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ABSTRACT

An increasing body of research has investigated how bilingual language experience
changes brain structure and function, including changes to task-free, or “resting-state” brain
connectivity. Such findings provide important evidence about how the brain continues to
be shaped by different language experiences throughout the lifespan. The neural effects

of bilingual language experience can provide evidence about the additional processing
demands placed on the linguistic and/or executive systems by dual-language use. While
considerable research has used MRI to examine where these changes occur, such methods
cannot reveal the temporal dynamics of functioning brain networks at rest. The current
study used data from task-free EEGS to disentangle how the linguistic and cognitive demands
of bilingual language use impact brain functioning. Data analyzed from 106 bilinguals and
91 monolinguals revealed that bilinguals had greater alpha power, and significantly greater
and broader coherence in the alpha and beta frequency ranges than monolinguals.
Follow-up analyses showed that higher alpha was related to language control: more
second-language use, higher native-language proficiency, and earlier age of second-language
acquisition. Bilateral beta power was related to native-language proficiency, whereas theta
was related to native-language proficiency only in left-hemisphere electrodes. The results
contribute to our understanding of how the linguistic and cognitive requirements of
dual-language use shape intrinsic brain activity, and what the broader implications for
information processing may be.

INTRODUCTION

Although language is a human universal, variability in language experience has been shown to
shape the brain (Li, Legault, & Litcofsky, 2014; Pliatsikas, Moschopoulou, & Saddy, 2015;
Wong, Yin, & O’Brien, 2016), and therefore, how the brain processes information (e.g.,
Onnis & Thiessen, 2013; Yamasaki, Stocco, & Prat, 2018). Bilingualism, or the ability to
use two languages proficiently, is a particular class of language experience that characterizes
more than half of the world’s population (Crosjean, 2014); yet, the mechanisms by which bi-
lingual individuals fluently use multiple languages remains relatively poorly understood. An
increasing number of behavioral (e.g., Bogulski, Bice, & Kroll, 2018; Yamasaki & Prat, 2014;
Yamasaki et al., 2018) and neuroscientific (e.g., Abutalebi & Green, 2007; Abutalebi & Green,
2016; Seo & Prat, 2019; Stocco, Yamasaki, Natalenko, & Prat, 2014) studies have suggested
that speaking more than one language creates unique demands for bilingual individuals.
Linguistically, bilingual language use requires maintaining two interconnected but separable
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language systems (phonological maps, lexicons, grammars, etc.), and managing interference
that stems from their coactivation (e.g., ;

). Cognitively, bilinguals must monitor the language(s) in their environments
and dynamically select the intended target language, which places additional demands on
nonlinguistic executive functions (e.g., ;

; ). Given these additional linguistic and cognitive demands, it is per-
haps unsurprising that bilingual language experience produces both structural and functional
changes in the brain ( ; ; ).

In an effort to gain a better understanding of the mechanisms underpinning bilingual lan-
guage control, an increasing amount of research has examined the neural impact of various
facets of bilingual language experience (e.g., ;

; ; ). As a whole,
this body of research has demonstrated that the unique demands of bilingualism, and the dif-
ferent forms that bilingualism may take under different circumstances, give rise to measurable
changes throughout the brain. Much of this research has given particular attention to general
cognitive control regions such as the anterior cingulate cortex ( ;

) and the basal ganglia nuclei ( ;

; ). Different facets of bilingual language experience,
such as a bilingual’s current balance of dual-language use and relative proficiency in each lan-
guage, have been shown to drive differences in these cognitive control regions (

; ). These findings are consistent with prominent theories such as the
adaptive control hypothesis ( ) and with studies measuring language
control online in bilinguals ( ; ;

; ), which also implicate general cognitive control mechanisms in
bilingual language use.

Given the research showing that bilinguals rely on domain-general cognitive control re-
gions to accomplish dual-language use, a number of experiments have considered whether
the effects of dual-language use can be observed even in the absence of tasks specifically re-
quiring language. For example, several studies have shown that the way bilinguals use and
control language influences their neural and behavioral responses on nonlinguistic tasks
(e.g. ; ; ;

; ). Remarkably, the impacts of dual-
language use can even be observed in more static, task-free measures, which suggests that
underlying brain function is shifted as a result of bilingualism, as opposed to simply changing
how bilinguals perform tasks. Perhaps unsurprisingly, the same regions shown to be recruited
during tasks that require bilingual language control (e.g., the basal ganglia nuclei and the
anterior cingulate) are also those that most consistently show long-term structural and func-
tional changes in task-free activity. This observation suggests that the mechanisms employed
during on-task bilingual language control shape task-free brain activity, ultimately producing
changes to structural features and functional connectivity in the brain.

Task-free, or “resting-state,” brain function and connectivity is a measure of the brain’s net-
works during resting wakefulness, which captures the dynamic and spontaneous activity that
is continuously produced by the brain. It is thought to reflect local and long-range coordina-
tion of brain regions in the act of maintaining and updating pathways due to recent experi-

ences ( ). As such, task-free brain activity has been shown to shift
slowly over time across developmental periods from childhood through older adulthood
( ; ) but is otherwise relatively stable (
).
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Some have conceptualized intrinsic brain activity as the brain’s “readiness” to predict and
integrate new experiences, consistent with a Bayesian perspective of brain functioning (

). That is, infants are born with a set of “priors” that generate predictions about
the surrounding world, and as those predictions are violated throughout the course of one’s
life, they are adjusted and shaped by consistent experiences to continually provide the best
possible prediction for current and future contexts. Therefore, as experiences accumulate over
the lifespan, especially repeated experiences like dual-language use, they become ingrained
in the patterns of intrinsic brain function. Consistent with this hypothesis, many different types
of expertise have been associated with changes in task-free brain activity, including that of

jugglers ( ), spatial navigators ( ), meditators (
), musicians ( ), and athletes ( ;
; ). Single, extreme experiences can also induce temporary shifts
to the patterns of brain activity ( ; for a review,
see ), but experiences that are repeated or protracted, like language

use over the lifespan, are more reliably encoded long-term.

Most of the existing research on task-free measures in bilinguals has focused on anatomical
measures obtained using fMRI measures, such as where structural changes to grey and white
matter density can be observed in bilinguals ( ). Research
using functional measures have similarly focused primarily on differences in the spatial distri-
bution, or on the degree of connectivity between anatomically defined regions, in resting-state
networks as a function of bilingual language experience (e.g.,

). Changes in these task-free neural indices, which are relatively stable across
time, provide hints about how bilingual language experience shapes brain function more
broadly. However, these inferences are limited to information about where bilingual language
experience shapes the brain. Because many of the brain areas and networks implicated in
bilingual language control are broadly involved in general executive processes, and because
the time course of fMRI data reduces our ability to make inferences about what these regions
might be contributing to bilingual language control, the current experiment involved a comple-
mentary investigation of individual differences in resting-state electroencephalography (EEG).

EEGs and their oscillatory components have a long and rich history of research uncovering
how synchronized activity in different frequency ranges communicates, coordinates, and con-
veys information. Unlike resting-state fMRI measures that can only capture slow-wave fluctu-
ations in brain activity which correspond to a flurry of neural activity, EEGs provide the
temporal sensitivity to allow more refined inferences about information processing in the
brain. Importantly for research investigating the impact of bilingual language experience on
the mind and brain, variation in the frequency of EEG oscillations has been linked to specific
mechanisms that subserve relevant cognitive processes such as cognitive control (

; ; ),
working memory ( , and language processing (

; ; ). These mechanisms work
by coordinating spike timing within and across neural assemblies, by binding together infor-
mation that unfolds over time and echoing that information to maintain it in mind, and by
managing activity from other neural assemblies ( ). For example, lower frequen-
cies (e.g., theta around 4-7 Hz) are used for long-distance communication (

), even between regions that are only indirectly connected, thus providing
an additional window into brain functioning that cannot be revealed through fMRI measures.
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Higher frequencies (e.g., gamma around 30-60 Hz) are typically associated with more local
processing ( ) and have been described as the neural “letters” that
are combined into different “words” through cross-coupling with slower frequencies (

). Many have argued that oscillations are the “neural syntax” that serve to bind
important information together ( ) and that intrinsic oscillations, which
are not task-dependent, are critical for understanding dynamic excitatory-inhibitory balances,
(interregional) communication, and neural function more broadly.

By using EEGs to examine differences in task-free brain activity, the current study sought to
investigate the mechanism(s) that translate online information processing during bilingual lan-
guage use to changes observed in task-free brain activity. As one of the most prominent fea-
tures of task-free brain activity, alpha has been studied perhaps the most, or at least the longest,
of any of the frequency bands during resting state ( ). Alpha activity exhibits large
inter-individual variability that is related to a number of cognitive processes, including pro-
cessing speed ( ), intelligence (e.g.,

; ), attention
( ), language processing (
), and especially inhibitory control ( ;
). It is most easily observed in thalamo-cortical circuits
( ), particularly during periods of disengage-
ment. Alpha can at times appear to behave paradoxically; in general, higher alpha power at
rest and lower alpha power on-task index good performance, yet greater increases in alpha
power during more difficult tasks also lead to better performance. These findings have been
reconciled with an inhibitory account of alpha function (
; ; ), such that alpha activity is
related to attentional control and inhibition of irrelevant cortical activity. In the absence of a
task, cortical activity related to sensory/perceptual processes becomes irrelevant while a per-
son focuses inward, thus alpha power increases to reduce signal and interference from sensory
regions, especially over the occipital electrodes. In general, lower alpha on task suggests en-
gagement and widespread functioning, but when task demands increase and require greater
focus and control, alpha intervenes as an inhibitory mechanism to focus brain activity on the
most relevant regions, thus increasing signal-to-noise and reducing interference from other
areas. A wealth of research has reported evidence in favor of the inhibitory account
( ), featuring alpha power,
coherence ( ), and phase coupling ( ) as mecha-
nisms by which alpha can be used to exert cognitive control.

Under this inhibitory account, alpha is seen as a general mechanism that subserves various
cognitive processes that utilize inhibitory control. One such cognitive process is dual-language
use, which has been shown to specifically shape brain regions associated with inhibitory con-
trol for language (e.g., anterior cingulate cortex, basal ganglia). While monolingual speakers
must resolve competition between alternatives within their language to select words and struc-
tures to use, bilinguals additionally experience the coactivation of alternatives in both of their
languages ( ; ). The constant requirement to
monitor language contexts, maintain target language goals, and resolve cross-linguistic con-
flict changes how bilinguals engage and coordinate cognitive control with their language pro-
cesses to accomplish dual-language use. Bilingual language use requires the linguistic system
to rely more heavily on domain-general cognitive control resources that are recruited to re-
solve the extra layer of cross-language competition (e.g., ; ;

). Many studies report that bilinguals engage subcortical structures (e.g.,
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caudate, putamen, and anterior cingulate cortex) to route and resolve conflict and that greater
bilingual skill is associated with less reliance on frontal structures for conflict resolution but
instead shifts to subcortical or posterior regions (e.g., ).
Given its mechanistic role in inhibitory control, we hypothesized that alpha would be a critical
frequency band impacted by the demands of dual-language knowledge or use.

Similarly, the beta frequency band is one of the primary frequencies engaged in cortico-
basal ganglia loops (e.g., ; ), which play
an important role in language processing (e.g., ;

), especially dual-language use (e.g.,

; ; ). Beta mechanisms have been proposed to serve a
maintenance role ( ), particularly for maintenance in working memory
( ). Newer models of the role of neural oscillations in working
memory have proposed that beta and gamma work jointly to negotiate top-down (beta) and
bottom-up (gamma) maintenance, control, and shifting in working memory (

). The beta frequency plays an important role in language because it helps to temporally
bind and integrate multisensory linguistic information unfolding over time, both to process
incoming information and to maintain the past context and transitional or probability con-
straints from previous time windows. This role puts the beta frequency at the interface between
language and working memory, maintenance, and filtering ( ;

). For example, during language comprehension beta power decreases upon en-
countering an unexpected word in sentences that have strong semantic context, in line with its
role in maintaining the current trajectory and predicting upcoming information (

; ; ).

Importantly, the majority of the research on beta and language or other cognitive processes
comes from on-task performance, with relatively little examining how beta at rest is linked to
later performance on task (except see ;

). The few studies that have examined beta power at rest have
found that higher beta power over the right temporal electrodes significantly predicts individ-

ual differences in language learning rates at the initial stages of learning ( ), and
that bilateral beta coherence over frontal electrodes is related to a language learner’s willing-
ness to speak and use the language ( ).

Because of its role in language, contextual sensitivity, and maintenance, we hypothesized that
activity in the beta frequency band would be related to features of bilingual language experience.
Active bilingual language use imposes qualitatively and quantitatively different demands on the
cognitive and linguistic systems through the requirement to maintain multiple sound inventories,
partially overlapping semantic and lexical systems, and awareness of appropriate grammatical
structures. Beta is found in basal ganglia—frontal cortex circuits, which are important for tracking
one’s ongoing context and allowing contextually appropriate signals through to the frontal cortex
for further processing and action. The statistics of the surrounding environment for active bilin-
guals are much more varied and complex than the statistics needed for a monolingual to com-
prehend and use a single language. One possible reason for basal ganglia differences, and
hypothesized beta differences, in bilinguals is to help with the additional demands of sampling
and tracking statistics of the surrounding context, which assists with predicting upcoming events
or information. These processes in addition to the other demands on the bilingual’s linguistic sys-
tem (e.g., ; ;

) likely change how bilinguals recruit and use beta mechanisms.

Few previous studies have examined task-free oscillatory brain networks in bilinguals. One
study used MEG to compare functional connectivity between healthy older monolingual and
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bilingual adults ( ). They found that bilinguals had greater func-
tional connectivity between posterior regions than monolinguals in three frequency ranges, but
monolinguals did not exhibit higher functional connectivity than bilinguals between regions
in any of the frequency ranges examined. Specifically, bilingual older adults had higher con-
nectivity between bilateral occipital regions in the theta (4-8 Hz) and high beta (20-30 Hz)
bands, between left occipital and left parietal regions in the low beta (12-20 Hz) and high beta
bands, and within left posterior regions in the theta band. Given that the anterior regions of the
brain tend to deteriorate more/faster during the aging process, they interpreted their results
showing greater preservation of posterior brain networks within the bilingual older adults as
a potential source of cognitive reserve. Their findings are in line with other studies that have
shown that bilingualism imposes a shift from reliance on frontal control networks to subcortical
and/or posterior brain regions (see ). Essentially, as a result of the shift in
processing from anterior to posterior regions, bilinguals may be better able to cope with the
anterior degradation found in normal, healthy aging as well as pathological aging, thus produc-
ing cognitive reserve.

Brain activity measured with EEGs can be characterized by either measures of power or co-
herence. Measures of power capture increased or decreased synchronicity of the generating
neurons measured at a single electrode, which could be due to a larger network of neurons
and/or to a smaller group of neurons that are firing synchronously. Measures of coherence are
more akin to indices of functional connectivity, in that they capture longer range relations
between activity in different brain regions or groups of generating neurons measured across elec-
trodes. Given the similarities between coherence and functional connectivity, the results from

suggest that we should expect differences in coherence between
bilinguals and monolinguals, but less is known about whether to expect differences in power.

The Current Study

The current study aimed to compare intrinsic brain function, measured using EEGs, between
large samples of young adult monolinguals and bilinguals. Bilingual language use has been
shown to shape cognitive processes involved in language and inhibitory control, whose re-
peated engagement produces structural and functional changes to brain regions associated
with cognitive control. Alpha and beta frequencies are both general mechanisms involved
in top-down control. Alpha can be found across cortical regions and is a powerful and general
mechanism for inhibiting cortical activation, and beta is prevalent in the basal ganglia and its
circuits, which have been shown to differ in bilingual speakers. Given previous research on
the cognitive functions associated with the alpha and beta frequencies, we hypothesized that
bilinguals and monolinguals would differ in alpha and beta activity in task-free states, and that
individual differences in alpha and beta would be related to aspects of language experience
(e.g., proficiency, age of acquisition, proportion of current dual-language use) and/or cognitive
control (measured via a Simon task). However, given that this study represents one of the first
studies to systematically report task-free EEG differences between bilinguals and monolin-
guals, we report a full set of analyses including all frequency bands, not restricted to the fre-
quencies of interest (alpha and beta).

METHODS
Participants

The study included data from 91 monolingual speakers (61 female) and 106 bilingual speakers
(81 female). Descriptive statistics for various demographic and linguistic variables across
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Table 1. Demographic and linguistic descriptive statistics for bilingual and monolingual participants

groups can be found in Table 1. Participants were aged 18-35, with no significant differ-
ence in age between the two groups, t(195) = 1.63, p > 0.10. All participants had a minimum
education level equivalent to a high school GED (~12 years of education), up to a Ph.D. (~24
years of education); the two groups did not differ significantly in the number of years of edu-
cation they reported, t(175) = 0.73, p > 0.10. To be included as a bilingual in the study, bi-
linguals must have self-identified as bilingual and have self-reported their average proficiency

Bilinguals: L1 Bilinguals: L2 Monolinguals: L1 Monolinguals: L2
Language(s) Mandarin = 56 English = 102 English = 91 Spanish = 10

Korean = 14 Spanish = 4 French = 2

Spanish = 8 Portuguese = 1

Cantonese = 7

Japanese = 6

Vietnamese = 6

English = 4

Bengali = 1

French =1

Gujarati = 1

Indonesian = 1

Latvian = 1
Self-Reported® Speaking 9.11 (1.13) 7.99 (1.25) 9.85 (0.41) 2.31 (1.18)

Range: 6-10 Range: 5-10 Range: 8-10 Range: 04
Self-Reported® Understanding 9.22 (1.27) 8.25 (1.27) 9.88 (0.36) 2.85 (0.8)

Range: 3-10 Range: 5-10 Range: 9-10 Range: 2—4
Self-Reported® Reading 8.58 (2.26) 7.98 (1.36) 9.80 (0.48) 2.50 (1.41)

Range: 0-10* Range: 5-10 Range: 8-10 Range: 1-5
Age of Acquisition” 7.26 (2.97) 13.23 (2.42)

Range: 0-18 Range: 8-17

Proportion of Use: Speaking® 42.98 (24.10) 54.74 (23.77) 99.76 (1.07) 1.50 (2.50)

Range: 0-100 Range: 0-100 Range: 92-100 Range: 0-8
Proportion of Use: Listening® 36.65 (21.27) 60.43 (21.37) 99.82 (0.66) 1.00 (1.41)

Range: 0-100 Range: 0-100 Range: 95-100 Range: 0-5
Proportion of Use: Reading® 28.58 (25.32) 69.84 (25.14) 99.85 (1.11) 0.75 (2.30)

Range: 0-100 Range: 0-100 Range: 90-100 Range: 0-8
Simon Effect RTs® (ms) 80.19 (46.5) 63.71 (38.19)

Simon Effect ACCs?

Range: 11-306

-0.01 (0.14)
Range: -0.47-0.53

Range: -30-178

0.08 (0.12)
Range: —0.4-0.42

? Self-reported measures were taken from a modified version of the LEAP-Q using a scale from 1 (no skills) to 10 (extremely proficient).

b Age of acquisition was a free-report estimate in which participants indicated at what age they began acquiring the specified language.

¢ Proportion of use was a free-report estimate in which participants indicated how much time, on average, they spent speaking or listening to each of their
language(s), such that all estimates added up to 100%; only up to two languages were included in analyses.

4 Simon effect was calculated for response times (RTs) by subtracting the average correct congruent RTs from incongruent RTs, and for accuracy rates (ACCs) by
subtracting the incongruent ACCs from the congruent ACCs.

* Low self-reported reading estimates are from heritage speakers born in the USA with a home language that uses a non-Roman script (Cantonese, Gujarati).

Neurobiology of Language
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in the ability to speak, read, and understand a second-acquired language (L2) as no lower than
5 on a scale from 1 (no skills) to 10 (extremely proficient). Among the bilinguals, 65 considered
a language other than English to be both their native and dominant language, 37 reported
having a language other than English as their native language but currently considered
English to be their dominant language, 1 whose native language was English but English
was currently not their dominant language, and 3 whose native language and dominant lan-
guage were English but had also acquired high proficiency in another language. The majority
of the bilinguals were early but not simultaneous bilinguals; only 15 acquired both languages
before the age of 5, but 66 acquired their L2 between the ages of 5 and 10.

To be considered monolingual, participants must have considered themselves monolingual
(or “functionally monolingual”), as well as have reported their average proficiency in speaking,
reading, and understanding any language other than English as 4 or less on a scale from 1 (no
skills) to 10 (extremely proficient). Thirteen monolinguals reported some knowledge of another
language through foreign language classes or some other experience, but given the criteria for
being considered monolingual, their self-ratings in their L2 were significantly lower than bilin-
guals’ ratings in their second language. Monolinguals with L2 experience reported lower ability
in speaking (M =2.31, SD = 1.18), understanding (M = 2.85, SD = 0.80), and reading (M = 2.85,
SD = 1.41) than bilinguals, M = 7.99, SD = 1.25, t(117) = 15.58, p < 0.001; M = 8.25, SD =
1.27,4117)=15.00, p < 0.001; and M =7.98, SD=1.37, (117)=12.73, p < 0.001, respectively.
Furthermore, bilinguals acquired their L2 significantly earlier than monolinguals, t(19.02) =
8.64, p < 0.001. On average, bilinguals began learning their L2 at age 7.26 years (5D =
2.97), and monolinguals who reported studying a L2 began learning the language at age
13.23 (SD = 2.42).

In their native or first-acquired language (L1), bilinguals reported lower self-ratings of their
ability to speak (M =9.11, SD = 1.13), understand (M = 9.23, SD = 1.27), and read (M = 8.58,
SD =2.26) than monolinguals, M = 9.86, SD = 0.41, t(195) = 5.99, p < 0.001; M =9.88, SD =
0.36, t(195) = 4.37, p < 0.001; and M = 9.80, SD = 0.48, t(195) = 5.06, p < 0.001, re-
spectively. For bilinguals, there was a negative correlation between averaged self-rated profi-
ciency in their L1 and L2, r(100) = —-.35, p < 0.001.

Materials and Procedure

All participants volunteered to participate in the study and provided informed consent, and all
procedures were approved by the Human Subjects Division Institutional Review Board at the
University of Washington. Participants included in the current study were recruited for a
variety of different studies in the lab, including studies on L2 learning, L2 reading skill, and
neurofeedback training ( ; ). During the EEG recording session,
participants were fit with the Emotivi™ EEG headset. Five-minutes of task-free data were col-
lected from each participant while they were seated in a dark, quiet room with their eyes
closed. All participants additionally completed a common set of questionnaires and comput-
erized tasks across studies: an adapted version of the Language Experience and Proficiency
Questionnaire (LEAP-Q; ), a demographics question-
naire, and the Simon task ( ). In the Simon task, participants were shown a
black square or circle on a white background and had to respond to each shape with a different
hand (counterbalanced) by pressing the letter “Q” with the left hand or the number 7 on the
numeric keypad with the right hand. The trials were preceded by 800 ms fixation and 250 ms
blank screen, after which the stimulus appeared on the screen until a response was made or up
to a maximum of 3,000 ms. Seventy-five percent of the trials were congruent (i.e., the shape
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associated with the left-handed response appeared on the left side of the screen and vice versa),
and the remaining 25% of the trials were incongruent (i.e., the shape associated with the left-
handed response appeared on the right side of the screen and vice versa). A total of 60 trials
were presented in random order.

EEG Acquisition and Processing

EEGs were collected from 14 scalp electrodes (AF3, AF4, F3, F4, F7, F8, FC5, FC6, T7, T8, P7,
P8, O1, O2) and two reference electrodes (CMS, DRL) at a sampling rate of 128 Hz using the
Emotiv headsets.

EEGs were processed offline using R programming and packages (

; ; ). Each participant’s EEG data were
splitinto 2 s windows with 50% overlap between segments. Any segment containing artifacts,
defined by segments with deviations in the waveform more than 3 standard deviations above
or below the channel’s average activity, or segments in which the Emotiv headset detected eye
blinks or large gyroscope movements, were excluded from further processing. Using a fast
Fourier transform algorithm, each segment was decomposed into the frequency domain and
then averaged together. The log power at each frequency (from 0.5 to 40 Hz in increments of
0.5 Hz) for each participant and electrode and the correlated activity between two electrodes
(i.e., coherence) at each frequency step was used in further analyses.

Individualized frequency bands

Because of the continuous nature of the frequency spectrum, most studies bin frequencies into
different bands (delta: ~0-4 Hz, theta: ~4-8 Hz, alpha: ~8-12 Hz, beta: ~12-30 Hz, and
gamma: ~30+ Hz), which are then used for further analyses. The boundaries of the frequency
bands, however, are somewhat arbitrary, and vary across studies. Recently, researchers have
advocated for individualized frequency bands that are anchored to each person’s individual
alpha frequency (IAF; ). The IAF is the frequency at which an individual’s syn-
chronous brain activity peaks, which tends to be between 8-14 Hz and is predominantly
found over posterior electrodes, when measured during eyes-closed resting state. Once each
individual’s peak alpha frequency is determined, the frequency bands can be drawn with re-
spect to the IAF (e.g., for an individual whose IAF = 10 Hz, their alpha frequency band would
be from 8-12 Hz, as compared with an individual whose IAF = 12 Hz, whose band would be
from 10-14 Hz). Several studies have found that the IAF is related to measures of intelligence
( ) and processing speed ( ) and that experimen-
tally increasing a person’s IAF using transcranial alternating current stimulation at the person’s
IAF + 1 Hz or through neurofeedback training improves cognitive performance (
; ). Given the known variability in IAF

( ), the current study defined frequency
bands with respect to each participant’s IAF using a modified version of the individual alpha
frequency fixed bandwidth methods described by

. These individualized frequency bands were used for all subsequent analyses,
which allowed us to investigate group differences in the IAF as well as the brain’s peak power
at the IAF in different electrode sites.

The process of identifying the IAF for each participant involved multiple exclusionary steps
prior to peak detection. Broadly speaking, the exclusionary steps involved removing channels
with bad data, removing channels that lacked an alpha peak, and removing participants who
had fewer than 7 “good” channels (half the channels) remaining due to low reliability of the
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IAF estimation with fewer than 7 channels. First, any channels with unusually high or low activity
across the frequency spectrum that might bias measurements of power in each frequency band
were excluded. To achieve this, for each participant, log power within 1-40 Hz on the frequency
spectrum across all of the channels was averaged, and then any channel whose average log power
was more than 2.5 standard deviations above or below the all channel average was excluded. This
resulted in the exclusion of 60 channels (2.1% of the data), with never more than 1 channel per
participantexcluded (channels excluded: AF4=2,F3=1,F4=1,F7=4,F8=10,FC6=2,01 =3,
02=3,P7=13,P8 =4, T7 =13, T8 = 4). The channels identified with high or low activity were
excluded from both the IAF and the individualized frequency band calculations, as well as the
subsequent calculation of average power and coherence within each individualized frequency
band.

To estimate each individual’s IAF, any channels that lacked an alpha peak were additionally
excluded. Alpha peaks were defined as a minimum increase of 0.2 log(mVA2) within a liberal
alpha frequency range (7.5-14 Hz). A total of 245 channels were excluded for lacking an alpha
peak (8.9% of the data). However, these channels were only excluded from the IAF estimation;
after each individual’s IAF was estimated, these channels were once again included in the
calculation of averaged power and coherence within each individualized frequency band.

Finally, in order to ensure a more stable estimate of IAF, any participants who had fewer
than 7 channels (half) remaining after the first two exclusionary steps were additionally
excluded from IAF, power, and coherence calculations. Seven participants (6 monolinguals,
1 bilingual) were excluded for having fewer than 7 channels remaining. Importantly, all of
these excluded participants had at least 7 channels removed for lacking an alpha peak, rather
than for having a bad spectrum, so the primary reason for exclusion was not due to poor data
quality. Individuals for whom we could not estimate an IAF were excluded from all further
analyses.

For each participant that met the inclusionary criteria, the IAF was determined by averaging
the spectra across all good channels and then identifying the alpha peak within a liberal alpha
frequency range (7.5-14 Hz). This process resulted in a single IAF value for each participant.
Frequency bands were defined with respect to each participant’s IAF, with IAF representing 0
on a relative frequency spectrum. Delta was defined as below -6 (i.e., 6 Hz below the IAF),
theta from —6 to below -2, alpha from -2 to below 2, low beta from 2 to below 10, high beta
from 10 to below 20, and gamma as anything greater than or equal to 20 Hz above the IAF.
However, for our analyses, data from the delta frequency band was excluded, as the EEG data
collected from the delta frequency range using Emotiv headsets has been shown to have low
reliability (intraclass correlation coefficient < 0.2) based on analysis of test-retest data (

).

Calculating power and coherence using the IAF

Measures of power and coherence for each frequency band were calculated using the indi-
vidualized frequency bands and were averaged across electrode regions. Electrode regions
were translated from previous work that has uncovered electrode clusters based on phase syn-
chronization measuring networks of brain activity as they work together (
). Therefore, left frontotemporal electrodes included F7, FC5, and
T7 and right frontotemporal electrodes included their right-hemisphere homologues; left
posterior electrodes included P7 and O1, and right posterior electrodes included their right-
hemisphere homologues; medial frontal electrodes included AF3, AF4, F3, and F4 (see
, adapted from ). For example, alpha power over the left frontotemporal
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Figure 1. Electrode layout for the Emotiv Epoc headset, with grouped electrode regions circled and
labeled. Adapted from

electrodes included the average alpha power (from 2 Hz below the IAF to 2 Hz above the IAF)
averaged across F7, FC5, and T7, assuming all three electrodes remained after the exclusion-
ary steps. Coherence was first calculated as the correlated activity between every electrode
pairing, at every 0.5 Hz frequency step. Then, correlated activity within each frequency band
was averaged within each ROI (e.g., coherence within alpha medial frontal electrodes was
calculated as the average correlated activity in the alpha range between AF3, AF4, F3, and
F4) and between each ROI (e.g., coherence between medial frontal and right frontotemporal
electrodes was calculated as the average correlated activity between each electrode pairing
within the medial frontal electrodes and the right frontotemporal electrodes, such as AF3 to
F8, AF3 to FC6, AF4 to F8, AF4 to FC6, etc.).

RESULTS
Analyses

To assess group differences in EEG power and coherence between the monolinguals and bi-
linguals, Fisher-Pitman tests were used to conduct individual ¢ test comparisons between
groups for (1) each frequency range within each electrode region to examine differences in
power, and (2) for each frequency range within each pairing between electrode regions to ex-
amine differences in coherence. Permutation tests were used to conduct analyses because they
do notassume a normal distribution, butinstead calculate probabilities given the distribution and
stability of effects within the provided data. For the power comparisons, false discovery rate
(FDR) corrections were further applied as a strict criterion by adjusting the p values within a
given electrode region across the frequency ranges. For the coherence comparisons, FDR ad-
justments were made for all comparisons involving a given electrode region. Both FDR cor-
rected and uncorrected p values are reported; given the number of comparisons, it is important
to extrapolate patterns of results rather than rely exclusively on significant corrected or uncor-
rected p values to reduce Type | error. Given the exploratory nature of the study and the large
sample size, we further resampled half our dataset 1,000 times (ensuring a proportionate bal-
ance of monolinguals and bilinguals in each resampling) and calculated the group differences.
For each electrode region and frequency range, we therefore illustrated the stability and
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consistency of the reported permutation t tests through the distribution of average group differ-
ences across 1,000 alternate subsamplings. In the following sections, significant group differ-
ences are reported, as are marginal effects when they pattern along with other significant
effects (not all marginal effects are reported, but see the online supporting information
located at ).

To evaluate the relation between different patterns of resting state and the linguistic and
cognitive variables, we conducted permutation tests of Spearman correlations between the
behavioral measures and neural measures of power for each frequency band in each electrode
region. For correlations, permutation tests shuffle the observed values of each measure and
recalculate the magnitude of the relation after shuffling; therefore, if the observed relation is
unlikely to be reproduced by chance, then the permutated p value will be correspondingly
low, whereas if there are many combinations of the values that produce even stronger relations
than the observed relation, the permutated p value will be high.

We considered three aspects of language experience that are interrelated but may be dif-
ferentially related to features of brain activity: proficiency, past experience, and current usage.
To calculate proficiency, each participant’s self-rated proficiency scores (scale: 1-10) for
speaking, understanding, and reading was averaged in each language. For past experience,
we used the self-reported age of acquisition for the L2. Finally, current usage was calculated
by averaging each participant’s estimated proportion of use of their L2 for speaking, listening,
and reading.

Correlations between the cognitive/linguistic variables and EEG patterns were examined to
determine if there were any neural factors that related to the behavioral measures. However,
the bilinguals and monolinguals differed significantly in terms of both language experience
and measures of cognitive control. Furthermore, bilingualism has previously been found to
modulate the deployment of cognitive control, often showing correlations between measures
of cognitive control and language experience where no relation exists for monolinguals (e.g.,

). Although language experience exists on a continuum, active bilingualism
can have global modulating effects on brain activity. Such patterns suggest that certain rela-
tions may not be captured when collapsing across bilinguals and monolinguals. Therefore, in
addition to correlations collapsing across groups, separate correlations were run for the bilin-
guals and monolinguals when examining the linguistic and cognitive variables.

Group Differences in Power

The results of the permutation t tests revealed that bilinguals had significantly higher alpha
power than monolinguals in right posterior electrodes, t{(188) = 2.77, uncorrected p < 0.01,
FDR-corrected p < 0.01, and marginally higher alpha power in left posterior, t(188) = 1.78,
uncorrected p = 0.08, FDR-corrected p = 0.16, and medial frontal electrodes, t(188) = 1.94,
uncorrected p = 0.05, FDR-corrected p = 0.08. Bilinguals also had significantly higher power
in right posterior electrodes in the high beta band, t(188) = 2.44, uncorrected p = 0.01, FDR-
corrected p = 0.02, and marginally in the gamma band, t(188) = 1.74, uncorrected p = 0.08,
FDR-corrected p = 0.11. Monolinguals, in contrast, had significantly higher theta power in left
frontotemporal electrodes than bilinguals, t(188) = 0.54, uncorrected p = 0.01; FDR-corrected
p = 0.02. The permutated distribution of power differences for 1,000 subsamplings of the data
can be found in in addition to the full EEG power spectrum for each group in the right
posterior electrode region where the majority of differences were found.

The observed differences in power between groups could be due to larger networks of neu-
rons firing at a frequency or to a smaller more local network with particularly high synchrony.
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Figure 2. A) After resampling 50% of our dataset 1,000 times, the group differences for each electrode region and frequency range were
calculated and the distribution of group difference values were plotted in the histograms. The color-shaded boxes correspond to the significant
(green) or marginally significant (red) false discovery rate-corrected group differences. B) Averaged spectra in right posterior electrode region
(i.e., averaged over O2 and P8) for bilinguals (blue) and monolinguals (red). Color-shaded region represents a 95% confidence interval around
the averaged spectra line for each group. Individualized frequency bands with respect to the individual alpha frequency are indicated on the
x-axis. Significant (*) or marginal (*) group differences are marked for relevant frequency bands.

The next analyses examined coherence differences between groups to examine whether the
same frequency ranges and electrode regions would show greater coherence, which would
imply that larger, more coordinated networks produced the power differences between groups.

Group Differences in Intrinsic Coherence

Very little work has previously examined group-level differences in resting-state oscillatory
dynamics between bilinguals and monolinguals. The only study to our knowledge that has
reported such data revealed greater coherence in the theta and beta frequency ranges in bi-
linguals, particularly in posterior regions ( ). A mixed-effects
ANOVA with group as a between-subjects variable and electrode region as a within-subjects
variable on the overall coherence differences between groups revealed that bilinguals had
greater coherence between electrode regions than monolinguals, F(1, 188) = 4.78, p =
0.03, but the two groups did not differ in their coherence within electrode regions, F(1,
188) = 0.43, p = 0.51. That said, all reported coherence results show greater coherence for
bilinguals than monolinguals, with the exception that monolinguals had marginally higher theta
coherence within the medial frontal electrodes than bilinguals, t(188) = 1.91, p = 0.06.

For bilinguals, the pattern of coherence results showed that the posterior electrode regions
were more connected with all other regions (see ). Bilinguals’ left posterior electrodes
had significantly greater coherence with left frontotemporal electrodes in the alpha, ¢(188) =
2.94, uncorrected p < 0.01, FDR-corrected p < 0.01; low beta, t(188) = 2.62, uncorrected p <
0.01, FDR-corrected p = 0.02; and high beta, t(188) = 2.26, uncorrected p = 0.02; FDR-
corrected p = 0.04, frequency ranges. Left posterior electrodes had greater coherence with
the medial frontal electrodes in the alpha range, t(188) = 2.66, uncorrected p < 0.01, FDR-
corrected p = 0.02. Left posterior electrodes had marginally greater coherence with the right
frontotemporal electrodes in the alpha frequency range, t(188) = 2.19, uncorrected p = 0.03,
FDR-corrected p = 0.06, and low beta frequency range, t(188) = 2.11, uncorrected p =
0.04, FDR-corrected p = 0.07. Bilinguals’ right posterior electrodes had greater coherence
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Figure 3. Coherence maps showing connections and frequencies in which bilinguals had greater
coherence than monolinguals. Thicker lines/larger circles indicate connections between electrode
regions for which bilinguals had significantly greater FDR-corrected coherence than monolinguals;
thinner lines/smaller circles indicate marginally greater FDR-corrected coherence. Lines indicate
connections between two electrode regions; circles indicate within-network coherence. Not de-
picted: monolinguals only exhibited marginally greater theta coherence than bilinguals within
the medial frontal electrodes. FDR = false discovery rate.

with the right frontotemporal electrodes in the low beta range, t(188) = 2.36, uncorrected p = 0.02,
FDR-corrected p = 0.03, and marginally greater coherence in high beta range, (188) = 2.00,
uncorrected p < 0.05, FDR-corrected p = 0.07, and gamma range, t(188) = 2.07, uncorrected
p = 0.04, FDR-corrected p = 0.06. Right posterior electrodes had greater coherence with the
medial frontal electrodes in the low beta range, t(188) = 3.00, uncorrected p < 0.01, FDR-corrected
p =0.01, and marginally higher coherence in the alpha range, t(188) = 2.27, uncorrected p = 0.02,
FDR-corrected p = 0.06, and high beta range, t(188) = 2.28, uncorrected p = 0.02, FDR-corrected
p = 0.06. Right posterior electrodes had greater coherence with the left frontotemporal electrodes
in the alpha range, (188) = 2.69, uncorrected p < 0.01, FDR-corrected p = 0.02, and marginally
higher coherence in low beta range, ¢(188) = 2.14, uncorrected p = 0.03, FDR-corrected p = 0.07;
high beta range, t(188) = 2.01, uncorrected p < 0.05, FDR-corrected p = 0.08, and gamma range,
t(188) = 2.09, uncorrected p = 0.04, FDR-corrected p = 0.07. Between the two posterior regions,
bilinguals had significantly higher alpha coherence, t(188) = 3.64, uncorrected p < 0.001, FDR-
corrected p = 0.001, and marginally higher low beta coherence, ¢(188) = 2.02, uncorrected p =
0.04, FDR-corrected p = 0.07. Within the left posterior electrodes, bilinguals had greater alpha
coherence, t(188) = 3.01, uncorrected p = 0.01, FDR-corrected p < 0.01, and marginally greater
low beta coherence, t(188) = 2.21, uncorrected p = 0.03, FDR-corrected p = 0.06. Within the right
posterior electrodes, bilinguals had greater alpha coherence, t(188) = 3.01, uncorrected p < 0.01,
FDR-corrected p < 0.01, and marginally greater gamma coherence, t(188) = 1.84, uncorrected p =
0.07, FDR-corrected p = 0.09. The full set of group comparisons of coherence data can be found in
the online . The bilinguals did not have greater coherence within or between
the frontal regions than the monolinguals.

The coherence results showed that bilinguals had greater alpha coherence extending from
posterior regions across the head, as well as greater beta coherence extending from posterior
regions across the head with stronger connections coming from the right hemisphere. While
one contributing factor may be that alpha and beta are the most reliable and easiest to detect
frequency ranges, it would not explain why the differences were consistently found to be
stronger in bilinguals than monolinguals. The analyses of the power differences between
groups revealed greater alpha power in posterior electrode regions and greater high beta power
in right posterior electrodes. Combined with the coherence results, the group differences in
power therefore seem to reflect that bilinguals have larger networks of neurons firing at the al-
pha and beta frequencies at rest compared with monolinguals, thus producing the pattern of

301


https://doi.org/10.1162/nol_a_00014

Bilingual language experience shapes resting-state brain rhythms

Neurobiology of Language

power and coherence differences observed here. In contrast, the monolinguals only had
marginally stronger coherence within the electrodes in the medial frontal region for the theta
frequency, whereas they exhibited greater theta power over left frontotemporal electrodes.
Those results would instead suggest that the monolinguals had slightly greater local synchrony
at the theta frequency.

Alpha
Peak parameters

Because individualized frequency ranges were used, one question that can be addressed spe-
cifically for alpha but not the other frequency ranges was whether the two groups differed in
various alpha peak parameters: the frequency of the alpha peak (IAF), the likelihood of a
peak’s presence at any given electrode, and the power of alpha at the peak frequency.
Given that alpha was predicted to differ between bilinguals and monolinguals, which was
confirmed in the power and coherence analyses, the expectation was that the two groups
may also differ in other alpha features.

To address the question of whether one group was more or less likely to exhibit a peak in
the alpha range, a logistic regression was conducted using the presence or absence of an alpha
peak across each channel as the outcome variable and group and electrode as predictor var-
iables. The logistic regression revealed that bilinguals were more likely to have an alpha peak
across channels than monolinguals (3 = 0.96, SE = 0.14, p < 0.001) when controlling for elec-
trode location. To examine the peak power at the IAF in each electrode region (i.e., maximum
power reached, marked by the IAF, not mean alpha power across frequency band), Fisher-
Pitman permutation tests were used to compare monolinguals and bilinguals, which revealed
that bilinguals had significantly higher peak power at the IAF than monolinguals in left poste-
rior electrodes, t(188) = 2.39, p = 0.02; right posterior electrodes, t(188) = 3.47, p < 0.01,
medial frontal electrodes, t(188) = 2.94, p < 0.01; right frontotemporal electrodes, t(188) =
2.33, p = 0.02; and marginally higher peak power in the left frontotemporal electrodes, t(188) =
1.69, p = 0.09. Finally, to examine whether the bilinguals (M = 10.71 Hz) and monolinguals
(M = 10.74 Hz) differed in their IAF, we conducted a t test, which found no difference in IAF
values between the two groups, t(188) = 0.2, p = 0.84.

Bilinguals were more likely to exhibit an alpha peak and had higher power at the observed
peak than monolinguals, across the head. Given the power and coherence differences, these
results further contribute to the overall pattern. That is, bilinguals have large-scale alpha syn-
chrony at rest. Because such large networks fire in sync, bilinguals” alpha activity must be
carefully coordinated. Higher synchrony leads to higher power, especially at the specific fre-
quency (the peak alpha frequency), which is why the peak power analyses showed differences
between groups across electrode regions, whereas the averaged alpha power analyses only
showed differences in (right) posterior electrodes. The higher synchrony also helps explain
why the bilinguals were more likely to exhibit an alpha peak when controlling for electrode
location; the greater coherence across electrodes pushes alpha through all the connections,
including further forward to anterior electrodes. Alpha is predominantly found over posterior
regions in general, so the whole-head coherence enables it to travel forward and produce
alpha peaks more reliably in frontal electrode regions. The similar IAF values across groups
is not unexpected; the two groups were of similar ages (and age is a known factor related to the
frequency of the alpha peak; ), and the cognitive processes previously related
to variability in the IAF, such as processing speed and intelligence, were not predicted to differ
between the bilinguals and monolinguals.
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Individual differences in language control

The remaining analyses were dedicated to investigating the underlying mechanism(s) driving
the observed group differences, using measures of language experience and cognitive control.
The prediction was that alpha would be related to aspects of bilingual language use that re-
quire engagement of cognitive control. Previous research has shown that bilinguals whose two
languages are more balanced in proficiency exhibit greater bidirectional influence of the non-
target language (for a review, see ). Because bilinguals engage inhib-
itory mechanisms to manage this interference (e.g., ;

), past work has also shown that higher L2 proficiency, earlier age of L2 acquisition,
and more balanced language use is associated with greater cognitive control among bilinguals
( ; ; ). Therefore, measures
of language experience that capture how much bilinguals may need to engage those inhibitory
control mechanisms, such as proficiency level(s), age of acquisition, and proportion of use,
should be related to alpha inhibitory mechanisms.

Permutated Spearman’s correlations were conducted between alpha power in each electrode
region and measures of proficiency (in the L1 and L2), past experience (L2 age of acquisition), and
current usage (L2). Higher alpha power was related to earlier age of L2 acquisition, greater current
L2 use, and higher L1 proficiency. Specifically, higher alpha power was related to an earlier age of
acquisition of the L2, in bilinguals and collapsing across groups, in right posterior electrodes (all:
rho = -0.20, p = 0.02; bilinguals: rho = -0.17, p = 0.08) and medial frontal electrodes (all: rho =
-0.17, p=0.06; bilinguals: rho =-0.17, p = 0.09). Higher alpha power was also related to a higher
proportion of current L2 use in bilinguals in left posterior electrodes (rho = 0.20, p = 0.04), right
posterior electrodes (rho = 0.16, p = 0.098), and medial frontal electrodes (rho = 0.16, p = 0.097).
Finally, higher alpha power was also related to higher self-rated L1 proficiency for the bilinguals
only in left frontotemporal electrodes (rho = 0.19, p = 0.05) and right frontotemporal electrodes
(rho = 0.18, p = 0.06). Scatterplots of the relations and their spatial profiles for bilinguals can be
found in , and the scatterplots including all individuals can be found in

The correlations revealed that bilinguals who maintained higher proficiency in their L1 and
who used their L2 more frequently had higher alpha power. Bilinguals and monolinguals who
learned a second language earlier in life also had higher alpha power. The results here extend
the growing body of literature in showing that alpha mechanisms support language control in
bilinguals, such that the repeated and prolonged experience of managing two languages
shapes alpha activity even in the absence of a specific language task.

Individual differences in cognitive control

Alpha is consistently found to be related to performance on cognitive control tasks when mea-
sured over (medial) frontal electrodes, but the findings are primarily drawn from alpha mea-
sured during on-task performance (e.g., ; ;

). With respect to bilingualism, although it is generally accepted that bilinguals
experience coactivation of their languages and recruit other cognitive mechanisms to control
interference, controversy still surrounds the question of the specificity of the control that is
recruited and whether the bilinguals’ practice with engaging cognitive control for cross-
language conflict extends to performance on tasks that do not require language processing
or control (e.g., ; ).

Before computing the relations between the EEG measures and Simon performance, behav-
ioral performance was compared across groups. A mixed-effects ANOVA on the response
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Figure 4. Correlations between alpha power and measures of language experience for bilingual
individuals. L1 = native language; L2 = second language. Scatterplots are placed in the electrode

region where the relations were observed.

times in the Simon task was conducted. The ANOVA on response times included group as a
between-subjects variable and condition (congruent, incongruent) as a within-subjects vari-
able, and revealed a main effect of condition, F(1, 192) = 524.38, p < 0.001, as well as a
significant Group x Condition interaction, F(1, 192) = 7.80, p < 0.01. The interaction revealed
that bilinguals had a larger difference in response times between congruent and incongruent
trials (i.e., a larger Simon effect; M = 79.4 ms) than monolinguals (M = 61.99 ms).
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Figure 5. Correlations between alpha power and measures of language experience for all individuals
(bilingual and monolingual). L2 AoA refers to the age of acquisition of the second-acquired language.
Scatterplots are placed in the electrode region where the relation was observed.
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A mixed-effects ANOVA was also conducted on the accuracy rates in the Simon task with
group as a between-subjects variable and condition (congruent, incongruent) as a within-subjects
variable. This analysis also revealed a significant main effect of condition, F(1,192)=7.23, p<0.01,
and a Group x Condition interaction, F(1, 192) = 18.94, p < 0.001. In contrast to the response time
results, the interaction in the accuracy rates revealed that monolinguals had a larger difference in
accuracy rates between the incongruent and congruent conditions (M = 6.98%) than bilinguals
(M = 1.34%). In fact, among the bilinguals, there was not a significant difference in accuracy
rates for the congruent and incongruent condition, t(102) = 0.94, p = 0.35.

Behaviorally, the monolinguals had a smaller response time difference between congruent and
incongruent trials than bilinguals, and bilinguals had a smaller difference in accuracy rates than
monolinguals. In order to capture performance on the Simon task in a single value for further
correlational analyses with resting-state measures, we combined the response time and accu-
racy rates using the inverse efficiency score (IES; ;

). The IES is calculated by dividing a participant’s average response time (for correct trials
only) by their accuracy rate for a given condition. We calculated the IES for congruent and
incongruent trials for all participants, and then used the difference between the IES scores
(incongruent—congruent) as a measure of Simon performance for further analyses. Note that
larger IES scores represent slower and less accurate responses; therefore, larger Simon IES dif-
ferences indicate larger costs associated with inhibitory control. Outliers were defined as any
Simon score that was above or below 2.5 standard deviations of the average Simon score and
were removed from analyses involving Simon performance (1 monolingual and 4 bilinguals). A
ttest on the IES values revealed that when accounting for both response times and accuracy rates,
bilinguals (M = 66.02, SD = 78.09) had a smaller Simon effect than monolinguals, t(179) = 3.29,
p < 0.001T, M =105.90, SD = 85.00.

A clear pattern emerged for the relation between Simon performance and EEG measures.
For monolinguals only, better Simon performance (i.e., smaller difference values) was related

to higher alpha power across frontal electrode regions (see ). Alpha power over left

Left Frontotemporal Medial Frontal Right Frontotemporal
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Figure 6. Relation between Simon performance and alpha power over three frontal electrode regions. Red line represents linear relation be-
tween Simon performance and alpha power for monolinguals and blue line represents bilinguals. Shaded region indicates 95% confidence
interval surrounding the line at any given point.
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frontotemporal electrodes (rho = —0.25, uncorrected p = 0.02), medial frontal electrodes
(rho = —=0.22, uncorrected p = 0.04), and right frontotemporal electrodes (rho = —=0.19, uncor-
rected p = 0.09) was negatively related to the Simon scores. For bilinguals, there were no
significant relations between alpha power at any electrode region and Simon performance
(all: p > 0.40). A visual inspection of the relation for each group shows that the lack of relation
in bilinguals may be because the bilinguals have higher alpha overall (see ). As has
already been shown, bilinguals had marginally higher alpha power over medial frontal elec-
trodes than monolinguals, and the alpha power there was modulated by bilinguals’ current L2
use and age of L2 acquisition; likewise, their alpha power over bilateral frontotemporal elec-
trodes was modulated by their L1 proficiency. Therefore, the bilinguals’” alpha power at rest
may be relatively insensitive to additional variability in more general cognitive control ability
because it is regularly engaged for linguistic control. Monolinguals, in contrast, revealed the
expected effect whereby greater alpha power was related to better cognitive control over the
expected frontal regions. For monolinguals who may not need to regularly engage alpha for
language control, there remains greater variability in alpha power that can be explained by
individual differences in cognitive control.

Beta

Like alpha, beta is a general cognitive mechanism engaged in top-down control, particularly
for control in working memory. Beta has also been more closely linked with language process-
ing than alpha; beta increases during language comprehension for cohesive and coherent sen-
tences that allow for and confirm predictions of upcoming words ( ;

; ). Beta is also known to be prevalent in regions of the
basal ganglia, which are also consistently found to be shaped by the demands of dual-
language use (e.g., ; ; ). The results
from the power and coherence analyses indicated that bilinguals had greater high beta power
over right posterior electrodes and greater beta coherence with posterior electrode regions,
particularly with right posterior regions. The slight tendency toward stronger effects in the right
hemisphere support previous studies that have found that right-hemisphere beta activity is re-
lated to how quickly an individual learns a new language ( ; ).

Individual differences in language experience

The relation between beta power (low and high beta) in each electrode region and the lan-
guage experience measures (proficiency in each language, age of L2 acquisition, and current
language usage) was examined using permutated Spearman’s correlations. Higher power in
the low beta frequency range was related to higher proficiency in the L1 in the left frontotem-
poral electrodes for everyone (rho = 0.18, p = 0.02), as well as marginally in the right fronto-
temporal electrodes for the bilinguals (rho = 0.18, p = 0.07). No other significant or marginally
significant relations were found.

In line with beta’s role in maintaining the “status quo,” the results suggest that beta is en-
gaged in maintenance of the L1. The finding that both groups showed the relation in the left
hemisphere electrodes but only bilinguals showed the relation in the right hemisphere elec-
trodes is consistent with the slightly right-lateralized coherence results.

Theta

Although not an a priori frequency of interest, the results of the group differences in power
revealed that monolinguals had significantly higher theta power over left frontotemporal
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electrodes than bilinguals and had marginally higher theta coherence within the medial frontal
electrodes. Theta is closely associated with learning and memory (e.g.,

), with the hippocampus as one of the known primary
generators of the theta rhythm ( ; ). Because of its
opposite relation with alpha power, typically lower theta at rest and higher theta on task are
related to better performance. However, of potential relevance for the current study, it has also
been related to cognitive control and activity in the anterior cingulate and prefrontal cortices
when found over medial-frontal electrodes ( ;

). Therefore, permutated Spearman’s correlations were conducted between
theta power across electrode regions and the language and cognitive control measures to
try to understand the mechanism driving the theta power differences.

Higher theta power over left frontotemporal electrodes was significantly related to L1 pro-
ficiency when collapsing across groups (all: rho = 0.20, p < 0.01; bilinguals only: rho = 0.18,
p = 0.06). Proficiency in the L1 also differed across the two groups, t(126.49) = 6.13, p <
0.001, such that monolinguals (M = 9.85, SD = 0.40) self-rated their L1 proficiency as higher
than bilinguals (M = 9.01, SD = 1.32). Therefore, higher theta power at rest could be related to
L1 access and memory during periods of rest.

DISCUSSION

The current study was among the first to examine how bilingual language use shapes the tem-
poral dynamics of intrinsic brain activity, using data obtained from task-free EEG metrics.
Active bilingual language use has been shown to shape language processing as well as more
general cognitive mechanisms. Because bilinguals hold two entire languages in mind and
must control interference from their nontarget language, they engage brain regions and mech-
anisms involved in domain-general cognitive control to suppress conflict. With repeated use
and experience, the engagement of those brain regions leads to the structural and functional
changes reported in fMRI studies on bilinguals and, we hypothesized, would also be present in
brain activity measured via EEGs during a task-free state.

Based on previous research from at-rest and on-task EEG studies, we expected alpha and
beta frequency ranges to be the primary aspects of brain activity to be affected by bilingual
language experience. The prediction that alpha would be involved was strongly confirmed,
with greater alpha power and coherence in bilinguals, and patterns of correlations showing
that higher alpha power was related to more L2 use, earlier age of L2 acquisition, and higher
L1 proficiency. The predictions about beta were also supported; bilinguals had greater high
beta power in right posterior electrodes and had greater (high and low) beta coherence than
monolinguals. Beta was also related to proficiency in the L1, which was found for both groups
in left frontotemporal electrodes but only bilinguals in right frontotemporal electrodes. Finally,
although theta was not a frequency range that was a focus, the results did reveal a number of
findings for the theta range, with higher left frontotemporal theta power in monolinguals,
marginally greater theta coherence within medial frontal electrodes for monolinguals, and a
positive relation between theta power and L1 proficiency collapsing across groups.

Alpha Rhythms Support Bilingual Language Control

Alpha activity was of particular interest in the current study given past findings of its role in
cognitive control generally, and inhibitory processes more specifically (e.g.,

). Alpha is the predominant rhythm found in task-free EEG measures and is one of the
most studied frequency bands in EEG research. All cortical regions have been shown to
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generate alpha activity, as it seems to be a general mechanism for inhibiting interference from
sensory inputs as well as from other neural regions ( ). It has been related
to individual differences in intelligence, memory retrieval, working memory, and many other
cognitive constructs (e.g., ; ;

; ), consistent with
the fact that efficient inhibitory control is critical for widespread cognitive functioning.
Coupled with the increasing body of research that suggests bilinguals rely on domain-general
cognitive control mechanisms to manage interference between their coactivated languages
(e.g., ; ), it was suspected that alpha may
be a frequency range that would reveal differences as a function of bilingual experience.

The results of the current study, to the best of our knowledge, are the first to reveal wide-
spread differences in alpha between bilinguals and monolinguals. As expected, bilinguals had
higher alpha power and coherence than monolinguals. This is consistent with the hypothesis
that using and controlling two languages requires repeated and prolonged engagement of in-
hibitory control, which likely relies on alpha mechanisms. Consistent with research using
structural and fMRI indices, our findings suggest that repeated engagement of alpha inhibitory
control mechanisms eventually shapes a distributed network of brain regions that work together
to accomplish bilingual language control, as captured by the power and coherence measures in
the current study.

Further evidence of this comes from the correlations showing that higher alpha power was
found among bilinguals who maintained higher proficiency in their L1, used their L2 more often,
and learned their L2 earlier in life. Alpha power correlated with these language experience mea-
sures primarily over posterior electrodes. While the location of underlying brain activity cannot
be inferred or localized, past studies have identified activity in the parietal cortex of bilinguals
that was related to global language inhibition ( ). Even if the source of the brain
activity cannot be specified, it is worth noting that the relations between the L2 experience mea-
sures (L2 use and L2 AoA) with alpha activity appeared in the same electrode regions where the
largest group differences in alpha activity were found: right posterior, medial frontal, and left
posterior electrodes. The pattern of results generally suggests that bilinguals who experienced
greater cross-language competition had higher alpha power at rest.

Interestingly, while L1 proficiency was related to alpha power, L2 proficiency was not.
Greater language competition is traditionally related to higher L2 proficiency under the as-
sumption that L1 proficiency is uniformly high, so any differences in the balance of proficiency
across languages is typically driven by differences in L2 proficiency. However, it is worth not-
ing that the vast majority (102/106) of the bilinguals in this experiment were L2 English
speakers living in a country where the predominant language spoken is English and where
their college-level coursework is in their L2. Hence, differences in the frequency with which
they use their L1 (and hence maintain proficiency in it) may drive differences in the demands
they experience while using their L2.

These results are consistent with a growing body of work focusing on the role of the L1
inhibition in bilingual language use ( ;

; ; ). Various studies have
demonstrated that bilinguals need to exert a greater degree of inhibitory control on their L1 to
achieve L2 use. This has been observed in language-switching paradigms that reveal a larger
cost in unbalanced bilinguals for switching back to the L1 after using the L2 (

), or an overall slowing of the L1 in balanced bilinguals such that the L1 naming
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latencies are globally slower than in the L2 ( ). In blocked naming
paradigms, a similar phenomenon is observed; naming a set of pictures in the L1 after having
named the same pictures in the L2 produces electrophysiological effects often associated with
inhibitory control ( ) or patterns of brain activity over the parietal cortex asso-
ciated with global language inhibition ( ). The interpretation of these findings has
been that when a bilingual uses the L2, the L1 must be more strongly inhibited, and that when
they return to using the L1, the high levels of inhibitory control imposed on the L1 must be dis-
engaged. Extending this logic to the results of the current study, we observed higher alpha power
among the bilinguals whose higher L1 proficiency in a predominantly L2 context likely required
greater L1 inhibition during on-task language use. Similarly, higher alpha power was observed in
bilinguals whose L1 and L2 are highly competitive due to early developmental experience in
forming connections within and between languages (i.e., early L2 age of acquisition), and bilin-
guals who use their L2 frequently and must therefore regularly inhibitthe L1 (i.e., greater current
L2 use).

An alternative, yet related, interpretation of the correlational results could be that higher
alpha power helps to separate and maintain the integrity of each language. For example,
one study by showed that the L1 of language learners with
low inhibitory control ability was more permeable to the influence of the L2. Other studies
have similarly shown larger cross-language influence among bilinguals with lower inhibitory
control ( ; ;

). These findings could lead to the interpretation that alpha serves to protect the L1 from
interference and decay while these bilinguals were immersed in a primarily L2-speaking con-
text and many had become dominant in the L2. Both interpretations of the correlation results
support the hypothesis that alpha power is impacted by language experiences that create or
require inhibitory control to manage cross-language interference. Importantly, while past re-
search has reported on-task effects of language control, these findings extend our understand-
ing by demonstrating that language control can impact how brain networks communicate
even when no language task is required.

The pattern of results from the coherence and alpha parameters suggests that the bilinguals
also exhibit tighter alpha tuning than do the monolinguals. The bilinguals studied had higher peak
alpha power across electrode regions and were more likely to exhibit an alpha peak than were the
monolinguals when controlling for electrode location. Greater alpha precision (i.e., more alpha
synchrony at the specific IAF) would explain why more alpha peaks were detected in the bilin-
guals and why bilinguals had higher peak power at the IAF. More jittered alpha synchrony, as in
the monolinguals, would result in less pronounced peaks in the alpha band, thus reducing the
number of alpha peaks detected and producing lower power at the IAF. When the jittered alpha
power spread out across the frequency band was averaged, the group differences in the averaged
alpha frequency would thus be reduced, as found in the pattern of results reported here.

Greater neural precision in bilinguals has been found in other studies examining the sound
frequency domain. compared the auditory
brainstem response, or the neural encoding of the fundamental frequency of an incoming
auditory signal, between bilinguals and monolinguals. They found that bilinguals exhibited
more precise neural encoding of incoming speech sounds. Furthermore, the bilinguals’ neural
responses to speech sounds embedded in noise were related to measures of cognitive control,
whereas the monolinguals’ neural responses were not. Given the greater variability in bilingual
language experience, bilinguals may be required to develop more precise representations to
successfully extract signal from their noisier environments. Other studies have directly linked
alpha oscillations to selective listening in noisy contexts ( ). The results from
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the current study, showing greater alpha precision in bilinguals, seem to suggest that alpha
mechanisms used for cognitive control may be more precisely tuned in bilinguals to help ex-
tract signal from the noisier environments they encounter, which likely extend beyond the
domain of auditory processing to other cognitive domains.

An alternative interpretation of the pattern of results in the current study is that the higher
peak alpha power observed in bilinguals may have been driven by the fact that bilinguals were
more likely to have an alpha peak. However, if that were the case, then removing electrodes
without a peak should have resulted in similar peak alpha power for the two groups. An anal-
ysis of only electrodes with detected peaks showed the exact same pattern as the analyses
reported here that included electrodes without peaks. In general, relatively little is known
about individual differences in alpha peaks, including their presence or absence, but the results
of the current study seem to suggest that bilingual language experience increases alpha preci-
sion as well as alpha power and coordination (coherence).

In addition to the group differences in alpha, we expected that alpha activity would be
related to measures of cognitive control, measured via the Simon task. The correlational anal-
yses did reveal a significant relation between frontally distributed alpha activity and cognitive
control, but for monolinguals only. Visually, it seemed that bilinguals” alpha was unrelated to
individual differences in Simon performance due to their overall higher alpha activity.
Bilinguals” alpha activity is so intertwined with their language control needs, which are rela-
tively constant, that their intrinsic alpha activity is primarily shaped by individual differences in
language experience. In contrast, monolinguals do not engage alpha for such frequent daily
experiences as dual-language control, and therefore their alpha activity at rest is more closely
related to how often or how well they engage domain-general cognitive control mechanisms.

Beta Rhythms Help the Native Language

As expected based on findings from the study, our results showed
greater beta coherence in the bilingual speakers, and extended the findings to show greater beta
power in bilinguals as well. Similar to the de Frutos-Lucas study and to the alpha findings in the
current study, higher beta coherence was centralized in posterior electrodes, particularly within
the right-hemisphere electrodes. Further evidence from the correlational analyses revealed that
bilateral frontal low beta power correlated with the bilinguals” L1 proficiency, whereas the
monolinguals’ L1 proficiency was related only to left frontal beta. Together, this pattern of
results supported our hypothesis that bilingual language use would impact beta activity.

The beta results were slightly skewed toward the right hemisphere, in line with other studies
that have found greater right hemisphere involvement in bilingualism and L2 learning
( ; ; ;

). The right hemisphere is recruited to help with the

processing of subordinate word meanings ( ), metaphors
( ), and the less proficient of a bilingual’s two languages (

; ), and to integrate different timescales of language informa-
tion ( ; ). Many roles of the right-hemisphere

therefore seem to lend support for difficult or unexpected linguistic phenomena (
; ; ), congruent
with the idea that bilinguals experience greater demands from dual-language use.

An increasing number of studies have related language learning success to right-hemisphere
structure and function. For example, stronger white matter integrity in the right hemisphere
has repeatedly been related to more facile L2 learning ( ; ). Of
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closer relevance to the current experiment, increased beta activity over right-hemisphere
electrodes measured at rest has been shown to predict the rate of learning natural languages in
adulthood ( , ) and, more recently, computer programming languages (

). The results of the current study, which show that bilinguals
have greater beta power and coherence over right-hemisphere electrodes, may provide an impor-
tant link between research on individual differences in right-hemisphere beta in L2 learning and
research showing that bilinguals are better at acquiring new languages than monolinguals (e.g.,

; ). The results here showed that bilinguals
have greater right-hemisphere beta coherence than monolinguals, providing one possible mech-
anism that enables better and faster learning of a new language.

Overall, beta frequencies appear to be heavily implicated in dual-language success. The
observation that beta power was related to L1 proficiency for both groups in the left hemi-
sphere electrodes suggests it plays a role in language maintenance and fluency; the added
right-hemisphere contribution in bilinguals may speak to the greater demands on bilinguals
due to dual-language use.

Coherence as Coordination

Some of the most striking results of the current study came from the coherence analyses.
Bilinguals had significantly higher alpha and beta coherence between posterior electrodes
and almost every other electrode region (see ). Low and high beta coherence was es-
pecially stronger for bilinguals in right-hemisphere electrodes. Many researchers have argued
and demonstrated that dual-language use requires greater domain-general coordination (e.g.,
; ). Language processes in bilinguals and L2 learners
recruit more broadly distributed regions (including the right hemisphere especially for the less
proficient language), and language processes are more closely coordinated with domain-
general cognitive control, monitoring, and attentional mechanisms (e.g., ;
; ). Previous research has iden-
tified increased activity in the right posterior parietal cortex under more difficult word-finding
conditions, which researchers have associated with greater sustained attention and executive
control that is drawn upon to resolve difficult linguistic processes ( ). Other
recent research using fMRI has shown that the coupling between the right inferior parietal
cortex with other cortical areas (cingulate cortex, precentral gyrus, superior frontal gyrus, pre-
cuneus) was modulated during on-task switching between languages (
), again emphasizing the role of (right) posterior coherence for language control.
The coherence results from the current study suggest that the additional demands of dual-
language use are due not only to greater difficulty but also to greater coordination of language
and cognitive control.

These results are largely in line with the study, as well as the
wealth of other resting-state MR literature that demonstrates greater white matter connectivity
among bilinguals and language learners that has been attributed to long-term consequences of
dual-language control and use (e.g., ; ). As in the de Frutos-
Lucas et al. study, the results of the current study revealed that bilinguals had much greater and
broader coherence. Moreover, the hub of the coherent activity appeared primarily in posterior
regions. The posterior nature of the results in both studies suggests that bilingual experience
significantly shapes how posterior brain networks coordinate with other areas of the brain,
which is also consistent with the bilingual anterior-to-posterior and subcortical shift (BAPSS) model
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( ). One difference between the two studies was that de Frutos-Lucas et al.
primarily found effects in the theta and beta range, whereas here the main differences were in
alpha and beta. The discrepancy in results could be due to the use of individualized frequency
ranges in the current study. Across the lifespan, a person’s IAF follows an inverted U-shaped curve,
such that IAF is at its highest frequency in young and middle adulthood but slows significantly in
older adults ( ), which was the population used in Lltis
possible that their use of fixed frequency ranges may have inadvertently attributed activity to the
theta range that was actually slowed alpha activity in their older adult population. Discrepancies
between the results of the current study showing large-scale alpha differences and their results
centralized in theta may therefore reflect methodological differences in defining the frequency
ranges. Regardless of the discrepancies, the results from the current study extend the small body
of previous work on oscillatory differences between bilinguals and monolinguals, and add to the
growing literature demonstrating that dual-language use places demands on cognitive networks
that require greater connectivity and coordination.

Theta and Native Language Proficiency

While alpha and beta were the primary a priori frequencies of interest, a number of the results
also revealed effects in theta. Theta has been implicated in learning and memory (e.g.,

) and is widely found in the hippocampus and its associated regions
( ; ). Monolinguals in the current study had signif-
icantly higher L1 proficiency, in addition to higher theta power over left frontotemporal elec-
trodes and marginally higher theta coherence within medial-frontal electrodes than bilinguals.
The spatial extent of the group differences in theta was very restricted and limited to monolin-
guals. The correlations showed that higher theta power over left frontotemporal electrodes was
related to higher proficiency in L1 for both groups. The consistency across the group differences
and correlations suggests that left-frontal theta activity is related to language proficiency.

While no strong conclusion can be made about the mechanism driving the theta differences
based on these data alone, it is interesting to note that left frontotemporal theta was the only
frequency found to have greater power in monolinguals than bilinguals, that it was related to
language performance, and that it was restricted in its spatial profile. Many have argued that
one consequence of dual-language use is that the networks supporting language must be cast
wider to coordinate with various other regions for control and conflict resolution; the reverse side
of thatargument is that monolingual language processing remains, by comparison, relatively focal.
The specificity of the results here supports that argument, although a strong conclusion cannot be
made with respect to the exact function of theta activity and its role in language processing.

These findings are consistent with previous studies on neural oscillations involved in online
speech processing, which propose that the frequency of theta is ideal for integrating acoustic
information at the level of the syllable (e.g., ; ). The
models suggest that the syllable-level processing primarily takes place in the left hemisphere,
whereas other oscillations are better poised to process language in parallel in the right hemi-
sphere. Thus, the theta findings in the current study may be related to language processing,
fluency, and retrieving information for successful L1 comprehension.

Summary and Conclusion

The results of the current study provide an important first step toward a more comprehensive
understanding of the impact of bilingual language experience on brain function. Given that the
reported data were collected from a task-free period, the findings illuminate how bilingualism
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permeates brain function, even in the absence of language use. Accumulating evidence sug-
gests that bilingual language experience and more dynamic facets of language use both have
measurable impacts on the brain’s functional connectivity. Future work on the topic of task-
free EEG measures should consider the interplay between neural oscillation changes observ-
able at rest with task-based EEG and behavioral measures.

One strength and limitation of the current study was that it included a heterogeneous sam-
ple of bilingual speakers. While such a breadth of language experiences strengthens general-
izability, there may be further effects of dual-language use that were not captured amid such
variability. Future work could consider the role of language typology or linguistic distance
between the bilinguals’ known languages to probe how features like tones or morphological
complexity may modulate the observed effects. A limitation of the current study was the reli-
ance on self-report measures of proficiency, which could be improved in future studies by
including objective measures of proficiency in each language.

One particularly interesting aspect of the sample included in the current study was that the
majority of bilinguals (96%) did not report English as their L1, and thus were immersed in their
L2. The majority of those (64%) had reportedly switched dominance, thus self-rating their
proficiency in English as higher than in their L1. The consequences of such immersion are well
documented ( ; ),
while the consequences of a language dominance switch are virtually unknown. Some work
has shown that bilinguals in an immersion context apply global inhibition to the entire L1
( ), and that global language inhibition can be observed in
patterns of brain activity over the parietal cortex ( ). Other work has found that
the contexts in which bilinguals use their languages shape how their cognitive control mech-
anisms are engaged (e.g., ). Given that the bilinguals were immersed
in English, it is perhaps unsurprising that phenomenologically, English felt more available and
fluent to them at the moment. An interesting question for future research is whether alpha
helps with dominance switches in the context of immersion; it may be that bilinguals who
can engage alpha more readily to reduce the activity of their L1 may be more likely to switch
dominance in an immersion context to the majority language. Likewise, as more research in
bilingualism calls for a greater emphasis on differences in bilingual language experience as a
function of how bilinguals use and interact in their two languages (e.g.,

), a future investigation could take a more nuanced look at interactional contexts by
soliciting detailed information regarding the context of language use for more sophisticated
language experience measures, like entropy ( ), to provide additional
insights into the cognitive mechanisms supporting dual-language use.

In summary, the current study was among the first to examine differences in task-free brain
activity, measured via EEGs, between bilingual and monolingual speakers. The results re-
vealed several systematic differences that were related to measures of language experience
and cognitive control. Alpha and beta, the frequency ranges in which the majority of the differ-
ences were found, were related to features of bilingual experiences known to affect requirements
for language control and language maintenance, respectively. These findings provide further
support to the growing body of research that demonstrates how brain function is shaped by sig-
nificant life experiences.
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