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This study uses resting state EEG data from 103 bilinguals to understand how determinants of bilingualism may
reshape the mind/brain. Participants completed the LSBQ, which quantifies language use and crucially the di-
vision of labor of dual-language use in diverse activities and settings over the lifespan. We hypothesized cor-
relations between the degree of active bilingualism with power of neural oscillations in specific frequency bands.

Moreover, we anticipated levels of mean coherence (connectivity between brain regions) to vary by degree of
bilingual language experience. Results demonstrated effects of Age of L2/2L1 onset on high beta and gamma
powers. Higher usage of the non-societal language at home and society modulated indices of functional con-
nectivity in theta, alpha and gamma frequencies. Results add to the emerging literature on the neuromodulatory
effects of bilingualism for rs-EEG, and are in line with claims that bilingualism effects are modulated by degree of
engagement with dual-language experiential factors.

1. Introduction

Having more than one linguistic system in a single mind and, thus,
managing the mental juggling of bilingualism—e.g., tension between
activation, selection, and inhibition at many levels (e.g., Kroll et al.,
2012)—requires some level of increased engagement of language con-
trol and domain-general executive functions (EFs). Although having
knowledge of more than one language is a defining characteristic of
bilingualism, it is dynamic. In other words, bilingualism is not a
monolithic phenomenon. The label “bilingual” encompasses a consid-
erable array of types of speakers, from simultaneous child acquirers in
bilingual societies, to late adult second language learners in and outside
of linguistic immersion, to minority (heritage) language speakers
growing up in societal monolingualism and many more cases along a
sizeable continuum. As a result, opportunities for engagement with ex-
periences of bilingualism are not equal. Rather, they vary across a wide
range of dimensions at aggregate and individual levels —e.g., age of
onset, duration of bilingualism, intensity and degree of usage (in real
and apparent time), (shifts) in linguistic dominance (over time), expo-
sure to/training in literacy, variation in input (quantity and quality),
social networks for language use, sociopolitical contexts (Surrain & Luk,

2019). Thus, it should come as no surprise that linguistic, social and/or
neurocognitive outcomes of bilingualism display significant degrees of
variation.

Although the relevant mechanisms underlying bilingual mind/brain
adaptations are not yet fully understood, bilingualism has been shown to
reshape the brain and modulate its ability to process information (e.g.,
Bialystok et al., 2012; Pereira Soares et al., 2019; see Pliatsikas, 2019 for
review). While being bilingual is a necessary condition for relevant
neurocognitive effects, it is clearly not a sufficient one. We know from
recent work that variability in bilingual language experience is a good
predictor for the existence, extent and degree of individual adaptation
(DeLuca et al., 2019a; DeLuca, Segaert, Mazaheri, & Krott, 2020; Li,
Legault, & Litcofsky, 2014; Pliatsikas, Moschopoulou, & Saddy, 2015).
While cognitive effects, especially in executive functions behavioral
performance, are not always attested (see Lehtonen et al., 2018; Nichols
et al., 2020; Paap et al., 2015; Paap, 2016), several factors must be
considered to understand their phantom-like appearance across studies
(Bak, 2016; Bialystok, 2017; Leivada et al., 2021). While several (at least
partially overlapping) factors are likely to contribute to the variability in
result patterns (Grundy, 2020), one that has received particular atten-
tion in the past few years regards how bilingualism is defined,
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operationalized and measured across studies (Luk & Bialystok, 2013;
Surrain & Luk, 2019). Treating bilingualism as a binary variable, as has
often been done in the literature, can lead to the washing out of dynamic
factors, obscuring (the full picture of) what determinants of bilingualism
lead to neurocognitive adaptations (Bialystok, 2016, 2017). Indeed,
recent empirical work provides compelling evidence that a more
nuanced approach to quantifying and qualifying bilingualism at the
individual level matters a great deal. By situating individuals along a
continuum of experiential variables and engagement with bilingual ac-
tivity, data reveal the context-dependency of the social milieu of bi-
linguals to the opportunities individuals ultimately have for achieving
mind/brain effects (DeLuca et al., 2019a; Gullifer & Titone, 2020; Luk &
Bialystok, 2013; Sulpizio, Del Maschio, Del Mauro, Fedeli, & Abutalebi,
2020).

Couched within the growing literature seeking to unpack outcome
variation across bilinguals themselves in the domain of neurocognition,
the present study uses resting state EEG (henceforth rs-EEG) to investi-
gate how bilingual experience affects underlying cognitive systems. In
such an endeavor, variation in the pool of bilinguals considered is
essential. Thus, the participants in the present study represent a set of
diverse backgrounds with regards to various factors, including but not
limited to type of bilingualism, age of onset, duration of bilingualism,
intensity of engagement with language usage and geographical location.
Differently from the more commonly used EEG technique of event
related potentials (ERPs) associated with a specific task (linguistic or
cognitive), rs-EEG measures the ongoing brain signal in a task-free
context of wakeful rest. At the cellular level, rs-EEG represents the
intrinsic synchronizing firing of neurons and, thus, the spontaneous,
oscillatory, and endogenous functioning of the brain (Berger, 1929;
Buzsaki et al., 2012). By recording the signal from the “resting” brain,
we can extrapolate measures and information regarding the brain’s
intrinsic dynamics. Task and instruction free oscillatory brain activity
has been linked to general neural functioning, that is, an indicator of the
“readiness” of the neural system or a “signature” of an individual’s
neural functioning at any given point in time (Miall & Robertson, 2006;
Raichle & Snyder, 2007; Raichle et al., 2001). Rs-EEG slowly shifts with
increasing age, likely reflecting neural reorganization and cognitive
development from infancy to young adulthood and aging (Anderson &
Perone, 2018; Buzsaki, 2006; Doppelmayr et al., 2002; Klimesch, 1999).
Importantly, however, it remains fairly stable over shorter periods of
time (Anderson & Perone, 2018; Salinsky et al., 1991). As such, rs-EEG is
likely to reflect past and more recent life experiences by modulating,
maintaining and updating short and long-range brain pathways (Raichle
& Snyder, 2007). In other words, the accumulating (mostly repeating)
cognitively complex and engaging experiences during one’s lifespan get
intrinsically saved and imprinted in differential brain patterns. This al-
lows one to be as ready as possible for present and future events. Rs-EEG
(and MRI) has been widely used in the cognitive neuroscience literature
to examine the potential role cognitive demanding life-style enrichment
factors have on underlying cognitive/brain functioning in specialized
groups such as athletes (e.g., Babiloni et al., 2010; Gong et al., 2019),
musicians (e.g., Cantou et al., 2018; Kay et al., 2012) and meditators (e.
g., Cahn & Polich, 2006; Xue et al., 2014) to name a few. However, only
very recently has rs-EEG been applied to bilingualism, an interesting fact
considering that half the world’s population is at least to one type of
bilingual (Bice et al., 2020). The present study adds new dimension to
the nascent application of this method in our field by delving deeper into
the role that individual level engagement with bilingual experiences has
on the underlying readiness of the mind/brain.

A common way to analyze rs-EEG is to look at power differences in
the frequency domains. The alpha rhythm (conventionally 8-12 Hz) is
the dominant brain frequency and especially high over occipital elec-
trodes (Berger, 1929; Buzsaki, 2006). Other brain rhythms include delta
(0.5-4 Hz), theta (4-8 Hz), beta (12-30 Hz) and gamma (30-50 Hz)
(Buzsaki, 2006). In general, low oscillation frequencies are associated
with long-distance communication in the brain, whereas higher
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frequencies are typically used for local processing (Von Stein & Sarn-
thein, 2000). Furthermore, the different EEG frequency bands (espe-
cially the most studied alpha and beta oscillations) have been linked to
differential mechanisms that sustain relevant cognitive systems, such as
working memory (Miller et al., 2018), inhibition/cognitive control
(Jensen & Mazaheri, 2010; Klimesch et al., 2007; Strauss et al., 2014)
and language processing (Bastiaansen & Hagoort, 2006; Bornkessel
et al., 2004; Giraud & Poeppel, 2012) among others. These processes
reorganize and modulate peak timing within and between different
neuronal networks by linking and coordinating information that unfolds
over time (Buzsaki, 2006).

Indeed, resting state measures within the neurocognitive study of
bilingualism is not new, however, the vast majority of studies have been
done using the MRI technique. Thus, the focus has been on where in the
brain changes can be observed. The main question therein has been if
the effects seen on the brain, specifically on domain general cognitive
control, also show up in the absence of a specific task. A considerable
amount of resting state literature has suggested that bilingualism
permanently shifts underlying brain mechanisms, leading to long-term
structural and functional changes (e.g., Berken et al., 2016; Grady
et al., 2015; Gullifer et al., 2018; Luk et al., 2011; Sun et al., 2019;
Yamasaki et al., 2018). This suggests that life experiences, such as
bilingualism, can ultimately induce brain changes, which stretch beyond
the ones observed directly in the lab while participants perform a spe-
cific task. For instance, volumetric changes, spatial distribution and
functional connectivity, the most studied measures within resting state
fMRI, are amenable to bilingualism, at least under certain conditions (e.
g., Berken et al., 2016; Gullifer et al., 2018; Li et al., 2015; Sun et al.,
2019). Although MRI resting state neural indices appear to be stable
across time, they “only” provide information on which parts of the brain
are modulated due to dual-language experience. Rs-EEG, therefore,
complements rs-MRI by overcoming its issues of low temporal granu-
larity. It also permits a better understanding of how and the extent to
which past life linguistic experiences may modulate brain intrinsic
mechanisms as well as which variables are implicated in the regulation
of bilingual language control networks themselves. Differently from
MRI, portable EEG systems facilitate more ecological testing to take
place in different immersive environments, which in turn allow for
higher cross population comparability, larger scaled multi-comparative
studies and, in principle, foster greater access for underrepresented
populations in empirical research. This is not a trivial point, as greater
variability in data samples and increased representation across the
board associated with a fine-grained brain methodology could give rise
to new opportunities in the field of bilingualism research and (dis)
confirm hypotheses based on limited data or non-representative groups
(Luk et al., 2021). And so, within this context, rs-EEG has the potential to
examine similar questions from a different perspective and with the
breath of a relatively novel (to the field) methodology.

In the first study of its kind, Prat et al. (2016) were interested in how
rs-EEG measures would predict language learning rate during an
immersive French-training paradigm by means of a computerized
learning environment. RS-EEG was recorded before the onset of the
training and correlated to the learning outcomes. The findings revealed
positive correlations between low (13-14.5 Hz) and mid-beta (15-17.5
Hz) rs-EEG frequencies over right temporoparietal regions and learning
outcomes, explaining up to 60% of the learning variability. The results
highlight the utility and advantages of using rs-EEG to study individual
differences in new language learning in a construct-free paradigm. More
recently, Prat et al. (2019) replicated and extended their previous
findings in a larger sample of adult participants who were exposed to an
8-week French instruction through a virtual language and cultural im-
mersion software. Their results showed that higher beta power recorded
over the right hemisphere and coherence (functional connectivity) be-
tween right frontotemporal sites across all frequencies predicted posttest
declarative memory retention and more variance in speech during
learning. These two studies represent milestones, underscoring the
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utility of rs-EEG. However, they cannot tell us (nor did they intend to
address) the full applicability of rs-EEG in bilingualism studies, for
example, the extent to which differences can be predicted by the life
experience that is bilingualism. A first crucial step in this direction
comes from Bice et al. (2020). The authors investigated if and how the
demands of being bilingual has an impact on brain functioning. They
recorded rs-EEG eyes-closed data from 106 bilinguals and 91 mono-
linguals. Findings revealed greater alpha power and coherence in the
alpha and beta frequency ranges in bilinguals. Follow-up analyses
showed that alpha frequency positively correlated with more second-
language use, higher native-language proficiency, and earlier age of
second-language acquisition. On the other hand, beta power was
correlated to L1 proficiency bilaterally and theta power only in the left
hemisphere. All in all, these results showed for the first time using rs-
EEG that the linguistic and cognitive demands of bilingual language
use reshape intrinsic brain activity.

Building on the insights from Bice et al. (2020), the present study
brings together data from a large sample of bilinguals with diverse
backgrounds to address the general question of whether bilingualism
can have a significant impact on intrinsic brain processes measured via
rs-EEG. Our focus, however, is not on any potential monolingual versus
bilingual distinction, but rather seeks to understand differences across
bilinguals of distinct types and intensity of engagement with potential
determinants of bilingual effects on the brain. Recall that previous
research has highlighted how brain power frequencies (mostly alpha
and beta) are differentially involved in top-down control mechanisms.
Specifically, they have been linked to general processes of cognitive
control, inhibition and language processing, including bilingualism.
Following this, we are interested in individual differences in various
aspects of bilingual language experiences, both static (proficiency in the
societal language, Age of L2 or 2L1 onset (AoA), and Length of exposure
to the non-societal language) and active ones related to usage patterns
(e.g., non-societal language exposure and use at home, non-societal
language use in the society or community). In view of the small rs-
EEG literature in bilingualism and the considerable emerging litera-
ture showing bilingual engagement differentially affecting mind/brain
outcomes, we hypothesize to find positive correlations between lin-
guistic variables and frequency bands (especially alpha and beta power),
particularly reflected in posterior brain regions, and/or levels of mean
coherence between brain regions to vary commensurable with language
experience variables.

2. Methods
2.1. Participant’s background information

Data was initially collected from 123 participants: 3 were excluded
due to bad electrodes while recording, 2 due to high levels of skin ar-
tifacts, 8 due to bad post-processing signal and 7 were excluded due to
missing background (LSBQ) information. This resulted in a total of 103
bilingual participants (Mean Age = 28.34, SD = 12.34; Female = 74), of
which 55 were collected in Germany and 48 in Norway. Out of 55
participants in Germany, 25 were early bilinguals (Italian was the home
(heritage) language). The remaining participants, 78 were late(r) second
language (L2) bilinguals, residents in Germany (N = 30) and in Norway
(N = 48). The participants in Norway all spoke Norwegian as their L1
and English as their L2 (with the exception of 2 participants who had
Swedish and Spanish as their L2). The late bilinguals in Germany spoke
German as their L1 and English as their L2 (the cut-off to be considered
late bilinguals was set at least 6 years of age) and the early bilinguals had
Italian as their L1 and either simultaneously acquired German as their
second L1 (2L1) or acquired German at a very young age, always below
the age of 4 (see Meisel, 2011). The age to first exposure to the L2/2L1
varied considerably within our participants (Mean = 6.25; SD = 3.58).
Although it was the case that the majority of individuals were first
exposed to the other language at a noticeably early age, this does not
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mean that important variation afforded by context of an individual’s
bilingualism is washed out (as will be clear below). Given the ubiquity of
the L2, English, timing of first exposure can be a bit misleading. While
first exposure to a language like English can be universally low in the
European context, this does not mean that quantity, quality and in-
tensity of exposure and use is the same at such an early age across the
board. Moreover, the context of heritage bilingualism brings with it
important consequences for engagement and exposure, not least as the
minority language is a native one that is naturalistically acquired and
used in specific contexts despite the fact it is typically not the dominant
language of the heritage bilingual in adulthood (e.g., Kupisch & Roth-
man, 2018; Polinsky, 2018; Rothman, 2009). On average, the partici-
pants were exposed to the L2/2L1 for 22.33 years (SD = 11.94). The
participants’ Socio-Economic Status (SES) was coded from 0 to 4 based
on their mother’s final education (0 = lower than a high school diploma,
4 = postgraduate degree). The participants’ mean SES was 1.59 (SD =
1.42).

All participants completed the Language and Social Background
Questionnaire (LSBQ) (Anderson et al., 2018), which documents the
participant’s language(s) exposure and use from early childhood to the
present day in a variety of activities and settings. The LSBQ permits the
computation of three factor scores: language use in the home environ-
ment (Home), language use in social contexts (Social), and language
proficiency in the societal majority language (Proficiency). These are
weighted aggregate scores which are derived from a set of relevant
questions within the LSBQ. For Home and Social factors, a higher score
indicates more engagement in the non-societal language (Italian or
English) and a lower score indicates more use and exposure with the
societal language in a given context. As for the Proficiency factor, higher
scores suggest higher proficiency in the societal majority language.
These three factor scores, in addition to age of onset to the non-societal
language (AoA) and length of exposure to the non-societal language
(LoE) were used for further analyses in predicting rs-EEG data. We
observed a mean score of 0.05 for Social (SD = 11.36), a mean score of
14.88 for Home (SD = 10.51), and a mean score of —0.91 (SD = 5.51) for
Proficiency (individual demographic data is represented in the Supple-
mentary Table 1 in the Supplementary Materials).

2.2. Study procedure

All participants volunteered and provided informed consent to take
part in the study and all procedures were approved by the ethical
commission of the University of Konstanz and the Norwegian Center for
Research Data (NSD). All procedures followed the same protocol and
were done with the same EEG equipment in both countries. Data was
collected either in a quiet room in a designated lab (University of Kon-
stanz, Heinrich Heine University Diisseldorf, University of Cologne or
UiT The Arctic University of Norway) or in a quiet room in a household
(mostly in Konstanz, Cologne and Diisseldorf). This was possible because
we employed a portable EEG system with active shielded electrodes (see
below for more details). First, participants completed the LSBQ. After-
wards, the EEG set was fit and recoding proceeded. Five minutes of task-
free eyes closed EEG data was recorded while the participants were
sitting in a quiet room facing a computer screen with a blank display.

2.3. Resting state EEG data acquisition and processing

EEGs were continuously recorded from 32 Ag/AgCl scalp electrodes
(LiveAmp32, Brain Products, Inc) and placed in an elastic cap in
accordance with the 10-20 system. AFz acted as the ground electrode
and FCz as online reference. Fpl and Fp2, located on the forehead above
the eyebrows, were employed to detect and monitor eyes movements
and blinks. Impedances were kept below 25 kQs. Signals were amplified
using a Brain Vision LiveAmp amplifier continuously digitized at a 1000
Hz sampling rate. Offline processing of the data was done in a two-step
manner. First, in Brain Vision Analyzer 2.0 (Brain Products, Inc), data
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was downsampled to 128 Hz, re-referenced to the average of both
mastoids (TP9 and TP10) and band-pass filtered from 0.1 to 45 Hz'.
Horizontal eye movements and blinks were detected using the automatic
independent component analyses (ICA) implemented in BVA. ICA was
performed on the whole dataset with 512 steps and an infomax
(Gradient) restricted algorithm.

Data was then exported in an R environment friendly format and fed
to the publicly-available script on Github developed by Prat et al. (2016)
in the Cognition and Cortical Dynamics Laboratory at the University of
Washington (available online on https://github.com/UWCCDL/QEEG).
In order to do so, the script was previously modified to accommodate the
channel information from the LiveAmp32 system (i.e., different channel
names and greater number of channels). A 2s sliding window with 50%
overlap between segments was used to split each participant’s data.
Segments containing artifacts, defined by having more than 3 standard
deviations from the average of the channel’s activity, were excluded. A
fast Fourier transform was applied on the data to decompose the signal
into the frequency domain. Afterwards, the signals were averaged
together. Log power measures at each frequency (see below) for each
participant and electrode and the correlation of activity between elec-
trodes in different scalp regions (i.e., coherence) were the measures used
for further steps in the analysis.

The individual frequency bands method was used to calculate the
boundaries between different frequency powers (see Bice et al. (2020)
for the same approach in bilingualism). In summary, frequency bands
were not fixed (frequently used measures are delta: 0-4 Hz, theta: 4-8
Hz, alpha: 8-12 Hz, beta: 12-30 Hz, and gamma: 30+ Hz) but adjusted
to each person’s individual alpha frequency (IAF; Klimesch, 1997). The
IAF is the frequency where the brain spectrum peaks. It is predominantly
between 8 and 14 Hz and stronger over occipital electrodes while
measuring eyes-closed EEG. Once the IAF is calculated, the values for the
frequency bands can be derived (delta was defined from 0 Hz to —6 Hz
below the IAF, theta from —6 to below —2, alpha from —2 to plus 2, low
beta from +2 to 410, high beta from +10 to +20, and gamma as any-
thing equal or greater than 20 Hz above the IAF). These individualized
frequency bands were used for all subsequent analysis of power and
coherence. The process of identifying the IAF at the participant’s level
included several exclusion steps. First, any channels with unusually high
or low activity in the frequency spectrum (bad channels) were removed.
To do this, the log power within 1-40 Hz was averaged across all
channels within each subject and then all channels with an average log
power of +2.5 standard deviations to the average of all channels were
excluded. This resulted in the exclusion of 30 channels (0.79% of all
data). Channels identified as bad through this process were excluded
from all subsequent analysis (IAF, average power and coherence). Sec-
ond, channels that did not show an alpha peak were also excluded from
the IAF calculation. An increase of 0.2 log(mVZ) or higher within the
frequency range 7.5-14 Hz was considered to be the sign of an alpha
peak. A total number of 205 channels lacked an alpha peak (5.4% of all
data). Different from the bad channels situation, the channels without an
alpha peak were only removed for the estimation of the IAF but included
afterwards for both the average power and coherence analysis, given
that they did not show any abnormal deviations in relation to the
averaged log power (see previous calculation). Finally, to allow more
reliable and stable measures of power and coherence, all participants
who had fewer than 80% of channels remaining (less than 24 channels)
after the first two exclusion criteria were additionally removed from all
subsequent calculations (8 participants, 7.77% of the total). Generally
speaking, the majority of these participants were excluded because of a
lack of detectable alpha peak in several electrodes and not due to a bad
spectrum, which speaks to good quality of the data.

Data yielded from individual channels and frequency bands were

! For 11 participants a low cut-off of 1 Hz (instead of 0.1Hz) was employed in
order to filter out unwanted skin sweating artifacts.
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grouped and averaged into 5 brain regions of interest: medial frontal
(Fpl, Fp2, F3, F4, Fz, FC1, FC2), left/right fronto-temporal (F7, FC5, T7,
FT9, C3 and right hemisphere homologues) and left/right posterior (P7,
01, P3, CP5, CP1 and right hemisphere homologues).

3. Results
3.1. The relationship between language background and power frequency

In order to examine whether the magnitude of power is modulated by
dual-language experience, we first ran multiple regression analyses for
each rs-EEG frequency bands: IAF, alpha, theta, low beta, high beta, and
gamma (delta frequency was excluded from the analysis because of the
low reliability due to the application of a 1 Hz low cut-off filter in par-
ticipants with extensive sweating). All models had the same bilingual
experience predictors: non-societal language exposure and use at home
(Home), non-societal language use in the society or community (Social),
proficiency in the societal language (Proficiency), Age of L2 or 2L1 onset
(AoA), and Length of exposure to the non-societal language (LoE). Age at
the time of testing was not included as a covariate in the models, since it
highly correlated with LoE (r = 0.96, p < 0.001; See Table 1 for all
correlations among continuous variables). We also included Sex (male
or female), SES, and Location (Germany or Norway) as covariates. All
continuous variables included in the model were centered around the
mean. Treatment coding was applied to categorical variables.

The output of the regression models is summarized in Table 2. The
only significant language background-related factor that predicted
power was Age of L2/2L1 onset for high beta (E = —0.18, CI = —0.34 to
—0.02, p = 0.03) and gamma (E = —0.18, CI = —0.34 to —0.02, p =
0.03). As illustrated in Figs. 1 and 2, the earlier the age of L2/2L1 onset
was, the higher the powers were for high beta and gamma. No variables
significantly predicted theta (p’s < 0.15) or alpha (p’s < 0.13) power. In
terms of low beta, female participants had higher power than male
participants (E = —0.40, CI = —0.0.63 to —0.16, p = 0.001). Moreover,
participants in Norway had significantly lower IAF power than the
participants in Germany (E = —0.72, CI = —1.30 to —0.15, p = 0.015).

3.2. The relationship between language background and power frequency
among brain regions

The above analysis reveals that Age of L2/2L1 exposure (AocA)—
essentially the timing of the onset of bilingualism—predicted high beta
and gamma frequency power. That is, the earlier the speakers became
bilingual, the higher their high beta and gamma powers were. In light of
this finding, we were interested in examining whether these relation-
ships are modulated across various brain regions of interest. In order to
do so, we performed two linear mixed effects models with high beta and
gamma powers as dependent variables, and five brain regions of interest
(medial frontal (MR), left fronto-temporal (LF), right fronto-temporal
(RF), left posterior (LP), and right posterior (RP)) and AoA as fixed
factors, as well as the interactions between Brain Regions and AoA.
Subject was included as a random intercept. Sum coding was applied to
the Brain Regions variable, and AoA was centered around the mean. We
performed mixed model ANOVA tables via likelihood ratio test using the
afex package (Singmann et al., 2015) on the output of Imer models. If
there are no significant interactions between Brain Region and AoA,
then this indicates that the predictive power of AoA on high beta and
gamma powers does not differ across different brain regions.

The output of the linear mixed effect model is summarized in Table 3.
There were no significant interactions between AoA and Brain Region
for both high beta (p’s > 0.19) and gamma (p’s > 0.36). This indicates
that the relationships between power and AoA for high beta (Fig. 3) and
gamma (Fig. 4) do not differ across distinct brain regions. In other
words, the effect is broadly distributed.
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Table 1
Correlation between predictor variables.
Home Social Prof AocA SES Age LoE

Home - - - - - -
Social 0.218* - - - - -
Prof 0.102 —0.235* - - - -
AoA —0.693 —0.096 —0.042 - - -
SES -0.277 0.169 —0.160 0.002 - -
Age —0.211* —0.158 —0.033 0.303 —0.182 -
LoE —0.018 —0.138 —0.022 0.025 —0.191 0.960
¥ p < 0.05.

< 0.01.
" p < 0.001.

3.3. The relationship between language experience and coherence

Finally, in order to examine the effects of bilingual experience on the
functional connectivity between brain regions, we ran a linear mixed
effects model with frequency band coherence (theta, alpha, low beta,
high beta, and gamma) as a dependent variable and Home, Social, AoA,
LoE, and brain region pairings (LFT & LP, LFT & MF, LFT & RFT, LFT &
RP, LP & MF, LP & RFT, LP & RP, MF & RFT, MF & RP, and RFT & RP) as
predictors as well as the interactions between each language back-
ground predictor and brain region pairings. We also included Sex, SES,
and Location (Germany or Norway) as covariates. Subject was included
as a random intercept. Sum coding was applied to the categorial vari-
ables, and continuous variables were centered around the mean. We
performed mixed model ANOVA tables via likelihood ratio test using the
afex package (Singmann et al., 2015) on the output of Imer models. In
this analysis, we were particularly interested in examining the in-
teractions between each language background predictor and brain re-
gion pairings. Significant interactions between these two variables
indicate that coherence between specific electrode region pairing(s) is
modulated by bilingual language experience. The output of the linear
mixed effects model is summarized in the Supplementary material.
Fig. 5 illustrates coherence maps showing connections between brain
region pairings which were significantly modulated by various predictor
variables.

3.3.1. Theta

There was a main effect of Social use scores on coherence in theta (E
= 0.01, CI = 0.00-0.01, p = 0.022). This suggests that the connections
among all brain regions were modulated by Social use scores—the more
non-societal language the participants used outside the home, the
stronger the connections were among brain regions (Fig. 6). Moreover,
there was a significant interaction between Brain Region and Social use
scores, indicating that coherence between LFT and RFT (E = 0.01, CI =
0.00-0.01, p = 0.034), LP and RP (E = —0.01, CI = —0.01 to —0.00,p =
0.005), as well as MF and RFT (E = 0.01, CI = 0.01-0.02, p < 0.001)
were modulated by Social use scores to a greater extent than other brain
region pairings. It should be noted however, that the relationship be-
tween LP and RP coherence and Social use scores was weaker than the
other brain region pairings, as can be seen by the negative estimate
value. There was also a significant interaction between Brain Region and
Proficiency (E = 0.01, CI = 0.00-0.01, p = 0.002), which suggests that
coherence between LFT and RFT was modulated by Proficiency in the
societal language. We then ran simple correlations between the coher-
ence of the aforementioned brain region pairings and the two predictors
(i.e., Social scores and Proficiency). The only significant correlation was
found between MF and RFT coherence and Social use scores (r = 0.28, p
= 0.006).

3.3.2. Alpha

No main effect of predictors or covariates were found for coherence
in alpha. However, there was a significant interaction between Brain
Region and Social use scores, and the output shows that coherence

between MF and RFT was modulated by Social use scores to a greater
extent than other brain region pairings (E = 0.01, CI = 0.00-0.01, p =
0.003). There was also a significant interaction between Brain Region
and Home Use scores, indicating that coherence between LP and RP (E =
0.01, CI = 0.00-0.02, p = 0.015) as well as MF and RFT (E = —0.01,CI =
—0.02 to —0.00, p = 0.011) were modulated by Home use scores. The
negative estimate for the relationship between MF and RFT coherence
and Home Use scores, however, suggests an unexpected directionali-
ty—that is, the less exposure the participants had to the non-societal
language at home, the stronger the connections were between MF and
RFT. Finally, there was also a significant interaction between Brain
Region and Proficiency. Coherence between MF and RFT (E = 0.01, CI =
0.00-0.01, p = 0.005), LFT and MF (E = 0.01, CI = 0.00-0.01, p =
0.017), and LFT and RFT (E = 0.01, CI = 0.00-0.01, p = 0.004) were all
modulated by Proficiency in the expected direction. The higher profi-
ciency rating in the societal language, the stronger the connections were
between the frontotemporal electrodes. A simple correlation analysis
revealed no significant correlations between any of the brain region
pairings and predictor variables (p’s > 0.12).

3.3.3. Low beta

SES was the only significant fixed factor that predicted coherence in
the low beta (E = —0.01, CI = —0.01 to —0.00, p = 0.033). No in-
teractions were found between Brain Region and language background
predictor variables (p’s > 0.057).

3.3.4. High beta

There was a main effect of AoA on coherence in high beta (E =
—0.02, CI = —0.03 to —0.00, p = 0.040), which indicates that general
connections between brain regions were modulated by age of L2/2L1
onset (Fig. 7). This suggests that the younger the participants were
exposed to the L2/2L1, the stronger their connections were between
brain regions. Nevertheless, no interactions between Brain Region and
AoA (as well as other language background predictors) were found,
illustrating that the positive relationship between coherence and AoA
does not vary across different brain region pairings.

3.3.5. Gamma

No main effect of predictors or covariates were found on the coher-
ence in gamma. The only significant interaction was found between
Brain Region and AoA. Coherence between LP and RP (E = —0.01, CI =
—0.02 to —0.00, p = 0.004) as well as MF and RP was modulated by AocA
(E=-0.01, CI = —0.02 to —0.00, p = 0.005), meaning earlier age of L2/
2L1 onset predicted the strength of connection between MF and RP.
Simple correlation analysis showed that the relationship between MF
and RP coherence and AoA was nearly significant (r = —0.19, p = 0.07).

4. Discussion
Research has shown that bilingualism can be a potent neuro-

modulator (e.g., DeLuca et al., 2020; Li et al., 2014; Pliatsikas, 2019)
and a potential factor in maintaining neural fitness and creating reserve
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Fig. 2. Predicted values of Age of L2/2L1 onset on gamma power.

bilingualism itself, but moreover the age of its onset would impact the
way and the time beta mechanisms are mobilized/engaged throughout
the lifespan.

Gamma oscillation activity fluctuates over time, with an increase in
children aged 3-4 (Takano & Ogawa, 1998) followed by a decrease in
adolescence into young adulthood (Tierney et al., 2013). The linear
decrease in gamma over the first decades of life mirrors that of grey
matter volume (Whitford et al., 2007). The observed decline in gamma
might indicate a decrease in synaptic density linked to synaptic pruning
and reflect reorganization within brain circuits underlying language and
cognitive processing (Tierney et al., 2013; see for a model on plasticity
in the bilingual brain Pliatsikas, 2020). Our results indicate that
engaging earlier in time with bilingualism relates to a higher degree of
gamma power. Gamma activity has been linked to increases in linguistic
and attentional abilities (Benasich et al., 2008) and to a higher func-
tioning cognitive system (Fitzgibbon et al., 2004; Tarullo et al., 2017 in

children). Earlier onset of bilingualism, then, seems to confer maximized
benefits for the executive function networks in the brain.

It is widely accepted that alpha is a reflection of cognitive integrity,
highly correlated with memory performance and constitutes the ma-
jority of the brain’s oscillatory pattern (Klimesch et al., 2007; Klimesch,
1999). Paradoxically, while alpha frequencies naturally decrease (de-
synchronize) on-task signifying better performance, and synchronize (i.
e., increase) at rest, denoting less cognitive engagement, overall higher
alpha measured at rest is connected to overall better cognitive perfor-
mance. Given that Bice et al. (2020) report that bilinguals had signifi-
cantly higher alpha, one might ponder why we do not see any effects in
the alpha range in our data. Recall that previous literature showed a
marked difference in alpha power and IAF for bilinguals compared to
monolinguals, the latter of which is lacking in the present study. Indeed,
our results do not show any modulation of IAF nor alpha power as a
function of bilingual language usage predictors. This observation,
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Table 3
Summary of regression models for gamma and high beta power.
High Beta Gamma
Predictors Estimates CI p Estimates CI P
(Intercept) 8.36 8.26-8.47 <0.001 7.52 7.39-7.64 <0.001
LFT —0.01 —0.04 to 0.03 0.691 0.12 0.07-0.16 <0.001
LP -0.13 —0.17 to —0.10 <0.001 —-0.20 —0.25 to —0.16 <0.001
MF 0.26 0.22-0.29 <0.001 0.17 0.12-0.21 <0.001
RFT —0.02 —0.06 to 0.01 0.238 0.09 0.04-0.13 <0.001
RP -0.10 —0.13 to —0.06 <0.001 -0.17 —0.22 to —0.13 <0.001
AoA —-0.12 —0.22 to —0.01 0.037 —-0.14 —0.27 to —0.01 0.036
LFT * AoA —0.02 —0.06 to 0.01 0.194 —0.01 —0.05 to 0.04 0.748
LP * AoA 0.01 —0.02 to 0.05 0.527 0.01 —0.04 to 0.05 0.680
MF * AoA 0.02 —0.02 to 0.05 0.395 0.02 —0.03 to 0.06 0.450
RFT * AoA —0.02 —0.05 to 0.02 0.293 —0.02 —0.07 to 0.02 0.361
RP * AoA 0.02 —0.02 to 0.05 0.386 0.00 —0.04 to 0.05 0.947
Random Effects
¢* 0.04 0.07
Too 0.29 sybject 0.41 sybject
ICC 0.88 0.86
N 99 subject 99 subject
Marginal R%/Conditional R* 0.090/0.887 0.084/0.874
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Fig. 3. Predicted values of Age of L2/2L1 onset on high beta power.

however, cannot speak to whether or not any (individuals) or all (as a
group) of the bilinguals in the present study would show the same dif-
ferences to (matched) monolinguals as in Bice et al. (2020). In this
respect, it is relevant to mention that Bice et al. (2020) also showed that
the higher the proficiency in the L2 the greater the alpha power was.
Recall that the LSBQ composite score herein measures one’s proficiency
in the societal language (Norwegian for Norway and German for Ger-
many) and that participants self-reported to be highly proficient in the
societal language (mean = 80.0/100). Thus, such lack of variability may
have contributed to finding no modulatory effects of proficiency on
alpha power.

4.2. The relationship between language experience and coherence

Limited as they are, existent rs-EEG findings show a role of bilin-
gualism as a life-style enrichment factor affecting underlying mean
coherence of brain regions. However, previous studies have focused on
comparing monolinguals to bilinguals. Herein, we move away from the

monolingual-bilingual comparative approach to examine how differen-
tial bilingual experience itself may modulate rs-EEG. Overall, the pre-
sent results demonstrate that rs-EEG coherence across brain regions and
across frequency bands (theta, alpha, and gamma) is modulated by
differential language experience, showing a number of significant in-
teractions between language background predictors and brain region
pairings at various frequencies.

Recall there was a main effect of non-societal language use in the
community on overall brain connectivity. However, there was an
interaction between electrode region pairings, suggesting frontal con-
nectivity between MF and RFT, and RFT and LFT in the theta frequency.
In other words, the more individuals engage in using the non-societal
language in the community the greater the theta coherence across
those ROIs. Recall that theta frequencies have been reported to promote
long-distance communication pathways, even across brain regions that
might not be directly connected (Von Stein & Sarnthein, 2000). As such,
greater theta coherence associated with increased use of the non-societal
language in the community could reflect the degree of interactive
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Fig. 5. Coherence maps showing connections between brain region pairings which were significantly modulated by various predictor variables (i.e., Age of L2/2L1
onset (AoA); Self rated proficiency in the societal language (Proficiency), Non-societal language exposure at home (Home), Non-societal language use in society/
community (Society)). Thin lines indicate connections between brain region pairings that were significantly modulated by predictor variables in the expected di-
rection (e.g., higher Home score predicts stronger connections between LP and RP). Dotted lines indicate connections between brain region pairings that were
significantly modulated by predictor variables in the unexpected direction (e.g., lower Home score predicts stronger connections between MF and RFT). Bold lines
indicate significant simple correlation between brain region coherence and language background predictor.

language use in a dual-language environment where inhibitory demands
are at a maximum (Abutalebi & Green, 2016; Green & Abutalebi, 2013).
In line with this interpretation, greater theta coherence measures have
been reported to be positively correlated with bilateral caudate volume
in MEG (de Frutos-Lucas et al., 2019). The caudate nucleus is a key

structure highly implicated in bilingual language control (Pliatsikas &
Luk, 2016; Rossi et al., 2021) and is at play especially while switching
between languages (Abutalebi et al., 2008; Luk et al., 2012; Moritz-
Gasser & Duffau, 2009). Even though no structural MRI data were
collected in this study, a possible interpretation is that greater coherence
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in theta could be a proxy for greater caudate engagement, sparked by
high interactive language use in the community. Another important
result revealed that Proficiency in the societal language positively pre-
dicted rs-EEG coherence in the theta frequencies between the anterior
left and right electrode clusters (LFT, RFT). A correlation of greater theta
coherence in frontal regions with proficiency in the societal language
can be reconciled with a need for greater recruitment of executive
functions (Basharpoor et al., 2019).

Our results also demonstrated that alpha coherence was modulated
by three language use predictors: Proficiency in the societal language,
Social and Home use. Proficiency positively predicted greater alpha rs-
EEG coherence between frontal left and right clusters and between left
and right clusters and MF. Similarly, greater alpha coherence between
RFT and MF was positively predicted by the rate of Social use. Recall that
greater rs-EEG coherence in alpha was reported by Bice et al. (2020) for
bilinguals relative to monolinguals, and was interpreted as bilinguals

10

having larger networks of neurons firing at rest. Our results are in line
with this interpretation, yet they take this observation a step further,
revealing what determinants of bilingualism drive this effect. In sum,
alpha rs-EEG coherence is dependent on variations in the use of the
bilinguals’ languages. Bice et al. (2020) reported greater alpha coher-
ence mostly in posterior clusters, while our correlations with the
engagement of the societal language show greater coherence across
frontal ones. Similarly, our data also show greater alpha rs-EEG coher-
ence in posterior clusters which is positively predicted by non-societal
language use at home. It is crucial to remember that in our sample,
“non-societal language” includes both the heritage language spoken at
home for early bilinguals, and the L2 learned past childhood for L2
speakers. Greater “non-societal language exposure at home” could then
be a proxy for greater bilingual language use of the two languages at
home.

Finally, our results demonstrated that there was a positive
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correlation between gamma coherence between LP and RP, posterior
right and frontal MF, and age of L2/2L1 acquisition. The earlier the L2/
2L1 was acquired, the greater gamma coherence across electrode clus-
ters. Higher levels of gamma coherence were also reported by Bice et al.
(2020) for bilinguals relative to monolinguals. The current results point
towards length of bilingual language use in the modulation of gamma
synchrony. Gamma coherence is one of the main local inter-regional
synchronizers across neural pools (Buzsaki & Schomburg, 2015; Von
Stein & Sarnthein, 2000). Accordingly, we conclude that bilingualism,
under specific conditions, promotes inter-regional neural synchroniza-
tion, and also that length of bilingual experience might in turn maintain
and strengthen this synchronization.

The current results show that age and variation in dual-language use
in various contexts modulate both power and coherence measures for
low- and high frequency ranges. Thus, a key question to be addressed in
future investigations is if and how these neural signatures are main-
tained in older age, and most importantly if individual variability in
bilingual language use continues to modulate them. This dataset was
composed by relatively young adults. Given the vast literature pointing
towards bilingualism as a key factor for cognitive and neural reserve (see
Anderson et al., 2020; Gallo et al., 2020), we would expect bilingual
older adults who have been utilizing two or more languages for a longer
time to show similar neural modulations as those observed herein
whereby effects also interact with how they engage with bilingual lan-
guage use over the lifespan.

Expanding the emerging rs-EEG and bilingualism literature to
include longitudinal studies would be especially welcome. Given that
the main comparisons remain within-subjects, longitudinal studies
represent an ideal ground to investigate how experience factors in
bilingualism manifest and crucially develop over time in the brain in
isolation (DeLuca et al., 2019b; Wong et al., 2016). The few longitudinal
studies with (f)MRI so far have either honed in on intensive learning (i.
e., early stages of L2 acquisition) of a new acquired language where
participants get tested on several occasions during the process (Hosoda
et al., 2013; Martensson et al., 2012; Stein et al., 2012) or focused
longitudinally on the effects of naturalistic language use and immersion
on the brain (DeLuca et al., 2019b; Mohades et al., 2015). Both types of
methods found white and grey matter changes in the brain related to
language experience factors, such as proficiency (Martensson et al.,
2012), immersion and L2 age of acquisition (DeLuca et al., 2019b).
Doing so with rs-EEG could be equally fruitful, if not more informative
given its comparative ease and low cost.
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