christensen, R. H. B.,
Singmann, H., Dai, B., Grothendieck, G., Eigen, C., & Rcpp, L.
(2015). Package ‘lme4’. Convergence, 12(1).

Beaty, R. E., & Johnson, D. R. (2020). Automating creativity assessment
with SemDis: An open platform for computing semantic distance.
Behavior Research Methods.

Beaty, R. E., & Silvia, P. J. (2012). Why do ideas get more creative over
time? An executive interpretation of the serial order effect in diver-
gent thinking tasks. Psychology of Aesthetics, Creativity and the
Arts, 6(4), 309-319.

Beaty, R. E., Silvia, P. J., Nusbaum, E. C., Jauk, E., & Benedek, M.
(2014). The roles of associative and executive processes in creative
cognition. Memory & Cognition, 42(7), 1-12.

Bechtoldt, H. P., Benton, A. L., & Fogel, M. L. (1962). An application of
factor analysis in neuropsychology. The Psychological Record,
12(2), 147-156.

Beketayev, K., & Runco, M. A. (2016). Scoring divergent thinking tests
by computer with a semantics-based algorithm. Europe's Journal of
Psychology, 12(2), 210-220.

Benedek, M., & Fink, A. (2019). Toward a neurocognitive framework of
creative cognition: the role of memory, attention, and cognitive con-
trol. Current Opinion in Behavioral Sciences, 27, I116-122.

Benedek, M., Franz, F., Heene, M., & Neubauer, A. C. (2012).
Differential effects of cognitive inhibition and intelligence on crea-
tivity. Personality and Individual Differences, 53(4), 480-485.

Benedek, M., Jauk, E., Sommer, M., Arendasy, M., & Neubauer, A. C.
(2014). Intelligence, creativity, and cognitive control: The common
and differential involvement of executive functions in intelligence
and creativity. Intelligence, 46, 73-83.

Benedek, M., Jurisch, J., Koschutnig, K., Fink, A., & Beaty, R. E. (2020).
Elements of creative thought: Investigating the cognitive and neural
correlates of association and bi-association processes. NeuroImage,
210, 116586.

Benedek, M., Kenett, Y. N., Umdasch, K., Anaki, D., Faust, M., &
Neubauer, A. C. (2017). How semantic memory structure and intel-
ligence contribute to creative thought: a network science approach.
Thinking & Reasoning, 23(2), 158-183.

Berryhill, M. E., Peterson, D. J., Jones, K. T., & Stephens, J. A. (2014).
Hits and misses: leveraging tDCS to advance cognitive research.
Frontiers in Psychology, 5, 800.

Block, C. K., & Baldwin, C. L. (2010). Cloze probability and completion
norms for 498 sentences: Behavioral and neural validation using
event-related potentials. Behavior Research Methods, 42(3), 665-
670.

Bourgin, D. D., Abbott, J. T., Griffiths, T. L., Smith, K. A., & Vul, E.
(2014). Empirical evidence for markov chain monte carlo in

memory search. Paper presented at the proceedings of the 36th an-
nual conference of the cognitive science society, Boston.

Brunyé, T. T., Moran, J. M., Cantelon, J., Holmes, A., Eddy, M. D.,
Mahoney, C. R., & Taylor, H. A. (2015). Increasing breadth of
semantic associations with left frontopolar direct current brain stim-
ulation: a role for individual differences. NeuroReport, 26(5), 296-
301.

Buhrmester, M., Kwang, T., & Gosling, S. D. (2011). Amazon's mechan-
ical turk a new source of inexpensive, yet high-quality, data?
Perspectives on Psychological Science, 6(1), 3-5.

Burgess, P. W., & Shallice, T. (1997). Hayling sentence completion test.
Suffolk: Thames Valley Test Company.

Cerruti, C., & Schlaug, G. (2009). Anodal transcranial direct current
stimulation of the prefrontal cortex enhances complex verbal asso-
ciative thought. Journal of Cognitive Neuroscience, 21(10), 1980-
1987.

Cervera-Crespo, T., & González-Alvarez, J. (2016). Age and semantic
inhibition measured by the Hayling task: A meta-analysis. Archives
of Clinical Neuropsychology, 32(2), 198-214.

Chase, H. W., Boudewyn, M. A., Carter, C. S., & Phillips, M. L. (2020).
Transcranial direct current stimulation: a roadmap for research, from
mechanism of action to clinical implementation. Molecular
Psychiatry, 25, 397-407.

Chi, R. P., & Snyder, A. W. (2011). Facilitate insight by non-invasive
brain stimulation. PLOS ONE, 6(2), e16655.

Chrysikou, E. G. (2018). The costs and benefits of cognitive control for
creativity. In R. E. Jung & O. Vartanian (Eds.), The Cambridge
Handbook of the Neuroscience of Creativity (pp. 299-317). New
York: Cambridge University Press.

Chrysikou, E. G. (2019). Creativity in and out of (cognitive) control.
Current Opinion in Behavioral Sciences, 27, 94-99.

Chrysikou, E. G., Hamilton, R. H., Coslett, H. B., Datta, A., Bikson, M.,
& Thompson-Schill, S. L. (2013). Noninvasive transcranial direct
current stimulation over the left prefrontal cortex facilitates cogni-
tive flexibility in tool use. Cognitive Neuroscience, 4(2), 81-89.

Chrysikou, E. G., Motyka, K., Nigro, C., Yang, S.-I., & Thompson-
Schill, S. L. (2016). Functional fixedness in creative thinking tasks
depends on stimulus modality. Psychology of Aesthetics, Creativity,
and the Arts, 10(4), 425-435.

Chrysikou, E. G., Weber, M. J., & Thompson-Schill, S. L. (2014). A
matched filter hypothesis for cognitive control. Neuropsychologia,
62, 341-355.

Cicchetti, D., Bronen, R., Spencer, S., Haut, S., Berg, A., Oliver, P., &
Tyrer, P. (2006). Rating scales, scales of measurement, issues of
reliability: Resolving some critical issues for clinicians and re-
searchers. The Journal of Nervous and Mental Disease, 194(8),
557-564.

Colombo, B., Bartesaghi, N., Simonelli, L., & Antonietti, A. (2015). The
combined effects of neurostimulation and priming on creative think-
ing. A preliminary tDCS study on dorsolateral prefrontal cortex.
Frontiers in Human Neuroscience, 9, 403.

Datta, A., Baker, J. M., Bikson, M., & Fridriksson, J. (2011).
Individualized model predicts brain current flow during transcranial
direct-current stimulation treatment in responsive stroke patient.
Brain Stimulation, 4(3), 169-174.

Datta, A., Bansal, V., Diaz, J., Patel, J., Reato, D., & Bikson, M. (2009).
Gyri-precise head model of transcranial direct current stimulation:
improved spatial focality using a ring electrode versus conventional
rectangular pad. Brain Stimulation, 2(4), 201-207.

De Dreu, C. K. W., Nijstad, B. A., Baas, M., Wolsink, I., & Roskes, M.
(2012). Working memory benefits creative insight, musical impro-
visation, and original ideation through maintained task-focused at-
tention. Personality and Social Psychology Bulletin, 38(5), 656-669.

Dumas, D., & Dunbar, K. N. (2014). Understanding fluency and origi-
nality: A latent variable perspective. Thinking Skills and Creativity,
14, 56-67.

Cogn Affect Behav Neurosci



Ehlis, A.-C., Haeussinger, F. B., Gastel, A., Fallgatter, A. J., & Plewnia,
C. (2016). Task-dependent and polarity-specific effects of prefrontal
transcranial direct current stimulation on cortical activation during
word fluency. NeuroImage, 140, 134-140.

Esmaeilpour, Z., Shereen, A. D., Ghobadi-Azbari, P., Datta, A., Woods,
A. J., Ironside, M., O'Shea, J., Kirk, U., Bikson, M., & Ekhtiari, H.
(2019). Methodology for tDCS integration with fMRI. Human
Brain Mapping.

Forster, E. A., & Dunbar, K. N. (2009). Creativity evaluation through
latent semantic analysis. Paper presented at the Proceedings of the
Annual Conference of the Cognitive Science Society.

Frith, E., Elbich, D., Christensen, A. P., Rosenberg, M. D., Chen, Q.,
Silvia, P., Seli, P., & Beaty, R. E. (2020). Intelligence and creativity
share a common cognitive and neural basis. Journal of Experimental
Psychology: General.

Gilhooly, K., Fioratou, E., Anthony, S., & Wynn, V. (2007). Divergent
thinking: Strategies and executive involvement in generating novel
uses for familiar objects. British Journal of Psychology, 98(4), 611-
625.

Goel, V., Eimontaite, I., Goel, A., & Schindler, I. (2015). Differential
modulation of performance in insight and divergent thinking tasks
with tDCS. The Journal of Problem Solving, 8(1), 2.

Green, A. E. (2016). Creativity, within reason: Semantic distance and
dynamic state creativity in relational thinking and reasoning.
Current Directions in Psychological Science, 25(1), 28-35.

Green, A. E., Spiegel, K. A., Giangrande, E. J., Weinberger, A. B.,
Gallagher, N. M., & Turkeltaub, P. E. (2017). Thinking cap plus
thinking zap: tDCS of frontopolar cortex improves creative analog-
ical reasoning and facilitates conscious augmentation of state crea-
tivity in verb generation. Cerebral Cortex, 27, 2628-2639.

Harrison, J. E., Buxton, P., Husain, M., & Wise, R. (2000). Short test of
semantic and phonological fluency: Normal performance, validity
and test-retest reliability. British Journal of Clinical Psychology,
39(2), 181-191.

Hass, R. W. (2017a). Semantic search during divergent thinking.
Cognition, 166, 344-357.

Hass, R. W. (2017b). Tracking the dynamics of divergent thinking via
semantic distance: Analytic methods and theoretical implications.
Memory & Cognition, 45(2), 233-244.

Heinen, D. J. P., & Johnson, D. R. (2018). Semantic distance: An auto-
mated measure of creativity that is novel and appropriate.
Psychology of Aesthetics, Creativity, and the Arts, 12(2), 144-156.

Ikeda, T., Takahashi, T., Hiraishi, H., Saito, D. N., & Kikuchi, M. (2019).
Anodal transcranial direct current stimulation induces high gamma-
band activity in the left dorsolateral prefrontal cortex during a work-
ing memory task: A double-blind, randomized, crossover study.
Frontiers in Human Neuroscience, 13(136).

Ivancovsky, T., Kurman, J., Morio, H., & Shamay-Tsoory, S. (2019).
Transcranial direct current stimulation (tDCS) targeting the left in-
ferior frontal gyrus: Effects on creativity across cultures. Social
Neuroscience, 14(3), 277-285.

Jones, K. T., Johnson, E. L., & Berryhill, M. E. (2020). Frontoparietal
theta-gamma interactions track working memory enhancement with
training and tDCS. NeuroImage, 211, 116615.

Karuza, E. A., Balewski, Z. Z., Hamilton, R. H., Medaglia, J. D., Tardiff,
N., & Thompson-Schill, S. L. (2016). Mapping the parameter space
of tDCS and cognitive control via manipulation of current polarity
and intensity. Frontiers in Human Neuroscience, 10, 665.

Kenett, Y. N. (2018a). Going the extra creative mile: The role of semantic
distance in creativity – theory, research, and measurement. In R. E.
Jung & O. Vartanian (Eds.), The Cambridge Handbook of the
Neuroscience of Creativity (pp. 233-248). New York: Cambridge
University Press.

Kenett, Y. N. (2018b). Investigating creativity from a semantic network
perspective. In Z. Kapoula & E. Volle & J. Renoult & M. Andreatta

(Eds.), Exploring Transdisciplinarity in Art and Sciences (pp. 49-
75). Cham: Springer International Publishing.

Kenett, Y. N. (2019). What can quantitative measures of semantic dis-
tance tell us about creativity? Current Opinion in Behavioral
Sciences, 27, 11-16.

Kenett, Y. N., & Faust, M. (2019). A semantic network cartography of the
creative mind. Trends in Cognitive Sciences, 23(4), 271-274.

Kenett, Y. N., Levi, E., Anaki, D., & Faust, M. (2017). The semantic
distance task: Quantifying semantic distance with semantic network
path length. Journal of Experimental Psychology: Learning,
Memory, and Cognition, 43(9), 1470-1489.

Kleinmintz, O. M., Ivancovsky, T., & Shamay-Tsoory, S. G. (2019). The
twofold model of creativity: the neural underpinnings of the gener-
ation and evaluation of creative ideas. Current Opinion in
Behavioral Sciences, 27, 131-138.

Koo, T. K., & Li, M. Y. (2016). A guideline of selecting and reporting
intraclass correlation coefficients for reliability research. Journal of
Chiropractic Medicine, 15(2), 155-163.

Kounios, J., & Beeman, M. (2015). The eureka factor: Aha moments,
creative insight, and the brain. New York: Random House.

Landauer, T. K., Foltz, P. W., & Laham, D. (1998). An introduction to
latent semantic analysis. Discourse Processes, 25(2-3), 259-284.

Lee, C. S., & Therriault, D. J. (2013). The cognitive underpinnings of
creative thought: A latent variable analysis exploring the roles of
intelligence and working memory in three creative thinking process-
es. Intelligence, 41, 306-320.

Li, L. M., Uehara, K., & Hanakawa, T. (2015). The contribution of in-
terindividual factors to variability of response in transcranial direct
current stimulation studies. Frontiers in Cellular Neuroscience, 9,
181.

Lüdecke, D., Makowski, D., Waggoner, P., & Patil, I. (2020).
Performance: Assessment of Regression Models Performanc.
CRAN.

Lupyan, G., Mirman, D., Hamilton, R., & Thompson-Schill, S. L. (2012).
Categorization is modulated by transcranial direct current stimula-
tion over left prefrontal cortex. Cognition, 124(1), 36-49.

Mancuso, L. E., Ilieva, I. P., Hamilton, R. H., & Farah,M. J. (2016). Does
transcranial direct current stimulation improve healthy working
memory?: a meta-analytic review. Journal of Cognitive
Neuroscience, 28(8), 1063-1089.

Mayseless, N., & Shamay-Tsoory, S. G. (2015). Enhancing verbal crea-
tivity: modulating creativity by altering the balance between right
and left inferior frontal gyrus with tDCS. Neuroscience, 291, 167-
176.

Mednick, S., A. (1962). The associative basis of the creative process.
Psychological Review, 69(3), 220-232.

Metuki, N., Sela, T., & Lavidor, M. (2012). Enhancing cognitive control
components of insight problems solving by anodal tDCS of the left
dorsolateral prefrontal cortex. Brain Stimulation, 5(2), 110-115.

Metzuyanim-Gorlick, S., &Mashal, N. (2016). The effects of transcranial
direct current stimulation over the dorsolateral prefrontal cortex on
cognitive inhibition. Experimental Brain Research, 234(6), 1537-
1544.

Miller, E. K. (2000). The prefontral cortex and cognitive control. Nature
Reviews Neuroscience, 1(1), 59-65.

Mirman, D. (2014). Growth curve analysis and visualization using R.
Boca Raton: CRC Press.

Nakagawa, S., Johnson, P. C. D., & Schielzeth, H. (2017). The coefficient
of determination R 2 and intra-class correlation coefficient from
generalized linear mixed-effects models revisited and expanded.
Journal of the Royal Society Interface, 14(134), 20170213.

Nakagawa, S., & Schielzeth, H. (2013). A general and simple method for
obtaining R2 from generalized linear mixed-effects models.
Methods in Ecology and Evolution, 4(2), 133-142.

Cogn Affect Behav Neurosci



Nathaniel-James, D. A., & Frith, C. D. (2002). The role of the dorsolateral
prefrontal cortex: evidence from the effects of contextual constraint
in a sentence completion task. Neuroimage, 16(4), 1094-1102.

Nitsche, M. A., Cohen, L. G., Wassermann, E. M., Priori, A., Lang, N.,
Antal, A., Paulus, W., Hummel, F., Boggio, P. S., & Fregni, F.
(2008). Transcranial direct current stimulation: state of the art
2008. Brain Stimulation, 1(3), 206-223.

Nitsche, M. A., & Paulus, W. (2000). Excitability changes induced in the
human motor cortex by weak transcranial direct current stimulation.
The Journal of Physiology, 527(3), 633-639.

Nozari, N., & Thompson-Schill, S. L. (2013). More attention when
speaking: does it help or does it hurt? Neuropsychologia, 51(13),
2770-2780.

Nozari, N., Woodard, K., & Thompson-Schill, S. L. (2014).
Consequences of cathodal stimulation for behavior: When does It
help and when does It hurt performance? PLOS ONE, 9(1), e84338.

Okamoto,M., Dan, H., Sakamoto, K., Takeo, K., Shimizu, K., Kohno, S.,
Oda, I., Isobe, S., Suzuki, T., Kohyama, K., &Dan, I. (2004). Three-
dimensional probabilistic anatomical cranio-cerebral correlation via
the international 10–20 system oriented for transcranial functional
brain mapping. NeuroImage, 21(1), 99-111.

Prabhakaran, R., Green, A. E., & Gray, J. R. (2014). Thin slices of cre-
ativity: Using single-word utterances to assess creative cognition.
Behavior Research Methods, 46(3), 641-659.

Radman, T., Su, Y., An, J. H., Parra, L. C., & Bikson, M. (2007). Spike
timing amplifies the effect of electric fields on neurons: implications
for endogenous field effects. Journal of Neuroscience, 27(11),
3030-3036.

Revelle, W. (2014). psych: Procedures for psychological, psychometric,
and personality research. Northwestern University, Evanston,
Illinois, 165, 1-10.

Runco, M. A., & Acar, S. (2012). Divergent thinking as an indicator of
creative potential. Creativity Research Journal, 24(1), 66-75.

Said-Metwaly, S., Fernández-Castilla, B., Kyndt, E., & Van den
Noortgate, W. (2020). Testing conditions and creative performance:
Meta-analyses of the impact of time limits and instructions.
Psychology of Aesthetics, Creativity, and the Arts, 14(1), 15-38.

Sarkis, R. A., Kaur, N., & Camprodon, J. A. (2014). Transcranial direct
current stimulation (tDCS): Modulation of executive function in
health and disease. Current Behavioral Neuroscience Reports,
1(2), 74-85.

Silvia, P. J. (2015). Intelligence and creativity are pretty similar after all.
Educational Psychology Review, 27(4), 1-8.

Silvia, P. J., Beaty, R. E., & Nusbaum, E. C. (2013). Verbal fluency and
creativity: General and specific contributions of broad retrieval abil-
ity (Gr) factors to divergent thinking. Intelligence, 41(5), 328-340.

Silvia, P. J., Winterstein, B. P., Willse, J. T., Barona, C. M., Cram, J. T.,
Hess, K. I., Martinez, J. L., & Richard, C. A. (2008). Assessing
creativity with divergent thinking tasks: Exploring the reliability
and validity of new subjective scoring methods. Psychology of
Aesthetics, Creativity, and the Arts, 2(2), 68-85.

Simonsmeier, B. A., Grabner, R. H., Hein, J., Krenz, U., & Schneider, M.
(2018). Electrical brain stimulation (tES) improves learning more
than performance: a meta-analysis. Neuroscience & Biobehavioral
Reviews, 84, 171-181.

Sowden, P. T., Pringle, A., & Gabora, L. (2014). The shifting sands of
creative thinking: Connections to dual-process theory. Thinking &
Reasoning, 21(1), 40-60.

Stagg, C. J., Jayaram, G., Pastor, D., Kincses, Z. T., Matthews, P. M., &
Johansen-Berg, H. (2011). Polarity and timing-dependent effects of
transcranial direct current stimulation in explicit motor learning.
Neuropsychologia, 49(5), 800-804.

Stagg, C. J., & Nitsche, M. A. (2011). Physiological basis of transcranial
direct current stimulation. The Neuroscientist, 17(1), 37-53.

Team, R. C. (2017). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. Vienna.

Thair, H., Holloway, A. L., Newport, R., & Smith, A. D. (2017).
Transcranial direct current stimulation (tDCS): a beginner's guide
for design and implementation. Frontiers in Neuroscience, 11, 641.

van den Noort, M., Bosch, P., Haverkort, M., & Hugdahl, K. (2008). A
standard computerized version of the reading span test in different
languages. European Journal of Psychological Assessment, 24(1),
35-42.

Weinberger, A. B., Green, A. E., & Chrysikou, E. G. (2017). Using
transcranial direct current stimulation to enhance creative cognition:
Interactions between task, polarity and stimulation site, Frontiers in
Human Neuroscience, 11(246).

Wilson, R. C., Guilford, J. P., Christensen, P. R., & Lewis, D. J. (1954). A
factor-analytic study of creative-thinking abilities. Psychometrika,
19(4), 297-311.

Zmigrod, S., Colzato, L. S., &Hommel, B. (2015). Stimulating creativity:
Modulation of convergent and divergent thinking by transcranial
direct current stimulation (tDCS). Creativity Research Journal,
27(4), 353-360.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Cogn Affect Behav Neurosci


	Noninvasive brain stimulation to lateral prefrontal cortex alters the novelty of creative idea generation
	Abstract
	Introduction
	Materials and Methods
	Study Design
	Participants
	Materials
	Behavioral Measures
	Transcranial direct current stimulation

	Procedure
	Statistical analysis

	Results
	Discussion
	tDCS stimulation and performance in the uncommon sentence completion task
	Behavioral measures & performance in the uncommon sentence completion task
	tDCS stimulation, semantic distance, & performance in the uncommon sentence completion task
	Limitations and future research
	Conclusions

	Appendix
	References


