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Abstract

Multilingualism has been demonstrated to lead to a more favorable trajectory of neurocognitive
aging, yet our understanding of its effect on neurocognition across the lifespan remains limited. We
collected resting state EEG recordings from a sample of multilingual individuals across a wide age
range. Additionally, we obtained data on participant multilingual language use patterns alongside other
known lifestyle enrichment factors. Language experience was operationalized via a modified
multilingual diversity (MLD) score. Generalized additive modeling was employed to examine the
effects and interactions of age and MLD on resting state oscillatory power and coherence. The data
suggest an independent modulatory effect of individualized multilingual engagement on age-related
differences in whole brain resting state power across alpha and theta bands, and an interaction between
age and MLD on resting state coherence in alpha, theta, and low beta. These results provide evidence
of multilingual engagement as an independent correlational factor related to differences in resting state
EEG power, consistent with the claim that multilingualism can serve as a protective factor in

neurocognitive aging.



Keywords

Multilingualism, resting state electroencephalography, aging, reserve & resilience



Introduction

Throughout the human lifespan, neurocognition follows a developmental trajectory of dynamic
physiological changes as the brain develops, matures, and eventually declines (Hedman et al., 2012).
Following rapid development throughout infancy and childhood comes a relatively asymptotic plateau
throughout the early and middle adulthood, with an accelerated downturn in late adulthood - measurable
as both structural and functional changes of the brain and decline across multiple domains of cognition
(Bethlehem et al., 2022; Craik and Bialystok, 2006). Crucially, the trajectory of these changes is not
predicted solely by chronological age. Instead, amassing research shows that relative brain functioning
is characterized by inter-individual variability in the trajectory of pathological and non-pathological
decline across both cognitive and neural domains (Reuter-Lorenz and Park, 2014). Some individuals
maintain high levels of cognition even in very advanced age, while others exhibit cognitive decline at

an expected, or even accelerated, rate (Hoogendijk et al., 2016; Raz and Rodrigue, 2006).

Although not universally accepted! (e.g., Nilsson and Lévdén, 2018), an influential approach
to explaining this heterogeneity in aging trajectories is the concept framework of reserve and resilience
(Stern et al., 2020). According to this framework genetic factors and lifetime experiences contribute to
increased longevity and lower rate of age- or disease-related neurocognitive decline in some individuals.
The mechanisms underlying neurocognitive resilience are hypothesized to include ‘cognitive reserve’
(a property of the brain that allows for better-than-expected cognitive performance when brain injury
or disease is present), ‘brain maintenance’ (relative absence of changes in neural resources over time,
resulting in a maintained neurocognition in the older age) and ‘brain reserve’ (the status of neural
resources at any given point of time) (Stern et al., 2023). Herein, we will not distinguish between
different mechanisms of reserve and resilience and, henceforth, refer to this concept as ‘reserves’ -

referring to the general capacity of the brain to maintain function with increasing chronological age.

! Notwithstanding discussion/debate, herein we adopt a reserve framework for two reasons. Firstly,
within the neurocognition of aging and multilingualism literature such an approach is (essentially) universally
adopted. Secondly, and not unrelated to the first point, this approach provides a solid basis for hypothesizing and
interpretation that aligns well with the proposed mechanisms and general discussion of how and why multilingual
engagement can, under specific conditions, result in neurocognitive adaptations. As such, it provides, in our view,
the best approach presently available for framing the present study.
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Indeed, research has shown that lifestyle enrichment factors such as high educational and
occupational attainment (Darwish et al., 2018), healthy dietary patterns (Clare et al., 2017), sustained
physical exercise (Eckstrom et al., 2020), and good social health (i.e., participation in an active social
life) (Maddock et al., 2023; Vernooij-Dassen et al., 2022) contribute to neurocognitive outcomes that
lend themselves to an interpretation of increased reserves in the older age (see Supplementary material
“1. The effects of lifestyle on neurocognitive aging” for an overview of environmental factors and
lifestyle choices/experiences other than multilingualism contributing to increased neurocognitive
longevity, focusing on those considered in the present study). There is now a critical mass of research
suggesting that multilingualism is also a factor that can lead to such neurocognitive adaptations
(Anderson et al., 2020; Gallo et al., 2022). For example, studies have claimed multilingualism to be
associated with maintenance of brain structure (Abutalebi et al., 2014; Anderson et al., 2018; DelL.uca
and Voits, 2022), increased functional efficiency (Anderson et al., 2021; Calvo et al., 2023; Gold et al.,
2013), delayed onset of cognitive decline (Berkes et al., 2021) and a comparatively later manifestation

of dementia symptoms (Alladi et al., 2013; Craik et al., 2010; Perani et al., 2017).

Previous investigations in the field of multilingualism and aging have mostly relied on
structural neuroimaging methods. However, in complement, spontaneous neural activity has also been
highlighted as a crucial part of estimating brain function and a powerful tool to examine reserve and
resilience in healthy and pathological aging (Jauny et al., 2022). One way to tap into this estimation of
neurocognition is by investigating resting state functional brain rhythms with electroencephalography
(EEG), a method well-suited for the investigation of macroscopic function of neural networks. At rest,
the brain generates spontaneous electrical activity that can be divided into bands, based on oscillatory
frequency (delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta (12-30 Hz), gamma (30-45 Hz)
(Buzsaki, 2006). Resting state oscillatory activity fluctuates over longer periods of time (e.g., with
increasing age), but is remarkably stable over shorter ones (Anderson and Perone, 2018; Meghdadi et
al., 2021). As spectral power — synchronization within the brain —and coherence — interactions between

distinct brain regions (or electrodes) — have been associated with multiple aspects of cognitive ability,



one can view resting state oscillatory activity as a proxy biomarker for overall (neuro)cognitive status

(Ferrari-Diaz et al., 2022; Fleck et al., 2017).

Similar to other aspects of neurocognition, neural activation patterns at rest captured with
resting state EEG (rs-EEG) are also subject to age-related differences. Physiological aging is typically
associated with general slowing of rs-EEG activity, marked power decreases across lower frequency
bands — delta, theta, and alpha — (Anderson and Perone, 2018; Ishii et al., 2017), and also slowing of
individual alpha peak frequency (IAPF) (Cesnaite et al., 2023; Stacey et al., 2021). Oscillations are
most susceptible to slowing with increased age in the alpha frequency band, especially in the upper
alpha band frequencies (10-12 Hz) (Scally et al., 2018). Overall, delta and theta oscillations have been
reported to decrease in healthy older individuals (VVlahou et al., 2014), where comparatively higher delta
and theta power is suggested to be indicative of maintained neurocognitive function (Ishii et al., 2017).
With regards to cognition, power within alpha rhythms reflects intelligence, memory, and global
cognitive status (Klimesch, 1999). Perhaps more importantly, higher levels of alpha power in the later
years are associated with less cognitive decline (Anderson and Perone, 2018). Theta band power is
positively associated with performance across domains of verbal recall, perceptual speed, working
memory, executive functioning and attention in healthy older individuals and has also been suggested

to act as a biomarker for healthy aging (Finnigan and Robertson, 2011; Vlahou et al., 2014)

Despite its informative potential for a series of questions related to the neurocognition of
multilingualism at any age, the effect of multilingual language experience on resting state brain activity
is as new as it is scant. The existing literature primarily targets healthy young adults and employs fMRI,
thus shaping our understanding about the fingerprints multilingual experience can leave on structural
and functional connectivity across different brain networks (Berken et al., 2016; Grady et al., 2015;
Gullifer et al., 2018). To our knowledge, only two studies have investigated how the bi-/multilingual
experience shapes the rs-EEG oscillatory signature. First, a study by Bice and colleagues (2020) found
an association between bi-/multilingualism and greater alpha power in the posterior areas of the scalp
in young adults, linking this finding to increased language control demands in the bi-/multilingual

participants. The same study found correlations between native language proficiency and bilateral
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power in the beta frequency band, as well as theta power in the left hemisphere. In terms of coherence,
Bice et al. (2020) reported greater coherence in alpha and beta frequency bands, specifically, between
posterior regions extending across the head in the alpha band, and from posterior regions with stronger
connections to the right hemisphere in the beta frequency band. Second, Pereira Soares et al. (2021)
expanded on the above findings by testing the effects of continuous measures of bi-/multilingual
experience in a sample of bi-/multilinguals with diverse language experience, and found that age of first
significant bi-/multilingual exposure negatively predicted power in the high beta and gamma frequency
bands. That is, the earlier the onset of bi-/multilingualism, the higher the resting state power in high
beta and gamma. As for coherence Pereira Soares and colleagues found a main effect of non-societal
language use (use of languages other than the societally dominant language of the environment, in their
case Italian and/or English in Germany) in the theta band. That is, increased use of the non-societal
language positively correlated to global coherence. They also report a main effect of age of acquisition
in high beta, suggesting a globally increased coherence with earlier onset of bi-/multilingualism.
Moreover, their data showed coherence between individual brain region pairings being modulated by
age of bi-/multilingualism onset (in gamma), self-rated proficiency in the societal language (in alpha
and theta), non-societal language exposure at home (in alpha), and non-societal language exposure in

society/community (in alpha and theta).

It is worth noting that the two above studies do not target older aged adults per se, nor do they
present coverage of the lifespan. While research combining electrophysiology, multilingualism, and
aging, is exceedingly rare and no examples with rs-EEG exist, there is a single study using
magnetoencephalography (MEG), which is contextually relevant for the present study. de Frutos-Lucas
et al. (2020) found greater functional connectivity in bilingual over monolingual healthy older
individuals across occipital regions in theta and beta frequency bands. Promising as the results are, the
measurement of and thus qualification of individuals as monolinguals versus bilinguals was essentially
categorically based on a small set of questions determining if an individual reported speaking only
Spanish or, additionally, a language other than Spanish. Thus, the study did not delve into any

continuous measurement of bi-/multilingual experience as a modulating factor.



To summarize, multilingual experience can be considered as a lifestyle enrichment factor
leading to neurocognitive adaptations interpreted as increases in reserves in the older age (Gallo et al.,
2022; Perani and Abutalebi, 2015). It has also been shown to contribute to shaping neural oscillatory
patterns at wakeful rest (Bice et al., 2020; Pereira Soares et al., 2021). However, linking the two remains
an open gap in the literature. As noted, there are presently no studies showing multilingual effects on
resting state oscillatory signature across a wider age range, despite there being good reasons for linking
the literatures spanning bi-/multilingualism, neural oscillations, and aging to advance our understanding
about the nature of the reserves that can be attributed to multilingualism and language experience.
Moreover, multilingualism research, inclusive of all the studies discussed in this section, has typically
not collected nor considered data on other relevant lifestyle factors for reserves (just as studies focusing
on other lifestyle factors do not report or collect data on individuals’ language status). Given the
potential for interactions and/or obscuring effects as a result, this practice reflects an unfortunate state
of affairs for understanding the dynamics, relative contributions and interactions of lifestyle experiences
in any domain (Rothman, 2024; Voits et al., 2022). By bridging these gaps, the present study embodies

a first attempt to fill several gaps simultaneously.

Lastly, multilingualism should not be viewed or operationalized as a dichotomous group-
categorizing factor. Rather it should be considered as a “spectrum” of experiences, as has been the
establishing trend in the literature (DelLuca et al., 2019; Gullifer and Titone, 2020; Luk and Bialystok,
2013; Titone and Tiv, 2022). The benefit of this, more nuanced, approach is the finding that various
exponents of multilingualism (e.g., duration of multilingual experience, intensity and diversity of
language use) contribute differentially to neurocognitive adaptations (see Del.uca et al., 2020, for a
comprehensive model). Given this, the field is increasingly more focused on multilingual-to-
multilingual individual differences. This shift has resulted in much work eschewing the traditional bi-
/multilingual-to-monolingual comparison, avoiding comparative fallacy issues, and increasing
ecological validity by replacing it with analyses designed to relate meaningful multiple language
experience with individual outcomes (De Houwer, 2023; Luk and Rothman, 2022; Rothman et al.,

2023).



Herein, we propose the first investigation of the effects of multilingual experience on resting
state brain function across a wide age range in active multilinguals with varying language use patterns.
We employ multilingual engagement (diversity of context-based language use — see section
‘Quantification of multilingual language engagement’ below) as the independent variable, based on an
entropy measure of multilingualism (Gullifer and Titone, 2020; Li et al., 2020). While the effects of
multilingualism remain our primary interest, we also control for other lifestyle factors known to
contribute to reserves in order to disentangle the individual contributions of multilingual experience.
Building upon insights from previous literature, our overarching research question can broadly be
defined as such: Does multilingual experience modulate cross-sectional age-related differences in
resting state brain activity when other reserve contributor factors are controlled for? More specifically
we are interested in answering the following research questions (1) Does multilingual engagement
modulate cross-sectional age-related differences of individual alpha peak frequency (IAPF)?; (2) Does
multilingual engagement modulate cross-sectional age-related differences in EEG spectral power in
alpha and theta frequency bands?; and (3) Does multilingual engagement modulate resting state
coherence across the lifespan? We put forward the following hypotheses: (1) We expect multilingual
experience to modulate any potential correlation between age and whole head IAPF; (2) We expect
multilingual experience to modulate any potential correlations between age and whole-head alpha and
theta power; and (3) we predict that multilingual engagement will non-linearly interact with age for

resting state coherence outcomes across theta, alpha, beta, and gamma bands.

Material and methods

Participants

Data was collected from 137 bi-/multilingual individuals across a wide age range (Age range =
18-82; Agemean = 46.49; SD = 18.27; 99 female; for density plot showing the distribution of participant
age see Supplementary material 2.) who converged on Norwegian as either their first or one of their
first languages. All participants were also proficient users of English. Most participants reported having

had experience and exposure to more than 2 languages (N = 108). Prior to inclusion in the study,
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participants were screened for any history of traumatic brain injury, neurological disorders, and current
use of any psychotropic medication. All participants included in the study were cognitively healthy

individuals resident in Norway at the time of testing.

Study Procedure

Data collection took place over two sessions. In the first session, administered either over the
phone or as a video call, the participants provided informed consent and were screened for eligibility
for the study. Then, a semi-structured interview was carried out in English to collect data on
participants’ language background and patterns of language use, social health and extent of social
networks, physical activity, and dietary patterns based on the Language History Questionnaire 3.0 (Li
et al., 2020), Social Network Index (Cohen, 1997), Short Form International Physical Activity
Questionnaire (Craig et al., 2003), and Short Form Food Frequency Questionnaire (Cleghorn et al.,

2016), respectively.

The second session was conducted in-person in a designated laboratory, with Norwegian as the
language of communication. During this session, participants completed the Cognitive Reserve Scale
(Leon et al., 2014) capturing lifetime engagement in a cognitively active lifestyle and the Norwegian
version of the Mini-Mental State Examination (MMSE; Folstein et al., 1975; Strobel and Engedal, 2008)
as an estimation of general cognition and a screening tool for any cognitive impediment. All participants
scored above the cut-off of 24 in MMSE, indicating no suspected cognitive impairment. The MMSE
scores were not included in any further data analysis as most participants performed at ceiling.
Participants also took part in a resting state EEG recording. Five minutes of task-free eyes-closed EEG

data was recorded while the participants were sitting in a sound-attenuated room.

As noted above, the language of communication in the first session was English, while the
second session was conducted exclusively in Norwegian. Conducting each session in separate
languages allowed us to ensure participants were highly proficient in both languages. The rich dataset

collected over two separate sessions allows for forming of a comprehensive language, lifestyle, and



demographic profile for each participant. All procedures were approved by UiT the Arctic University

of Norway Psychology ethics board and the Norwegian Center for Research Data (NSD).

Quantification of multilingual engagement

The Language History Questionnaire (LHQ3; Li et al.,, 2020) was administered to all
participants to elicit information about their use of different languages. The Multilingual Language
Diversity (MLD) score provided by the LHQ3 calculator, as proposed by the LHQ3 team, allows
researchers to better describe multilingualism through language usage in terms of context and diversity.
It is calculated in the form of Shannon Entropy (see formula (1), based on Proportion of Dominance
(PD; see formula (2) calculated as the proportion of the Dominance score (see formula 3) of one

language over the sum of Dominance scores of all languages.
(1) MLD = =3, PD;log,(PD;)

(2) PD; = Dominance;
=

n I .
{=1Dominance;

. 1 Pjj 1 Hjj
(3) Dominance = Zj={Reading,Writing,Speaking,Listening}(‘)j (E (#) + (E (%))

Note. Hj;stands for the total estimated hours per day one spent on the j" linguistic aspect of the i language, K is

set to be 16 as a constant scaling factor and w to 0.25 as a weight assigned to each component.

However, as can be appreciated from the above formulations, the MLD score in its current
format does not reflect the social reality of the current sample nor the research interest of the current
study. To start, given formula (1), participants speaking more than two languages would have a larger
MLD score even if their engagement with (to the extreme) all languages they speak is minimal than
participants speaking two languages who routinely engage with both languages. Secondly, our research
questions concern how engaging (the actual use of) with more than one language affects
neurocognition—the equal weighting of proficiency relative to usage would mask the actual variation
in usage across participants. As adjusting calculations based on specific research interests is encouraged
by the LHQ3 team, we decided to designate our own weighting and transform usage data such that all
participants share the same range of MLD score (0 to 1) regardless of how many languages they use.

Following previous research (e.g., Pereira Soares et al., 2021), we added up usage data from L2, L3 and
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L4 for each component per participant to reflect usage of non-societal language(s), languages other than
Norwegian. The denominator for PD scores is how the sum of societal language (L1) Dominance score
and non-societal language(s) (Ln) Dominance score. Additionally, as schematized in formula (4) below,
when calculating the dominance scores, we set the weighting for proficiency to 0 not only because we
are interested in the effect of usage but also because all participants were extremely proficient in the
common non-societal language they speak, e.g., English—the social reality in Norway where the current

study was conducted. The final MLD score across all participants has a mean of 0.58 (SD = 0.28).

- Hl .
(4) Dominance = Zj={Reading,WrL'ting,Speaking,Listening}wj (7])
Resting state EEG data acquisition and processing

Neuroimaging data were collected with a 32-Channel Wet-Sponge R-Net cap, connected to a
LiveAmp 32 channel amplifier (Brain Products). The electrode placement was in accordance with the
10-10 system where the FpZ (Ground) and FCz (Ref) were used as reference. The impedance threshold
was set at 100 kQs with no electrodes exceeding this threshold in the beginning of data acquisition.
Data was continuously digitized using a LiveAmp amplifier (Brain Products, Inc) at a 2000 Hz sampling

interval with a sampling rate of 512 Hz.

For preprocessing we used the Brain Vision Analyzer 2.0 software (Brain Products, Inc). The
data were first downsampled to 128 Hz from the original 512 Hz. The data were then segmented to a
total of 270 seconds starting after the first 15 seconds into the recording. A new reference was then
applied to the data which was a common average reference of all electrodes. Then, the data passed
through a band-pass filter from 1 to 45 Hz with a slope of 48 dB/oct. Given that the caps were
unshielded, we opted to account for any remaining 50 Hz noise not captured with this lowpass filter via
a 50 Hz notch filter. Dead or otherwise overtly noisy channels were interpolated via a spherical spline
interpolation algorithm (average of 0.16 channels per participant). Furthermore, in order to remove
potential blinks, eye movement, or other biological artifacts (e.g., heartbeat), an independent component
analysis (ICA) was performed on the whole data with a total of 512 steps and using the infomax

restricted algorithm. Components were identified as noise with a semi-automatic artifact detection
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algorithm within the ICA function. The ICA output was manually checked and any components
identifiable as noise were manually removed. An average of 2.17 components were removed per
participant. Finally, the pre-processed data was exported to R-studio for further analysis where the data
followed a publicly available R-script (available online on https://github.com/UWCCDL/QEEG),
originally developed by Prat et al., 2016) and adapted by Pereira Soares et al. (2021) further customized

to make it compatible with the R-Net system used in the present study.

The study implemented an individualized approach to delineate frequency bands. Rather than
using fixed frequency band ranges (such as delta: 2—4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, beta: 12-30
Hz, and gamma: 30+ Hz), this approach adjusted the bands according to each participant’s IAPF
following (Klimesch, 1997). For instance, delta band was defined as anything under 6 Hz below the

IAPF, while gamma encompassed frequencies equal to or greater than 20 Hz above the IAPF.

The final analysis dataset was reduced from 137 to 122 participants as follows: IAPF failed to
calculate for 12 participants, 1 participant was removed due to unsatisfactory data quality (recording
missing from 3 electrodes), 1 participant was removed due to suspected childhood epilepsy and 1
additional participant was excluded due to exhibiting atypical power in a critical threshold of channels.
Following the procedure done in Pereira Soares et al., (2021), channels exhibiting atypical levels of
activity within the frequency spectrum (‘bad channels’) were identified via calculating the average log
power in the frequency range of 1-40 Hz for each channel across all subjects. Subsequently, any channel
whose average log power deviated by more than +2.5 standard deviations from the overall channel
average was deemed an outlier and thus omitted from further consideration. This one additional
excluded participant had less than 80% of their channels remaining, 21 of 32. For the remaining

participants, an average of 1.04 bad channels were removed per participant (3.3% of the total).

Data acquired from individual channels for alpha power, theta power, and IAPF were averaged
across the whole brain to yield a whole brain resting state power value. For coherence, we followed the
procedure in Pereira Soares et al. (2021). Coherence was calculated as the correlation of activity across

each frequency band between electrodes in different regions of the scalp. We grouped and averaged
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electrodes into 5 regions of interest (ROI), namely medial frontal (Fpl, Fp2, F3, Fz, F4, FC1, FC2), left
fronto-temporal (F7, F9, FC5, C3, T7), right fronto-temporal (F8, F10, FC6, C4, T8), left posterior

(CP1, CP5, P3, P7, P9, O1) and right posterior (CP2, CP6, P4, P8, P10, 02).

Statistical Procedures

Changes in power and coherence as a function of age may occur non-linearly. Adopting linear
models, thus, can create autocorrelation patterns in the residuals (S6skuthy, 2017). Although including
(orthogonal) polynomials can estimate non-linear relationships in some cases, Generalized Additive
Models (GAMs) can identify non-linear patterns automatically without overfitting and are more flexible
(Coupé, 2018; Wieling, 2018; Winter and Wieling, 2016; Wood, 2017). Meanwhile, GAMs not only
allow the presence of smoothing functions (smoothers) for non-linear predictors but also “unsmoothed”
covariates. Thus, the present study adopts GAMs for statistical modeling for the analyses of both power
and coherence, unless the smoothers are penalized to have less than 1 effective degree of freedom (edf)
suggesting underfitting for the smoothed effects of interest. For all analyses, all numeric variables are
scaled, and categorical variables are sum-coded. To avoid over-fitting, gamma value for all models was

set to 1.4 (see Wood, 2017).

For the analyses of Power, given our theoretically motivated research questions and predictions,
an appropriate confirmatory statistical approach was adopted (see Winter, 2019, for its advantages).
This means that all models included Age as a fixed effect with Age being smoothed via thin plate
regression spline (s() function in mgcv). The tensor product interaction term between Age and MLD
(ti() function in mgcv) was also included as a fixed effect. Tensor product interaction was selected over
full tensor product smooth (te() function in mgcv) because it produces a tensor product interaction
appropriate when the main effects are also present. K(not) value for the smooth term for Age was set to
24 as there are 50 unique values. Additionally, Sex, Education Level, Social Network Diversity (a
measure from Social Network Index), IPAQ category (a group index of high, medium, and low physical
activity), Dietary Quality Score (a proxy for healthy diet), and Cognitive Reserve Scale Score (overall

engagement in cognitively healthy activities throughout one’s life) were included as covariates.
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For the analyses of Coherence, we adopted Generalized Additive Mixed Models (GAMMs) to
account for within-participant data nesting, as coherence values were extracted for the same participants
across ROI pairs. Different from the analyses of Power, the analyses for Coherence were exploratory.
Nevertheless, we started with a theoretically-driven “base” model in which the thin plate regression
spline smoothed Age effect was included as the fixed effect (k = 24), along with all covariates, i.e., Sex,
Education Level, Social Network Diversity, IPAQ category, Dietary Quality Score, and Cognitive
Reserve Scale Score. The “base” model also included the theoretically motivated interaction, i.e., the
by-ROI tensor product interaction term between Age and MLD, and the by-participant random intercept
(by setting the value for bs in s() function in mgcv to “re”). A forward stepwise approach using maximal
likelihood ratio tests was adopted to explore if (1) ROI has a main effect; (2) MLD when not smoothed
has a main effect; and (3) if MLD when smoothed via thin plate regression spline (k = 59) has a main
effect on Coherence. Below, we report the optimal model (and its R syntax) and refer readers to the
associated R scripts (DOI: 10.17605/0SF.10/HS7ZX) for the results of the maximal likelihood ratio

tests.

Results

Bi-/multilingual Engagement and Alpha Power

The R syntax is in the format of gam.alpha = gam(Power_alpha~ s(age_scaled, k = 24) +
ti(age_scaled, MLD_scaled) + sni_network_diversity_scaled + Ipaq_category_sum + dgs_score_scaled
+ Sex_sum + Edu_sum + crs_total_scaled, data =, gamma = 1.4). A significant smoothed effect of Age
was identified (Figure 1a), such that with the increase of age, alpha power decreases (F(1.89) = 3.33, p
= .04). The effective degree of freedom (edf) is 1.89, suggesting the effect is, indeed, non-linear. The
interaction between Age and MLD (Figure 1b) is also significant (F(1.15) = 6.50, p = .01). As visualized
in Figure 1, the interaction term suggests that (1) alpha power is the lowest for the oldest participant
who has the lowest MLD score; (2) for older participants, with an increase of MLD score, there is an

increase in alpha power; 3) for younger participants, with an increase of MLD score, there is a decrease
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in alpha power and, (4) for younger participants, with an increase of MLD score, there is a small(er)

decrease of power relative to the degree of increase for the older participants.

Alpha power
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Figure 1. The effect of age (a; left) and the effect of Age and MLD interaction (b; right) on alpha power.
All variables are scaled. Age represented numerically for illustration purposes.

Bi-/multilingual Engagement and Theta power

A significant smoothed nonlinear effect of Age was identified for theta power as well (Figure

2a)—with the increase of age, theta power decreases (F(1.39) = 7.73, p =.001). The interaction between

Age and MLD (Figure 2b) was also significant (F(1) = 6.38, p = .01). R syntax is gam.theta
gam(Power_theta~  s(age _scaled, k = 24) +  ti(age_scaled, @ MLD_scaled) +
sni_network_diversity_scaled + Ipag_category_sum + dgs_score_scaled + Sex_sum + Edu_sum +
crs_total_scaled, data =, gamma = 1.4). Note here that although the edf has been penalized to 1, the
base function allows the relationship to act as if it were linear, i.e., it can be approximated to be linear.
As it is not theoretically relevant, whether the interaction is truly linear or not is out of the scope of the
study. As visualized in Figure 2, similar to the results for Alpha power, the interaction term suggests

that (1) theta power is the lowest for the oldest participant who has the lowest MLD score; (2) for older
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participants, with an increase of MLD score, there is an increase in theta power; and (3) for younger
participants, with an increase of MLD score, there is a decrease in theta power and, (4) for younger

participants, with an increase of MLD score, there is a small(er) decrease of power relative to the degree

of increase for the older participants.
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Figure 2. The effect of age (a; left) and the effect of age and MLD interaction (b; right) on theta power.
All variables are scaled. Age represented numerically for illustration purposes.

Bi-/multilingual engagement and whole head IAPF

A significant smoothed effect of Age was identified (Figure 3a)—with the increase of age, IAPF
decreases (F(1) = 13.56, p <. 001). Here, the effect was penalized to be linear (edf = 1). The interaction
between Age and MLD (Figure 3b) was not significant (p = .14). R syntax is gam.lAF =

gam(WholeHeadlAF~s(age_scaled, k = 24) +  ti(age_scaled, @ MLD scaled) +

sni_network_diversity scaled + Ipag_category_sum + dqgs_score_scaled + Sex_sum + Edu_sum

+

crs_total_scaled, data =, gamma=1.4)
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Figure 3. The effect of age (a; left) and the (non-significant) effect of age and MLD interaction (b;
right) on whole head IAF. All variables are scaled. Age represented numerically for illustration
purposes.

Bi-/multilingual engagement and resting state coherence

Starting with model specifications of the optimal models, the optimal models for each
frequency band included the main effect of ROI (BrainRegion in syntax). However, a main effect of
MLD (being smoothed or not) was not selected in any optimal models. Therefore, optimal models for
all frequency bands have the R syntax of gam(Frequency_Alpha/LowBeta/HighBeta/Theta/Gamma ~
s(age_scaled, k = 24) + BrainRegion + ti(age_scaled, mld_Scaled, by = BrainRegion) + s(Subject,
bs="re") + sni_network_diversity _scaled + Ipaq_category sum + dqgs_score_scaled + Sex_sum +

Edu_sum + crs_total_scaled, data = Data_ WH_Scale, gamma = 1.4).

An effect of Age was significantly attested for Alpha (F(1.93) = 6.05, p =.002), Theta (F(2.08)
=15.45, p <.001) and Gamma (F(1) = 8.69 , p = .003), but not for Low Beta (F(1) = 0.29, p = .59) or
High Beta (F(1) = 0.16, p = .69). However, as a main effect of Age is not of our interest (especially

because it reflects effects across ROI pairs), we will not elaborate on them and refer readers to the R
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script for visualizations. Rather, we will focus on the three-way interaction terms, i.e. Age and MLD
interaction by ROI pairs. Given space restrictions, table 1 below summarized the F values and indicated
alpha levels for the effect of Age and MLD across all brain region pairings, i.e., the three-way
interaction term ti(age, mld, by = brain region), for each frequency band. See the R scripts for more
information on edf values from the model outputs.

Table 1. F values for the three-way interaction (ti(age_scaled, mld_scaled, by = BrainRegion). LFT —

left fronto-temporal; RFT —right fronto-temporal; LP — left posterior; RP — right posterior; MF — medial
frontal.

Alpha Low Beta High Beta Theta Gamma
LFT-LP 2.71 0.43 0.11 3.51 0.02
LFT-MF 2.53* 3.02* 1.16 2.45 0.37
LFT-RFT 1.94 1.03 1.47 8.49** 0.15
LFT-RP 2.11 1.45 0.73 2.61. 0.08
LP-MF 5.10* 0.65 1.53 1.67 0.28
LP-RFT 1.60 151 0.02 2.03 1.06
LP-RP 2.09 0.14 0.01 1.50 0.09
MF-RFT 2.67 4.10* 0.40 0.05 1.01
MF-RP 1.45 1.52 1.15 2.47 0.02
RFT-RP 3.29. 1.30 0.50 6.15* 0.57

Note. .p<.1*p < .05, **p < .01, ***p<.001

Figure 4 illustrates the significant interaction terms to assist interpretation. Starting from Alpha
frequency, for the ROI pair LFT-MF, with an increase of MLD, coherence showed an inverted U-shape
development (increased and then decreased) for the younger participants. For the older participants, the
opposite occurs: with an increase of MLD, coherence showed a U-shape development (decreased and
then increased). For the ROI pair LP-MF, alpha coherence decreased for the younger participants but
increased for the older participants as a function of an increasing MLD. Turning to Low Beta frequency,
an inverted U-shape change for the younger participants and a U-shape change for the older participants
were observed for both the ROI pair LFT-MF and the ROI pair MF-RFT. Lastly for Theta frequency,
coherence decreased for the younger participants but increased for the older participants as a function

of an increasing MLD for the LFT-RFT and RFT-RP pairs.
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Figure 4. The significant effect of the interaction between age and MLD interaction by brain region
pairs for Alpha (top row), Low Beta (Middle row) and Theta (Bottom row). The middle column contains
coherence maps by frequency band visualizing the ROI pairs for which a significant effect of age by
MLD interaction was found.

Discussion

The present study investigated the potential association between multilingual experience and
resting state oscillatory activity in a sample of proficient multilingual adults spanning a wide age range

and with varying degrees of language use. Several notable correlations were found between participants'
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age, multilingual engagement, and rs-EEG power and coherence. Taken together the data are
compatible with an interpretation of multilingual engagement having a modulatory effect on resting-
state oscillatory patterns with advancing age. Crucially, these results obtained independently of effects
of other known modulating lifestyle factors. In what follows, we will unpack the results with respect to

our research questions and the larger study aims.

Recall that we predicted that increased multilingual engagement would correlate with a relative
stability of neural state across the whole adult lifespan. Based on measured outcomes, this was expected
to have manifested as comparable levels of power, connectivity and/or IAPF between the younger and
older participants, as a function of degree of multilingual engagement. The results generally support

predictions for power and connectivity, but not for IAPF.

Multilingual engagement and rs-EEG power in alpha and theta frequency bands across the adult

lifespan

In line with our predictions, a key finding within the analyses on rs-EEG power was that
increased multilingual engagement modulated the correlation with age across the alpha and theta bands.
As expected, rs-EEG power decreased as a function of age in our sample within both alpha and theta
bands, but significantly less so for individuals who reported regularly engaging with multiple languages.
Couched within previous literature showing a correspondence of rs-EEG power with preserved
cognitive ability in aging (for discussion see Anderson and Perone, 2018), these results are compatible

with an interpretation of a contribution of higher degree of multilingual engagement towards reserves.

Although relatively little work has been done examining this, mechanistically, we may consider
that higher resting state power reflects a greater capacity to deploy available cognitive resources
(Raichle and Snyder, 2007). Indeed, rs-EEG power, specifically occipital alpha power, has been
tentatively linked to hubs within the default mode network (DMN) in rs-fMRI (Bonnard et al., 2016).
The DMN, among other functions, has been argued to coordinate the engagement of cognitive processes
(Deco et al., 2011, 2013). Given these connections, the present data are also compatible with the

postulation that higher degrees of experience in managing multiple languages confers adaptations
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towards more efficiently making use of available neural/cognitive resources to handle existing
demands, and thus preserve cognitive functions in aging. More research—especially longitudinal

studies (see comments further below) — is needed, however, to properly assess these connections.

It is interesting to note that below a certain age threshold MLD predicts the opposite trend—
namely a decrease in rs-EEG power with greater degrees of engagement in young adults for both
frequency bands. However, this effect is not unexpected, if interpreted within the notion of efficiency.
As young adults are known to be at the proverbial peak of cognitive abilities, it is likely that the
cognitive demands brought on by multilingual experience correspond to reduced neural recruitment
during processes involving cognitive control. Indeed, several recent papers examining oscillatory
dynamics during cognitive tasks in bi-/multilingual populations indicate precisely this — stimulus-
related theta power is negatively correlated to degree of bi-/multilingual engagement (Pereira Soares et
al., 2022; Carter et al., 2023). It is logical that, as cognitive capacities reduce with aging, the adaptations
brought on by multilingual experience would allow for a shift towards increased readiness to use the

existing or remaining cognitive resources.

Multilingual engagement and resting state coherence across the adult lifespan

Although exploratory in nature, the connectivity analyses showed several notable results: 1)
lower degree of multilingual engagement correlated to increased connectivity in frontal ROI pairs,
whereas 2) higher degrees of multilingual engagement largely correlated to higher connectivity in
fronto-posterior ROI pairs. Given the cross-sectional nature of the present data, our results do not
provide direct evidence, but are, nonetheless, compatible with an interpretation of adaptations towards

increased reserves in aging. This pattern of results is also in line with our predictions.

It is worth noting that, akin to rs-EEG power, connectivity in the fronto-posterior ROI pairs for
alpha power showed a general decline with age, but this effect was modulated by degree of multilingual
engagement. Although we cannot make direct links to any underlying brain regions in terms of
connectivity, the data herein indirectly speak to the possibility of widespread functional connections as

a means to compensate for the effects of cognitive aging (Grant et al., 2014; Grundy et al., 2017). While
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the spatial resolution of rs-EEG also limits any direct comparisons to results seen in rs-fMRI research,
the effects in the alpha band overlap with previous rs-fMRI data examining effects of bi-
/multilingualism in aging (Grady et al., 2015). Specifically, the fronto-posterior connections seen for
theta and alpha connectivity align with connectivity patterns in the frontoparietal control network for

bi-/multilinguals.

The frontal ROI connectivity effects seen in alpha, beta, and theta bands are more difficult to
functionally explain, but all show a significant modulatory effect of multilingual engagement. One
possible explanation is that the differential patterns of connectivity, in combination with the effects in
fronto-posterior ROI connectivity reflect a shifting in reliance within the large-scale functional
networks to optimize against decreasing neural resources with increased age (Bialystok, 2021; Grant et
al., 2014). Such a claim, however, constitutes its own empirical question that would be best addressed

in a longitudinal design.

Multilingual engagement and age-related differences of IAPF

The data herein suggest a minimal (or at least nonsignificant) effect of multilingual
engagement, which does not confirm our predictions. While at first glance, it would be logical to
interpret this result as indicating no relationship between multilingual experience and IAPF in aging,

there are some considerations to keep in mind.

Recall that our analyses controlled for a number of other lifestyle factors (exercise, diet,
education, social engagement, etc.). Given known effects of these factors, particularly physical exercise,
on IAPF (Babiloni et al., 2010; Gutmann et al., 2015; Lardon and Polich, 1996), it is conceivable that
the variance explained by such factors simply overrides any independent input of multilingualism,
statistically. It is worth noting, albeit with caution (given lack of statistical significance) that the visual
trends in IAPF do overlap with the results for whole-brain alpha and theta power. Nonetheless, further
research is required to assess the relative contributions of each lifestyle factor in order to assess this
interpretation. The final consideration is the range of (multilingual) language experience within our

cohort. Although there was considerable range of routine multilingual engagement, all participants in
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this cohort were highly competent, lifelong speakers of at least two languages. It is thus possible that to

see effects for IAPF the cohort would require more diverse language experiences.

Conclusions

This is the first study to bridge the gap between multilingualism, aging, and resting state
oscillatory patterns and pave the way for a more comprehensive understanding of how multilingual
engagement —independently and/or its mediated role with other reserve accruing activities— shapes
resting state oscillations throughout the human lifespan. With this study, we extend the previous
literature by showing an effect that is compatible with an interpretation of multilingualism-related
maintenance of alpha and theta power across the lifespan and through healthy aging as well as an
interaction between age, multilingualism and (mostly) frontal connectivity across alpha, theta and low
beta frequency bands. Taken together, our findings add further support to the interpretation of
multilingualism as a potential lifestyle experience that contributes to preservation of brain status in

aging as evidenced by its effects on resting state oscillatory patterns across the lifespan.

From the outset, we have attempted to be mindful of what can be directly claimed, inclusive of
the way we framed the research questions, hypotheses, presentation of the data and resulting
discussions. After all, there are inherent limitations to what one can claim based on cross-sectional data,
especially as it relates to change/maintenance over time. Within the present cross-sectional design, one
can only observe correlations that are or are not compatible with a particular hypothesis space.
Nevertheless, such correlations can be profound, especially when they stack together towards
supporting (or not) a predicted set of claims that couple together and lead to a more generalized
conclusion. While it is true that a longitudinal study of similar scope to the present one would be in the
best position to make claims beyond correlational compatibility (i.e., document or not actual change
and/or maintenance), we are reminded that in the beginning of a novel research program the first such
studies bear the burden of demonstrating the potential value and need for more resource intensive ones,
which come at a considerably higher costs (in capital and human resources at multiple levels). The
present study embodies a case in point. It lays the groundwork for future multilingualism and cognitive

aging studies that are longitudinal in nature. These will be able to take the discussions of the
23



systematicity in correlations we have revealed as points of departure for more rigorous testing, insofar
as they are predicted to bear out in longitudinal data more directly bearing on theoretical claims within

multilingualism and aging and in the neuroscience of aging more generally.

Competing interests

The authors declare that the research was conducted in the absence of any commercial or financial

relationships that could be construed as a potential conflict of interest.

Funding

Research leading to the writing of this article was supported by the AcqVA Aurora center grant from

UiT the Arctic University of Norway.

References

Abutalebi, J., Canini, M., Della Rosa, P.A., Sheung, L.P., Green, D.W., Weekes, B.S., 2014.
Bilingualism protects anterior temporal lobe integrity in aging. Neurobiology of Aging 35,
2126-2133. https://doi.org/10.1016/j.neurobiolaging.2014.03.010

Alladi, S., Bak, T.H., Duggirala, V., Surampudi, B., Shailaja, M., Shukla, A.K., Chaudhuri, J.R., Kaul,
S., 2013. Bilingualism delays age at onset of dementia, indipendent of education and
immigration status. Neurology 81, 1938-1944.
https://doi.org/10.1212/01.WNL.0000437347.92583.fc

Anderson, A.J., Perone, S., 2018. Developmental change in the resting state electroencephalogram:
Insights into cognition and the brain. Brain and Cognition 126, 40-52.
https://doi.org/10.1016/j.bandc.2018.08.001

Anderson, J.A.E., Grundy, J.G., De Frutos, J., Barker, R.M., Grady, C., Bialystok, E., 2018. Effects of
bilingualism on white matter integrity in older adults. Neurolmage 167, 143-150.
https://doi.org/10.1016/j.neuroimage.2017.11.038

Anderson, J.AE., Grundy, J.G., Grady, C.L., Craik, F.I.M., Bialystok, E., 2021. Bilingualism
contributes to reserve and working memory efficiency: Evidence from structural and functional
neuroimaging. Neuropsychologia 163, 108071.
https://doi.org/10.1016/j.neuropsychologia.2021.108071

Anderson, J.A.E., Hawrylewicz, K., Grundy, J.G., 2020. Does bilingualism protect against dementia?
A meta-analysis. Psychonomic Bulletin & Review. https://doi.org/10.3758/s13423-020-01736-
5

Babiloni, C., Marzano, N., lacoboni, M., Infarinato, F., Aschieri, P., Buffo, P., Cibelli, G., Soricelli, A.,
Eusebi, F., Del Percio, C., 2010. Resting state cortical rhythms in athletes: A high-resolution

24



EEG study. Brain Research Bulletin 81, 149-156.
https://doi.org/10.1016/j.brainresbull.2009.10.014

Berken, J.A., Chai, X., Chen, J.-K., Gracco, V.L., Klein, D., 2016. Effects of Early and Late
Bilingualism on Resting-State Functional Connectivity. J. Neurosci. 36, 1165-1172.
https://doi.org/10.1523/JINEUROSCI.1960-15.2016

Berkes, M., Calvo, N., Anderson, J.A.E., Bialystok, E., 2021. Poorer clinical outcomes for older adult
monolinguals when matched to bilinguals on brain health. Brain Structure and Function 226,
415-424. https://doi.org/10.1007/s00429-020-02185-5

Bethlehem, R.A.L., Seidlitz, J., White, S.R., Vogel, J.W., Anderson, K.M., Adamson, C., Adler, S.,
Alexopoulos, G.S., Anagnostou, E., Areces-Gonzalez, A., Astle, D.E., Auyeung, B., Ayub, M.,
Bae, J., Ball, G., Baron-Cohen, S., Beare, R., Bedford, S.A., Benegal, V., Beyer, F., Blangero,
J., Blesa Cabez, M., Boardman, J.P., Borzage, M., Bosch-Bayard, J.F., Bourke, N., Calhoun,
V.D., Chakravarty, M.M., Chen, C., Chertavian, C., Chetelat, G., Chong, Y.S., Cole, J.H.,
Corvin, A., Costantino, M., Courchesne, E., Crivello, F., Cropley, V.L., Crosbie, J., Crossley,
N., Delarue, M., Delorme, R., Desrivieres, S., Devenyi, G.A., Di Biase, M.A., Dolan, R,
Donald, K.A., Donohoe, G., Dunlop, K., Edwards, A.D., Elison, J.T., Ellis, C.T., Elman, J.A.,
Eyler, L., Fair, D.A., Feczko, E., Fletcher, P.C., Fonagy, P., Franz, C.E., Galan-Garcia, L.,
Gholipour, A., Giedd, J., Gilmore, J.H., Glahn, D.C., Goodyer, I.M., Grant, P.E., Groenewold,
N.A., Gunning, F.M., Gur, R.E., Gur, R.C., Hammill, C.F., Hansson, O., Hedden, T., Heinz,
A., Henson, R.N., Heuer, K., Hoare, J., Holla, B., Holmes, A.J., Holt, R., Huang, H., Im, K.,
Ipser, J., Jack, C.R., Jackowski, A.P., Jia, T., Johnson, K.A., Jones, P.B., Jones, D.T., Kahn,
R.S., Karlsson, H., Karlsson, L., Kawashima, R., Kelley, E.A., Kern, S., Kim, KW.,
Kitzbichler, M.G., Kremen, W.S., Lalonde, F., Landeau, B., Lee, S., Lerch, J., Lewis, J.D., Li,
J., Liao, W., Liston, C., Lombardo, M.V., Lv, J., Lynch, C., Mallard, T.T., Marcelis, M.,
Markello, R.D., Mathias, S.R., Mazoyer, B., McGuire, P., Meaney, M.J., Mechelli, A., Medic,
N., Misic, B., Morgan, S.E., Mothersill, D., Nigg, J., Ong, M.Q.W., Ortinau, C., Ossenkoppele,
R., Ouyang, M., Palaniyappan, L., Paly, L., Pan, P.M., Pantelis, C., Park, M.M., Paus, T.,
Pausova, Z., Paz-Linares, D., Pichet Binette, A., Pierce, K., Qian, X., Qiu, J., Qiu, A.,
Raznahan, A., Rittman, T., Rodrigue, A., Rollins, C.K., Romero-Garcia, R., Ronan, L.,
Rosenberg, M.D., Rowitch, D.H., Salum, G.A., Satterthwaite, T.D., Schaare, H.L., Schachar,
R.J., Schultz, A.P., Schumann, G., Schéll, M., Sharp, D., Shinohara, R.T., Skoog, I., Smyser,
C.D., Sperling, R.A., Stein, D.J., Stolicyn, A., Suckling, J., Sullivan, G., Taki, Y., Thyreau, B.,
Toro, R., Traut, N., Tsvetanov, K.A., Turk-Browne, N.B., Tuulari, J.J., Tzourio, C., Vachon-
Presseau, E., Valdes-Sosa, M.J., Valdes-Sosa, P.A., Valk, S.L., Van Amelsvoort, T., Vandekar,
S.N., Vasung, L., Victoria, L.W., Villeneuve, S., Villringer, A., Vértes, P.E., Wagstyl, K.,
Wang, Y.S., Warfield, S.K., Warrier, V., Westman, E., Westwater, M.L., Whalley, H.C., Witte,
A.V., Yang, N., Yeo, B, Yun, H., Zalesky, A., Zar, H.J., Zettergren, A., Zhou, J.H., Ziauddeen,
H., Zugman, A., Zuo, X.N., 3R-BRAIN, AIBL, Rowe, C., Alzheimer’s Disease Neuroimaging
Initiative, Alzheimer’s Disease Repository Without Borders Investigators, Frisoni, G.B.,
CALM Team, Cam-CAN, CCNP, COBRE, cVEDA, ENIGMA Developmental Brain Age
Working Group, Developing Human Connectome Project, FinnBrain, Harvard Aging Brain
Study, IMAGEN, KNE96, The Mayo Clinic Study of Aging, NSPN, POND, The PREVENT-
AD Research Group, Binette, A.P., VETSA, Bullmore, E.T., Alexander-Bloch, A.F., 2022.
Brain charts for the human lifespan. Nature 604, 525-533. https://doi.org/10.1038/s41586-022-
04554-y

Bialystok, E., 2021. Bilingualism: Pathway to Cognitive Reserve. Trends in Cognitive Sciences 1-10.
https://doi.org/10.1016/j.tics.2021.02.003

Bice, K., Yamasaki, B.L., Prat, C.S., 2020. Bilingual Language Experience Shapes Resting-State Brain
Rhythms. Neurobiology of Language 1, 288-318. https://doi.org/10.1162/nol_a_00014

Bonnard, M., Chen, S., Gaychet, J., Carrere, M., Woodman, M., Giusiano, B., Jirsa, V., 2016. Resting
state brain dynamics and its transients: a combined TMS-EEG study. Sci Rep 6, 31220.
https://doi.org/10.1038/srep31220

Buzsaki, G., 2006. Rhythms of the brain. Oxford Univeristy Press, New York, NY.

25



Calvo, N., Grundy, J.G., Bialystok, E., 2023. Bilingualism modulates neural efficiency at rest through
alpha reactivity. Neuropsychologia 180, 108486.
https://doi.org/10.1016/j.neuropsychologia.2023.108486

Carter, F., DelLuca, V., Segaert, K., Mazaheri, A., Krott, A., 2023. Functional neural architecture of
cognitive control mediates the relationship between individual differences in bilingual
experience and behaviour. Neurolmage 273, 120085.
https://doi.org/10.1016/j.neuroimage.2023.120085

Cesnaite, E., Steinfath, P., Jamshidi Idaji, M., Stephani, T., Kumral, D., Haufe, S., Sander, C., Hensch,
T., Hegerl, U., Riedel-Heller, S., Réhr, S., Schroeter, M.L., Witte, A., Villringer, A., Nikulin,
V.V., 2023. Alterations in thythmic and non-rhythmic resting-state EEG activity and their link
to cognition in older age. Neurolmage 268, 119810.
https://doi.org/10.1016/j.neuroimage.2022.119810

Clare, L., Wu, Y.T., Teale, J.C., MacLeod, C., Matthews, F., Brayne, C., Woods, B., 2017. Potentially
modifiable lifestyle factors, cognitive reserve, and cognitive function in later life: A cross-
sectional study. PLoS Medicine 14, 1-14. https://doi.org/10.1371/journal.pmed.1002259

Cleghorn, C.L., Harrison, R.A., Ransley, J.K., Wilkinson, S., Thomas, J., Cade, J.E., 2016. Can a dietary
quality score derived from a short-form FFQ assess dietary quality in UK adult population
surveys? Public Health Nutrition 19, 2915-2923. https://doi.org/10.1017/S1368980016001099

Cohen, S., 1997. Social Ties and Susceptibility to the Common Cold. JAMA: The Journal of the
American Medical Association 277, 1940. https://doi.org/10.1001/jama.1997.03540480040036

Coupé, C., 2018. Modeling Linguistic Variables With Regression Models: Addressing Non-Gaussian
Distributions, Non-independent Observations, and Non-linear Predictors With Random Effects
and Generalized Additive Models for Location, Scale, and Shape. Front. Psychol. 9, 513.
https://doi.org/10.3389/fpsyg.2018.00513

Craig, C.L., Marshall, A.L., Sjostrom, M., Bauman, A.E., Booth, M.L., Ainsworth, B.E., Pratt, M.,
Ekelund, U., Yngve, A., Sallis, J.F., Oja, P., 2003. International physical activity questionnaire:
12-Country reliability and validity. Medicine and Science in Sports and Exercise 35, 1381—
1395. https://doi.org/10.1249/01.MSS.0000078924.61453.FB

Craik, F.I.M., Bialystok, E., 2006. Cognition through the lifespan: Mechanisms of change. Trends in
Cognitive Sciences 10, 131-138. https://doi.org/10.1016/j.tics.2006.01.007

Craik, F.I.LM., Bialystok, E., Freedman, M., 2010. Delaying the onset of Alzheimer disease:
Bilingualism as a form of cognitive reserve. Neurology 75, 1726-1729.
https://doi.org/10.1212/WNL.0b013e3181fc2alc

Darwish, H., Farran, N., Assaad, S., Chaaya, M., 2018. Cognitive reserve factors in a developing
country: Education and occupational attainment lower the risk of dementia in a sample of
lebanese  older  adults.  Frontiers in  Aging  Neuroscience 10, 1-10.
https://doi.org/10.3389/fnagi.2018.00277

de Frutos-Lucas, J., Lépez-Sanz, D., Cuesta, P., Brufia, R., de la Fuente, S., Serrano, N., Lépez, M.E.,
Delgado-Losada, M.L., Lopez-Higes, R., Marcos, A., Maestl, F., 2020. Enhancement of
posterior brain functional networks in bilingual older adults. Bilingualism: Language and
Cognition 23, 387-400. https://doi.org/10.1017/S1366728919000178

De Houwer, A., 2023. The danger of bilingual-monolingual comparisons in applied psycholinguistic
research. Applied Psycholinguistics 44, 343-357.
https://doi.org/10.1017/S014271642200042X

Deco, G., Jirsa, V.K., MclIntosh, A.R., 2013. Resting brains never rest: computational insights into
potential  cognitive  architectures.  Trends in  Neurosciences 36, 268-274.
https://doi.org/10.1016/j.tins.2013.03.001

Deco, G., Jirsa, V.K., MclIntosh, A.R., 2011. Emerging concepts for the dynamical organization of
resting-state activity in the brain. Nat Rev Neurosci 12, 43-56. https://doi.org/10.1038/nrn2961

Deluca, V., Rothman, J., Bialystok, E., Pliatsikas, C., 2019. Redefining bilingualism as a spectrum of
experiences that differentially affects brain structure and function. Proceedings of the National
Academy of Sciences 116, 7565—7574. https://doi.org/10.1073/pnas.1811513116

Deluca, V., Segaert, K., Mazaheri, A., Krott, A., 2020. Understanding bilingual brain function and
structure changes? U bet! A unified bilingual experience trajectory model. Journal of
Neurolinguistics 56, 100930. https://doi.org/10.1016/j.jneuroling.2020.100930

26



Deluca, V., Voits, T., 2022. Bilingual experience affects white matter integrity across the lifespan.
Neuropsychologia 169, 108191. https://doi.org/10.1016/j.neuropsychologia.2022.108191

Eckstrom, E., Neukam, S., Kalin, L., Wright, J., 2020. Physical Activity and Healthy Aging. Clinics in
Geriatric Medicine 36, 671-683. https://doi.org/10.1016/j.cger.2020.06.009

Ferrari-Diaz, M., Bravo-Chavez, R.1., Silva-Pereyra, J., Fernandez, T., Garcia-Pefia, C., Rodriguez-
Camacho, M., 2022. Verbal intelligence and leisure activities are associated with cognitive
performance and resting-state electroencephalogram. Front. Aging Neurosci. 14, 921518.
https://doi.org/10.3389/fnagi.2022.921518

Finnigan, S., Robertson, I.H., 2011. Resting EEG theta power correlates with cognitive performance in
healthy older adults: Resting theta EEG correlates with cognitive aging. Psychophysiology 48,
1083-1087. https://doi.org/10.1111/j.1469-8986.2010.01173.x

Fleck, J.1., Kuti, J., Mercurio, J., Mullen, S., Austin, K., Pereira, O., 2017. The impact of age and
cognitive reserve on resting-state brain connectivity. Frontiers in Aging Neuroscience 9, 1-13.
https://doi.org/10.3389/fnagi.2017.00392

Folstein, M.F., Folstein, S.E., McHugh, P.R., 1975. “Mini-mental state.” Journal of Psychiatric
Research 12, 189-198. https://doi.org/10.1016/0022-3956(75)90026-6

Gallo, F., DeLuca, V., Prystauka, Y., Voits, T., Rothman, J., Abutalebi, J., 2022. Bilingualism and
Aging: Implications for (Delaying) Neurocognitive Decline. Frontiers in Human Neuroscience
16, 1-15. https://doi.org/10.3389/fnhum.2022.819105

Gold, B.T., Kim, C., Johnson, N.F., Kryscio, R.J., Smith, C.D., 2013. Lifelong Bilingualism Maintains
Neural Efficiency for Cognitive Control in Aging. Journal of Neuroscience 33, 387-396.
https://doi.org/10.1523/jneurosci.3837-12.2013

Grady, C.L., Luk, G., Craik, F.I1.M., Bialystok, E., 2015. Brain network activity in monolingual and
bilingual older adults. Neuropsychologia 66, 170-181.
https://doi.org/10.1016/j.neuropsychologia.2014.10.042

Grant, A., Dennis, N.A., Li, P., 2014. Cognitive control, cognitive reserve, and memory in the aging
bilingual brain. Frontiers in Psychology 5. https://doi.org/10.3389/fpsyg.2014.01401

Grundy, J.G., Anderson, J.A.E., Bialystok, E., 2017. Neural correlates of cognitive processing in
monolinguals and bilinguals. Annals of the New York Academy of Sciences 183-201.
https://doi.org/10.1111/nyas.13333

Gullifer, JW., Chai, X.J., Whitford, V., Pivneva, |., Baum, S., Klein, D., Titone, D., 2018. Bilingual
experience and resting-state brain connectivity: Impacts of L2 age of acquisition and social
diversity of language use on control networks. Neuropsychologia 117, 123-134.
https://doi.org/10.1016/j.neuropsychologia.2018.04.037

Gullifer, JW., Titone, D., 2020. Characterizing the social diversity of bilingualism using language
entropy. Bilingualism: Language and Cognition 23, 283-294.
https://doi.org/10.1017/S1366728919000026

Gutmann, B., Mierau, A., Hilsdlinker, T., Hildebrand, C., Przyklenk, A., Hollmann, W., Strider, H.K.,
2015. Effects of Physical Exercise on Individual Resting State EEG Alpha Peak Frequency.
Neural Plasticity 2015, 1-6. https://doi.org/10.1155/2015/717312

Hedman, A.M., Van Haren, N.E.M., Schnack, H.G., Kahn, R.S., Hulshoff Pol, H.E., 2012. Human brain
changes across the life span: A review of 56 longitudinal magnetic resonance imaging studies.
Human Brain Mapping 33, 1987-2002. https://doi.org/10.1002/hbm.21334

Hoogendijk, E.O., Deeg, D.J.H., Poppelaars, J., Van Der Horst, M., Broese Van Groenou, M.I., Comijs,
H.C., Pasman, H.R.W., Van Schoor, N.M., Suanet, B., Thomése, F., Van Tilburg, T.G., Visser,
M., Huisman, M., 2016. The Longitudinal Aging Study Amsterdam: cohort update 2016 and
major findings. Eur J Epidemiol 31, 927-945. https://doi.org/10.1007/s10654-016-0192-0

Ishii, R., Canuet, L., Aoki, Y., Hata, M., lwase, M., Ikeda, S., Nishida, K., Ikeda, M., 2017. Healthy
and Pathological Brain Aging: From the Perspective of Oscillations, Functional Connectivity,
and Signal Complexity. Neuropsychobiology 75, 151-161. https://doi.org/10.1159/000486870

Jauny, G., Eustache, F., Hinault, T.T., 2022. M/EEG Dynamics Underlying Reserve, Resilience, and
Maintenance in Aging: A Review. Front. Psychol. 13, 861973.
https://doi.org/10.3389/fpsy.2022.861973

27



Klimesch, W., 1999. EEG alpha and theta oscillations reflect cognitive and memory performance: a
review and analysis. Brain Research Reviews 29, 169-195. https://doi.org/10.1016/S0165-
0173(98)00056-3

Klimesch, W., 1997. EEG-alpha rhythms and memory processes. International Journal of
Psychophysiology 26, 319-340. https://doi.org/10.1016/S0167-8760(97)00773-3

Lardon, M.T., Polich, J., 1996. EEG changes from long-term physical exercise. Biological Psychology
44, 19-30. https://doi.org/10.1016/S0301-0511(96)05198-8

Leon, 1., Garcia-Garcia, J., Roldan-Tapia, L., 2014. Estimating cognitive reserve in healthy adults using
the cognitive reserve scale. PLoS ONE 9, 39-43. https://doi.org/10.1371/journal.pone.0102632

Li, P., Zhang, F., Yu, A., Zhao, X., 2020. Language History Questionnaire (LHQ3): An enhanced tool
for assessing multilingual experience. Bilingualism: Language and Cognition 23, 938-944.
https://doi.org/10.1017/S1366728918001153

Luk, G., Bialystok, E., 2013. Bilingualism is not a categorical variable: Interaction between language
proficiency and usage. Journal of Cognitive Psychology 25, 605-621.
https://doi.org/10.1080/20445911.2013.795574

Luk, G., Rothman, J., 2022. Experience-based individual differences modulate language, mind and
brain  outcomes in  multilinguals. Brain and Language 228, 105107.
https://doi.org/10.1016/j.bandl.2022.105107

Maddock, J., Gallo, F., Wolters, F.J., Stafford, J., Marseglia, A., Dekhtyar, S., Lenart-Bugla, M.,
Verspoor, E., Perry, M., Samtani, S., Vernooij-Dassen, M., Wolf-Ostermann, K., Melis, R.,
Brodaty, H., Ikram, M.A., Welmer, A.-K., Davis, D., Ploubidis, G.B., Richards, M., Patalay,
P., on behalf of the SHARED Consortium, 2023. Social health and change in cognitive
capability among older adults: findings from four European longitudinal studies. Gerontology.
https://doi.org/10.1159/000531969

Meghdadi, A.H., Stevanovi¢ Kari¢, M., McConnell, M., Rupp, G., Richard, C., Hamilton, J., Salat, D.,
Berka, C., 2021. Resting state EEG biomarkers of cognitive decline associated with
Alzheimer’s disease and mild cognitive impairment. PL0S ONE 16, e0244180.
https://doi.org/10.1371/journal.pone.0244180

Nilsson, J., Lovdén, M., 2018. Naming is not explaining: future directions for the “cognitive reserve”
and “brain maintenance” theories 1-7. https://doi.org/10.1186/s13195-018-0365-z

Perani, D., Abutalebi, J., 2015. Bilingualism, dementia, cognitive and neural reserve. Current Opinion
in Neurology 28, 618-625. https://doi.org/10.1097/WC0.0000000000000267

Perani, D., Farsad, M., Ballarini, T., Lubian, F., Malpetti, M., Fracchetti, A., Magnani, G., March, A.,
Abutalebi, J., 2017. The impact of bilingualism on brain reserve and metabolic connectivity in
Alzheimer’s dementia. Proceedings of the National Academy of Sciences 114, 1690-1695.
https://doi.org/10.1073/pnas.1610909114

Pereira Soares, S.M., Kubota, M., Rossi, E., Rothman, J., 2021. Determinants of bilingualism predict
dynamic changes in resting state EEG oscillations. Brain and Language 223, 105030.
https://doi.org/10.1016/j.bandl.2021.105030

Pereira Soares, S.M., Prystauka, Y., DelLuca, V., Rothman, J., 2022. Type of bilingualism conditions
individual differences in the oscillatory dynamics of inhibitory control. Front. Hum. Neurosci.
16, 910910. https://doi.org/10.3389/fnhum.2022.910910

Prat, C.S., Yamasaki, B.L., Kluender, R.A., Stocco, A., 2016. Resting-state qEEG predicts rate of
second language learning in adults. Brain and Language 157-158, 44-50.
https://doi.org/10.1016/j.bandl.2016.04.007

Raichle, M.E., Snyder, A.Z., 2007. A default mode of brain function: A brief history of an evolving
idea. Neurolmage 37, 1083-1090. https://doi.org/10.1016/j.neurcimage.2007.02.041

Raz, N., Rodrigue, K.M., 2006. Differential aging of the brain: Patterns, cognitive correlates and
modifiers. Neuroscience & Biobehavioral Reviews 30, 730-748.
https://doi.org/10.1016/j.neubiorev.2006.07.001

Reuter-Lorenz, P.A., Park, D.C., 2014. How Does it STAC Up? Revisiting the Scaffolding Theory of
Aging and Cognition. Neuropsychology Review 24, 355-370. https://doi.org/10.1007/s11065-
014-9270-9

28



Rothman, J., 2024. Harnessing the bilingual descent down the mountain of life: Charting novel paths
for Cognitive and Brain Reserves research. Bilingualism 1-9.
https://doi.org/10.1017/S1366728924000026

Rothman, J., Bayram, F., DeLuca, V., Di Pisa, G., Dufiabeitia, J.A., Gharibi, K., Hao, J., Kolb, N.,
Kubota, M., Kupisch, T., Laméris, T., Luque, A., Van Osch, B., Pereira Soares, S.M.,
Prystauka, Y., Tat, D., Tomié, A., Voits, T., Wulff, S., 2023. Monolingual comparative
normativity in bilingualism research is out of “ control ”’: Arguments and alternatives. Applied
Psycholinguistics 44, 316-329. https://doi.org/10.1017/S0142716422000315

Scally, B., Burke, M.R., Bunce, D., Delvenne, J.-F., 2018. Resting-state EEG power and connectivity
are associated with alpha peak frequency slowing in healthy aging. Neurobiology of Aging 71,
149-155. https://doi.org/10.1016/j.neurobiolaging.2018.07.004

Séskuthy, M., 2017. Generalised additive mixed models for dynamic analysis in linguistics: a practical
introduction. https://doi.org/10.48550/ARXIV.1703.05339

Stacey, J.E., Crook-Rumsey, M., Sumich, A., Howard, C.J., Crawford, T., Livne, K., Lenzoni, S.,
Badham, S., 2021. Age differences in resting state EEG and their relation to eye movements
and cognitive performance. Neuropsychologia 157, 107887.
https://doi.org/10.1016/j.neuropsychologia.2021.107887

Stern, Y., Albert, M., Barnes, C.A., Cabeza, R., Pascual-Leone, A., Rapp, P.R., 2023. A framework for
concepts of reserve and resilience in aging. Neurobiology of Aging 124, 100-103.
https://doi.org/10.1016/j.neurobiolaging.2022.10.015

Stern, Y., Arenaza-Urquijo, E.M., Bartrés-Faz, D., Belleville, S., Cantilon, M., Chetelat, G., Ewers, M.,
Franzmeier, N., Kempermann, G., Kremen, W.S., Okonkwo, O., Scarmeas, N., Soldan, A.,
Udeh-Momoh, C., Valenzuela, M., Vemuri, P., Vuoksimaa, E., 2020. Whitepaper: Defining
and investigating cognitive reserve, brain reserve, and brain maintenance. Alzheimer’s &
Dementia 16, 1305-1311. https://doi.org/10.1016/j.jalz.2018.07.219

Strobel, C., Engedal, K., 2008. MMSE-NR. Norwegian revised mini mental status evaluation. Revised
and expanded manual.

Titone, D.A., Tiv, M., 2022. Rethinking multilingual experience through a Systems Framework of
Bilingualism. Bilingualism: Language and Cognition 4, 1-16.
https://doi.org/10.1017/S1366728921001127

Vernooij-Dassen, M., Verspoor, E., Samtani, S., Sachdev, P.S., Ikram, M.A., Vernooij, M.W., Hubers,
C., Chattat, R., Lenart-Bugla, M., Rymaszewska, J., Szczesniak, D., Brodaty, H., Welmer, A.-
K., Maddock, J., Van Der Velpen, I.F., Wiegelmann, H., Marseglia, A., Richards, M., Melis,
R., De Vugt, M., Moniz-Cook, E., Jeon, Y.-H., Perry, M., Wolf-Ostermann, K., 2022.
Recognition of social health: A conceptual framework in the context of dementia research.
Front. Psychiatry 13, 1052009. https://doi.org/10.3389/fpsyt.2022.1052009

Vlahou, E.L., Thurm, F., Kolassa, I.-T., Schlee, W., 2014. Resting-state slow wave power, healthy aging
and cognitive performance. Sci Rep 4, 5101. https://doi.org/10.1038/srep05101

Voits, T., DeLuca, V., Abutalebi, J., 2022. The Nuance of Bilingualism as a Reserve Contributor:
Conveying Research to the Broader Neuroscience Community. Frontiers in Psychology 13.

Wieling, M., 2018. Analyzing dynamic phonetic data using generalized additive mixed modeling: A
tutorial focusing on articulatory differences between L1 and L2 speakers of English. Journal of
Phonetics 70, 86-116. https://doi.org/10.1016/j.wocn.2018.03.002

Winter, B., 2019. Statistics for Linguists: An Introduction Using R, 1st ed. Routledge, New York, NY :
Routledge, 2019. https://doi.org/10.4324/9781315165547

Winter, B., Wieling, M., 2016. How to analyze linguistic change using mixed models, Growth Curve
Analysis and Generalized Additive Modeling. Journal of Language Evolution 1, 7-18.
https://doi.org/10.1093/jole/1zv003

Wood, S.N,, 2017. Generalized  Additive Models. Chapman  and Hall/CRC.
https://doi.org/10.1201/9781315370279

29



