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A B S T R A C T

Tasks measuring human creativity overwhelmingly rely on both language comprehension and production.
Although most of the world’s population is bilingual, few studies have investigated the effects of language of
operation on creative output. This is surprising given that fluent bilinguals master inhibitory control, a mech-
anism also at play in creative idea evaluation. Here, we compared creative output in the two languages of Polish
(L1)-English(L2) bilinguals engaged in a cyclic adaptation of the Alternative Uses Task increasing the contri-
bution of idea evaluation (convergent thinking). We show that Polish-English bilinguals suffer less cognitive
interference when generating unusual uses for common objects in the L2 than the L1, without incurring a sig-
nificant drop in idea originality. Right posterior alpha oscillation power, known to reflect creative thinking,
increased over cycles. This effect paralleled the increase in originality ratings over cycles, and lower alpha power
(8–10 Hz) was significantly greater in the L1 than the L2. Unexpectedly, we found greater beta (16.5–28 Hz)
desynchronization in the L2 than the L1, suggesting that bilingual participants suffered less interference from
competing mental representations when performing the task in the L2. Whereas creative output seems unaffected
by language of operation overall, the drop in beta power in the L2 suggests that bilinguals are not subjected to the
same level of semantic flooding in the second language as they naturally experience in their native language.

Significance

Creativity, possibly the most critical of human skills, is intimately
linked to language. Given the global prevalence of bilingualism
and the high likelihood of high-stake creative tasks being under-
taken in the second language, we need to know whether creative
performance differs between languages in bilinguals. We
compared alpha brain rhythms in highly fluent bilinguals whilst
they generated creative ideas of alternative uses for everyday
objects in their native and second language. Although alpha-band
power was slightly higher in the native language, idea originality
did not differ between languages. However, creative idea gener-
ation was associated with a marked drop in beta-band power in
the second language, suggesting that bilinguals experience lower
‘cognitive stress’when thinking creatively in the second language.

Creative idea generation (henceforth, ideation), the distinctively
human capacity to produce novel and context-appropriate ideas, re-
quires both originality and effectiveness (Guilford, 1967; Sternberg,
1998). Measures of ideation often involve language, and linguistic
abilities can relate to creativity (Beaty and Kenett, 2023; Holmes et al.,
2015, 2019; Kasirer and Mashal, 2018). Studies have shown that bilin-
gual individuals, in particular, have scored higher than monolinguals in
a number of creative tasks (for review, see Kharkhurin, 2018), although
it is unclear whether such advantage relates to language ability per se or
domain-general cognitive traits relating to inhibitory control (Bialystok,
2009; Bialystok et al., 2012a). Nevertheless, studies of creative output in
bilinguals’ two languages are rare (Jończyk et al., 2024; Storme et al.,
2017; Van Dijk et al., 2019), which is surprising given today’s world-
wide prevalence of bilingualism. Although some studies have looked at
differences in creative cognition between languages and cultures in
between-subject designs (Van Dijk et al., 2019), to our knowledge only
one behavioural study to date has directly compared creative output in
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the two languages of the same bilingual individuals, that is using a
within-subject design (Jończyk et al., 2024). English being the lingua
franca of decision-making and negotiations in international organisa-
tions such as the UN or the EU, as well as science, politics, and business,
it seems crucial to characterise the ability of second language speakers of
English to generate creative solutions to problems in their L2 as
compared to their L1.
Bilinguals are individuals who have the ability to communicate in

two languages. They have to manage two sets of more or less inter-
twined language representations and their activation levels, which has
led to the hypothesis that they are particularly apt at managing cognitive
resource allocation and inhibitory control (Blom et al., 2014; Rodri-
guez-Fornells et al., 2006; Ye and Zhou, 2009). The idea that bilin-
gualism may enhance executive control has been a matter of debate for
over two decades (Bialystok et al., 2012b; Colzato et al., 2008a) and
there is still no consensus regarding cognitive differences between bi-
linguals and monolinguals, especially when it comes to domain-general
executive function (Paap et al., 2015; Poarch and Krott, 2019; Poarch
and Van Hell, 2019; Ross and Melinger, 2017). This being said, in a
within-subject design, bilinguals have shown a greater ability to cope
with non-verbal cognitive interference in a mixed-language as compared
to a single language context (Wu and Thierry, 2013).
But does the fact that bilinguals have two sets of mental represen-

tations that can be seen as complementary or competing with one
another affect their ability to generate ideas in a creative task? It could
be that having a second language offers more associations in semantic
memory when bilinguals engage in idea generation due to their more
extensive vocabulary and cultural references. On the other hand, it could
be that having a more extensive network of semantic associations makes
it more difficult for bilinguals to identify the most relevant ideas. The
requirement of bilinguals to control cognitive interference in everyday
language use could mean that they are better in both divergent and
convergent thinking aspects of creative tasks (Colzato et al., 2008b;
Hommel et al., 2011; Xia et al., 2022). They may have a larger semantic
associative network to navigate whilst at the same time having greater
potential to prune a set of ideas generated during creative ideation to
select the best candidates, whilst suffering less interference from irrel-
evant concept activation (Kharkhurin, 2011). Indeed, to come up with
unusual, unique, and original ideas in a task measuring creativity, one
needs to not only extend their search for weaker, more remote associ-
ations, but also suppress strong activation of common associations
(Benedek and Neubauer, 2013; Mednick, 1962).
Creative ideation can be construed as exploring the semantic asso-

ciation network by alternating between idea generation (divergent
thinking) and idea evaluation (convergent thinking). These two pro-
cesses need not be independent of one another, since evaluation can take
place during ideation and further ideas can be generated while the
current ones are being evaluated. Alternating between generation and
evaluation is reminiscent of the process involved in language-switching
when bilinguals have to move from allowing spreading of activation in
their semantic memory to inhibiting such mechanisms so that the pro-
cess can be facilitated in their other language. Relatedly, Russian-
English bilinguals have been shown to outperform English mono-
lingual controls on nonverbal measures of the Abbreviated Torrence
Test for Adults (ATTA; Goff and Torrance, 2002), a 3-minute verbal and
figural creativity task evaluated for fluency, flexibility, elaboration, and
originality (Kharkhurin, 2010). In another study, Kharkhurin (2009)
showed that Farsi-English bilinguals living in the United Arab Emirates
were considered more original than Farsi monolinguals living in Iran, in
the absence of fluency or flexibility differences between groups.
A state-of-the-art method to assess neural correlates of creative

ideation is the measure of brain oscillation power in the alpha range
(8–12 Hz). Alpha band activity has long been associated with creative
cognition (Martindale and Hasenfus, 1978; Martindale and Mines,
1975). Increases in alpha power from baseline (alpha synchronisation)
have been observed in individuals who obtained a high creativity score

compared to low-scoring individuals (Fink et al., 2009; Fink and Neu-
bauer, 2008; Jaušovec, 2000; Martindale and Hasenfus, 1978; Martin-
dale and Mines, 1975). Alpha power also tends to increase with more
creative output (Fink and Neubauer, 2006; Grabner et al., 2007) and in
tasks that call for more creativity (Jauk et al., 2012; Jausovec, 1997).
Unifying theories of alpha have proposed that it reflects inhibitory
processing with increase in power relating to attention being focused
inwards as external input is suppressed, especially over posterior scalp
locations associated with visual input filtering. Alpha synchronisation in
creativity tasks is thus argued to reflect an increase in internal attention
demands during idea generation (Fink and Benedek, 2014) and inhibi-
tion of common associations involved in idea evaluation (Luft et al.,
2018). Some studies have attempted to subdivide the alpha power band
into lower (8–10 Hz) and upper (10–12 Hz) alpha to specify further the
mechanisms at play in each case, but no consensus has yet been reached
on what makes the difference (Fink and Benedek, 2014; Jauk et al.,
2012; Rataj et al., 2018).
In the current study, we compared creative output in the same

Polish-English bilinguals operating either in Polish or English, using an
adaptation of the Alternative Uses Task (AUT, Guilford, 1967). In the
AUT, participants are asked to generate as many unconventional uses for
a familiar item as possible (usually presented as a word; Alhashim et al.,
2020; Beaty et al., 2023; Beaty and Silvia, 2012; Benedek, 2018; Gil-
hooly et al., 2007), within a specified time limit (usually two minutes).
Responses are then evaluated for originality, flexibility, and elaboration
by a pool of independent raters (Consensual Assessment Technique by
Amabile, 1982). The AUT focuses heavily on divergent thinking, i.e., the
generative part of the creative process (Guilford, 1956). Here, we
adapted the paradigm to increase the contribution of convergent
thinking, a key aspect of creative cognition (Benedek et al., 2013; Runco,
2018; Silvia et al., 2008). To increase the contribution of convergent
thinking in the AUT, likely affected by inhibitory control mechanisms at
play in bilingualism (Hommel et al., 2011; Xia et al., 2022), we used
three 30-second cycles of ideation each ending with the selection of the
best idea from the current cycle (Witczak et al., 2024). For each object
presented as a word-image combination, participants first indicated a
common use and then three creative uses, in three successive cycles. The
experiment was conducted in two blocks: once through the medium of
Polish (preliminary instructions, training, word stimuli, and online in-
structions) and once through the medium of English.
We hypothesised that (i) Idea originality should increase over idea-

tion cycles along with alpha-band power; (ii) Participants would be
more creative in their L2 than their L1 given their ability to apply
inhibitory control when operating in L2. Alpha-band power should
reflect the same difference. We also conducted an exploratory analysis of
(iii) potential differences in beta-band power between cycles and lan-
guage contexts.

1. Results

Inter-rater agreement based on intra-class coefficients was 95.1 %
(See Methods).

1.1. Creativity ratings

As expected, average creativity ratings increased over ideation cy-
cles, b= − 0.11, 95 % CI [− 0.18,− 0.04], p=.003, η2= 0.012, such that
creativity scores in cycles 2 and 3 were significantly higher than in cycle
1 (cycle 2 – cycle 1: t(1636.63)= 3.35, p= .002; cycle 3 – cycle 1: t
(1637.25)= 4.25, p= < 0.001; Fig. 1). We did not find significant dif-
ferences in creativity scores between languages (b= − 0.05, 95 % CI
[− 0.10 – 0.01], p = 0.109).

1.2. Event-related spectral power changes

We found increasing event-related synchronization (ERS) in the

R. Jończyk et al.
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lower alpha band (8 – 10 Hz) over successive ideation cycles, F(2, 60)=
10.23, p < .001, η2= 0.25, such that cycle 2 and cycle 3 elicited greater
ERS than cycle 1 (for post hoc contrasts, see Supporting Information).
Also, ERS in the lower alpha range was more pronounced over the right
than left hemisphere at electrodes of interests selected predictively (see
Methods), F(1, 30)= 26.09, p < .001, η2= 0.47 (Fig. 2).
In addition, we found decreased lower alpha power in English (L2) as

compared to Polish (L1), F(1, 30)= 4.88, p= .035, η2= 0.14 (Fig. 3).
In the upper alpha range (10 – 12 Hz), power increased over cycles as

in the case of lower alpha, F(2, 60)= 18.06, p < .001, η2= 0.38, and was
also greater over the right than the left hemisphere, F(1, 30)= 27.86, p <

.001, η2= 0.48 (Fig. 2). However, there was no difference between
languages in the upper alpha range.
In the low-beta range (12.5 – 16.5 Hz), consistent with the difference

found in the lower alpha range, we observed relatively greater event-
related desynchronization (ERD) in L2 than L1, F(1, 30)= 4.55, p=
.041, η2= 0.13 (Fig. 3). This effect was greater in the left than the right
region of interest, F(1, 30)= 24.53, p < .001, η2= 0.45 (Fig. 2).
In the mid-beta range (16.5 – 20 Hz), we found lower power in L2

than L1, F(1, 30)= 9.22, p= .005, η2= 0.24 (Fig. 3), and over the left
than right hemisphere, F(1, 30)= 7.22, p= .012, η2= 0.19 (Fig. 2). We
also found an interaction between Language and Cycle, F(2, 60)= 3.34,
p= .042, η2= 0.10, such that mid-beta power was greater in cycle 3 than
cycle 2 in L1 Polish, and in English than in Polish in cycle 1, cycle 2, and
marginally in cycle 3 (p= .070; Fig. 4).
In the high-beta range (20 – 28 Hz) we found an interaction between

Language and Cycle, F(2, 60)= 3.75, p= .029, η2= 0.11, with greater
ERD in cycle 2 than cycle 1 in English, and greater ERD in English than
Polish in cycle 2, b = 1.93, SE= 0.76, t(30)= 2.561, p= .016 (Fig. 4).
We also ran two supplementary analyses. First, we included block

order as a between-subject factor to exclude the possibility of language
order effects. This analysis revealed no significant block order effect.
Second, we separately analysed the 5-second window preceding the idea
reporting prompt to determine whether frequency power would differ in
pattern from the rest of the 30-second window since idea evaluation was
more likely to take place just before the prompt than at the beginning of
each cycle. This analysis, however, replicated the findings reported for
the whole 30-second windows. The results of both supplementary ana-
lyses can be found on the Open Science Framework (https://osf.io/
9cxh6/).1

2. Discussion

Our results show an increase in alpha power in Polish-English bi-
linguals engaged in a modified alternative uses task. Alpha power was
particularly enhanced at parietooccipital sites and more so in the right
than the left hemisphere in both languages. Power in the alpha band
(lower and upper) also increased over cycles in both languages,
following the same pattern as that of originality ratings. Contrary to our
prediction, however, lower alpha power was reduced in L2 English as
compared to L1 Polish, and, surprisingly, power also decreased in the
beta band in L2 relative to L1.

2.1. Strengths

The increase in originality and alpha power over cycles observed
here is consistent with the serial order effect often reported in the
literature (Beaty and Silvia, 2012; Benedek and Neubauer, 2013; Wang
et al., 2017). As people produce ideas in divergent thinking tasks, a
predominant finding is that response rates decrease while response
originality increases, resulting in a productivity-originality trade-off. It
takes more ‘effort-time’ to come up with an uncommon idea than a
common one (Acar and Runco, 2014; Beaty and Silvia, 2012; Wang
et al., 2017). However, here, we did not measure fluency (i.e., the
number of ideas produced) and we increased the contribution of
convergent thinking. This aimed to reduce interference from the moni-
toring and reporting of ideas as they are being produced and capitalise
on the differential involvement of inhibitory control in bilinguals. Our
results thus corroborate a functional association between creative
ideation and alpha brain power since we found that originality and
alpha power go hand-in-hand and increase over ideation cycles (Fink
and Benedek, 2014; Klimesch et al., 2007).
Our main goal was to test for differences between languages when

bilinguals engage in an ideation task. We found no difference in idea
originality between languages and, instead of the anticipated increase in
alpha power in L2, lower alpha power was stronger in L1. Increase in
alpha power has long been hypothesised to relate to inhibitory control
and top-down modulation (Fink and Benedek, 2014; Jensen and Maza-
heri, 2010; Klimesch, 2012; Klimesch et al., 2007; Sauseng et al., 2005).
Such top-down modulation may thus apply to ideation in L1 to a greater
extent than L2 given the likelihood of interference stemming from access
to irrelevant conceptual links and representations more prone to happen
in the native language (Borodkin et al., 2016; Fernández-Fontecha and
Kenett, 2022; Jończyk et al., 2024). Indeed, studies comparing L1 and L2
organization in bilinguals have suggested that L1 semantic networks are
denser (i.e., more complex) and that they bring to play more associative

Fig. 1. Change in mean creativity ratings over cycles averaged across languages.

1 We would like to thank an anonymous reviewer for prompting us to run
both these analyses
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connections (Wilks et al., 2005; Wilks andMeara, 2002, 2007) than their
L2 counterpart which has been shown to be more ‘fuzzy’ (Bordag et al.,
2022). Fernandez-Fontecha and Kenett (2022) proposed that the L2
semantic memory network has a less flexible, less clustered, and less
random structure than the L1 network. This is consistent with our
findings, because the more random and flexible structure in L1 is prone
to activate representations that are not relevant for the task at hand,
which in turn requires more inhibitory control to subdue such activa-
tions (see also Broersma, 2012). Increase in lower alpha power in our
experiment may thus reflect increased inhibitory control (Klimesch,
2012; Klimesch et al., 2007) in L1 as compared to L2 rather than the
expected reverse pattern, due to the nature of the task employed.
Our finding of greater beta ERD in L2 is also compatible with a less

interconnected and more rigid semantic network in L2 relative to L1,
since beta band ERD is associated with reduced cognitive interference
and domain-general inhibitory control underpinned by the fronto-
subthalamic circuit (Wessel and Anderson, 2023). The idea of weaker
connectivity between lexical representations and concepts in L2 has
been around for a long time in bilingualism research (Kroll and Stewart,
1994). However, this proposal concerned mostly late, unbalanced bi-
linguals, and it is commonly accepted that more balanced, fluent bi-
linguals of the kind tested here, also enjoy high levels of connectivity
between lexical and conceptual representations in their L2 (Dijkstra
et al., 2019; Kroll et al., 2010; Ning et al., 2020). It would thus be of high
interest in future studies to test unbalanced bilinguals using a similar
experimental design. Overall, whilst fluent bilinguals are better equip-
ped for ideation in L1 owing to a more robust associative network, they
may suffer more interference in L1 from irrelevant lexical-conceptual
associations, which are likely to impede efficacy during idea evaluation.
Another convergent explanation, which is slightly different from

weaker connectivity in L2, is the well-evidenced greater ability of bi-
linguals to apply inhibitory control in L2 (Borragan et al., 2018; Misra
et al., 2012; Wu and Thierry, 2017). Indeed, it is widely accepted that
bilinguals apply greater inhibition to L1 whilst operating in L2 than the
reverse, and this might translate as relative increase in ERD in the higher
beta range. Greater beta ERD may also result from participants being
more satisfied and less self-critical when operating in L2. The idea is that
bilinguals are likely to have higher expectations regarding creative
output when doing the task in L1 (Jończyk et al., 2024), increasing the
likelihood of monitoring and dismissal of ideas. Self-criticism has long
been identified as a counter-productive force in creative ideation
(Osborn, 1942). Interestingly, a recent study showed that criticism may
have a lower impact in the second language (Gao et al., 2020). If a
similar mechanism applies to self-judgment, one expects bilinguals to be
less critical of their ideas during creative ideation in L2, thus lowering
the threshold of inhibition, and in turn resulting in beta
desynchronisation.

2.2. Weaknesses

First, we found differences in originality ratings between both cycles
3 and cycle 2 as compared to cycle 1 in the current study, whereas in our
previous behavioural study (Witczak et al., 2024), we only found a
significant difference between cycle 3 and cycle 1. This slight inconsis-
tency between studies is likely driven by statistical power, since
within-subject comparisons in the study by Witczak et al. were based on
five items per condition (comparing the more common list procedure of
AUT with the ideation cycles implemented within one language)
whereas here participants ideated on ten items per language. Thus, the
current results can still be considered a replication of our previous

Fig. 2. Event-related spectral power elicited over three consecutive 30-second cycles averaged across participants and languages, to illustrate main effects of Cycle
and Hemisphere. Significant differences are highlighted by connectors (vertical connectors highlight differences between cycles and horizontal connectors, differ-
ences between hemispheres).
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behavioural study.
Second, as in our previous study, the use of word+image prompts

may have reduced originality at the ideation outset. Whilst this is dis-
cussed elsewhere (Witczak et al., 2024), it is worth noting that origi-
nality outputs may have been more diverse if we had only used word
prompts as is common in creativity investigations using the AUT. At the

same time, using word+image prompts provides a better ideation
baseline and greater control over inter-individual variability (Witczak
et al., 2024).
We also acknowledge that this first study of EEG power elicited by a

creativity task in bilinguals has limitations. For instance, we did not
implement a measure of idea fluency, which could have provided

Fig. 3. Event-related spectral power averaged across participants and cycles in each of the two language contexts, to illustrate main effects of language. Significant
differences are highlighted by connectors. Bottom panel depicts average lower alpha power over time in L1 Polish and L2 English. Shading depicts 95 % confidence
intervals around the mean.

Fig. 4. Event-related spectral power averaged across participants in each cycle and in the two language contexts from the right parietal ROI, to illustrate interactions
between cycles and languages. Significant differences are highlighted by connectors (the dotted connector denotes marginal significance). Bottom panel depicts
average higher beta power over time in the L1 Polish and the L2 English. Shading depicts 95 % confidence intervals around the mean.

R. Jończyk et al.
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additional insights regarding the creative ideation process and another
measure by which to compare ideation across language contexts. This
was a choice guided by our goal to increase the involvement of
convergent thinking in the task. However, it must be noted that in our
previous study comparing the more classic list format of idea reporting
and the cycle format implemented here, we did not find any significant
difference in originality between testing contexts. In any event, we
should expect higher originality in the cycle than the list format, given
the greater involvement of convergent thinking. Also, we note that we
constrained our stimuli to everyday objects, which may have artificially
decreased differences between language contexts, while such differences
could have been stronger for more unfamiliar objects.

2.3. Future directions

Our study is the first to establish a difference in bilinguals during
creative ideation in L1 and L2. Although the difference was not observed
in the originality of the ideas produced, we found a striking difference in
background activity underpinning the creative ideation process. In the
native language, bilinguals likely engage in more top-down inhibitory
control to deal with multiple sources of cognitive interference and wide-
scale spreading activation in the semantic system. Whilst this could give
ideation in L1 an advantage, we found no behavioural difference be-
tween languages, presumably because the wider field of semantic as-
sociations to explore in L1 means also having to deal with ‘creative
noise’, ideas that are too remotely connected or unsuitable for the task at
hand. This, we suggest, results in both greater alpha and beta power.
One possible future direction from this research is to test creativity in
more demanding conditions, requiring problem solving or using objects
that have rich as compared to low semantic associations (Beaty et al.,
2023). Maybe this is where differences between L1 and L2 will become
marked enough to translate into behavioural differences. Other fasci-
nating avenues of research involve looking to differences driven by
proficiency and language use, as well as participants engaging in ac-
tivities that tend to increase alpha power, such as boredom (Mann and
Cadman, 2014), meditation, and contemplative states, and whether they
can boost creativity differently in the two languages.

3. Methods

3.1. Participants

Thirty-one participants gave informed consent to take part in the
study and were included in the final analysis (Mage= 26, SDage= 6.15,
minage= 21, maxage= 44; 21 women, 9 men, 1 nonbinary person). The
target number of participants was determined based on previous crea-
tivity studies using time-frequency analysis (Benedek et al., 2011; Jauk
et al., 2012; Jończyk et al., 2022; Stevens and Zabelina, 2020). They
were late sequential bilinguals, native speakers of Polish (L1) and
advanced learners of English (L2). Proficiency in L2 was assessed using
the Lexical Test for Advanced Learners of English (LexTALE; Lemhöfer
and Broersma, 2012) and language use was measured using the Lan-
guage History Questionnaire (LHQ; Li et al., 2020). Mean L2 proficiency
score corresponded to C1–C2 on the Common European Framework of
Reference for Languages scale (M = 89.6 %, SD= 9.16, min= 66 %,
max= 100 %). Participants reported balanced use of their L1 and L2 in
various contexts (M = 0.94, SD= 0.13, min= 0.70, max= 1.24).2 They
were significantly more immersed in their L1 (Mdn= 0.93, SD= 0.09)
than L2 (Mdn= 0.72, SD= 0.11), U = 31, p < .001. All participants had
normal or corrected-to-normal vision and hearing, and no neurological
or language-related disorders. Handedness was assessed through
self-report (Nright= 29; Nleft= 2). Participants received compensation for

their time (PLN 100).

3.2. Stimuli

We selected 20 objects of everyday use (ten per language) to be
presented as a word and image combination (greyscale picture overlaid
with a word, see Fig. 5). Stimuli were normed and tested thoroughly in a
previous behavioural study (Witczak et al., 2024). Words overlaying
images were presented in white Arial font, size 15 and 0.7-point
expanded character spacing, outlined in black. Text outlining
improved legibility by detaching the word from the picture background.
The stimuli can be found on the Open Science Framework (https://osf.
io/9cxh6/).

3.3. Procedure

The procedures followed in the study were approved by the Ethics
Committee for Research Involving Human Participants at Adam Mick-
iewicz University in Poznań, Poland (Resolution no. 23/2021/2022).
Participants were seated 55 cm away from a 24-inch LCD monitor in a
quiet and dimly lit testing booth. After EEG cap preparation, participants
completed the questionnaires. First, two 1-min resting-state EEG se-
quences were recorded, the first with eyes open, the second with eyes
closed. Next, participants received instructions to the modified alter-
native uses task and engaged in practice trials. They were asked to
generate one typical and three unusual but plausible uses for an
everyday object presented on the screen. Each trial started with a display
of a white cross for a mean of 5 s (random jitter between 4950 and 5050
in steps of 10) which served as a pre-stimulus baseline for time-
frequency analysis. Then, an everyday object was displayed for 1.5 s
(random jitter between 1450 and 1550 in steps of 10). Participants had
15 s to type the common use of the object. Following this, participants
generated unusual but plausible uses of the presented object over three
30-second ideation cycles. At the end of each cycle, participants had 15 s
to type their single best idea from that cycle (Fig. 6). Responses were
collected at the end of each cycle, and not during ideation, to avoid
muscle artefacts on the EEG and to allow for uninterrupted influx of
ideas during each cycle. Our previous behavioural study also showed
that the modified cyclic procedure was effective in increasing the
contribution of idea evaluation, allowing to measure creativity as
opposed to merely idea originality (Witczak et al. 2024). Participants
completed 20 trials –10 in Polish and 10 in English– in separate language
blocks. Object presentation was randomised, and block order was
counterbalanced across participants. Each object appeared in both lan-
guage contexts but was never repeated for an individual participant.
After completing the experiment, two 1-min resting-state EEG sequences
were recorded (eyes open, eyes closed).

3.4. Ratings

As in Witczak et al. (2024), the rating procedure followed the
Consensual Assessment Technique (Amabile, 1982). Five raters assessed
the creativity of participants’ ideas on a 5-point scale (0 – common,
unoriginal use, 1 – not very original but a bit uncommon, 2 – quite
original and quite uncommon, 3 – original, uncommon, 4 – highly
original, rare). To be considered creative, an idea had to be novel,
unique, and plausible. Implausible ideas received a score of 10 and were
excluded from analysis. Interrater reliability was 95.1 %. Scores were
averaged across raters, yielding originality ratings per item and per
participant. As in earlier creativity studies involving bilinguals (e.g.,
Kharkhurin, 2008) the raters themselves were highly proficient in both
the tested languages.

3.5. Behavioural analyses

Data pre-processing was conducted using the Tidyverse package
2 Calculated based on the language dominance score in LHQ, where values
closer to 1 indicate higher/greater balance between languages.
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(Wickham et al., 2019) in R. Creativity scores were subjected to analysis
using a linear-mixed model (LMM) utilizing the lme4 (Bates et al., 2015)
and lmerTest (Kuznetsova et al., 2017) packages. A maximal model with
a full random-effect structure was initially computed, including subject-
and item-related variance components for intercepts and by-subject and
by-item random-slopes for fixed-effects (Barr et al., 2013). All fixed ef-
fects were coded using sum contrast coding (− 0.5;0.5). The maximal
model turned out to be overparametrized and not supported by the data.
Following recommendations by Bates et al., more parsimonious LMMs
were progressively selected. Small variance parameters were removed
using the lme4::rePCA and lme4::VarCorr functions until the LMM was
supported by the data. The final structure of each model was as follows:

Rating ∼ language ∗ cycle+(1+ language|Subject) + (1|item)

Estimates of effect size were calculated using the effectsize package in
R (Ben-Shachar et al., 2020). The model did not show collinearity
(Variance Inflection Factor < 1.1).

3.6. Electrophysiological analyses

EEG data were acquired at a sample rate of 2048 Hz from 64 Ag/AgCl
electrodes using a BioSemi ActiveTwo amplifier (BioSemi, Amsterdam)
and four peri‑ocular electrodes (two vertical and two horizontal EOGs),
placed according to the international 10–20 system. Preprocessing steps
and analyses were performed using EEGLAB (v2023.0; Delorme and
Makeig, 2004) in Matlab R2022b (The MathWorks, Inc.). Offline,
continuous EEG data were downsampled to 500 Hz, high-pass filtered at
0.5 Hz and low-pass filtered at 30 Hz using the Hamming windowed sinc
Finite Impulse Response filter (pop_eegfiltnew function). Large unsys-
tematic artefacts in continuous EEG data were manually detected and
removed. Bad channels were identified using the clean_rawdata function
(Mullen et al., 2015; correlation threshold= 0.8; M = 1.23, min= 0,
max= 4). Data were re-referenced to the activity of all channels
(excluding EOGs) and subjected to the Adaptive Mixture Independent
Component Analysis (AMICA; Palmer et al., 2008). IClabel was then
applied to detect artefacts in EEG data (Pion-Tonachini et al., 2019).

Independent components characterised by ocular activity, line noise, or
noisy channels were rejected from the data (M = 5.13; min= 3; max= 7).
Artefact-free continuous data were segmented for further analysis. We
introduced six unique trigger codes within each ideation cycle (30 s),
each marking a successive five-second window within a cycle,
amounting to six windows per cycle. This allowed us to directly compare
EEG activity in the ideation (activation) windows with pre-stimulus
activity recorded during the reference period (baseline). Activation
and baseline periods were segmented into 8.5 s windows between –2 s
and 6.5 s surrounding a trigger. Longer epochs were selected to allow
discarding edge artefacts (Cohen, 2014). The mean number of included
epochs per participant and individual 30 s-cycle within language was
9.4 (S.D.= 1.15). We computed task related power (TRP) changes for
each electrode and trial in the lower (8–10 Hz) and upper (10–12 Hz)
alpha band as well as the low beta (12.5–16 Hz), mid beta (16.5–20 Hz),
and high beta (20.5–28 Hz) bands in activation and baseline periods.
Time/frequency decomposition was computed using sinusoidal wavelet
transforms (newtimef function in Matlab; wavelet scale expansion factor
of 0.5), with three cycles at the lowest frequency (2 Hz), increasing
linearly up to 22.5 cycles at the highest frequency (30 Hz). To establish
changes in the activation period relative to the power during the base-
line period, we computed the percentage change value at each
time-frequency point at each electrode relative to baseline power,
following Cohen (2014): prctchangetf= 100 * (activitytf –
baselinef)/baselinef.
A power decrease in the activation period from the baseline is re-

flected by negative TRP values (i.e., event-related desynchronization;
ERD), while an increase in power from baseline is reflected by positive
TRP values (i.e., event-related synchronization; ERS). Here, we focus on
the relative difference in TRP between ideation cycles and languages.
Because we are interested in analysing entire 30 second cycles of idea-
tion, following time~frequency computation, 30 s cycles were recon-
structed by joining back together six segments between 0 and 5 s of each
successive window. TRP values in each of the frequency bands of interest
were subjected to a repeated measures ANOVAwith Cycle (cycle 1, cycle
2, cycle 3), Language (Polish, English), and Hemisphere (left, right) as

Fig. 5. Examples of stimuli used in the study.

Fig. 6. Schematic of the experimental procedure: structure of trials and cycles.
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within-subject independent variables. All analyses have been computed
predictively at left and right parieto-occipital sites of maximal relevance
(P1, P3, P5, P7, P9, PO7, PO3, O1, P2, P4, P6, P8, P10, PO8, PO4, O2).
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