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Bilinguals have often, but not always, been found to outperform monolinguals on domain-general attentional
control. Inconsistent findings have been argued to stem, at least partly, from treating bilingualism as a uni-
form category and from not considering how neural adaptations to bilingual experiences modulate behavioural
outcomes. The present study investigated how patterns of language experience, including language switching
behaviour, duration and intensity/diversity of bilingual language use, influence the brain processes underlying
cognitive control, and how these in turn translate to cognitive control performance. We examined reaction times
and spectral dynamics of the electroencephalograms (EEG) of two-hundred-and-thirty-nine participants (about
70% bilinguals) with diverse language experiences during two cognitive control paradigms testing interference
suppression (flanker and Simon task). Using structural equation modelling, we found that different bilingual
experience factors were related with neurocognitive measures, which in turn were related with behavioural in-
terference effects, for the flanker but not the Simon task. More specifically, increased frequency of language
switching and intensity/diversity of bilingual language usage was negatively related to induced top-down con-
trol measures (especially midline-frontal theta), which in turn was beneficial for interference control. In contrast,
duration of bilingual engagement correlated negatively with evoked bottom-up control measures (especially P3)
and was therefore detrimental to interference control. We demonstrate here for the first time how the different
factors of bilingual experience lead to different neural adaptations which impact behavioural outcomes.
Significance statement: Like other intensive experiences, bilingualism leads to brain adaptations. It results in
structural changes in language areas, and, due to demands on language control, in brain areas associated with
domain-general cognitive control. Related to this, bilinguals often outperform monolinguals on cognitive control
tasks. But what is often ignored is that bilingualism is a multi-dimensional phenomenon, with variations such as
diversity of language usage and duration of language use. The present large-scale study of neural functioning in
bilingualism revealed for the first time how individual differences in bilingual experience lead to adaptations to
brain functioning which in turn affect cognitive control behaviour. It exemplifies how the complexity of individual
experiences plays a fundamental role in brain function.

1. Introduction

Bilingualism has been observed to confer adaptations in domain-
general attentional control (Bialystok, 2017; Bialystok and Craik, 2022,
2012). Managing more than one language, as bilinguals do to varying
degrees in everyday life, requires not only language specific but also a
multitude of domain-general cognitive functions (Anderson et al., 2018;

De Baene et al., 2015; Garbin et al., 2010). Bilingual speakers need to
inhibit the non-target language to avoid language intrusion and mix-
ing, given that their languages are constantly and simultaneously active
(Kaushanskaya and Marian, 2007; Kroll et al., 2015). This continuous
demand on cognitive control to manage one’s languages has been ar-
gued to train domain-general control mechanisms. Evidence for this as-
sertion has been found with various executive function tasks, in which
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bilinguals often outperform a matched group of monolingual speakers
(see overviews in Bialystok 2017, Bialystok and Craik 2022, Bialystok
et al., 2012). This enhanced performance has historically been dubbed
the ‘bilingual advantage’.

However, the observation of the ‘bilingual advantage’ has not been
unequivocal, with some studies reporting inconsistent and sometimes
seemingly contradictory findings (for recent meta-analyses see Donnelly
et al,, 2019, Grundy 2020, Lehtonen et al., 2018, van den Noort
et al. 2019). These inconsistencies have been suggested to emerge, at
least partly, from treating bilingualism as a categorical variable (e.g.,
Luk and Bialystok 2013, Surrain and Luk 2019, Yang et al., 2016) and
from not considering the potentially modulatory role of any neural adap-
tations underlying these cognitive outcomes (see e.g., Abutalebi et al.,
2012, Ansaldo et al., 2015).

There has recently been an increase in investigations attempting to
link variations in behavioural performance in tasks employing atten-
tional control, and patterns of neurocognitive outcomes respectively,
with differences in bilingual experiences such as intensity of bilingual
engagement or age of acquisition of a second language (see for review
DeLuca et al., 2020). While these studies are very informative, few to
no studies to date have directly examined the link between neural and
behavioural outcomes and how these relationships are modulated by
patterns of language experience. Specifically, little is known about how
patterns of language experience (such as the above) influence the brain
processes underlying cognitive control and crucially how these in turn
translate to cognitive control performance. Of particular interest is the
proposal that increasing bilingual language usage leads to a shift from
anterior cortical control mechanisms to subcortical control mechanisms
which is proposed as an adaptation towards increased efficiency in han-
dling control demands (see e.g., Grundy et al., 2017, Pliatsikas 2020).

Electrophysiological (EEG) studies focusing on evoked response
markers of bilingual effects in interference suppression, as in the flanker
and Simon tasks, have investigated modulations of the N2 and P3
components (see also investigations into the N450 in Stroop tasks by
Coderre and van Heuven 2014, Heidlmayr et al., 2015). Importantly for
our study, Kousaie and Phillips (2012) recorded EEG during Stroop, Si-
mon, and flanker task performance in monolingual and bilingual young
adults. While there were no behavioural differences between the two
groups for any of the tasks, there were ERP differences, albeit not con-
sistent across tasks. In the Stroop task, bilinguals had reduced N2 am-
plitudes and P3 latencies across all experimental conditions. For the Si-
mon task, bilinguals had smaller P3 amplitudes. The flanker task was
the only task that showed group differences in the interference effect,
with monolinguals showing a larger interference effect in P3 peak laten-
cies. Kousaie and Phillips (2017) conducted the same study with older
adults and found similar results.

In addition to the evoked responses, oscillatory dynamics provide
further insight into the neurocognitive underpinnings of interference
control, with midfrontal theta (3-7 Hz), alpha (8-12 Hz), as well as beta
(15-30 Hz) oscillations playing distinct roles. Midfrontal theta plays a
critical role in cognitive control (e.g., Luu et al., 2004, Trujillo and Allen
2007, Cavanagh et al., 2009). Nigbur et al. (2011) found increased theta
power over midfrontal sites when responses were successfully inhibited
in incongruent trials (relative to congruent trials) for both a flanker and
Simon task. Theta power reflects recruitment of additional cognitive
control (Cavanagh and Frank, 2014; Sauseng et al., 2007) and as such is
examined in the current study as a neurocognitive marker of proactive
control mechanisms for interference suppression.

Alpha oscillations have functionally been related to cortical inhibi-
tion (Hanslmayr et al., 2007; Lange et al., 2013; Romei et al., 2008;
van Dijk et al., 2008; Zumer et al., 2014) and have been shown to en-
hance feature-based attention (van Diepen et al., 2016). As such, alpha
dynamics are likely a crucial component of interference suppression.
The role of beta activity in interference control is more ambiguous. Beta
power over the motor cortex is suppressed just prior and during a volun-
tary movement (Jasper and Penfield, 1949; Salmelin and Hari, 1994a;
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Pfurtscheller et al., 2003; Jurkiewicz et al., 2006). Within the context of
interference control, previous work has suggested that a beta increase
following a motor response (i.e., beta rebound) reflects the brain pro-
cesses involved in maintaining the ‘status quo’ (“maintenance of the sen-
sorimotor set”) after interference suppression (Engle and Fries, 2010).
To our knowledge, few to no studies to date that have examined po-
tential variations in oscillatory dynamics underlying differences in in-
terference suppression between monolinguals and bilinguals (but see
Calvo and Bialystok 2021 for an example of oscillatory dynamics per-
taining to bilingual effects on proactive interference measures of atten-
tional control).

In the present study, we aimed to determine how variations in bilin-
gual experience impact the neural architecture underlying attentional
control and how the latter corresponds to variations in behavioural per-
formance. We examined spectral dynamics of the EEG (both evoked
and induced) of a large sample of participants with diverse language
experiences during two distinct cognitive control paradigms that are
typically used in this area of research and that have revealed superior
performance of bilingual speakers compared to monolingual speakers,
the flanker and Simon task (see overview in Zhou and Krott 2016). Be-
yond a traditional analysis of group level differences between monolin-
gual and bilingual participants, we aimed to investigate effects of spe-
cific language experiences, that is to examine bilingualism as a contin-
uum of experiences. We used the Unified Bilingual Experience Trajec-
tory (UBET) framework (DeLuca et al., 2020) as a basis for our predic-
tions and experience measures. The UBET framework is based on previ-
ous findings and models, specifically the Adaptive Control Hypothesis
(ACH) (Abutalebi and Green, 2016; Green and Abutalebi, 2013), the
Conditional Routing Model (CRM) (Stocco et al., 2014; Stocco et al.,
2010), the Bilingual Anterior to Posterior and Subcortical Shift (BAPSS)
framework (Grundy et al., 2017) and the Dynamic Restructuring Model
(DRM) (Pliatsikas, 2020). These models stress different aspects of bilin-
gualism and how these affect various brain areas involved in cognitive
control. Combining and extending the predictions from these models,
the UBET framework distinguishes four general aspects of bilingual ex-
perience: diversity/intensity of bilingual engagement (see also ACH),
relative language proficiency (see CRM), duration of bilingual engage-
ment (see also BAPSS, DRM), and language switching (see CRM). The
UBET framework attempts to account for effects of these language ex-
periences on both structural and functional brain adaptations. We focus
herein on functional adaptations captured by electrophysiological mark-
ers of control. Specifically, we investigated the relationship between the
different dimensions of the bilingual experience of the UBET framework
on both top-down and bottom-up cognitive control, measures by oscil-
latory and evoked brain responses respectively, and crucially how the
two types of control might variably impact behavioural performance in
the two cognitive control paradigms. Given that both tasks have been
argued to measure inhibitory control and given that they have shown
very similar effects within the same population (Zhou and Krott, 2018),
we expected similar neural processes to govern behavioural effects in
both tasks.

2. Results

2.1. Monolinguals respond faster, but no group speed difference in
interference effect

We analysed reaction times (RTs) for both the flanker and Simon
task with linear mixed effect models using the Imer function of the Ime4
package (Bates et al., 2015) in R version 4.1.2 (Core Team, 2021). The
models contained the fixed factors language group (monolinguals versus
bilinguals), condition (congruent versus incongruent) and their interac-
tion, as well as random intercept plus random slopes for participants.’

1 Including mean parental education level (as a proxy measure of SES) and
Raven’s Progressive Matrices scores (as a proxy measure of IQ) as covariates in
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Flanker task

N2 - Mono- and bilinguals collapsed

P3 - Mono- and bilinguals collapsed

Neurolmage 273 (2023) 120085

Simon Task

N2 - Mono- and bilinguals collapsed

P3 - Mono- and bilinguals collapsed
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Fig. 1. Bilinguals exhibited attenuated and delayed N2 and P3 components. Stimulus-locked ERP waveforms with grand-averaged N2 (left columns) and P3 (right
columns) for flanker task (upper panel) and Simon task (lower panel). For each task, shown are averaged data by condition (upper row), by group (middle row) and
congruency effects (i.e., condition differences; bottom row). Shaded coloured regions represent standard errors; shaded boxes indicate latency ranges analysed.

In line with previous literature (see Lu and Proctor 1995,
Ridderinkhof et al., 2021 for reviews of the Simon and flanker effects re-
spectively), we observed a significant congruency effect on RTs in both
the flanker (n = 227, 162 bilinguals, t(224.7) = 48.83, partial 2 = 0.91
p < 0.001) and Simon task (n = 207, 148 bilinguals, t(204.6) = 15.98,
partial #2 = 0.56, p < 0.001). As expected, for the flanker task, RTs
were faster for congruent (M = 474.64 ms, SD = 98.8) than incongru-
ent (M = 587.49 ms, SD = 109.28) trials. Similarly, in the Simon task,
RTs were faster for congruent (M = 436.37 ms, SD = 121.2 ms) than
incongruent (M = 460.57 SD = 110.2) trials.

We also found a global speed advantage for monolinguals for both
the flanker (t(226.8) = 3.47, partial 52 = 0.05, p < 0.001) and Simon task
(t(206.78) = 2.23, partial 52 = 0.02, p = 0.03), without group differences
in interference effects. Thus, monolinguals were significantly faster to
respond irrespective of trial type. In the flanker task, the mean RT for
monolinguals was 481.73 ms (SD = 107.52) compared to 509.65 ms
(SD = 113.15) for bilinguals. However, the language group x condi-
tion interaction was not significant t(224.7) = 0.65, p = 0.52). Likewise,
in the Simon task, the overall RTs for monolinguals was 436.42 ms
(SD = 114.1) compared to 453.13 ms for bilinguals (SD = 117.1 ms).
Again, the language group x condition interaction was not significant,
t(204.6) = 0.27, p = 0.79.

In sum, behavioural results show previously reported interference
effects in both tasks. In addition, bilinguals responded more slowly than
monolinguals in the two tasks, without any group differences in inter-
ference effects.

our linear mixed effects model of the behavioural data did not change the pattern
of results. There was still an effect of language group (ML/BL) on RTs in the
Flanker task: t(198.1) = 2.457, p = 0.0149, and a trend for such an effect on the
Simon task: t(198.28) = 1.786, p = 0.076. Importantly, including the covariates
did not change the non-significant interaction of group and condition (flanker
task: t(196.5) = —0.658, p = 0.5114; Simon task: t(196.3) = —0.007, p = 0.994).
Furthermore, neither of the two covariates was significantly associated with
behavioral performance in either task (p > 0.05, and groups did not significantly
differ on these factors.

2.2. Bilinguals show attenuated and later evoked EEG responses as well as
smaller interference effect on P3 amplitudes

Stimulus-locked ERP waveforms were analysed using mixed
analyses-of-variance (MANOVAs) for mean amplitude and peak latency
of each component (N2 and P3). MANOVAs included condition (con-
gruent versus incongruent) as a within-subject factor, language group
(bilingual versus monolingual) as a between-subject factor and the con-
dition x language group interaction. Latency ranges and channel lo-
cations were located based on previous studies (see Patel and Azzam
2005, for a review) and confirmed with visual inspection of the grand-
averaged waveforms. N2 was measured at FCz, from 375 to 425 ms
(Flanker task) & 275-325 ms (Simon task). P3 was measured at Pz from
300 to 650 ms (both tasks).

Stimulus-locked ERP waveforms are shown in Fig. 1 and N2 and P3
amplitudes and latencies are listed in Table 1. For both tasks, and in line
with what had previously been reported in the literature (e.g., Bartholow
et al., 2005, Heil et al., 2000, Kopp et al., 1996, Yeung et al., 2004, Xie
et al., 2020), we observed congruency effects (i.e., amplitudes being
larger for incongruent than congruent trials) for P3 in both tasks and
for N2 in the Simon task.

We also found that, compared to monolinguals, bilinguals had atten-
uated N2s. Exclusive to the flanker task, they also had attenuated P3s
and a smaller P3 congruency effect. For the flanker task, N2 amplitudes
did not differ between conditions, F(1, 237) = 0.003, partial n2 < 0.001,
p =0.960, but was significantly more pronounced for monolinguals com-
pared to bilinguals, F(1, 237) = 4.93, partial 42 = 0.02, p = 0.027. Also,
N2 peak latencies occurred significantly later for bilinguals compared
to monolinguals, F(1, 237) = 5.44, partial #* = 0.02, p = 0.021. P3 am-
plitudes were significantly larger for incongruent than congruent trials,
F(1, 237) = 33.25, partial #2 = 0.12, p < 0.001, and for monolinguals
compared to bilinguals, F(1, 237) = 7.27, partial 52 = 0.03, p = 0.008.
Here, the language group x condition interaction was significant, F(1,
237) = 17.97, partial 42 = 0.07, p < 0.001, with the interference effect
being smaller in bilinguals than monolinguals. Furthermore, P3 ampli-
tudes peaked significantly later for incongruent than congruent trials,
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Table 1

Mean amplitudes and peak latencies for N2 & P3 components for both flanker and Simon task.
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Flanker task

N2 Amplitude (SD)

N2 Latency (SD)

P3 Amplitude (SD)

P3 Latency (SD)

Congruent trials

Monolingual —-1.91mv (2.31) 384.54 ms (31.17) 3.58mv (1.56) 393.18 ms (66.03)
Bilingual -1.16mv (1.84) 391.76 (31.16) 3.13mv (1.81) 423.93 ms (72.86)
Groups Collapsed —1.38mv (2.01) 389.62 ms (31.27) 3.26mv (1.75) 414.80 ms (72.15)
Incongruent trials

Monolingual -1.92mv (2.35) 386.62 ms (30.09) 4.62mv (2.07) 494.51 ms (87.49)
Bilingual -1.37mv (1.87) 394.21 ms (27.32) 3.60mv (2.31) 504.70 ms (87.32)
Groups Collapsed —1.53mv (2.03) 392.03 ms (28.32) 3.91mv (2.29) 501.67 ms (87.31)
Simon task

Congruent trials

Monolingual —3.00mv (2.06) 302.47 ms (18.31) 3.84mv (1.48) 363.23 ms (54.71)
Bilingual -1.67mv (2.04) 302.03 ms (19.31) 3.35mv (1.98) 375.92 ms (67.32)
Groups Collapsed —2.05mv (2.13) 302.15 ms (18.99) 3.49mv (1.86) 372.26 ms (64.07)
Incongruent trials

Monolingual —3.20mv (2.07) 304.20 ms (17.29) 4.04mv (1.44) 394.20 ms (72.78)
Bilingual —2.01mv (1.97) 305.01 ms (18.62) 3.48mv (2.08) 410.16 ms (81.56)

Groups Collapsed

—2.36mv (2.07)

304.78 ms (18.21)

3..64mv (1.93)

405.58 ms (79.28)

F(1, 237) = 255.83, partial 42 = 0.52, p < 0.001, and for bilinguals com-
pared to monolinguals; F(1, 237) = 5.49, partial #* = 0.02, p = 0.02.
For the Simon task, N2 amplitudes were significantly more pronounced
for incongruent compared to congruent trials, F(1, 206) = 22.31, partial
7% = 0.1 p < 0.001, and for monolinguals compared to bilinguals, F(1,
206) = 14.75, partial #* = 0.07, p< 0.001. N2 amplitudes also peaked
significantly later for incongruent compared to congruent trials, F(1,
206) = 4.996, partial 42 = 0.02, p = 0.027. P3 amplitudes were signifi-
cantly larger for incongruent than congruent trials (F(1, 206) = 25.92,
partial 42 = 0.12, p < 0.001), and peaked significantly later for incon-
gruent compared to congruent trials, F(1, 207) = 57.19, partial 4% =
0.22, p < 0.001.2

In sum, results for both tasks replicated previously reported congru-
ency effects on P3 (and N2 for the Simon task). Compared to monolin-
guals, bilinguals exhibited attenuated and later N2 and P3 responses in
the flanker task as well as attenuated N2 responses in the Simon task.
Importantly, bilinguals also showed a smaller interference effect on P3
amplitudes in the flanker task.

2.3. Congruency effect differences between language groups were not
consistent between the two cognitive control tasks

All analyses reported in this section are conducted on induced spec-
tral activity, which was obtained by subtracting the evoked activity (i.e.,
the time-frequency response of the averaged time-locked activity) from
the time-frequency analysis output for each participant. Non-parametric
cluster-based permutation testing (Maris and Oostenveld, 2007) was
used to correct for multiple comparisons, with clusters defined as two
or more channel pairs whose t-test significance was p < 0.05. The test
statistic was defined as the maximum of cluster-level statistics obtained
from summing t-values within each cluster. The reference distribution
was approximated by 1000 Monte Carlo simulations.

The components of interference control were identified by collaps-
ing both language groups and using a cluster-based permutation test to
find the points of maximal difference between conditions. For each task,
induced theta (4 - 7 Hz) and alpha (8 - 12 Hz) activity were compared
between conditions between 0 and 1000 ms post-stimulus using depen-
dent samples t-tests. Figs. 2 and 3 show the TFRs of power locked to the

2 Visual inspection suggested a group difference in P3 amplitude. However,
a cluster-based permutation test in a 0-1000ms window showed no significant
difference.

onset of the stimuli for the flanker and Simon tasks, respectively. In line
with previous literature (e.g., Cavanagh and Frank, 2014; Duprez et al.,
2020), we found that incongruent stimuli across both tasks induced sig-
nificantly greater theta power (Figs. 2A and 3A) than congruent stimuli
(p < 0.05, Monte Carlo P value). As shown in Figs. 2C and 3C, this con-
gruency effect had a maximal distribution over midline electrodes. The
maximal difference in theta power appeared 250 — 750 ms post-stimulus
for the flanker task and 100 — 500 ms post-stimulus for the Simon task.

In terms of group differences, we found divergent patterns for the
two tasks. For the flanker task, we found that the monolinguals had a
significantly larger theta increase induced by incongruent trials than the
bilinguals (p < 0.05, Monte Carlo P value; see Fig. 2B). This difference
in theta power appeared more anterior than the congruency effect ob-
served between conditions (Fig. 2F). Interestingly, in the Simon task it
was the bilinguals which had the larger theta increase (Fig. 3B) for in-
congruent stimuli (p < 0.05, Monte Carlo P value). The difference in
theta power between the language groups, shown in Fig. 3D, appeared
spatially more widespread than the congruency effect in theta observed
between conditions (Fig. 3C).

Furthermore, we found differences in alpha suppression, but only
in the flanker task. Incongruent flanker stimuli induced significantly
greater alpha suppression than congruent flanker stimuli (p < 0.05,
Monte Carlo P value), which appeared maximal over posterior sites from
600 to 1000 ms post-stimulus (see Fig. 2D). This effect was not found to
be different for the two language groups or present in the Simon task.

Finally, we observed differences in beta rebound, but again only
for the flanker task. Incongruent flanker stimuli induced significantly
greater beta rebound than congruent flanker stimuli (p < 0.05, Monte
Carlo P value), with the maximal difference over frontocentral sites from
1100 to 1500 ms post-stimulus (see Fig. 2E). There was also a group dif-
ference with regards to the interference effect. Monolinguals displayed
a significantly larger beta increase induced by incongruent flankers than
the bilinguals (p < 0.05, Monte Carlo P value), with this difference being
most apparent at frontal and occipitoparietal sites.

In sum, we found previously reported congruency effects for theta
and alpha plus a congruency effect for beta rebound, with the effects
in alpha and beta only for the flanker task. There were also group
differences in congruency effects in theta and beta, with the effect in
theta having opposite patterns across the two tasks. While monolin-
guals showed a larger effect in the flanker task, they showed a smaller
effect in the Simon task. In addition, these group differences had dif-
ferent distributions compared to the condition differences. The effect in
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Incongruent condition
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Fig. 2. In the flanker task, monolinguals had a significantly larger theta increase induced by incongruent trials than bilinguals. Figure shows TFR of power (relative
to pre-stimulus baseline) locked to stimulus onset during the flanker task. (A) TFRs collapsed across language groups for congruent and incongruent trials, (B)
congruency effects (incongruent-congruent trials) for bi- and monolinguals, (C) — (E) scalp topographies illustrating the clusters of electrodes that show the most
pronounced mean congruency effect for theta (C), alpha (D) and beta (E) activity respectively, (F), (G) scalp topography illustrating the clusters of electrodes that
show the most pronounced difference in congruency theta (F) and beta (G) activity between bilinguals and monolinguals.

the flanker task was more anterior and the one in the Simon task was
more widespread. In terms of beta, monolinguals displayed a signifi-
cantly larger congruency effect in beta rebound than bilinguals in the
flanker task.

3. Operationalising bilingual experience

In order to assess the bilingual experience of our participants we
utilised a number of established questionnaires (see methods) which
focused on the extent of non-English language use and its duration as
well as the degree of language switching, and proficiency. Using confir-
matory factor analysis (CFA), the responses of questionnaires and pro-
ficiency measures were loaded onto 4 latent variables to test the ef-
fect of bilingual experience on interference suppression (derived from
the UBET model; DeLuca et al., 2020). These were duration of bilin-
gual language use, intensity and diversity of language use (hereafter inten-
sity/diversity), language switching and relative proficiency. The CFA was
performed using the lavaan package in R, with variables loaded as de-

scribed in the methods section and presented in Table 2. A value of
<0.08 was used as an acceptable value for Root Mean Square Error of
Approximation (RMSEA) and Standardized Root Mean Square Residual
(SRMR; Browne and Cudeck 1993). A value of >0.9 was used as an ac-
ceptable value for the Comparative Fit Index (CFI; Bentler, 1990) and
Tucker-Lewis Index (TLI; Tucker and Lewis, 1973).

Model fit indices for the CFA indicated acceptable goodness-of-
fit for the four-factor model with the factors of i) duration ii) inten-
sity/diversity iii) language switching, and iv) relative proficiency (Com-
parative Fit Index (CFI) = 0.916; Tucker-Lewis Index (TLI) = 0.906; Root
Mean Square Error of Approximation (RMSEA) = 0.074; Standardized
Root Mean Square Residual (SRMR) = 0.075). Verbal fluency measures
were dropped from the final CFA due to a large number of missing values
(>10% of total data).

Factor scores were calculated from the CFA output using the lavPre-
dict function in the lavaan package (Rosseel et al., 2012). These fac-
tor scores were subsequently entered into a structural equation model
(SEM) with the behavioural performance and EEG measures. The rela-
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tive proficiency latent variable was removed from the SEM due to model
non-convergence, caused by high correlation of error variance with the
intensity/diversity variable.

3.1. Bilingual experience predicts neural correlates of interference
suppression which in turn predict behavioural response patterns

Based on our proposed UBET model we hypothesised that increased
intensity/diversity of bilingual language use and increased language switch-
ing would create enhanced EF demands, which would in turn reduce re-
liance on cortical top-down control mechanisms for managing interfer-
ence, reflected in reduced congruency effects in induced frontal theta,
posterior alpha power, and midfrontal beta power. Duration of bilingual
language use was hypothesised to affect the efficiency of interference res-
olution, which in turn would affect bottom-up control, reflected in how
quickly conflict is detected (represented by N2 latency) and resolved
(represented by P3 latency) and the resources allocated to detecting
and resolving interference (represented by N2 and P3 amplitude, re-

spectively). EEG measures were hypothesised to jointly predict the be-
havioural congruency effect; thus, congruency effects in evoked and
induced neural activity were both regressed onto the RT congruency
effect.

Modelling the two tasks in a single model led to poor model fits. We
therefore modelled them separately. Fig. 4 shows the results of the struc-
tural equation modelling for both tasks. For the flanker task, the model
resulted in acceptable fit (CFI = 0.929; TLI = 0.902; RMSEA = 0.058;
SRMR = 0.076). P3 amplitude (p < 0.001) and latency (p < 0.001) loaded
significantly onto the evoked neural activity factor, while N2 latency and
amplitude did not (ps > 0.05). Only the congruency difference in in-
duced frontal theta power significantly loaded onto the induced neu-
ral activity factor (p = 0.001), although the loading of beta power was
marginal (p = 0.07). All regression paths of the model were significant
(all ps < 0.05).

In contrast, for the Simon task data, only theta and beta power sig-
nificantly loaded onto latent factors, and no regression paths were sig-
nificant (all ps > 0.05). Possible explanations for the apparent discrep-
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Table 2
Factor loadings for latent variables using CFA.
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Latent variables and their measures

Factor loadings

Duration of bilingual experience

Age of acquisition minus periods of non-use 1.0
Intensity/diversity
Language entropy 0.868
Non-English/English language use ratio (visual) 0.820
Non-English/English language use ratio (audio) 0.734
Please indicate which language(s) you generally use when speaking to:
- Friends 0.816
- Family (composite of use with parents, siblings, grandparents and other relatives) 0.903
Please indicate which language(s) you generally use for the following activities:
- Texting 0.784
- Emailing 0.640
- Watching TV 0.603
- Watching movies 0.477
- Browsing internet 0.699
- Reading 0.72
- Extracurricular activities 0.557
- Shopping/restaurants/other commercial services 0.425
Please indicate which language(s) you generally use for the following situations:
- Home 0.613
- Social activities 0.756
Language switching
How often do you switch languages between sentences at (home/studies/ work/other)? 0.833
How often do you switch languages within sentences at (home/studies/ work/other)? 0.874
How often does it happen that you switch between languages at (home/studies/work/other)? 0.907
I do not realize when I switch languages during a conversation at (home/studies/work/other)? 0.539
It is difficult for me to control the language switches I introduce during a conversation at (home/studies/work/other)? 0.618
When I switch languages in general at ___ I do it consciously (home/studies/work/other)? 0.750
I tend to consciously switch languages during a conversation at (home/studies/work/other) 0.671
There are situations in which I always choose to switch between the two languages at (home/studies/work/other) 0.777
There are certain topics or issues for which I normally choose to switch between the two languages at (home/studies/work/other) 0.796
Please indicate how often you engage in language switching
- With parents and family 0.519
- With friends 0.704
- On social media 0.571
Relative proficiency
Non-English/English self-reported proficiency ratio (visual) 0.973
Non-English/English self-reported proficiency ratio (audio) 0.944
Oxford (Quick) Placement Test -0.571
National Adult Reading Test —0.412

ancy of the models for the two tasks are considered in the Discussion
section.

These results support the hypothesis that bilingual experience leads
to functional neurocognitive adaptations which are observable during
an interference suppression (flanker) task, and that these adaptations
themselves impact behavioural indicators of interference suppression.

4. Discussion

In the current investigation we examined how the different elements
of the bilingual experience impacted the neural architecture underly-
ing attentional control and how the latter corresponds to variations
in behavioural performance in two interference suppression tasks. We
found that both increased frequency of language switching and inten-
sity/diversity of bilingual language usage corresponded to diminished
interference effects in induced top-down control measures (theta power)
in the flanker task which in turn was beneficial for interference control.
In other words, frequent engagement with both languages and frequent
switching between languages seemed to have trained executive control,
which meant that proactive top-down control was more efficient and
thus led to less interference of flankers. In contrast, duration of bilingual
engagement correlated negatively with interference effects in evoked
bottom-up control measures (specifically P3) which was in turn was
detrimental to interference control. Thus, having used two languages

for longer meant that attentional resources for interference suppression
were reduced and delayed, which meant that interfering flankers led to
increased response delays.

Our findings broadly support the hypotheses of the UBET framework
(DeLuca et al., 2020) and the models it is based on, which detail the
structural and functional neurocognitive adaptations to the cognitive
control demands associated with bilingual engagement. Crucially, as we
discuss below, these neural adaptations to experience have implications
for attentional control processes.

Previous work has suggested that, with time, bilingual engagement
leads to a shift from a reliance on anterior cortical control regions to pos-
terior subcortical regions (see also the BAPSS framework: Grundy et al.,
2017; and the DRM: Pliatsikas, 2020). Our EEG results for the flanker
task are in line with this hypothesis. Bilinguals exhibited reduced neural
responses associated with anterior cortical control compared to mono-
linguals. They showed attenuated responses for N2, theta and beta band
rebound. Furthermore, they showed attenuated and later P3 responses
as well as a smaller interference effect in P3 amplitudes.

Furthermore, our investigation into the effects of individual differ-
ences in bilingual experience onto neurocognitive and behavioural re-
sponses in the flanker task confirmed the attenuation of anterior control
mechanisms with increasing level of bilingualism, as predicted by the
UBET framework, the BAPSS framework and the DRM. The increased
duration of bilingual language usage was related to reduced bottom-up
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control, reflected in later P3 peaks and smaller increase in P3 amplitudes
for interfering flankers. In addition, more intense and diverse bilingual
language usage and increased language switching was related to reduced
top-down control, reflected in a smaller midfrontal theta power effect.
An effect of intensity and diversity of language usage on neural func-
tioning is in line with assumptions of the ACH model (Abutalebi and
Green, 2016; Green and Abutalebi, 2013), even if the ACH does not
predict reduced anterior engagement.

The lack of predictive validity of our relative proficiency measure
within the SEM analyses was not predicted (recall that it was dropped
from SEM due to a high degree of covariance with intensity of use).
However, this result stands in line with previous argumentation that,
particularly past a certain point of proficiency, it is unlikely that higher
proficiency in a language will independently contribute to neurocogni-
tive adaptations beyond other experiential factors like degree of en-
gagement with one’s languages. Recall that the relevant mechanisms
for bilingualism-induced neurocognitive adaptation are active selec-
tion/inhibition of languages to facilitate communication. Thus, one’s
competence in a language may only matter insofar as having the rele-
vant representations to manage rather than how adherent to a target-
like standard it is (for further discussion, see DeLuca et al., 2019).
Thus, the more predictive measure of bilingual experience to affect dif-
ferent neurocognitive adaptations would be the extent to which the
languages are engaged with over time. Furthermore, greater degrees
of engagement with one’s languages are likely to correlate with pro-
ficiency in them. Further research is needed, however, to assess this
interpretation.

Maybe most interesting, modulations of bottom-up (i.e., stimulus-
driven ERPs) and top-down mechanisms (induced activity, especially
theta, see, e.g., Cavanagh and Frank 2014, Helfrich and Knight 2016)
in the flanker task had opposite effects on the behavioural interference
effect. Smaller interference effects were related to increased bottom-
up control (i.e., larger P3 amplitudes and shorter latencies) on the one
hand and reduced anterior top-down control (i.e., reduced theta power;
Almabruk et al., 2015; Jannsens et al., 2018; Mazaheri et al., 2014;
Suzuki et al., 2018; Zavala et al., 2016) on the other hand. Together
with the relationships of the bilingual experience factors with bottom-up
and top-down control, these findings mean that longer bilingual dura-
tion effectively led to a larger interference effect, while increased inten-
sity/diversity of bilingual usage and increased language switching led to
a smaller interference effect. This is important in order to interpret the
absence of a behavioural difference in interference suppression in our
group comparison. It seems that the advantage of bilingual attenuation
of frontal top-down control and the disadvantage of bilingual bottom-up
control cancelled each other out.

The results of the flanker task and Simon task showed qualitive
differences in control mechanisms. The Simon task, in contrast to the
flanker task, showed no condition differences in alpha and beta band
power. Furthermore, neuro-functional group differences present for the
flanker task were largely absent. The only common result was atten-
uated anterior N2 responses in bilinguals, suggesting again a reduced
anterior activity. In contrast to the flanker task, though, there was (a)
no group difference with regards to the interference effect in P3 ampli-
tude, and (b) bilinguals showed a larger instead of smaller interference
effect in theta than monolinguals. While the latter could be interpreted
as particularly strong bilingual engagement of anterior control during
interference suppression, the widespread location of the effect suggests
that control mechanisms were not a mere reflection of anterior corti-
cal control. This stands in contrast to the particularly anterior location
of the theta effect in the flanker task. Furthermore, in the Simon task,
individual variations in bilingual experience were not related to neu-
rocognitive reflections of bottom-up or top-down control, and the latter
were not related to behavioural interference suppression. This stands in
stark contrast to the findings for the flanker task.

We propose two possible reasons for the differences between tasks.
Firstly, it may be the case that differences in task parameters led to
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differing degrees of control demands. In particular, the differing ra-
tio of congruent-incongruent trials (50-50 in the Simon versus 75-25
in the flanker task) and the impact this has on monitoring demands
(e.g., Costa et al., 2009) may have contributed to the discrepant find-
ings. This is consistent with previous findings that bilingualism-induced
behavioural performance effects may only be observed in tasks requir-
ing a high degree of attentional control (Bialystok and Craik, 2022;
Bialystok et al., 2004; Linck et al., 2008; Morales et al., 2013). Thus,
while the paradigms used here were chosen for the purpose of our
study because they had revealed superior performance for bilingual
compared to monolingual participants, future studies might want to im-
plement paradigms that are more demanding on attentional or cognitive
control.

However, differences in interference effects on neural measures and
the reversal of the group difference in interference-induced theta power
between the tasks suggest that the flanker task was not simply more
demanding. Instead, these results are in line with previous conclusions
(e.g., Pratte et al., 2010, Mansfield et al., 2013, but see Burle et al.,
2014) that the tasks recruit functionally distinct control mechanisms.
These might be differentially impacted by bilingual experience. One in-
dication for functional control differences is that congruency effect in
flanker tasks increases with response time, whereas it decreases in the
Simon task (Hiibner and Tobel, 2019). Furthermore, asymmetries in the
Simon task are particularly affected by lateralized spatial biases and not
as much by response selection biases (Spironelli et al., 2009), suggesting
engagement of the orienting network is a particular important contrib-
utor to the interference effect. However, orienting network efficiency
does not appear to differ between mono- and bilinguals (Costa et al.,
2008, 2009; Hernandez et al., 2010). It is thus perhaps not surprising
that the Simon task is less sensitive to individual differences in bilingual
experience than the flanker task. Future research in this area ought to
utilise tasks which can assess multiple attentional networks (e.g., At-
tention network task, Fan et al., 2002) to more precisely delineate the
effects of individual differences in bilingual experience on various as-
pects of attentional control.

Differences between bilingual and monolingual performance on the
Simon task in previous studies has been inconsistent (e.g., Bialystok
et al., 2004; amongst others). As suggested by Paap et al. (2015), it
needs to be established under which circumstances group differences
occur. One factor may be how bilingualism is operationalised. A recent
study by Champoux-Larsson and Dylman (2021) demonstrates how this
might change patterns of task performance on task. They found that
measures of non-native language use in social situations and the com-
posite bilingualism score of the LSBQ, which takes into account all kinds
of measures of bilingual experience, predicted behavioural performance
on the Simon task (with higher scores on these factors associated with
slower reaction times, conferring with the results of the current study),
while non-native language use at home and code switching did not pre-
dict performance. Importantly, age of second language acquisition did
not predict performance when used dichotomously (i.e., late vs. early),
but did when used as a continuous variable. This finding, along with
those of the current study, suggest that utilising measures which capture
a wide range of bilingual experiences can enable observation of effects
which may be obscured by the dichotomous approach typically used in
previous research. Another contributory factor to the differences in task
may be the demands of the specific task, or the specific underlying cog-
nitive processes that the task taps in to (Bialystok and Craik, 2022), as
discussed above.

Despite the differences between the two tasks, we also found that
bilinguals responded more slowly in both tasks, without a difference in
interference effect. While this result appears at odds with many previ-
ous findings in the literature (e.g., Bialystok et al., 2004, Costa et al.,
2009, Luk et al., 2011, Tao et al., 2011), it has been reported be-
fore (Vivas et al., 2017; Markiewicz et al., 2023). Markiewicz et al.
(2023) found that the slow responses were caused by long response dis-
tribution tails and that the length of the tails was negatively correlated
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with P3 amplitude. Similarly, we found P3 amplitudes to be attenuated
for bilinguals in the present study. The slower responses in bilinguals
thus appear to be caused by reduced bottom-up control in our bilingual
sample as a whole. Based on these results alone, one might conclude
that the bilingual participants in our sample had a disadvantage in cog-
nitive control. While this might be true for the bilingual and monolin-
gual samples as a whole, our individual differences analysis shows that
the picture is much more complicated. As such, taking individual differ-
ences into account leads to more interesting insights into the effects of
bilingualism than group comparisons, with the latter having led to seem-
ingly incompatible findings. Importantly, we found that bottom-up and
top-down processes had opposite effects on the behavioural interference
effect. Our results therefore emphasise that slower responses in interfer-
ence suppression tasks should not merely be interpreted as less efficient
processing and therefore as a disadvantage. Much more interesting is
that they may indicate varying adaptations to control demands, such
as heightened conflict monitoring (e.g., Calabria et al., 2011, Zhou and
Krott 2018), or goal maintenance (e.g., Gullifer and Titone 2021), partic-
ularly when performance is associated with reduced reliance on (neu-
ronally expensive) cortical control, as appears to be the case for the
bilinguals in our study.

The current study also supports previous work arguing that it is
not sufficient to establish whether bilinguals and monolinguals differ
in terms of behaviour in cognitive control tasks, it is important to inves-
tigate neuro-functional differences in order to conclude whether bilin-
guals perform differently or not. We have also seen that there is no
simple one-to-one mapping of neuro-functional differences and perfor-
mance differences, and different measures of bilingual experience (du-
ration of bilingual language use versus intensity/diversity and language
switching) can affect different neural measures and lead to opposite pat-
terns of behavioural effects (larger or smaller interference effect). This
also means that the term ‘bilingual advantage’ in attentional or cognitive
control, often used in the literature, is inappropriate (see also Poarch and
Krott 2019).

In summary, the present findings are, to our knowledge, the first
demonstration of a direct link between individual differences in bilin-
gual experience, brain function and behavioural performance of an in-
terference suppression task. They provide direct evidence of neurocog-
nitive adaptations resulting from intensity, diversity and duration of
non-native language use, as well as language switching. These factors
were significantly associated with neurophysiological measures which
predict behavioural performance and suggest an increasingly automatic
mechanism for interference suppression (i.e., reduced reliance on corti-
cal control). In order to elucidate the nature of the hypothesised bilin-
gual adaptation in cognitive control, future studies in this area ought to
fully consider the multi-faceted nature of both bilingual experience, and
inhibitory control.

5. Materials and methods

Data, analysis scripts and experiment files described in this section
can be found at https://osf.io/ab8u3/.

5.1. Participants

We recruited young adults via advertisements on the campus of the
University of Birmingham, through social media, and word of mouth.
Study participants were paid a small fee as compensation for their time.
Two-hundred and thirty-nine participants (163 female, mean age: 22.9
years, SD: 3.7) completed session 1 of the experiment and therefore the
flanker task. This included 71 native English-speaking participants (48
female, mean age: 21.0 years, SD: 2.6) who reported limited knowl-
edge of a second language (i.e., complete beginner or elementary sta-
tus). These were classified as monolinguals for our group comparison.
The remaining 168 participants (115 female, mean age: 23.7 years, SD:
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Table 3

Mean SES and Raven’s Progressive Matrices scores. SES was assessed using
the mean parental level of education where 0 = “No high-school diploma”,
0.25 = “High school diploma”, 0.5 = “Some post-secondary education”,
0.75 = “Post-secondary degree or diploma, 1 = “Graduate or professional de-
gree”. Raven’s Progressive Matrices scores indicate the number of correct re-
sponses out of 60. Independent samples t-tests revealed no significant difference
between the groups in either measure (all ps > 0.05).

Group SES (SD) Raven’s Progressive Matrices
Monolinguals 0.68 (0.28) 44.5 (6.3)
Bilinguals 0.66 (0.32) 45.2 (7.2)

3.8) reported to be fluent in two, but not more than two languages (i.e.,
advanced or fluent). These participants were classified as bilinguals for
our group comparison. Of the session 1 sample, 208 participants (146 fe-
male, mean age: 22.9 years, SD: 3.7) returned for session 2 and therefore
for the Simon task. This included 60 participants classified as mono-
linguals (41 female, mean age: 20.9 years, SD: 2.8) and 148 partici-
pants classified as bilinguals (105 female, mean age: 23.7 years, SD:
3.8). Monolingual and bilingual groups were matched on a measure of
general intelligence (Standard Progressive Matrices; Raven et al., 2004).
They were also matched on socioeconomic status (SES), which we mea-
sured by parental education level due to the fact that the large majority
of our participants were students and thus did not differ much in terms
of education or income (see Table 3).

All participants were pre-screened in accordance with the study’s el-
igibility criteria; they were required to be right-handed, have normal or
corrected-to-normal vision and no history of head injuries resulting in
concussion or any condition for which neurological damage was a fea-
ture, e.g., epilepsy. The study was conducted following the guidelines
of the British Psychological Society code of ethics and approved by the
Science, Technology, Engineering, and Mathematics (STEM) Ethical Re-
view Committee for the University of Birmingham.

5.2. Procedure

The experiment comprised of the two cognitive control paradigms
(detailed further in the Cognitive control paradigm section) and a com-
prehensive set of questionnaires (detailed further in the Bilingualism
questionnaires section) to gather information about participants’ bilin-
gual experience. These were administered over 2 sessions. Each session
started with participants being measured for and fitted with an elas-
ticated cap for EEG recordings, whilst they completed questionnaires.
In session 1, participants filled in the Edinburgh Handedness Inven-
tory (Oldfield, 1971), to confirm right-handedness, and the Language
and Social Background Questionnaire (LSBQ). This was followed by the
flanker task during which EEG was recorded. Subsequently, they com-
pleted the Oxford Quick Placement Test (OQPT) and a phonemic and
a semantic verbal fluency (VF) task. In session 2, participants filled in
the Switching Experience & Environments Questionnaire (SEEQ) and
subsequently took part in the Simon task while EEG was recorded.
They then completed the Standardised Progressive Matrices assessment
(Raven et al., 2004), second phonemic and semantic VF tasks, and fi-
nally the National Adult Reading Test (NART). In each session, partic-
ipants completed one phonemic and one semantic VF task. Monolin-
gual participants completed all VF tasks in English. Bilingual partici-
pants completed one phonemic and one semantic VF task each in their
first and second languages, with languages counterbalanced between
sessions.

Additionally, participants completed a resting state recording
(7 min) as well as colour-shape and number-letter switching tasks. These
were not part of the present research aims and relevant to a separate in-
vestigation.
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Fig. 5. Testing procedure for study sessions as well as task param-
eters of the two EEG experiments.
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5.3. Cognitive control paradigms

5.3.1. Simon and flanker tasks

For the flanker and Simon tasks, we adopted the versions by
Eriksen and Eriksen (1974) and Simon and Wolf (1963), respectively.
The stimuli of the flanker task consisted of a row of five arrows pre-
sented either above or below a central fixation cross. Stimuli of the Si-
mon task consisted of a red or blue square presented at either the left or
right side of the display.

Fig. 5 shows a schematic outline of the two tasks as well as the pro-
cedure for each testing session. For both tasks, each trial started with a
1500 ms central fixation cross on a computer monitor. The stimulus was
then presented and both stimulus and fixation cross remained on screen
for 2000 ms or until response. This was followed by a blank screen for
150 ms. Interstimulus intervals (ISI) randomly varied between 1190 and
2179 ms, with a mean ISI of 1654.6 ms. Flanker stimuli occupied ap-
proximately 2° of visual angle and were presented approximately 0.72°
(~1 cm) either above or below the fixation cross with equal probabil-
ity. Simon stimuli occupied approximately 6° of visual angle and were
presented approximately 5° (~7cm) to the left or right of the fixation
Cross.

Each task began with a practice block of 24 trials (a mixture of
12 congruent and 12 incongruent trials). Participants indicated the
direction of the central arrow (flanker task) or the colour of the stimuli
(Simon task) using a Cedrus RB-834 response pad (Cedrus, USA). In the
flanker task, they pressed a left button for left-pointing target arrows and
a right button for right-pointing target arrows. In the Simon task, they
pressed a left button for red squares and a right button for blue squares.
The Flanker task consisted of 5 blocks of 96 trials each (72 congruent,
24 incongruent; total 480 trials), while the Simon task consisted of 7
blocks of 64 trials each (32 congruent, 32 incongruent; total 448 trials).
The 25-75 ratio in the Flanker task was chosen because it is more taxing
in terms of monitoring demands and therefore attentional control and
has been found to distinguish more strongly between monolingual and
bilingual speakers (see e.g., Costa et al., 2009; for other studies using
this ratio, see, e.g., Zhou and Krott, 2018; Markiewicz et al., 2023).

Twelve participants’ behavioural data for the flanker and 1 partici-
pant’s behavioural data for the Simon task were lost due to corrupted
or missing data files. Due to low commission of errors (2.2% for the
Flanker and 3.5% for the Simon task), we did not analyse error rates.
For reaction times (RTs), we analysed correct responses, excluding RTs
(< 200 ms and )> 2.5SD from participant means using the trimr pack-
age for R. A total of 4.6% of flanker trials and 6.2% of Simon trials were
discarded from the analyses.®

3 We repeated the behavioral analyses using untrimmed data and this did not
alter the pattern of findings.
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5.4. Bilingualism questionnaires

5.4.1. Language and Social Background Questionnaire (LSBQ)
(Anderson et al., 2018)

This questionnaire gathers information about patterns of language
use of adults living in diverse communities where English is the domi-
nant language. The questionnaire focuses on the extent of non-English
proficiency and language use, both at home and socially. Information
from this questionnaire was entered into our SEM analysis (see Confir-
matory Factor Analysis and Table 2 below).

5.4.2. Switching experience and environments questionnaire (SEEQ;
adopted from Hartanto and Yang, 2016, and Rodriguez-Fornells et al.,
2012)

This questionnaire assessed amount and type of language switching
behaviour. It combined the Bilingual Switching Questionnaire (BSWQ;
Rodriguez-Fornells et al., 2012) and the Code-Switching and Interac-
tional Contexts Questionnaire (CSICQ; Hartanto and Yang, 2016). It
tested 9 aspects of language switching and asked about typical time
spent in 4 different environments (home, study, work and other, see
section ‘switching’ in Table 2). Questions 1-4 are taken from the BSWQ,
questions 8 and 9 from the CSICQ. Questions 5-7 are based on Green and
Abutalebi’s (2013) distinction of interactional contexts of language use.
Participants answered the questions for 4 different environments (home,
study, work and other). Responses to each of the nine questions were
adjusted for the percentage of time spent in each environment and were
fed into our SEM analysis.

5.4.3. Oxford quick placement test (OQPT; Syndicate U. C. L. E., 2001)

The OQPT is a short version of the Oxford Placement Test and mea-
sures objective English proficiency. It contains 60 multiple choice items
which assess the respondents’ knowledge of grammatical forms and vo-
cabulary. The total number of correct answers were used for the SEM
analysis.

5.4.4. Verbal fluency (VF) tasks

As a second measure of objective language proficiency, we adminis-
tered verbal fluency (VF) tasks. Participants were given 1 minute to list
as many words as they could according to a certain phoneme (words be-
ginning with ‘S’ or ‘F’ sound) or semantic (‘animals’ or ‘food’) criterion.
Bilingual participants performed each task in L1/L2, while monolingual
participants performed both tasks in L1.

5.4.5. National Adult Reading Test (NART; Nelson and Willison, 1991)
The third objective language measure was the NART, which assesses
English vocabulary. It comprises 50 English words of increasing com-
plexity, all of which are irregular in terms of rules of English pronunci-
ation. Participants are asked to read the words. Correct pronunciation
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cannot be determined by phonetically decoding the word and thus relies
on the knowledge of the words. Number of correctly pronounced words
were used for the SEM analysis.

5.4.6. Standardised progressive matrices (Raven et al., 2004)

This test is a general IQ measure and assesses nonverbal abstract
reasoning. We conducted the test in a timed fashion, with participants
having up to 25 min for completion. The number of correct answers
were taken as the final score. Scores were used to compare monolingual
and bilingual groups on general 1Q.

5.5. EEG acquisition

Continuous electrophysiological recordings were obtained using a
64-channel eegoSports system (ANT Neuro, Enschede, The Netherlands)
with Ag/AgCl passive electrodes positioned in a 10-10 system and im-
plemented in elastic sensor caps (Waveguard classic, Advanced Neuro
Technology B.V., Enschede, Netherlands). The EEG was acquired with
online reference to the CPz channel, at a sampling rate of 500 Hz, with
a 30-Hz low-pass filter (24 dB/octave) and a 0.05-Hz high-pass filter,
implemented in the EEGosports firmware. Impedances were kept below
20kOhms. Additional bipolar electrodes were placed beside each eye for
horizontal and above/below the right eye for vertical electro-oculogram
recordings.

5.6. EEG pre-processing & analysis

Offline EEG recordings were imported into EEGLAB (Delorme and
Makeig, 2004) for visual examination, and excessively noisy or flat chan-
nels were removed. EEG recordings were then high-pass filtered at 1 Hz
for the purpose of conducting independent components analysis (ICA),
as it has been shown that this results in significantly improved signal-
to-noise ratio and classification accuracy of components relative to not
filtering (Winkler et al., 2015). ICA weights obtained from the filtered
data were then added back to the original data. The resulting data were
re-referenced to an average montage, and segmented around stimulus
onset, with a 2000 ms baseline and epochs extending to 3000 ms post-
stimulus. Blinks, eye movements and muscle artefact components were
then identified and removed, with an average of 2.22 components re-
moved from the data for the flanker task (ML: 2.04, BL: 2.27), and 2.75
components removed for the Simon task (ML: 2.72, BL: 2.76). We re-
jected trials if responses were incorrect, RTs < 200 ms or > 2.5SD of the
mean for each condition per participant. This led to 2.12% of monolin-
guals’ trials (6.96% incongruent, 0.5% congruent) and 1.46% of bilin-
guals’ trials (4.27% incongruent, 0.52% congruent) being discarded for
the flanker task and 3.07% of monolinguals’ trials (3.77% incongruent,
2.36% congruent) and 2.79% of bilinguals’ trials (3.38% incongruent,
2.19% congruent) for the Simon task. Visual inspection of the data was
then conducted to identify and remove epochs which still contained ex-
cessive noise or other artifacts. In total, 9.83% of flanker trials were
rejected, leaving an average of 432.8 trials per participant (ML: 429,
BL: 434.5). 10.19% of Simon trials were rejected, leaving an average of
402.4 trials per participant (ML: 402.9, BL: 402.1). Subsequently, chan-
nels that were originally removed due to excessive noise were interpo-
lated.

Time-frequency representations (TFRs) of power were estimated on
the EEG epochs with the FieldTrip “mtmconvol” method and using an
adaptive sliding time window (Hanning taper) with the length of 3 cy-
cles per each frequency of interest. This approach has been taken previ-
ously by Mazaheri et al. (2009), Poulisse et al. (2020), and van Diepen
et al. (2015). The analysis included the frequency of interest of 2—
30Hz in steps of 1 Hz, and the time of interest of —1 to 2 s in steps
of 0.05s.

Time-locked averaged ERPs were subtracted from the power spectra
for each individual and condition in order to identify induced oscillatory
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activity in isolation from evoked activity (Cohen, 2014; Sauseng et al.,
2009; Mazaheri and Picton, 2005). To examine neural correlates of in-
hibitory control, power spectra obtained from congruent trials were sub-
tracted from those obtained from incongruent trials (Cohen and Rid-
derinkhof, 2013; Nigbur et al., 2011). These difference spectra formed
the basis of the frequency analyses and structural equation modelling
(SEM) reported below.

5.7. Confirmatory factor analysis

Responses of questionnaires (LSBQ, SEEQ) and proficiency measures
(O-QPT, NART & VF tasks) were loaded onto 4 latent variables to test
the effect of bilingual experience on interference suppression (derived
from the UBET model; DeLuca et al., 2020). These were duration of bilin-
gual language use, intensity and diversity of language use (hereafter inten-
sity/diversity), language switching and relative proficiency.

The latent variables were composed by confirmatory factor analy-
sis (CFA) using the package lavaan (Rosseel, 2012) in R (version 4.1.2;
Core Team, 2021). Table 2 lists the measures that were loaded onto the
different variables together with their factor loadings.

Duration of bilingual language use was calculated by subtracting pe-
riods of second language non-use from an overall measure of second
language duration (age at time of testing minus age of acquisition).

The factor intensity/diversity captured patterns of language use
across different contexts and was based on responses from the LSBQ
(Anderson et al., 2018) and a measure of language entropy. More specifi-
cally, it assessed the ratio of first language/second language usage across
different interaction partners (friends, family), activities (e.g., texting,
emailing, browsing internet etc.) and contexts (home, social activities).
Language entropy was calculated using the language entropy function
implemented in R (Gullifer and Titone, 2018).

The language switching factor was based on the SEEQ and assessed
language switches in terms of frequency and type (e.g., conscious, un-
conscious) and across different contexts (e.g., with friends, family and
on social media).

The factor relative proficiency was based on scores from the Oxford
Placement Test (Quick version; O-QPT) and National Adult Reading Test
(NART), along with a ratio of second language-English verbal fluency,
as measured by the verbal fluency tasks.

In general, error variances were correlated where items were theoret-
ically proposed to overlap (e.g., language used while watching movies
and TV, or language used while emailing and browsing the internet etc.)

5.8. Structural equation modelling

We hypothesised that the latent variables derived from the CFA de-
scribed above (i.e., intensity/diversity, language switching, duration of bilin-
gual language use and relative proficiency) would be associated with func-
tional neurocognitive adaptations, which in turn would predict the be-
havioural effects of interference during Flanker and Simon task perfor-
mance. We conducted structural equation modelling (SEM) using the
lavaan package in R (Rosseel et al., 2012) to examine these hypotheses.

We included only participants with full datasets in this analysis. Rea-
sons for missing data was primarily questionnaire data that was not sub-
mitted or stored correctly, corrupt behavioural data files or unusable
EEG data from either task (due to low recording quality, missing stimuli
tags etc.) Therefore, the analysis reported in this section is conducted
on a dataset of 186 participants (135 categorised as bilinguals).

The latent language variables obtained from CFA were loaded onto
two latent factors which corresponded to theoretically derived variables
of interest (DeLuca et al., 2020): Intensity/diversity and language switch-
ing were loaded onto a factor labelled executive function demands (EF
demands), while relative proficiency and duration of bilingual language use
were loaded onto a factor labelled efficiency. A covariance term was in-
cluded for EF demands and efficiency. CFA revealed that observed vari-
ables loaded significantly onto these latent variables, but negative vari-
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ances were observed for relative proficiency and intensity/diversity. Ex-
amination of the correlation matrix revealed this was likely caused by
collinearity between these two variables (r > 0.95). Intensity diversity
was considered the more robust measure of the two as it was loaded by
a larger number of observed variables and its estimated variance was
less negative. Thus, relative proficiency was removed from the model and
duration of bilingual language use was set as a single-indicator variable.

Functional neurocognitive adaptations were divided into bottom-up
control and top-down control. Interference effects for P300 and N2 mea-
sures were loaded onto the latent variable bottom-up control, while in-
terference effects for theta and alpha power were loaded onto the latent
variable top-down control. Spectral power was extracted from regions-of-
interest (ROIs) and timepoints-of-interest (TOIs) which corresponded to
the maximal differences between conditions, as identified by the cluster-
based permutation tests reported above. Thus, induced theta power was
extracted from 250 to 750 ms post-stimulus for the flanker task, and
100-500 ms post-stimulus for the Simon task, from a ROI comprised of
several frontocentral electrode sites (FCz, Fz, FC1, FC2, F1 & F2). In-
duced alpha power was extracted from 600 to 1000 ms post-stimulus
from a ROI of occipital regions (01, O2 & Oz). ERP amplitude and la-
tency measures corresponded to the condition difference (i.e., incongru-
ent minus congruent) and were extracted from the same electrode sites
as used in the ANOVA described above.

The RT measure represented the RT difference between incongruent
and congruent correct trials, as determined by the procedure described
above.
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