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: Creativity has previously been shown to improve after the application of direct and alternating current

transcranial stimulation over the dorsolateral prefrontal cortex (DLPFC). However, previous studies

* have not tested whether transcranial random noise stimulation (tRNS) was efficient for this purpose.

. The aim of this randomized, double-blind, placebo-controlled study was to investigate the effect of

. tRNS on both verbal convergent and (verbal and visual) divergent thinking during left DLPFC tRNS

. stimulation. Thirty healthy participants were randomly allocated to either a tRNS active group or a
sham group. Each session lasted 20 min and the current was set to 1.5 mA (100-500 Hz). Participants’

verbal convergent thinking was assessed with the Remote Associates Test (RAT). Verbal and visual

. divergent thinking were respectively measured by using the Unusual Uses and Picture Completion
subtests from the Torrance Tests of Creative Thinking. Bootstrapped analysis of variance showed
significant differences in the mean change scores between the active tRNS group and the sham group in
RAT scores (d = 1.68); unusual uses: fluency (d = 2.29) and originality (d =1.43); and general creativity
(d=1.45). Visual divergent thinking, in contrast, did not show any significant improvement. Our results

. suggested that tRNS over the left DLPFC is effective for increasing verbal divergent and convergent

- thinking.

Creativity plays a key role in many areas of human life, as has been previously suggested'. An increasing number
of studies have attempted to investigate the neurological basis for creativity using either MRI** or EEG tech-
* niques®. Additional evidence of brain areas and networks related to creativity performance has come from studies
. that included noninvasive transcranial stimulation A review recently carried out by Weinberger ef al.® indicated
. that creative cognition may involve two main processes: idea generation (which depends on the availability of
unfiltered information), and idea selection (which includes task-directed thoughts and integration of semantically
distant concepts). Each of these processes has been suggested to rely primarily on different neural mechanisms®.
More specifically, idea generation has been mostly related to cathodal Transcranial Direct Current Stimulation
(tDCS) of the left inferior frontotemporal cortex, including the anterior temporal lobe”?, inferior frontal gyrus®
- and prefrontal cortex'?. This improvement in idea generation generally refers to divergent thinking. Divergent
- thinking has been defined as the ability to simultaneously establish remote associations between unrelated con-
: cepts from distant categories, as well as to generate multiple alternative and novel answers to a single problem!!.
For example, Chrysikou et al.!® reported a higher number of uncommon uses for everyday objects (verbal diver-
gent thinking) after inhibiting the left prefrontal cortex. Similarly, Mayseless and Shamay-Tsoory® found that
. cathodal stimulation of the left inferior frontal gyrus improved the performance in the Alternate Uses Task (ver-
. bal divergent test)'2. More specifically, it improved fluency and flexibility, but not originality. Chi and Snyder”®
© found a higher solution rate for very challenging insight problems (matchstick arithmetic and the nine dot prob-
. lem) after inhibiting the left anterior temporal lobe. They hypothesized that the higher solution rate for both
. problems was due to the induced ability to consider novel approaches, instead of stored mental templates and
. contexts through the inhibition of the left anterior temporal lobe.
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Idea selection has been more closely related to the dorsolateral prefrontal cortex (DLPFC). For example,
Cerruti et al.® found a significant improvement in the Remote Associates Test (RAT) after anodal stimulation
over the left DLPFC compared to both cathodal and sham conditions. The RAT consists of three words that appear
to be unrelated. Participants have to find a word that can be linked simultaneously to those three words'%. The RAT
has been considered to be a measure of verbal convergent thinking, which involves finding a single solution to a
problem in a deductive way". This test is supposed to contain both a generative component (since participants
are asked to produce a remotely related word), and selectivity (participants must select a correct solution among
the possible words generated)®. Additional evidence of verbal convergent thinking improvement after anodal
stimulation over the left DLPFC came from the study carried out by Zmigrod et al.'>, who reported significantly
better performance in a similar version of the RAT (Compound Remote Associates Task)!'®. Colombo et al.!”
additionally found a significant improvement in verbal divergent thinking (alternate uses task), but only after
priming on creative thinking. This last finding suggests that stimulation of the left DLPFC may also induce higher
divergent thinking scores by asking participants to deliberately search for more unusual answers. This additional
cognitive demand may increase the need for selectivity®, which may be a reason for being positively affected by
left DLPFC stimulation.

Another recent study® found an increase in insight problems (matchstick arithmetic problems) after cathodal
(instead of anodal) stimulation of the left DLPFC. This measure is mainly based on constraint relaxation, whereas
verbal convergent thinking (RAT) and divergent thinking (Alternate Uses Task) additionally require high-level
selectivity processes.

All the above-mentioned studies used tDCS. This kind of transcranial stimulation increases the excitability of
the area under positively charged anodal electrode, and decreases the excitability of the area under the cathodal
electrode’.

More recently, some researchers*>*! introduced a different type of transcranial stimulation in creative
enhancement research, namely Transcranial Alternating Current Stimulation (tACS). These two studies reported
an increase in creative skills following 10hZ tACS stimulation of DLPFC. More specifically, Lustemberg et al.?’
evaluated the effect of 10 Hz tACS on visual divergent creativity (Torrance Test of creative Thinking), and found
that the tACS group significantly improved their general creativity index, but none of the subscores (fluency, orig-
inality, elaboration, abstract of titles and resistance to premature closures). Grabner et al.*! used a similar montage
and assessed verbal divergent creativity (alternate uses task). They found a significant improvement in ideational
fluency, but not in originality.

Transcranial Random Noise Stimulation (tRNS) recently emerged as a promising alternative to tDCS and
tACS. tRNS is a form of transcranial electrical stimulation of random noise to modulate cortical plasticity**. The
underlying mechanisms for this cortical excitability changes are not yet fully understood.

One of the proposed mechanisms of tRNS is the increase of neuronal excitability via stochastic resonance,
whereby weak neural signal detection in the central nervous system is enhanced when ‘noise’ is added. An addi-
tional potential mechanism may be related to the repetitive opening of NaC channels*.

Regarding the effectiveness of tRNS, some studies have suggested that this stimulation may be more pro-
nounced than tDCS in visual perceptual learning tasks??, and that the effect may also last longer?>. Moreover,
tRNS seems to be more tolerable than tDCS with respect to irritation and burning®. For example, Inukai et al.?’
compared tACS, tDCS and tRNS for increasing cortical excitability and reported that tRNS resulted in the most
significant increase. Although not directly related to cognitive performance, Vanneste et al.*® directly compared
the response of patients with tinnitus after using tDCS, tACS and tRNS techniques, and showed that tRNS was
superior to both tDCS and tACS. However, there was also evidence of a lack of positive tRNS effects in numer-
ical cognition after parietal tRNS?. tRNS has also been used among children with learning disabilities®®, where
tRNS over the bilateral DLPFC was found to improve learning and performance. Additional evidence of the
difference between tDCS and tRNS has come from Antal et al’s study®'. These authors compared the effect of
the brain-derived neurotrophic factor (BDNF) gene on the response to both tDCS and tRNS among healthy
people. Their findings suggested that tDCS was more effective for carriers of the Val66-Met allele, whereas tRNS
produced similar effects on both Val/Val and Val/Met carriers. A recent meta-analysis® indicated that the overall
effect of tRNS on language and mathematics was stronger than that of tDCS. However, as the study claimed?®?,
the low number of investigations using tRNS prevented the authors from drawing firm conclusions. Altogether,
evidence has suggested that tRNS is more effective than tDCS regarding some cognitive skills (such as learning,
and language or numerical cognition), and that it can be extrapolated to participants regardless of at least some
genetics (BDNF). However, as far as the authors are aware, none of these previous studies have attempted to assess
if left DLPFC tRNS improves creative performance. Lustenberger et al.?’ suggested that tests should be conducted
to explore if tRNS would also enhance creative thinking.

Therefore, the goal of the current study was to test if tRNS over the left DLPFC improves different domains of
creativity, including convergent thinking and both verbal and visual divergent thinking.

20,21

Results

Baseline characteristics of active tRNS and sham groups. Table 1 shows the baseline characteris-
tics of both groups. There were no significant differences in age (p =0.32), gender (p =0.27), years of education
(p=0.91), Edinburgh Handedness Inventory (p = 0.29), Idea Evaluation Self-Efficacy (p =0.78) or semantic flu-
ency (p=0.81). Number of hours slept the previous night were also equal (p = 0.68). Participants were asked if
the number of hours slept and number of stimulant drinks ingested were more than usual, less than usual, or
as usual. The were no significant differences between the groups in the proportion of these responses regarding
sleeping condition (p =0.33). The number of stimulant drinks (tea, coffee, or similar) ingested was also equivalent
(p=0.46), as well as the proportion of less than usual, more than usual, or as usual responses (p=0.51).
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Age (years) 31.2 (27.6 to 34.8) 6.4 34.3(28.8t0 39.9) 10.0 |0.32
Years of education (years) 16.8 (15.5t0 18.1) 23 16.7 (14.9 to 18.4) 32 0.91
Gender: n (%)

Males 9 (60.0%) 6 (40.0%) 0.27
Verbal Fluency 253(21.6t028.9) |6.3 25.8(22.3t029.4) |59 0.81
Idea Evaluation Self-Efficacy 30.6 (27.7 to 33.5) 4.8 30.1 (27.9 to 32.4) 4.0 0.78
Number of hours slept 6.8 (6.0to 7.5) 1.2 6.9 (6.3t07.5) 1.1 0.68
Number of stimulants taken 1.0 (0.3 t0 1.7) 1.1 1.3(0.8to 1.8) 0.8 0.46
Edinburgh Handedness Inventory | 79.2 (67.3t0 91.1) | 21.5 | 86.3 (75.5t097.2) 19.6 |0.35

Table 1. Participant characteristics at baseline. Abbreviations: tRNS = Transcranial Random Noise Stimulation;
CI = Confidence Interval; SD = Standard Deviation.

RAT Pre 11.3 (9.6 to 13.1) 3.3 13.3 (12.6 to 16.4) 32

Post 14.5 (12.2 t0 16.6) 3.2 12.5(10.7 to 14.4) 39

Pre 5.1(3.8t06.4) 2.4 6.0 (4.7 t0 7.3) 2.3
Figural fluency

Post 7.0 (5.7t08.3) 2.4 6.6 (5.3t07.9) 2.4

Pre 2.5(1.4103.6) 1.9 2.6 (1.5t03.7) 2.3
Figural Originality

Post 2.5(1.4t03.6) 2.9 2.1(1.1t03.2) 1.7

Pre 15.1 (9.9 t0 20.3) 7.1 19.5 (14.2t0 24.7) 12.0
Figural Elaboration

Post 212(174t025.0) | 7.1 18.0 (14.2 to 21.8) 73

Pre 8.6 (7.0t0 10.2) 2.9 8.9(7.31010.5) 3.1
UU fluency

Post 11.3 (9.8 t0 12.7) 2.9 8.4(7.0t012.7) 2.5

Pre 5.7(4.3t07.1) 23 6.1 (4.7t07.5) 2.8
UU Originality

Post 9.0 (7.6 t0 10.3) 2.6 6.1 (4.7t07.5) 2.5

Pre 7.1(6.0t08.2) 2.4 6.9 (5.8t08.0) 1.6
UU Flexibility

Post 7.8(6.6108.9) 2.3 6.8 (5.6 t0 8.0) 2.1

Pre —0.1(-0.5t00.3) 0.7 0.1(—0.2t00.3) 0.6
General creativity

Post 0.3 (—0.13t00.7) 0.7 —0.3 (—0.63 t0 0.10) 0.7

Table 2. Creativity scores in the active tRNS and the sham group at Pre- and post-intervention. Abbreviations:
tRNS = Transcranial Random Noise Stimulation; CI = Confidence Interval; SD = Standard Deviation;
RAT =Remote Associates Test; UU = Unusual Uses Test from The Torrance Test of Creative Thinking.

Table 2 shows the mean and SD of the creativity scores from both groups at baseline and after tRNS (active or
sham). There were no significant differences between the groups in any of the creativity scores at baseline, includ-
ing RAT (F=2.79, p=0.11), UU fluency (F=0.06, p=0.80), UU originality (F=0.05, p=0.83), UU flexibility
(F=0.16, p=0.70), figural creativity fluency (F=0.58, p = 0.46), figural creativity originality (F=0.01, p=0.91),
figural creativity elaboration (F=1.01, p=0.32) and total creativity score (F=0.65, p=10.43).

Effect of tRNS on creativity. Regarding change scores (see Table 3), results showed that the active tRNS
group improved significantly when compared to the sham condition group in RAT, showing a very large effect
size (Cohen’s d=1.68).

The results regarding unusual uses also showed a significant improvement in scores related to fluency (Cohen’s
d=2.29) and originality (Cohen’s d =1.43), but not to flexibility.

Figural creativity, in contrast, did not show any significant improvement after tRNS when compared to the
sham group. Only figural elaboration showed a marginally significant effect (p =0.051).

Finally, total creativity significantly improved after tRNS when compared to the sham group, showing a large
effect size (Cohen’s d =1.45).

Adverse effects questionnaire. Participants reported having no discomfort or unusual sensation on their
scalp. None of the participants reported having experienced any significant adverse effects. There were no signif-
icant differences between the groups in terms of the number of adverse effects (F=0.24, p=0.63). However, a
closer inspection of phosphenes revealed that the active tRNS group reported having experienced this effect more
often than the sham group (F=4.66, p=0.04).
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ANOVA for

Active tRNS Group Sham group change scores Effect size

Mean Change Score Mean Change Score

(95% CI) SD (95% CI) SD F p* d (95% CI)
RAT 3.90 (2.3t05.7) 3.01 —1.06 (—2.5t0 0.4) 2.89 18.14 <0.001 1.68 (0.81 to 2.46)
Figural fluency 1.63 (0.5 t0 2.8) 1.96 0.60 (—0.3to 1.6) 2.02 1.70 0.20 0.50 (—0.24 to 1.22)
Figural originality 0.18(—1.0to 1.4) 2.08 —0.46 (—1.4t0 0.4) 1.72 0.75 0.40 0.35(—0.38 to 1.06)
Figural elaboration 6.07(1.0to 11.2) 11.84 —1.46 (—6.2t03.2) 9.99 417 0.05 0.68 (—0.07 to1.40)
UU fluency 3.54(2.1t05.2) 2.54 —0.46 (—1.5t00.5) 1.75 20.69 <0.001 2.29 (1.32t03.14)
UU originality 3.27 (2.3t04.1) 1.81 —0.07 (—1.4t0 1.3) 2.76 15.28 <0.001 1.43 (0.60 to 2.19)
UU Flexibility 0.69 (—0.6t02.1) 2.69 —0.06 (—1.0t00.9) 175 0.83 0.37 0.31(—0.42t0 1.02)
Total creativity 0.37(0.1t0 0.6) 0.52 —0.37(—0.6 to —0.1) 0.50 15.43 0.001 1.45(0.61 to 2.21)

Table 3. Differences in change scores between the active tRNS group and the sham group. Abbreviations:

tRNS = Transcranial Random Noise Stimulation; CI = Confidence Interval; SD = Standard deviation;

RAT = Remote Associates Test; UU = Unusual Uses Test from The Torrance Test of Creative Thinking; Change
score = post intervention score minus baseline score; d = Cohen’s d. CI and Standard Errors (SEs) from
bootstrap analyses. “Significance levels were determined using F tests based on the estimated SEs from bootstrap
analyses for that comparison, rather than using a pooled estimate to show SEs.

Discussion

The objective of this study was to test if a new kind of noninvasive transcranial stimulation, Random Noise
Stimulation (tRNS), could be effective in improving creative cognition in healthy people. Results confirmed that
participants receiving real tRNS over the Left Dorsolateral Prefrontal Cortex (DLPFC) improved both verbal
convergent thinking (RAT scores) and verbal divergent thinking (UU), but not visual divergent thinking. More
specifically, fluency and originality scores from verbal divergent thinking significantly improved after receiving
tRNS. The effect size was very large for all of them (Cohen’s d ranged from 1.43 to 2.29).

As far as the authors are aware, none of the previous studies have tested if tRNS improves creativity, so a direct
comparison is not possible. However, these results are in line with previous studies that used tDCS over the left
DLPFC'>!>. More specifically, Cerruti et al.'* found a significant improvement in verbal convergent thinking
(RAT scores) after anodal stimulation over the left DLPFC. Based on their reported ¢ score [Cohen’s d = 2t/ dnl,
the effect size for RAT was 1.63, almost identical to our results. Similarly, Zmigrod et al.'* found significant
improvement after anodal tDCS over the left DLPFC in a similar version of RAT (Compound Remote Associates
Task)'®. Their results regarding alternate uses did not reach statistically significant results, but scores were system-
atically higher for fluency, flexibility and elaboration, which is consistent with our results.

Results from studies that used tACS and divergent thinking (Alternate Uses task)?! were also partially con-
sistent with our results, since their positive effects were circumscribed only to fluency scores, whereas tRNS also
produced a significant and large improvement in originality. The improvement in originality is highly remarkable,
given that most studies addressing DLPFC affected mainly fluency in divergent thinking, but not originality'>*2!,
As far as the authors are aware, only one study has demonstrated a significant improvement in originality after
anodal stimulation over the left DLPFC'”. More specifically, these authors showed that a constant current of
1.5mA for 20 minutes (anode stimulation over left DLPFC and cathode stimulation over ipsilateral mastoid) was
enough to significantly improve originality scores in verbal divergent thinking (the Product Improvement subtest
from the Torrance Test of Creative Thinking), when combined with divergent priming based on mental stimula-
tion task. The authors!” explained this divergent priming as a way of inducing people to adopt a particular attitude
towards a creative task by visualizing themselves using an object in an unusual way. In other words, a similar
creative output might be reached through both the inhibition of left inferior frontotemporal cortex (involved in
inhibitory control and retention of previous experiences)® and the stimulation over the left DLPFC (by enhancing
one’s thoughts towards a specific aim under an increase in selection demands).

Visual divergent thinking, however, did not see a significant improvement after tRNS stimulation in any of the
dimensions assessed (fluency, originality, and elaboration). Only figural elaboration was marginally significant,
indicating that tRNS may partially enhance visual based divergent thinking. Contrary to our results, Lustenberger
et al.?® found a significant improvement in general figural creativity after tACS over the DLPFC. One possible rea-
son for the lack of significant improvement in visual divergent thinking may be that left side stimulation especially
enhanced verbal-based tasks. Most previous studies have not included similar kinds of visual creative tasks, so
future research is needed in order to clarify if other brain networks are more related to visual divergent thinking
or to a more visual-based creative outcome, such as painting or architecture.

Research on improvement in creativity after transcranial stimulation has also been focused on other brain
areas, such as the anterior temporal lobe”***, prefrontal cortex', inferior frontal gyrus®* and posterior parietal
cortex®*¥. Some studies have reported increased verbal divergent thinking (Alternate Uses Task) after cathodal
stimulation over the left inferior frontal gyrus®*. Contradictory results have been found regarding insight type
problem solving (matchstick arithmetic), as one study reported a significant increase after cathodal stimula-
tion over the left after anterior temporal lobe”, whereas another study** found results that were not significant.
Regarding verbal convergent thinking (RAT), inconclusive results have been reported so far. For example,
Ruggiero et al.** and Aihara et al.** found no significant changes in RAT scores after both anodal and cathodal
stimulation over the anterior temporal lobe. Results from posterior parietal cortex stimulation'® on RAT total
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scores showed no significant improvement. However, both anodal left-cathodal right and cathodal left-anodal
right stimulation over the posterior parietal cortex showed a significant increase in the number of solutions to
insight type problems in the RAT when compared to the sham condition. Altogether, results regarding verbal
convergent thinking (RAT) suggest that better performance in this test depends more on the stimulation over the
left DLPFC. This idea is consistent with the larger evidence of improvement after left DLPFC stimulation when
compared to the involvement of other areas, such as the anterior temporal lobe* or the posterior parietal cortex!®
(although these authors found a higher rate of solutions to insight type solutions in the RAT after bilateral stimu-
lation over the posterior parietal cortex).

During the study, a very interesting situation was encountered that may be a case of serendipity. A participant
came back to the lab about ten minutes after finishing the experiment and reported having answered an email
on his smartphone that involved a highly demanding cognitive task. He considered himself really bad at remem-
bering names and the email asked him to recall a list of about twenty names and surnames of students that he
reported he had been unable to remember the day before. Surprisingly for him, he was able to recall all of them
without looking at the list. After finishing the experiment, we confirmed that he had received real tRNS. This
interesting case may provide some indication about the potential effect that this specific montage and stimulation
(tRNS) has on memory. Future studies could investigate if this was only an isolated case, or if it has a real effect
on human memory.

There are several limitations to this study. Firstly, the time provided for verbal and figural creativity tests was
limited to 2 minutes for each subtest from the TTCT. Although direct comparison with other standard studies was
not possible, as we were more focused on change scores in creative tests after transcranial stimulation than on the
participants’ creative profile compared to the general population. Another limitation is that we did not assess the
cathodal stimulation over the left DLPFC, so direct comparison of both stimulations was not available.

The results derived from the current study raise some questions that could be addressed in future studies.
Given the large effect sizes found in the RAT and UU, it would be interesting to directly compare three kinds of
stimulation (tACS, tDCS and tRNS) over the same brain region (left DLPFC) and assess if one of them is more
effective and tolerable than the others. Related to the last point, future lines of research should also test the differ-
ent pattern of effect that several montages (including left DLPFC and inferior frontotemporal cortex) could have
on different aspects of creative thinking (including creative idea generation and creative idea selection, or visual
vs verbal divergent thinking). High definition transcranial stimulation would also be helpful to disentangle the
differential effect of close areas on different aspects of creative thinking. Finally, it would be also interesting to
investigate the baseline characteristics related to a better response on creative cognition after transcranial stimu-
lation, such as age, gender, previous level of creative abilities and, as suggested by Antal et al.?’, the effect of genes
that have an influence on human brain functions. More research focusing on these factors may help explain why
some healthy people or participants with neurological conditions do not benefit from these brain stimulation
techniques.

Method

Participants. Thirty healthy participants were recruited. Inclusion criteria included both genders and being
18 years old or above. Exclusion criteria included the following: (1) previous history of brain surgery; (2) previ-
ous history or presence of a neurological disorder or a neurological injury (epileptic or convulsive seizure, brain
stroke, severe brain injury); (3) suffering from frequent or severe headaches, including migraines; (4) presence of
some kind of metallic implant in the brain (outside of the mouth); and (5) being pregnant.

Participants did not receive any kind of financial compensation. Ethical approval was obtained from the
Deusto University Ethics Committee (Ref: ETK-31/17-18).

All participants were volunteers and gave written informed consent prior to their participation in the study, in
accordance with the tenets of the Declaration of Helsinki. They were free to withdraw from the study at any time.
Following ethical aspects, the sham group was offered active tRNS once the study was finished and the group
condition had been revealed.

Measures. The Edinburgh Handedness Inventory. Previous research has demonstrated that handedness is
to some extent related to creativity®®, so the Edinburgh Handedness Inventory® was used to assess handedness.
This is a self-reported questionnaire where participants were asked to indicate their preference of hand use for 10
everyday activities. Possible responses for each activity were no preference (0 points), preference (1 point), and
very strong preference (2 points). In order to assess handedness, a consistency formula (right — left/right + Ieft)
was used. Scores ranged from 100 (perfectly right-handed) to —100 (perfectly left-handed).

Calibrated Ideational Fluency Assessment. A verbal fluency task was included in order to control for possible
baseline differences in verbal fluency between active and sham groups, since previous research led us to expect
to find improvement in fluency scores for divergent thinking!®!”. Semantic Fluency was measured with the
Calibrated Ideational Fluency Assessment (CIFA)*. A category-cued task was used where participants were asked
to report words related to the semantic category of animals for one minute. The total number of correct responses
was recorded.

Idea Evaluation Self-Efficacy. ~Some previous studies?*! have suggested that higher baseline creative poten-
tial may affect the effectiveness of brain stimulation. Therefore, the Spanish version of the Idea Evaluation
Self-Efficacy*? was included to assess perceived ability to evaluate original ideas. This scale consisted of 8 items,
and responses ranged from 1 (strongly disagree) to 5 points (strongly agree). The internal consistency of this scale
was very high (Cronbach’s alpha = 0.84). Higher scores reflected higher self-efficacy for evaluation of ideas.
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The Torrance Test of Creative Thinking (TTCT). The Torrance Test of Creative Thinking (TTCT) is one of the
most widely used instruments for the assessment of divergent thinking®. Picture Completion and the Unusual
Uses (UU) subtests from the TTCT** were administered in order to assess visual divergent thinking and verbal
divergent thinking, respectively. Each task had to be performed in two minutes. Different forms of the test (Form
A and Form B) were administered for the Pre- and the Post-intervention. The Picture Completion task requires
participants to complete ten unfinished figures with additional elements. Although the original test includes
many dimensions, only three dimensions were measured for this study: fluency, originality, and elaboration.
Fluency referred to the total number of relevant responses. The originality score was based on the statistical infre-
quency of each response. Elaboration was defined as the number of details added to the minimum basic response
to the stimulus. In the Unusual Uses task, participants were asked to write as many unusual uses as possible for an
item. In Form A of the test, the stimulus for which participants had to write unusual uses was Cardboard Boxes,
while in Form B Tin Cans was used as a stimulus. Three dimensions were measured: fluency, originality, and
flexibility. Fluency was based upon the number of different unusual uses produced. Originality was based on the
statistical unusualness of each response. The flexibility score was obtained from the number of different categories
represented in the responses.

The Remote Associates Test (RAT). The Spanish version of the RAT (Mednick, 1962; Mednick & Mednick, 1967)
was administered to assess verbal convergent thinking. This activity consists in identifying a solution word that
is associated with three cue words. The solution can be related to the three cue words either semantically or by
forming a compound word. Different forms of the test were employed for the Pre- and Post- intervention. Each
form included 30 items. Participants were given 15 seconds for each item and the whole task lasted 7 minutes and
30seconds. The internal consistency for the total score was very high (Cronbach’s alpha =0.81).

Questionnaire of adverse effects.  After each session, subjects filled out an 11-item questionnaire to assess any
perceived side effects (e.g. headache, itching sensation, difficulty concentrating, phosphenes, etc.).

tRNS protocol. Participants in the active tRNS group received 1.5 mA of tRNS (100-500 Hz) to their bilateral
dorsolateral prefrontal cortices (DLPFCs) via two saline-soaked (5ml per sponge), 16 cm2 (8 x 8 cm?) circular
sponges. They were attached under designated electrode positions (F3, F4) using a wireless tRNS cap that fol-
lowed the International 10-20 system. Figure 1 shows the simulated electric field of this montage (based on Stim
Weaver) using the finite element model*’. tRNS was applied with a light, battery-operated device (Neuroelectrics
Inc., Barcelona) attached to the back of the neoprene cap, delivering electrical current for 20 minutes, with addi-
tional ramp-up and ramp-down phases of 30 seconds. In the sham condition, current was applied for 30 seconds
(with additional ramp-up and ramp-down phases of 30 seconds). The impedance of both electrodes was checked
before and during tRNS application to ensure that it was under 10kQ.

Procedure. An a priori power analysis was conducted to determine the sample size based on a previous
study® using G Power 3 software*®. A sample size of 28 subjects, 14 in each group, was enough to attain an effect
size (Cohen’s d) of 0.56 to detect between-group differences in creativity scores, with 80% power and 5% level of
significance. The study had a double-blind, sham-controlled, parallel-group design. Recruitment and enrollment
took place between June 2018 and November 2018. Afterwards, the participants were randomly allocated to
either the active tRNS group or the sham group (see Fig. 1). Allocation to each group was conducted based on a
computer-generated randomization of the list of participants (randomizer.com). All raters (JP and AS) were blind
to treatment condition.

Figure 1 shows the design and procedure used in this study. After signing the consent form, participants pro-
vided sociodemographic information, along with hours of sleep and stimulant drinks ingested before the session.
The exact time of assessment and stimulation was also recorded for each participant. Afterwards, Edinburgh
Handedness Inventory, Idea Evaluation Self-Efficacy and semantic fluency tests were administered. A baseline
creativity assessment was carried out before starting tRNS stimulation (active or sham). They have 7 minutes
30 seconds for RAT, 2 minutes for UU and 2 minutes for Picture completion. Five minutes after stimulation
started, the parallel versions of the RAT, UU and Figure completion tests were performed with the same time
limitations. The order of the versions of the RAT, UU and Figure completion tests were counterbalanced in order
to control for “order” effects. Finally, participants completed the adverse effects questionnaire.

Statistical analyses. Given the sample size (n < 50)*, normality of data was tested using the Shapiro-Wilk
test. All variables appeared as normal distributions. Categorical data were analyzed with the x2 test. Baseline
characteristics were compared using ANOVA. In order to analyze a more general creativity performance, a com-
posite score was created. All creativity scores (RAT, UU and Figural creativity) were converted into Z-scores
based on the pooled group. The total creativity composite score showed high internal consistency (Cronbach’s
alpha=0.80).

Change scores (post intervention minus baseline) between the active tRNS group and the sham group were
compared on each of variables with an ANOVA. To obtain adjusted mean differences in change scores, we used
bootstrapping®, a resampling technique in which random subsamples are generated from the observed sample.
We generated 1,000 subsamples from within each group (with replacement).

Effect size (Cohen’s d and 95% confidence interval) was calculated based on change score differences between
groups. IBM SPSS version 23.0*° was used for all statistical analyses. The significance level was set at 0.05. All tests
were two-tailed.
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Figure 1. (A) Electrode Montages. Stimulation of the electric field according to Stim Weaver (Neuroelectrics,
Spain) software based on a realistic head model derived from the Finite Element Method®. Red-yellow colors
indicate increased magnitude of the total electric field due to tRNS. (B) Schematic representation of the
experimental procedure (RAT = Remote Associates Test).

Data Availability
The datasets generated during and/or analyzed during the current study are available from the corresponding
author on reasonable request.
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