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As a result of advances in healthcare, the worldwide average life expectancy is steadily
increasing. However, this positive trend has societal and individual costs, not least
because greater life expectancy is linked to higher incidence of age-related diseases,
such as dementia. Over the past few decades, research has isolated various protective
“healthy lifestyle” factors argued to contribute positively to cognitive aging, €.g., healthy
diet, physical exercise and occupational attainment. The present article critically reviews
neuroscientific evidence for another such factor, i.e., speaking multiple languages.
Moreover, with multiple societal stakeholders in mind, we contextualize and stress the
importance of the research program that seeks to uncover and understand potential
connections between bilingual language experience and cognitive aging trajectories,
inclusive of the socio-economic impact it can have. If on the right track, this is an
important line of research because bilingualism has the potential to cross-over socio-
economic divides to a degree other healthy lifestyle factors currently do not and
likely cannot.

Keywords: bilingualism, cognitive aging, neurodegenarative diseases, executive functions, cognitive reserve

INTRODUCTION

Cognitive aging refers to the physiological processes of decline in cognition and brain functioning
as age increases. Behaviorally, non-pathological cognitive aging is associated with a decrease
in overall processing speed, certain types of memory (e.g., short term and episodic), language,
visuospatial and executive control. Cognitive aging is marked by significant individual variation
in cognitive performance. At the neural level, cognitive aging is perhaps most clearly identifiable
in anatomical changes in gray and white matter integrity, particularly in the prefrontal cortex and
hippocampus, paired with decreased efficiency (i.e., increased recruitment of implicated networks)
in task performance (e.g., Persson et al., 2006; Dennis and Cabeza, 2008; Giorgio et al., 2010;
Farokhian et al., 2017; MacPherson and Cox, 2017). Healthy cognitive aging and age-related
neuropathologies, such as mild cognitive impairment (MCI) and dementia, can be assessed at the
level of functional neural connectivity, the integrated relationship between separated brain regions,
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as measured by various neuroimaging methods such as functional
magnetic resonance imaging (fMRI; Rogers et al., 2007) and
resting-state electroencephalography (RS-EEG; Fleck et al., 2017;
Babiloni et al., 2018).

Amassing research shows a significant relationship between
increased engagement with various lifestyle choices/factors over
the lifespan and protection against typically observed cognitive
decline in older age (e.g., Stern, 2003, 2007; Goh and Park, 2009;
Vemuri et al., 2014; Dause and Kirby, 2019). At present, it is
well-known and largely accepted that physical exercise, healthy
nutrition, consistent engagement with various leisure activities
and higher levels of education, for instance, correlate with greater
resilience to the symptoms of healthy and pathological cognitive
aging (e.g., Yaffe et al, 2009; Hotting and Roder, 2013). It
has also been observed that significant decreases in cognitively
stimulating lifestyle activities, specifically within the latter years,
are linked to subsequent degree of decline, for example, in speech
rate, episodic and semantic memories (e.g., Small et al., 2012).
Given their potential benefits, it is important for research to
hone in on a more comprehensive list of lifestyle factors with
ameliorative potential for age-related cognitive decline.

In this review, we examine the case of bilingualism (see
Gallo et al,, 2020 for a review), and, most importantly, the
conditions under which bilingualism may be considered a
relevant protecting factor. In this regard, bilingualism is not
“special,” per se, compared to other environmental factors
that strain and thus train various neural networks, however,
its omnipresence in daily life and throughout the lifespan
makes it rather unique. Recent meta-analyses report that active
bilingualism is related to later onset of symptoms and, thus,
diagnosis of dementia by as much as 5-7 years relative to
comparable monolinguals, despite brains in both cases accruing
increased pathology similarly (Anderson et al, 2020; Brini
et al., 2020; Paulavicius et al., 2020). While a longer life of
active bilingualism seems to convey the greatest protection,
bilingual effects are not solely characteristic of native childhood
bilingualism. They also pertain to active adult second language
learners (e.g., Kuhl et al, 2016; Nichols and Joanisse, 2016;
Pliatsikas et al., 2017; DeLuca et al., 2019a; Gallo et al., 2021). This
is not surprising as it has been shown that adult second language
acquisition, particularly in contexts of active use and engagement
such as in linguistic immersion, is related to changes of brain
structure and function (Abutalebi and Green, 2016; Calabria
et al., 2018; Fedeli et al., 2021) where language processing and
control cross-over with executive functioning (see Pliatsikas,
2019 for review).

However, as outlined below, simply being bi- or multilingual
it is not sufficient for protection against cognitive decline,
otherwise, a clear majority of the world’s population would be
equally protected (considering that more than half of the world
population speaks more than one language; De Houwer, 2021). It
is important to keep in mind that only certain types of so-called
'active " bilingualism will have the maximum effect upon brain
health, i.e., those who are amply exposed to their languages, use
them regularly and are otherwise highly engaged in contexts that
require linguistic switching. Before providing evidence speaking
to this, we should address an obvious question: what is the

cognitive mechanism that bilingualism engages rendering the
brain more resilient against decline?

Bilingual speakers are continuously faced with an extra burden
on cognitive functioning: unlike monolinguals, they have to
control their languages. Research shows that all the languages of
bi-/multilinguals are constantly activated regardless of contextual
need or conscious intent (Spivey and Marian, 1999; Jared and
Kroll, 2001; Kroll et al., 2008; Green and Abutalebi, 2013).
The languages must be managed for shifting selection of the
one matching any given communicative context (Green and
Abutalebi, 2013), thus, avoiding unwanted interference from the
contextually irrelevant one. For bilinguals, the need to switch
from one language to the other in the real world is dynamic,
complex and not always predictable. After all, one could be using
language X or be codeswitching between languages X and Y
(because the interlocutor context allows and calls for this) when
someone associated strictly with language Y enters the room
or calls. Unexpected as it might be, instantaneous switching to
a (different) unilingual mode becomes required. This constant
suppression of the contextually irrelevant language via substantial
and continuous recruitment of executive control processes is
argued to “train” related cognitive skills and brain networks,
making them more efficient. Indeed, this “training” has been
shown to change domain-general processes and the underlying
neural architecture directly and fundamentally (e.g., Bialystok
et al,, 2008; Baum and Titone, 2014; DeLuca et al., 2019a).
Indeed, in recent years, several—not mutually exclusive—models
have schematized how the brain structurally and functionally
accommodates the dynamics of the implicated competition-
based management (e.g., intensity and duration of language use
and switching behavior), for example, those in Figure 1 (adapted
from DeLuca et al., 2020) where the combined image on the right
shows the models’ convergences and distinctions.

Interestingly, such unwanted intrusions from the contextually
irrelevant language are common in the case of brain
pathology where it is argued that the so-called language
control network is knocked out, such as in bilingual aphasia
and certain types of dementia involving the frontal lobes
(Abutalebi and Green, 2016).

In recent years, mixed reporting, especially in the behavioral
bilingual executive control literature, have fostered debate over
the extent to which bilingualism actually results in demonstrable
gains in relevant performance (e.g., Dufabeitia et al., 2014;
Paap et al., 2015; Nichols et al., 2020; see Lehtonen et al., 2018
for meta-analysis). An important issue of comparability across
studies complicates any generalizable or definitive conclusions
on the matter, essentially the lack of a universal way to qualify
and quantify degree of bilingualism across studies (see Leivada
et al, 2021 for discussion). Contemporary research treating
bilingualism as a complex spectrum of experiences has shown
that certain levels of activity and engagement with bilingualism
are linked with increased probabilities for measurable knock-
on effects (e.g., Kuhl et al., 2016; Gullifer et al., 2018; DeLuca
et al., 2019b; Luo et al., 2019; Gallo et al., 2021). It seems that
bilingualism par excellence, as aforementioned, is not a sufficient
qualifier, but rather active engagement with bilingual experiences
provides increased opportunity for mental conflict and resolution

Frontiers in Human Neuroscience | www.frontiersin.org

February 2022 | Volume 16 | Article 819105


https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Gallo et al.

Bilingualism: Implications for Neurocognitive Decline

Diversity/intensity of use Language switching

Increased L2 duration and
proficiency

leads to routing of
information via basal
ganglia (specifically, rule
selection and
implementation), e.g.
when switching into other

Relative Proficiency

Duration of use

Adaptive Control Hypothesis (ACH)
(Green & Abutalebi, 2013)

Conditional Routing Model (CRM)
(Stocco et al., 2014)

FIGURE 1 | Overview of selected models of bilingualism and neural adaptations based on various aspects of bilingual experience (Green and Abutalebi, 2013;
Stocco et al., 2014; Grundy et al., 2017; Pliatsikas, 2020). Overlap in key brain areas/structures implicated in bilingualism depicted in the summary panel on the right.

to drive eventual adaptation. Thus, measures of dichotomous
categorization between bilinguals and monolinguals (“yes” or
“no”) are simply inadequate.

Beyond behavioral cognitive function measures, there is
greater consistency of findings across bilingual neuroimaging
studies at all ages. As we review in detail below, a plurality of
relevant studies shows changes in the bilingual brain that overlap
topographically with regions highly implicated in language
processing/control, memory, and executive functioning (e.g.,
De Baene et al, 2015; Abutalebi and Green, 2016; Calabria
et al., 2018). fMRI studies show increased efficiency in neural
recruitment during task performance in bilinguals, even when
there are no measurable behavioral differences (e.g., Abutalebi
etal, 2012; DeLuca et al., 2020). Neuroimaging is not dependent
on behavioral effects alone, a significant asset since there are
non-trivial issues with granularity and test-retest reliability for
many of the cognitive behavioral tasks in common use. More
recently, neuroimaging work measuring bilingualism as relative
engagement also demonstrates how more active bilingualism
(increased exposure, domains of use, proxies for social use and
networking, etc.) is linked with individual-level neuroanatomical
change/more efficient neuronal recruitment during behavioral
task performance (Dash et al., 2019; DeLuca et al., 2019b; Sulpizio
et al., 2020).

Given the aims and discussions we have herein, it is crucial
to point out that the functions and brain regions argued to be
enhanced by bilingualism largely overlap with those that decline
due to cognitive aging, MCI, and dementia. As we will see below,
research comparing older bilinguals to monolinguals in terms
of cognition shows that bilinguals outperform monolinguals in
non-linguistic tasks tapping executive control processes (e.g.,
Bialystok et al., 2004; Luo et al., 2013). As highlighted by Valian
(2015), the effects of bilingualism upon these cognitive processes
are more evident in elderly populations because typically these

individuals are less exposed to other cognitively stimulating
tasks such as musical activities, intellectual exercise, videogaming
and social media. For the very same reason, the effects of
bilingualism may be masked by those additional cognitively
challenging activities in younger subjects, which may partially
explain the discrepancy in the behavioral literature comparing
younger bilinguals to their monolingual peers (see above).

In terms of brain function, older age bilinguals demonstrate
lower activation of regions supporting executive control tasks
(Gold et al.,, 2013b), and increased resting state connectivity
within related networks (Pliatsikas and Luk, 2016), suggesting
increased neural efficiency. In terms of brain structure, they
show better preserved gray matter in regions related to executive
control, and better-preserved white matter in the tracts that
connect them (Abutalebi et al., 2014; Pliatsikas, 2020). Moreover,
while healthy monolingual seniors show a decoupling of age with
brain structure, this is not the case for bilinguals (Anderson
et al., 2021). Taken together, such evidence strongly suggests
bilingualism can impinge on timing and degree of cognitive
and/or neural decline. In what follows, we review this literature
in greater detail before offering some discussion to be considered
with regard to how this evidence might, on multiple levels, lead
researchers and societal stakeholders to act in the near future.

EFFECTS OF BILINGUALISM ON
PATHOLOGICAL AGING

The first reported evidence of bilingualism-induced effects during
pathological aging came from retrospective cross-sectional
studies, comparing bilingual and monolingual older adults on
their clinical history, disease severity and symptoms onset.
A seminal study in this regard was that of Bialystok et al
(2007), in which timing in terms of age of disease onset
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of Alzheimer’s Disease (AD) was compared between bilingual
and monolingual samples matched for gender ratio, maximal
educational attainment and socioeconomic status, namely factors
that are known to affect the dementia trajectory (Meng and
D’Arcy, 2012; Sattler et al., 2012). Bialystok et al. (2007) found
that, on average, bilinguals presented with symptoms of dementia
4 years later than monolinguals. Such a prominent difference
raised attention and led to numerous attempts to replicate
these findings. Despite a subsequent study by the same group
reporting consistent evidence (Craik et al., 2010), two further
investigations early on suggested that bilingualism effects against
pathological aging may be restricted to certain social instances.
A study by Gollan et al. (2011) found a relationship between
level of bilingualism and delay in AD onset in low-educated, but
not in highly educated Spanish-English bilingual US residents.
Similarly, a study by Chertkow et al. (2010) found evidence of
a bilingualism-related delay of AD only in immigrant, but not in
non-immigrant bilinguals.

Subsequent evidence, however, provided findings that seemed
to contradict these studies. As per the education factor, a study
by Ramakrishnan et al. (2017) compared the contribution of
education and bilingualism in delaying MCI in a sample of 115
individuals (more than twice the sample size of Gollan et al.
(2011) study, which included 44 participants). They found that
while bilingualism delayed MCI onset by 7.4 years, education
had no beneficial effect in their sample. Regarding immigrant
status, the argument that any effect might be reducible to
the challenges—cognitive, linguistic and otherwise—related to
immigrating to another country over any separable role of
bilingualism per se is appealing. Moreover, a series of confounds
related to a potential imbalance of other environmental factors
also associated with healthy aging may be intrinsic to comparing
immigrant and non-immigrant samples, for example, possible
differences in dietary and health habits, education, and cultural
background. In the aforementioned studies, these factors were
unfortunately not controlled for across aggregates. Evidence from
Alladi et al. (2013) has, however, proven crucial to this debate.
In a large population study including data from 648 senior AD
patients from India, all non-immigrants, AD age of onset was
compared between monolingual and bilingual groups. The results
confirmed a 4.5-year delay in symptom onset for non-immigrant
bilinguals as compared to monolingual peers. The study also
provided further evidence regarding the role of education: while
the delay was even larger (i.e., 6 years) in low-educated bilinguals,
the effect persisted in highly educated bilinguals as well. Early
results were replicated in several other subsequent investigations:
a 2014 study by Bialystok et al. (2014a) investigated disease
onset in 74 MCI and 75 AD monolingual and bilingual patients,
revealing a delay of 4.7 and 7.3 years, respectively, in the bilingual
sample. Importantly, in these later studies where other cognitive
aging ameliorating variables were considered, this result emerged
irrespectively of lifestyle variables such as dietary and smoking
habits, level of alcohol consumption and amount of physical
activity or social interactions. Moreover, a study by Woumans
et al. (2015) reported a 4.6-year delay in AD onset in bilinguals
compared to a group of monolinguals matched for gender ratio,
maximal educational attainment, occupational complexity, and

severity of cognitive impairment. Other recent retrospective
studies provide corroborative evidence: for instance, Zheng et al.
(2018) found a 7-year delay of AD onset in Cantonese/Mandarin
bilingual older adults as compared to Cantonese and Mandarin
monolingual peers. Finally, a study by Mendez et al. (2019)
replicated the finding of a 4-year AD delay in a sample of bilingual
seniors who spoke various first languages (L1s) and English as a
second language (L2).

Recent meta-analyses confirm an overall effect of bilingualism
in delaying AD’s symptoms onset. Anderson et al. (2020)
reported a moderate effect size evidence for a delaying effect
of bilingualism on AD (Cohen’s d = 0.4), although only weak
evidence for protection from contracting AD altogether (Cohen’s
d = 0.1, but see below for further discussion on the relationship
between bilingualism and AD incidence). Importantly, these
results controlled for the influence of socioeconomic status,
maximal educational attainment as well as publication bias. In
another meta-analysis including data from 8 studies, Paulavicius
et al. (2020) found that, on average, bilinguals exhibited AD
symptoms 4 years later and were diagnosed with AD 2 years
later relative to monolinguals. Finally, a meta-analysis of 21
studies (Brini et al., 2020) reported that bilinguals experienced
AD 4.7 years and received AD diagnosis 3.3 years later than
monolinguals but found no significant difference in dementia
incidence between the two groups.

Some studies have also investigated the effect of bilingualism
on different sub-types of AD and MCI, providing an even
more detailed account of the consequences of bilingualism
for pathological aging. For example, a study by Ossher et al.
(2013) reported a 4.5-year delay in the onset of amnestic MCI
(aMCIL the kind of MCI specifically characterized by memory
dysfunction) for bilinguals as compared to monolinguals, but
only in patients suffering from single—and not multiple—
domain aMCI (with the difference between the two being the
number of cognitive domains impaired; Winblad et al., 2004).
Importantly, single-domain aMCI is the aMCI type most likely to
convert to full-blown AD. A more recent study by de Leon et al.
(2020) found a 5-year delay in AD onset in bilinguals suffering
from the logopenic variant of primary progressive aphasia (a
neurodegenerative variant of aphasia characterized by difficulties
with finding words and reduced output but relatively preserved
syntax and phonology; Henry and Gorno-Tempini, 2010), but
not in those suffering from the amnestic variant of AD, relative
to monolinguals.

Moreover, potential effects of bilingualism are argued to,
in principle, extend beyond AD, dementia and MCI. In other
words, it is at least theoretically reasonable, and there is some
emerging evidence to suggest, that bilingual engagement could
be a protective factor in clinical and pathological aging more
generally, extending to other specific types of neurodegeneration.
The rationale behind this, as laid out in Voits et al. (2020), lies in
the fact that there is also an overlap between brain areas affected
by neurodegenerative diseases such as Huntington’s disease,
Parkinson’s disease, multiple sclerosis and those implicated
in bilingual language processing and control. Intuitively, this
suggests the potential link between them: bilingualism would
“train” and reenforce brain areas and their respective connections
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that are susceptible to decline in the face of multiple types of
neuropathology. Testing this assumption is a reasonable path
of research that is likely to become more prevalent in the near
future given the putative role of bilingualism as a cognitive and
brain reserve enhancer (Gallo et al., 2020; Bialystok, 2021; see also
section “Underlying Mechanisms and Models of Bilingualism-
Induced Successful Aging” below for further discussion). Indeed,
higher levels of brain reserve have been shown to lead to better
outcomes in a range of neurodegenerative diseases (Sumowski
et al., 2009; Hindle et al., 2017). And yet, there is a scarcity
of empirical research directly examining potential links between
bilingualism and non-AD neuropathology.

Although more research is required, results from the
small body of existent literature are encouraging. Bilingual
Huntington’s disease patients have been reported to have
increased metabolism across multiple brain areas as well as
structurally increased GMVs in the inferior frontal gyrus,
resulting in increased cognitive functioning (Martinez-Horta
et al,, 2018). Bilingualism has also been shown to lead to
later onset of Parkinson’s disease symptoms (Ghazi-Saidi, 2019),
although there is no evidence for better cognitive functioning
in bilingual patients in the two studies on cognitive outcomes
published to date (Hindle et al., 2015; Fishman et al., 2021).
There is also some evidence pointing toward improved cognitive
outcomes in multiple sclerosis patients (Soltani et al., 2018;
Aveledo et al., 2020). Finally, although stroke is sudden and
has an acute onset, rather than progressive neurodegeneration,
bilingualism has been linked to improved post-stroke cognitive
outcomes (Alladi et al., 2016), and less severe symptoms of
post-stroke aphasia (Paplikar et al., 2018). Note, however, that
these studies examine behavioral outcomes only. A neuroimaging
component is warranted, if not needed, to fully understand
bilingualism-induced reserve effects and putative compensatory
effects on an array of neurodegenerative disorders.

While the above literature convincingly establishes a
delaying effect linked with bilingualism, a parallel literature has
investigated potential differences in incidence of MCI and AD
in bilingual and monolingual populations. Perquin et al. (2013),
for example, retrospectively investigated MCI incidence in a
sample of 232 participants, revealing an inverse relationship with
the number of languages spoken by individuals. In a subsequent
prospective (or longitudinal) study, Wilson et al. (2015) followed
a cohort of 964 seniors over a 6-year span. MCI incidence was
significantly lower in the bilingual population. Finally, Klein
et al. (2016) proposed a more global approach: they investigated
the relationship between the degree of multilingualism and
dementia incidence in 93 countries, revealing a bilingualism-
induced protective effect against the development of AD diffused
worldwide. This result is particularly important with reference
to the debate on the sociocultural boundaries of potential
bilingualism-induced benefits on pathological aging.

Yet another parallel stream of research has investigated
the consequences of bilingualism on pathological aging
with neuroimaging techniques. The first study of this kind,
Schweizer et al. (2012) investigated differences in bilingual
and monolingual individuals suffering from AD, matched for
maximal educational attainment and disease severity, using

computerized tomography. For comparable levels of symptoms
severity, bilinguals exhibited more severe brain atrophy in
regions of the medial temporal lobe, an area that plays a crucial
role in declarative memory and is targeted by AD in very early
stages of the disease (Frisoni et al., 2002; Zhang et al., 2008).
At first glance, this result might appear as contradictory to any
claims of a beneficial role of bilingualism. However, considering
that bilinguals and monolinguals were matched for symptom
severity, the interpretation of the findings is rather advantageous:
bilinguals are able to compensate for neural damage to a
larger extent than monolinguals, ie., to maintain similar
cognitive efficiency in the face of more severe AD-induced
brain deterioration. In line with these results, in an investigation
with fluorodeoxyglucose positron emission tomography (FDG
PET), Kowoll et al. (2016) reported reduced glucose uptake (a
biomarker associated with AD) in frontotemporal, parietal and
cerebellar regions of bilinguals diagnosed with MCI and probable
AD, relative to a sample of monolinguals matched for age, gender
ratio and disease severity. Similar results were obtained in two
subsequent FDG PET investigations (Perani et al., 2017; Sala
etal,, 2021) where AD bilingual patients were found to have more
severe glucose hypometabolism, as well as increased functional
connectivity in the executive and default mode network (we
unpack the significance of increased functional connectivity in
the next section), as compared to monolinguals matched for
disease duration and overall cognitive efficiency. Strikingly,
the average age of the bilingual AD cohort was 4.5 years older
than the monolingual AD group, replicating the findings of the
abovementioned clinical studies. Another study (Estanga et al.,
2017) reported a mitigating effect of bilingualism on the amounts
of t-tau protein, a cererebrospinal fluid (CSF) biomarker of
AD, in a sample of 278 participants with comparable genetic,
socio-demographic and cognitive profiles. Finally, a combined
cross-sectional/longitudinal investigation (Costumero et al,
2020) revealed that bilingual MCI patients had significantly
lower raw amounts of brain parenchyma (i.e., gray + white
matter) as compared to monolingual peers matched for general
cognitive functioning. The longitudinal stage of the study also
showed more severe parenchyma loss and cognitive decline in
monolinguals in the average follow-up time of 7 months.

WHAT EFFECTS DOES BILINGUALISM
CONFER ON HEALTHY AGING?

The question of whether bilingual effects in older age are only
(or perhaps best) attested in pathological neurodegeneration is
an interesting one. In principle, the answer should be “no,
although they might be more challenging to examine in healthy
populations. Due to the involvement of executive control in
language control processes and its potential as a general “trainer”
of the mind and brain together with the mere length of
bilingual experience in elderly individuals, it is reasonable to
expect effects for senior bilinguals, particularly in tasks that
tap into relevant cognitive ability, regardless of (a) typicality
of cognitive aging. Indeed, several studies report evidence that
bilingualism is linked to increased preservation of executive
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functioning in otherwise healthy older adults. More specifically,
senior bilinguals have been repeatedly shown to outperform
monolingual peers on executive control tasks that include, but
are not limited to, the Simon Task, the Flanker Task and the
Stroop Task (Bialystok et al., 2004, 2008, 2014b; Gold et al., 2013b;
Abutalebi et al., 2015b; Estanga et al., 2017; Del Maschio et al,,
2018; Incera and McLennan, 2018; Lépez Zunini et al., 2019).
Bilingualism-induced effects on healthy aging, perhaps even
more interestingly, seem to extend beyond executive control: they
have also been reported for executive-related memory recall tasks
(Wodniecka et al., 2010; Ljungberg et al., 2013), working memory
(Bialystok et al., 2014b), semantic memory (Arce Renteria et al,,
2019) and even general intelligence (Bak et al., 2014).

Evidence that bilingualism may play a protective role
against non-pathological age-related neurocognitive decline is
not limited to behavioral investigations: several neuroimaging
studies suggest that bilingualism can foster the preservation of
neural structure and function in healthy aging. One consequence,
for example, is enhanced preservation of gray matter integrity
in several brain regions. These regions, mainly part of the
language control network (Abutalebi and Green, 2016), include
the temporal pole (Abutalebi et al., 2014; Olsen et al., 2015), the
orbitofrontal cortex (Abutalebi et al., 2014), the inferior parietal
lobule (Abutalebi et al., 2015a; Del Maschio et al., 2018), the
anterior cingulate cortex (Abutalebi et al., 2015b; Del Maschio
et al,, 2018), the prefrontal cortex (Del Maschio et al., 2018), and
the hippocampus (Voits, 2020; Voits et al., 2022). Importantly,
some of these areas are particularly sensitive to early stages of
age-related brain deterioration, as in the case of the temporal pole
(Kalpouzos et al., 2009), the inferior parietal lobule (Apostolova
et al., 2007) and the hippocampus (Maruszak and Thuret, 2014).
In this light, studies showing enhanced preservation of gray
matter density in such areas have particular relevance (see
Figure 2 for sample subcortical regions that have been shown
to be sensitive to bilingual experience). For instance, Abutalebi
et al. (2014) reported higher GMVs in the temporal pole of
healthy senior bilinguals relative to monolingual peers. Moreover,
bilinguals’ temporal pole GMVs showed a positive association
with proficiency in the L2, indicating a dose-response effect of
bilingualism on neuroplasticity in this area. Similarly, Olsen et al.
(2015) found greater cortical thickness in the temporal pole
of healthy bilingual older adults, as compared to age-matched
monolinguals. As per the inferior parietal lobule, available
evidence shows bilingualism-induced neuroplastic changes that
are not limited to late life stages (Abutalebi et al., 2015a; Del
Maschio et al., 2018), but extend to young adulthood (Mechelli
et al., 2004; Del Maschio et al., 2018) and even childhood (Della
Rosa et al., 2013), suggesting that consequences of bilingualism
for cognitive aging may be rooted in early life stages.

In addition to gray matter, bilingualism has also been shown
to be linked with white matter preservation during the aging
trajectory (Figure 3). Using diffusion tensor imaging (DTTI), Luk
et al. (2011) reported higher levels of white matter integrity for
healthy bilingual seniors, relative to monolinguals, in the corpus
callosum, the superior longitudinal fasciculi, the right inferior
fronto-occipital fasciculus and the right uncinate fasciculus,
namely tracts that are particularly targeted by age-related

deterioration (Gunning-Dixon et al., 2009). In the same study
cited above, Olsen et al. (2015) found higher white matter
volumes in the frontal lobe of their bilingual sample, compared
to the monolinguals. Finally, in another DTI investigation,
Anderson et al. (2018) found that bilingualism was linked
to white matter integrity preservation in the left superior
longitudinal fasciculus.

Thus far, we have discussed bilingualism-related effects on the
aging brain at the structural level, but supporting evidence also
extends to the functional level. Indeed, bilingualism has been
shown to also positively affect functional neural mechanisms
during senescence. For instance, in an fMRI investigation,
Gold et al. (2013b) reported lower switching costs, i.e., the
contrast between the level of activation of brain areas during
trials that entail switching vs. trials that do not—for healthy
bilingual older adults, relative to monolinguals, in areas of
the language control network: namely, the left dorsolateral
and ventrolateral prefrontal cortices and the anterior cingulate
cortex. In addition, the task performance of bilingual seniors
was found to resemble those of younger participants of the
study, in that both groups outperformed monolingual seniors
while showing reduced activation in prefrontal regions. Ansaldo
et al. (2015) showed differential recruitment between healthy
bilingual and monolingual seniors during a Simon Task. In
incongruent trials (i.e., those requiring executive control), despite
performing behaviorally at comparable levels, monolinguals
activated the right middle frontal gyrus, while bilinguals relied
on the inferior parietal lobule. Thus, bilinguals appeared to
avoid the typical tendency to shift task-related activation to
more anterior regions during aging, which is thought to depend
on age-related depletion of posterior-parietal neural resources
(Davis et al., 2008, see section “ Underlying Mechanisms and
Models of Bilingualism-Induced Successful Aging” below for
further discussion). Dash et al. (2019) examined brain activation
using fMRI during the Attention Network task. They tested older
bilinguals with varying degrees of proficiency in their L2 and
found a relationship between neural efficiency (as indexed by
decrease in neural activity) and L2 proficiency, thus suggesting
that the effects of bilingualism are not monolithic in older ages
but rather vary as a function of L2 experiential factors, as shown
in younger populations as well (e.g., Li et al., 2014; DeLuca et al.,
2019b; Gallo et al., 2021).

Available evidence also supports a protective role of
bilingualism against age-related disruption of functional
connections in the brain. For instance, an fMRI study mentioned
above (Luk et al., 2011) revealed better preservation of anterior-
to-posterior resting-state functional connectivity (rs-FC) in
elderly bilinguals, compared to age-matched monolinguals.
Similar results have been reported regarding rs-FC within the
default mode- and executive control networks (Grady et al,
2015). Corroborating evidence comes from electrophysiological
investigations as well: a magnetoencephalography (MEG) study
by de Frutos-Lucas et al. (2020) highlighted better-preserved
rs-FC for healthy bilingual seniors, compared to monolingual
peers, in five occipito-parietal clusters particularly sensitive to
AD-related disruption (Nakamura et al., 2017). Finally, in a
study investigating task-related functional connectivity during a
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FIGURE 3 | Selected white matter tracts shown to be sensitive to bilingual experience.
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Simon Task, Berroir et al. (2017) reported that healthy bilingual
seniors needed to allocate fewer resources to perform the task,
showing increased connectivity only in visuospatial areas (i.e.,
the inferior temporal sulcus), compared to monolinguals who
showed greater connectivity in a set of areas linked to visual,
motor, executive and interference control processing.

In terms of neuroimaging evidence, perhaps the most
interesting bilingualism-induced effect on healthy cognitive aging
is one having to do with modulation. In a handful of studies
to date, bilingual experience appears to mitigate one of the
most well-known relationships in neuroscience, the structural
brain-behavior (SBB) one. In general terms, this relationship

predicts that for higher density (or integrity) of brain structure
in a particular region or network, the relative level of cognitive
performance will increase. Conversely, when brain structure
deteriorates, performance is expected to worsen. In these regards,
Gold et al. (2013a) reported that, for comparable levels of
cognitive functioning and matched demographics, bilinguals
showed lower white matter integrity than monolinguals in
the inferior longitudinal fasciculus, the inferior fronto-occipital
fasciculus, the fornix, and parts of the corpus callosum. Since
the SBB relationship would have predicted greater cognitive
impairment in the bilingual sample, these findings suggest a
mitigating role of bilingualism on such relationship. Similar
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results were obtained in a recent investigation taking the
reverse approach: matching bilingual and monolingual healthy
seniors on white matter integrity measures, sex, age, and
maximal educational attainment, Berkes et al. (2021) examined
differences in task performance. Here, bilinguals were found
to display higher cognitive functioning than monolingual peers
despite their brains being matched, adding to the existing
body of evidence of bilingualism’s mitigating effects on the
SBB relationship. Another study deploying a Flanker Task
and structural MRI (Abutalebi et al., 2015b) revealed that the
cost of the conflict effect (i.e., the difference between reaction
times in the congruent vs. incongruent trials) was positively
correlated with dorsolateral prefrontal cortex GMV for healthy
senior monolinguals, but not for bilingual peers. This result was
replicated and expanded in a subsequent study by Del Maschio
et al. (2018) who found that bilingualism mitigated the SBB
relationship in a number of regions of the language control
network, namely the bilateral prefrontal cortex, the bilateral
inferior parietal lobule, the left anterior cingulate cortex and the
left caudate nucleus. These findings suggest that bilingualism
may grant protection from age-related cognitive impairment by
enabling the maintenance of good cognitive functioning, even in
the face of measurable age-related neural deterioration.

UNDERLYING MECHANISMS AND
MODELS OF BILINGUALISM-INDUCED
SUCCESSFUL AGING

As reviewed above, sufficient available evidence points to a
role of bilingualism as a life experience in fostering successful
aging. However, the precise mechanisms underlying such a
phenomenon are yet to be clearly illustrated. Here below, we
review the main models of bilingualism-induced benefits for
cognitive aging, which attempt to understand what lies beneath
the relationships observed in empirical studies.

The main theoretical framework adopted to model
bilingualism-induced successful aging is that of reserve. The
theoretical construct of reserve is defined as the discrepancy
between the observed and expected level of cognitive impairment,
given the relative degree of age-related neural deterioration
(see Stern, 2009; Stern et al., 2020). To the extent accrued
(and maintained) over the lifespan, reserve should act as a
buffer against age-related decline by providing individuals the
necessary hardware (brain) and software (cognition) to stave off
and compensate for cognitive impairment occurring as a function
of increasing age and/or neurodegenerative pathology (Steffener
et al,, 2011; Stern et al, 2020). Reserve has two main sub-
components: brain reserve and cognitive reserve. Brain reserve
(BR) acts through the preservation of the neural substrate at the
structural level: it is, thus, a passive mechanism. Brain reserve
would manifest via well-known neuroplastic mechanisms such
as neurogenesis (formation of new neurons), synaptogenesis
(formations of new synaptic contacts) and angiogenesis
(formation of new blood vessels) (Stern, 2009). Cognitive reserve
(CR), instead, acts at the functional level by enhancing the
efficiency, capacity, and flexibility of neural networks. CR actively

impacts the neural substrate by providing extra resources to
be deployed for high levels of task complexity (i.e., capacity),
enabling the optimization of cognitive performance despite
lower necessary brain activation (i.e., efficiency) and allowing
the use of alternative neural pathways for task resolution (i.e.,
flexibility) (Stern, 2009).

Crucially to the discussions herein, reserve is argued to
originate from environmental influences, such as regular lifestyle
activities that exert a “training” effect on the mind and brain.
The evidence detailed in the above two sections have all the
hallmarks of measurable side-effects expected from CR and BR
accrual. As such, to the extent that bilingualism has been isolated
as the key variable in specific studies making this claim, the
existent evidence base fits well within the reserve framework.
For instance, the findings reviewed in the above sections
regarding bilingualism linking to structural and functional
neuroplasticity align nicely with the concepts of BR and CR.
Moreover, the mitigating effect exerted by bilingualism on the
SBB relationship appears to adhere well to the general definition
of reserve provided above.

The logical question becomes, how do exponents of
bilingualism result in both functional and structural adaptations
in the brain, meaning how do they translate to BR and CR
accrual? The main linking hypothesis, also espoused in our
introduction, is the claim that increased executive control
effort is required for the simultaneous management of two
linguistic systems. As one would expect, not differentially to other
lifestyle contributors to reserve, given the nature of bilingualism
individual variation in relevant outcomes should be predictable,
at least in part,' on the basis of degree of engagement with the
underlying mechanism: for the present purposes, the qualitative
and quantitative nature of opportunities one has had within their
bilingualism. This accords well with the progression of the field
and, indeed, the fact that neurocognitive effects of bilingualism
are not always attested experimentally; the most contemporary
approaches to bilingualism and neurocognition highlight the
spectral nature of what it is to be bilingual and the determinism of
individual-level engagement with the exponents of the bilingual
experience (e.g., Luk and Bialystok, 2013; Li et al., 2014; DeLuca
et al., 2019b; Pliatsikas et al., 2020; Gallo et al., 2021).

Several mechanisms and models have been proposed to
capture the mapping of bilingual engagement to outcomes of
varying types of reserve. Guzman-Vélez and Tranel (2015) argue
that a possible underlying mechanism of bilingualism-induced
brain reserve might be found in consequences of bilingualism
for the noradrenergic system (a system responsible for the

'We do not preclude a dynamic relationship with how measures of quality and
quantity of bilingual experience factors will engage with others, for example, age
of onset of bilingualism, linguistic proficiency, age at time of testing, etc. For
example, recent research from our lab shows that individual differences in bilingual
language experience matter independently of when one first became bilingual—
as in the case of adults who were simultaneous child bilinguals compared to
post-pubescent second language learners—yet age of acquisition matters for how
this plays out (Pereira Soares et al., 2021). In other words, bilingual language
engagement explains individual differences in brain oscillatory dynamics at rest
and during task performance (Flanker) in both sets of bilinguals, but the brain
patterns in each are distinct not by age at time of testing, but indeed by age at the
time they first became bilingual.
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generation and release of the neurotransmitter norepinephrine).
The noradrenergic theory of reserve (Robertson, 2013) claims
that brain and cognitive reserve would stem from the
upregulation of noradrenergic circuits. This is predicted to
result in neuroplastic mechanisms that include neurogenesis,
angiogenesis, synaptogenesis or heightened production of a
brain-derived neurotrophic factor. It also predicts compensatory
mechanisms to mitigate the impact of age-related brain
pathology, such as reduced amyloid burden, anti-inflammatory
processes and recovery of cholinergic and dopaminergic
cells. Under such a framework, bilingualism would not be
different from any other reserve-promoting factor, acting in
the ways just described to enable resilience to age-related
cognitive impairment.

Other mechanisms with a more macroscopic focus have
also been proposed. These models converge on the notion
of dynamic recruitment of different structures and networks
to handle existing cognitive demands more efficiently, such
as bilingual language control (see Hernandez et al., 2019 for
discussion) which in turn are argued to provide a neural basis
for reserve (as discussed above). Grant et al. (2014) explain
bilingualism-induced promotion of successful aging in terms
of the posterior-to-anterior shift in aging (PASA; Davis et al,,
2008). The PASA model predicts that, due to processing deficits
in occipitotemporal regions related to aging, seniors would
rely on the compensatory activation of domain-general frontal
areas to preserve optimal cognitive performance. However, since
bilinguals have been shown to maintain higher integrity of
posterior-parietal brain structures such as the inferior parietal
lobule or the temporal pole, as well as optimal connectivity within
and to the posterior areas during senescence (see section “What
Effects Does Bilingualism Confer on Healthy Aging?” above),
they would be able to postpone the PASA shifting, saving the
deployment of extra neural and cognitive resources for higher
levels of task complexity. Building on—and extending—this
framework, Grundy et al. (2017) offered the bilingual anterior
to posterior and subcortical shift (BAPSS) model, which claims
that sufficiently engaged bilinguals would actually shift the neural
processing related to executive tasks from frontal to posterior and
subcortical regions. BAPSS is based on evidence that bilinguals
experience neuroplastic changes in posterior and subcortical
regions of the brain and increases in white matter integrity,
as well as showing decreased task-related frontal activation,
increased task-related functional connectivity, and a stronger
reliance on earlier processing stages, relative to monolinguals,
during executive task performance. Such changes, resulting
from bilingual experience, would allow elderly bilinguals to
shift to automatic, early, economic executive processing in
lieu of effortful, late, top-down mechanisms. As discussed
above for the PASA model, delaying the necessity to recruit
frontal compensatory regions would allow bilinguals to maintain
cognitive resources to be deployed in the event of more
demanding task requirements.

The Dynamic Restructuring Model (DRM; Pliatsikas, 2020)
makes predictions consistent with the above models, but the
specificity of these is more geared toward the structural, as
opposed to the functional, trajectory of adaptation. The DRM

is based on a model of expansion and renormalization: initial
stages of engagement to novel stimuli/cognitive demands confer
an increase in regional GMV and white matter structure to
handle these. With prolonged experiential engagement, these
increases revert back to a state of equilibrium toward “baseline”
levels. However, (i) this is not necessarily exactly the same as
the original baseline levels and (ii) this return reflects a new
arrangement of the most efficient series of synaptic connections
with underused connections being pruned (see e.g., Lovdén
et al., 2013). Furthermore, this is proposed to occur in a
three-stage process. The first (initial exposure) holds greatest
cognitive demands with the acquisition of a new skill and is
reflected in increased cortical/hippocampal GMVs. In the second
state (“consolidation”) these skills are integrated into more of
an automated/efficient network; structurally this is reflected
as modulations in subcortical gray matter and white matter
structure. Finally, a stage of “peak efficiency” or automation in
cognitive demands is reached and is reflected in return toward
baseline levels for the subcortical gray and frontal white matter
structure and increases in cerebellar structure. It should be noted
that neurocognitive aging was not in the original scope of the
DRM. However, the notion of renormalization discussed within
it may provide a mechanism by which neural reserve may be
observed. If lifelong bilinguals are compared to monolinguals
later in life, higher gray- or white matter structure may not reflect
“more” gray matter which must decay, but a similar level of
overall volume or structure which is more resilient to the effects of
neural decay (Pliatsikas et al., 2020). Further to this, the shifting
reliance toward subcortical, and then posterior regions, with
prolonged bilingual exposure could provide a basis for cognitive
reserve in line with the predictions from the above models.

CONCLUSION

Having reviewed the logic behind and evidence for the potential
connection between bilingualism and successful cognitive aging,
this section aims to underscore various layers of importance
of the research program that endeavors to understand the
connections more precisely. Before doing so, it is worth
underscoring that while we have focused our review and
discussion herein based on brain-level research from MRI
studies, combining MRI moving forward with other neuro
methods is highly recommended. For example, various types of
EEG (ERP and/or oscillatory dynamics) can be insightful, not
least as they provide a means to examine task performance in
ways MRI cannot. While fMRI can give insights into relevant
network recruitment on task, EEG offers much more fine-
grained details as it relates to temporal resolution of what
the brain is doing in the course of such performances and
is perfectly compatible with simultaneous MRI. As we move
toward harnessing the insights for application/intervention from
the basic science research looking into potential connections
between bilingualism and cognitive aging, research that employs
other methods, such as Trancranial direct current stimulation
(tDCS) and/or Transcranial magnetic Stimulation (TMS), are
also welcome. While these methods have both basic science
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application and therapeutic potential, especially as paired with
cognitive training for the functional connectivity of working
memory in the elderly (Nissim et al., 2019; Indahlastari et al.,
2021), and although they have been used in bilingual language
control research showing some promising effects in studies
focusing on younger bilinguals (Himéldinen et al., 2018; Radman
et al,, 2018; Jost et al., 2020; Tong et al., 2020; Zhu and Sowman,
2020; Vaughn et al., 2021), these methods are virtually unknown
in the literature on bilingualism and cognitive aging.

By way of summarizing and concluding, we start here by
contextualizing and situating the body of research we have
reviewed beyond the science, that is, within the real world, for
the benefit of multiple stakeholders for whom this research has
impact and implications. After all, understanding what measures
one can take to preemptively combat cognitive aging and age-
related neuropathology is a societal imperative, not least given
the current numbers of older individuals in our societies and the
continued projections of increased life expectancy as advances in
health improve (Kinsella and He, 2009). There is no question
that quality of life issues combine with significant economic
implications to make the understanding, predicting, and treating
of cognitive aging a universal concern.

Research on drug-based interventions for most age-related
neurocognitive pathologies have, to date, produced far-from-
satisfying results (Dyer et al, 2018). At present, there is
no ground-breaking pharmacological treatment for AD, for
example. Unless or until, such treatments become available,
reducing risk factors by engaging in preventative measures is
the best option for adding years to our healthy (cognitive) life
expectancy. If some degree of protection can be afforded through
ecological everyday activities, i.e., lifestyle choices, then knowing
what these are and how to maximally harness their effects
becomes a critical part of dealing with what is sharply becoming
a health crisis in our increasingly aging populations worldwide.
According to the WHO, more than 50 million people globally
are currently affected by dementia (World Health Organization,
2019). This number is likely to be under-representative given
the inherent difficulty, cultural and ethnoracial disparities in
diagnoses. Even still, the numbers are staggering and the costs are
high at multiple levels. Global estimates in 2016 suggested that
the total global economic costs of caring for elderly people with
dementia then reached nearly a trillion dollars (Xu et al., 2017).
To place these numbers in context, Xu et al. (2017) systematic
review indicated that by 2017 the average cost per individual case
in Europe had risen to just over €32,500. For sake of comparison,
the average annual median equivalized income in the EU-27 in
2018 was just under €17,000 (even at the top end of the range,
Luxembourg, it was just over €32,500). At present, in the USA
alone, costs for dealing with dementia already surpass 300 billion
dollars annually with estimates suggesting it will reach one trillion
dollars a year as the American population ages (Wong, 2020).
These numbers are not comprehensive, of course, relating only
to dementia. In other words, when you factor the economic
costs associated with non-pathological cognitive aging, MCI
and a myriad of other age-related neurodegenerative disorders
the encumbrance skyrockets. Clearly, the economic burden of
cognitive decline is undeniable and will only continue to grow.

Quality of life costs are much more difficult to gauge. They
are also much closer to home, so to speak, as they manifest
at the individual level. While difficult to quantify in the first
place and compare across individuals, there is little doubt that
such costs for elderly individuals themselves, their families
and communities are immeasurably high. In these contexts, it
becomes socially responsible, beyond scientifically relevant, to
research what factors might be within human control to optimize
prevention. Studying lifestyle enrichment factors that contribute
to successful aging (e.g., via reserve accrual) offers hope that
evidence-based recommendations, if not interventions, could be
harnessed to ameliorate cognitive aging and/or dementia risk.
Factors such as years of education, general mental stimulation,
healthy diet, leisure activities, and occupational attainment are
positively linked to greater cognitive health (see e.g., Cheng,
2016). And while reserve accrual is typically a happenstance
beneficial byproduct of lifestyle enrichment activities, some
research suggests that targeted intervention can also be a
reserve maintainer/provider. Cognitive training—repetition-
based intervention activities that attempt to proactively use
scientifically determined environmental enrichment to stretch
neuroplasticity—seems to have some effect in boosting cognitive
functions in older age (Brum et al., 2009; Belleville et al., 2011;
Kane et al., 2017), including foreign language training with
seniors (Meltzer et al., 2021).

In this context, bilingualism as a potential contributor to
successful aging stands out for several important reasons. As
we maintained from the very outset of this article, there is
nothing specific to bilingualism per se that should privilege it
over any other potential successful aging contributor. That said,
there are some rather special things that apply to bilingualism—
summarized below as the three “-ities”: ubiquity, equity and
ecological validity—that do not equally apply to other known
factors. Firstly, there is the issue of ubiquity on at least two
levels. Although this is not so readily appreciated by honing in on
the Western world, in particular where English is the (de facto)
dominant, native language, bi-/multilingualism characterizes the
majority of the world’s population (De Houwer, 2021). It is,
therefore, naturally occurring at large scale. Bilingualism is also
ubiquitous in the sense of the mental processes it evokes in
the individual. As mentioned, languages in bilinguals are always
maintained with some level of activation, which means that
cognitive and language control are constantly engaged to manage
the languages and their use. This makes bilingualism temporally
unique from other contributors like, for example, physical
exercise which is typically much more limited in this respect.

It is reasonable to make an argument for the increased equity
of bilingualism over the vast majority of other lifestyle factors. Let
us consider the listing of potential ameliorative lifestyle factors
above to elucidate the point. Having the financial means and/or
time for higher degrees of education, healthy diet and physical
exercise are all inexorably conditioned by socioeconomic status,
often negatively impacting disproportionately racial and ethnic
minorities. This is not the case for bilingualism. Some of the most
naturally diverse linguistic parts of the world, where languages
live in close contact and bilingualism dominates as the societal
norm, are among the most economically challenged globally. In
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so-called monolingual dominant societies, bilingualism is often—
not exclusively—most prolific in minority (migrant) populations,
which are often socio-economically disadvantaged. Bilingualism
need not cost anything, is not a privilege of the few and is often
itself an inherent part of minority communities. As a result, it
is reasonable to suggest that if engagement with bilingualism
turns out to be a bona fide lifestyle factor for successful cognitive
aging, it is generally more accessible than many other factors.
Thus, understanding its connection and nuances with aging
and neurodegeneration better, is imperative to effectively and
most accurately promote and harness its potential to serve
universal health needs in a socially just way. This is especially
important as we know that there are ethnoracial disparities for
aging, not least, in dementia diagnosis, incidence and treatment
(Chin et al., 2011).

Finally, we turn to what we consider the ecological validity
of bilingualism in this domain. If bilingualism eventually
makes the list of recommended activities for longer healthy
life expectancy—such as healthy diet and exercise have—then
the utility of creating it where it does not naturally exist
is likely to expand. Under a reality where new language
learning is used as a targeted type of intervention—either
in older adults and/or redesigned, prioritized as part of
early schooling and continuing education—pointing out co-
occurring benefits to doing so is warranted. Learning a new
language—at any age but perhaps especially for older adults—
as opposed to other types of executive control training has
greater real-world applicability. Acquiring new languages can
increase individual social networks, encourages new leisure
activities (e.g., travel), increases cross-cultural awareness and
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equals the protective potential of other cognitive training
(Meltzer et al., 2021), it would be worth promoting for its
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AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct, and intellectual
contribution to the work, and approved it for publication.

FUNDING

Research leading to the writing of this article was supported by
the Basic Research Program at the National Research University
Higher School of Economics via funding to FG. All other authors
received support from the AcqVA Aurora center grant from
UiT, the Arctic University of Norway. YP and JR were further
supported by funding from the HeLPiNG project, financed by
Tromse Forskningsstiftelse.

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

Anderson, J. A. E., Hawrylewicz, K., and Grundy, J. G. (2020). Does bilingualism
protect against dementia? A meta-analysis. Psychonomic Bull. Rev. 2020:5. doi:
10.3758/s13423-020-01736-5

Ansaldo, A. I, Ghazi-Saidi, L., and Adrover-Roig, D. (2015). Interference
Control In Elderly Bilinguals: Appearances Can Be Misleading. J. Clin. Exp.
Neuropsychol. 37, 455-470. doi: 10.1080/13803395.2014.990359

Apostolova, L. G., Steiner, C. A., Akopyan, G. G., Dutton, R. A., Hayashi, K. M.,
Toga, A. W, et al. (2007). Three-dimensional gray matter atrophy mapping
in mild cognitive impairment and mild Alzheimer disease. Arch. Neurol. 64,
1489-1495. doi: 10.1001/archneur.64.10.1489

Arce Renteria, M., Casalletto, K., Tom, S., Pa, J., Harrati, A., Armstrong, N.,
et al. (2019). The Contributions of Active Spanish-English Bilingualism to
Cognitive Reserve among Older Hispanic Adults Living in California. Arch.
Clin. Neuropsychol. 34, 1235-1235. doi: 10.1093/arclin/acz029.02

Aveledo, F., Higueras, Y., Marinis, T., Bose, A., Pliatsikas, C., Meldana, A., et al.
(2020). Multiple sclerosis and bilingualism: Some initial findings. Linguis.
Approaches Bilingual. 10, 1-30. doi: 10.1075/1ab.18037.ave

Babiloni, C., Del Percio, C., Lizio, R., Noce, G., Lopez, S., Soricelli, A., et al. (2018).
Abnormalities of resting-state functional cortical connectivity in patients with
dementia due to Alzheimer’s and Lewy body diseases: an EEG study. Neurobiol.
Aging 65, 18-40. doi: 10.1016/j.neurobiolaging.2017.12.023

Bak, T. H., Nissan, J. J., Allerhand, M. M., and Deary, L. ]. (2014). Does bilingualism
influence cognitive aging? Ann. Neurol. 75, 959-963. doi: 10.1002/ana.24158

Baum, S., and Titone, D. (2014). Moving toward a neuroplasticity view of
bilingualism, executive control, and aging. Appl. Psycholinguist. 35, 857-894.
doi: 10.1017/50142716414000174

Frontiers in Human Neuroscience | www.frontiersin.org

February 2022 | Volume 16 | Article 819105


https://doi.org/10.1017/S1366728916000225
https://doi.org/10.1016/j.neuropsychologia.2015.01.040
https://doi.org/10.1016/j.neuropsychologia.2015.01.040
https://doi.org/10.1016/j.jneuroling.2014.09.008
https://doi.org/10.1016/j.neurobiolaging.2014.03.010
https://doi.org/10.1016/j.neurobiolaging.2014.03.010
https://doi.org/10.1093/cercor/bhr287
https://doi.org/10.1212/01.WNL.0000437347.92583.fc
https://doi.org/10.1212/01.WNL.0000437347.92583.fc
https://doi.org/10.1161/STROKEAHA.115.010418
https://doi.org/10.1016/j.neuroimage.2017.11.038
https://doi.org/10.1016/j.neuropsychologia.2021.108071
https://doi.org/10.3758/s13423-020-01736-5
https://doi.org/10.3758/s13423-020-01736-5
https://doi.org/10.1080/13803395.2014.990359
https://doi.org/10.1001/archneur.64.10.1489
https://doi.org/10.1093/arclin/acz029.02
https://doi.org/10.1075/lab.18037.ave
https://doi.org/10.1016/j.neurobiolaging.2017.12.023
https://doi.org/10.1002/ana.24158
https://doi.org/10.1017/S0142716414000174
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Gallo et al.

Bilingualism: Implications for Neurocognitive Decline

Belleville, S., Clément, F., Mellah, S., Gilbert, B., Fontaine, F., and Gauthier,
S. (2011). Training-related brain plasticity in subjects at risk of developing
Alzheimer’s disease. Brain 134, 1623-1634. doi: 10.1093/brain/awr037

Berkes, M., Calvo, N., Anderson, J. A. E., and Bialystok, E. (2021). Poorer
clinical outcomes for older adult monolinguals when matched to bilinguals on
brain health. Brain Struct. Funct. 2021:0123456789. doi: 10.1007/s00429-020-0
2185-5

Berroir, P., Ghazi-Saidi, L., Dash, T., Adrover-Roig, D., Benali, H., and Ansaldo,
A. L. (2017). Interference control at the response level: Functional networks
reveal higher efficiency in the bilingual brain. J. Neurolinguist. 43, 4-16. doi:
10.1016/j.jneuroling.2016.09.007

Bialystok, E. (2021). Bilingualism: Pathway to Cognitive Reserve. Trends Cognit.
Sci. 2021, 1-10. doi: 10.1016/j.tics.2021.02.003

Bialystok, E., Craik, F. I. M, and Freedman, M. (2007). Bilingualism as a protection
against the onset of symptoms of dementia. Neuropsychologia 45, 459-464.
doi: 10.1016/j.neuropsychologia.2006.10.009

Bialystok, E., Craik, F. I. M., Binns, M. A., Ossher, L., and Freedman, M. (2014a).
Effects of bilingualism on the age of onset and progression of MCI and AD:
Evidence from executive function tests. Neuropsychology 28, 290-304. doi: 10.
1037/neu0000023

Bialystok, E., Craik, F. I. M., Klein, R., and Viswanathan, M. (2004). Bilingualism,
Aging, and Cognitive Control: Evidence From the Simon Task. Psychol. Aging
19, 290-303. doi: 10.1037/0882-7974.19.2.290

Bialystok, E., Craik, F., and Luk, G. (2008). Cognitive Control and Lexical Access in
Younger and Older Bilinguals. J. Exp. Psychol. 34, 859-873. doi: 10.1037/0278-
7393.34.4.859

Bialystok, E., Poarch, G., Luo, L., and Craik, F. I. M. (2014b). Effects of bilingualism
and aging on executive function and working memory. Psychol. Aging 29,
696-705. doi: 10.1037/a0037254

Brini, S., Sohrabi, H. R., Hebert, J. J., Forrest, M. R. L., Laine, M., Himildinen,
H., et al. (2020). Bilingualism Is Associated with a Delayed Onset of Dementia
but Not with a Lower Risk of Developing it: a Systematic Review with Meta-
Analyses. Neuropsychol. Rev. 30, 1-24. doi: 10.1007/s11065-020-09426-8

Brum, P. S., Forlenza, O. V., and Yassuda, M. S. (2009). Cognitive training
in older adults with Mild Cognitive Impairment: Impact on cognitive and
functional performance. Dement. Neuropsychol. 3, 124-131. doi: 10.1590/
$1980-57642009DN30200010

Calabria, M., Costa, A., Green, D. W., and Abutalebi, J. (2018). Neural basis of
bilingual language control. Ann. N Y. Acad. Sci. 1426, 221-235. doi: 10.1111/
nyas.13879

Cheng, S. (2016). Cognitive reserve and the prevention of dementia: the role
of physical and cognitive activities. Curr. Psychiatry Rep. 18:85. doi: 10.1007/
s11920-016-0721-2

Chertkow, H., Whitehead, V., Phillips, N., Wolfson, C., Atherton, J., and Bergman,
H. (2010). Multilingualism (But Not Always Bilingualism) Delays the Onset
of Alzheimer Disease: Evidence From a Bilingual Community. Alzheimer Dis.
Assoc. Disord. 24, 118-125. doi: 10.1097/WAD.0b013e3181cal221

Chin, A. L., Negash, S., and Hamilton, R. (2011). Diversity and disparity
in dementia: the impact of ethnoracial differences in Alzheimer disease.
Alzheimer Dis. Assoc. Disord. 25, 187-195. doi: 10.1097/WAD.0b013e31821
1c6c9

Costumero, V., Marin-Marin, L., Calabria, M., Belloch, V., Escudero, J., Baquero,
M., et al. (2020). A cross-sectional and longitudinal study on the protective
effect of bilingualism against dementia using brain atrophy and cognitive
measures. Alzheimer’s Res. Therapy 12:11. doi: 10.1186/s13195-020-0581-1

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

Dash, T, Berroir, P., Joanette, Y., and Ansaldo, A. I. (2019). Alerting, orienting, and
executive control: The effect of bilingualism and age on the subcomponents of
attention. Front. Neurol. 10:1-12. doi: 10.3389/fneur.2019.01122

Dause, T. J., and Kirby, E. D. (2019). Aging gracefully: social engagement joins
exercise and enrichment as a key lifestyle factor in resistance to age-related
cognitive decline. Neural Regenerat. Res. 14, 39-42. doi: 10.4103/1673-5374.
243698

Davis, S. W., Dennis, N. A., Daselaar, S. M., Fleck, M. S., and Cabeza, R. (2008).
Qué PASA? the posterior-anterior shift in aging. Cereb. Cortex 18, 1201-1209.
doi: 10.1093/cercor/bhm155

De Baene, W., Duyck, W., Brass, M., and Carreiras, M. (2015). Brain Circuit
for Cognitive Control Is Shared by Task and Language Switching. J. Cognit.
Neurosci. 27, 1752-1765. doi: 10.1162/jocn_a_00817

de Frutos-Lucas, J., Lopez-Sanz, D., Cuesta, P., Brufa, R., de la Fuente, S.,
Serrano, N., et al. (2020). Enhancement of posterior brain functional networks
in bilingual older adults. Bilingual. Lang. Cognit. 23, 387-400. doi: 10.1017/
$1366728919000178

De Houwer, A. (2021). Bilingual Development in Childhood. Cambridge:
Cambridge University Press, doi: 10.1017/9781108866002

de Leon, J., Grasso, S. M., Welch, A., Miller, Z., Shwe, W., Rabinovici, G. D., et al.
(2020). Effects of bilingualism on age at onset in two clinical Alzheimer’s disease
variants. Alzheimer’s Dement. 2020, 1-10. doi: 10.1002/alz.12170

Del Maschio, N., Sulpizio, S., Gallo, F., Fedeli, D., Weekes, B. S., and Abutalebi, J.
(2018). Neuroplasticity across the lifespan and aging effects in bilinguals and
monolinguals. Brain Cognit. 125:7. doi: 10.1016/j.bandc.2018.06.007

Della Rosa, P. A, Videsott, G., Borsa, V. M., Canini, M., Weekes, B. S,,
Franceschini, R., et al. (2013). A neural interactive location for multilingual
talent. Cortex 49, 605-608. doi: 10.1016/j.cortex.2012.12.001

DeLuca, V., Rothman, J., and Pliatsikas, C. (2019a). Linguistic immersion and
structural effects on the bilingual brain: a longitudinal study. Bilingual. Lang.
Cognit. 22, 1160-1175. doi: 10.1017/S1366728918000883

DeLuca, V., Rothman, J., Bialystok, E., and Pliatsikas, C. (2019b). Redefining
bilingualism as a spectrum of experiences that differentially affects brain
structure and function. Proc. Natl. Acad. Sci. 116, 7565L-7574. doi: 10.1073/
pnas.1811513116

DeLuca, V., Rothman, J., Bialystok, E., and Pliatsikas, C. (2020). Duration and
extent of bilingual experience modulate neurocognitive outcomes. Neurolmage
204:116222. doi: 10.1016/j.neuroimage.2019.116222

Dennis, N. A., and Cabeza, R. (2008). “Neuroimaging of healthy cognitive aging,
in The handbook of aging and cognition, 3rd Edn, eds F. I. M. Craik and T. A.
Salthouse (London: Psychology Press), 1-54.

Dunabeitia, J. A., Herndndez, J. A., Anton, E., Macizo, P., Estévez, A., Fuentes, L. J.,
et al. (2014). The Inhibitory Advantage in Bilingual Children Revisited. Exp.
Psychol. 61, 234-251. doi: 10.1027/1618-3169/a000243

Dyer, S. M., Harrison, S. L., Laver, K., Whitehead, C., and Crotty, M. (2018). An
overview of systematic reviews of pharmacological and non-pharmacological
interventions for the treatment of behavioral and psychological symptoms of
dementia. Int. Psychogeriatr. 30, 295-309. doi: 10.1017/51041610217002344

Estanga, A., Ecay-Torres, M., Ibafiez, A., Izagirre, A., Villanua, J., Garcia-Sebastian,
M., et al. (2017). Beneficial effect of bilingualism on Alzheimer’s disease
CSF biomarkers and cognition. Neurobiol. Aging 50, 144-151. doi: 10.1016/j.
neurobiolaging.2016.10.013

Farokhian, F., Yang, C., Beheshti, I., Matsuda, H., and Wu, S. (2017). Age-related
gray and white matter changes in normal adult brains. Aging Dis. 8, 899-909.
doi: 10.14336/AD.2017.0502

Fedeli, D., Del Maschio, N., Sulpizio, S., Rothman, J., and Abutalebi, J. (2021). The
bilingual structural connectome: Dual-language experiential factors modulate
distinct cerebral networks. Brain Lang. 220:104978. doi: 10.1016/j.band].2021.
104978

Fishman, K. N., Roberts, A. C., Orange, J. B., Sunderland, K. M., Marras, C.,
Tan, B., et al. (2021). Bilingualism in Parkinson ’ s disease?: Relationship to
cognition and quality of life Bilingualism in Parkinson s disease?: Relationship
to cognition and quality of life. J. Clin. Exp. Neuropsychol. 00, 1-14. doi: 10.
1080/13803395.2021.1902946

Fleck, J. I, Kuti, J., Mercurio, J., Mullen, S., Austin, K., and Pereira, O. (2017). The
impact of age and cognitive reserve on resting-state brain connectivity. Front.
Aging Neurosci. 9:1-13. doi: 10.3389/fnagi.2017.00392

Frisoni, G. B., Geroldi, C., Beltramello, A., Bianchetti, A., Binetti, G., Bordiga,
G., et al. (2002). Radial width of the temporal horn: a sensitive measure
in Alzheimer disease. AJNR Am. J. Neuroradiol. 23, 35-47. doi: 10.1016/].
jneumeth.2014.01.033

Gallo, F., Myachykov, A., Shtyrov, Y., and Abutalebi, J. (2020). Cognitive and
brain reserve in bilinguals?: field overview and explanatory mechanisms. J. Cult.
Cognit. Sci. 2020:1. doi: 10.1007/s41809-020-00058- 1

Gallo, F., Novitskiy, N., Myachykov, A., and Shtyrov, Y. (2021). Individual
differences in bilingual experience modulate executive control network and
performance: behavioral and structural neuroimaging evidence. Bilingual.
Lang. Cognit. 24, 293-304. doi: 10.1017/51366728920000486

Frontiers in Human Neuroscience | www.frontiersin.org

February 2022 | Volume 16 | Article 819105


https://doi.org/10.1093/brain/awr037
https://doi.org/10.1007/s00429-020-02185-5
https://doi.org/10.1007/s00429-020-02185-5
https://doi.org/10.1016/j.jneuroling.2016.09.007
https://doi.org/10.1016/j.jneuroling.2016.09.007
https://doi.org/10.1016/j.tics.2021.02.003
https://doi.org/10.1016/j.neuropsychologia.2006.10.009
https://doi.org/10.1037/neu0000023
https://doi.org/10.1037/neu0000023
https://doi.org/10.1037/0882-7974.19.2.290
https://doi.org/10.1037/0278-7393.34.4.859
https://doi.org/10.1037/0278-7393.34.4.859
https://doi.org/10.1037/a0037254
https://doi.org/10.1007/s11065-020-09426-8
https://doi.org/10.1590/S1980-57642009DN30200010
https://doi.org/10.1590/S1980-57642009DN30200010
https://doi.org/10.1111/nyas.13879
https://doi.org/10.1111/nyas.13879
https://doi.org/10.1007/s11920-016-0721-2
https://doi.org/10.1007/s11920-016-0721-2
https://doi.org/10.1097/WAD.0b013e3181ca1221
https://doi.org/10.1097/WAD.0b013e318211c6c9
https://doi.org/10.1097/WAD.0b013e318211c6c9
https://doi.org/10.1186/s13195-020-0581-1
https://doi.org/10.1212/WNL.0b013e3181fc2a1c
https://doi.org/10.3389/fneur.2019.01122
https://doi.org/10.4103/1673-5374.243698
https://doi.org/10.4103/1673-5374.243698
https://doi.org/10.1093/cercor/bhm155
https://doi.org/10.1162/jocn_a_00817
https://doi.org/10.1017/S1366728919000178
https://doi.org/10.1017/S1366728919000178
https://doi.org/10.1017/9781108866002
https://doi.org/10.1002/alz.12170
https://doi.org/10.1016/j.bandc.2018.06.007
https://doi.org/10.1016/j.cortex.2012.12.001
https://doi.org/10.1017/S1366728918000883
https://doi.org/10.1073/pnas.1811513116
https://doi.org/10.1073/pnas.1811513116
https://doi.org/10.1016/j.neuroimage.2019.116222
https://doi.org/10.1027/1618-3169/a000243
https://doi.org/10.1017/S1041610217002344
https://doi.org/10.1016/j.neurobiolaging.2016.10.013
https://doi.org/10.1016/j.neurobiolaging.2016.10.013
https://doi.org/10.14336/AD.2017.0502
https://doi.org/10.1016/j.bandl.2021.104978
https://doi.org/10.1016/j.bandl.2021.104978
https://doi.org/10.1080/13803395.2021.1902946
https://doi.org/10.1080/13803395.2021.1902946
https://doi.org/10.3389/fnagi.2017.00392
https://doi.org/10.1016/j.jneumeth.2014.01.033
https://doi.org/10.1016/j.jneumeth.2014.01.033
https://doi.org/10.1007/s41809-020-00058-1
https://doi.org/10.1017/S1366728920000486
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Gallo et al.

Bilingualism: Implications for Neurocognitive Decline

Ghazi-Saidi, L. (2019). Bilingual speakers postpone symptoms of
cognitive deficit in Parkinoson’s disease. GSA 2019 Annu. Sci. Meet. 3,
661-662.

Giorgio, A., Santelli, L., Tomassini, V., Bosnell, R., Smith, S., De Stefano, N., et al.
(2010). Age-related changes in grey and white matter structure throughout
adulthood. Neurolmage 51, 943-951. doi: 10.1016/j.neuroimage.2010.03.004

Goh, J. O., and Park, D. C. (2009). Neuroplasticity and cognitive aging: The
scaffolding theory of aging and cognition. Restorat. Neurol. Neurosci. 27, 391~
403. doi: 10.3233/RNN-2009-0493

Gold, B. T., Kim, C., Johnson, N. F., Kryscio, R. J., and Smith, C. D. (2013b).
Lifelong bilingualism maintains neural efficiency for cognitive control in aging.
J. Neurosci. 33, 387-396. doi: 10.1523/JNEUROSCI.3837-12.2013

Gold, B. T., Johnson, N. F., and Powell, D. K. (2013a). Lifelong bilingualism
contributes to cognitive reserve against white matter integrity declines in aging.
Neuropsychologia 51, 2841-2846. doi: 10.1016/j.neuropsychologia.2013.09.037

Gollan, T. H., Salmon, D. P., Montoya, R. I, and Galasko, D. R. (2011). Degree of
bilingualism predicts age of diagnosis of Alzheimer’s disease in low-education
but not in highly educated Hispanics. Neuropsychologia 49, 3826-3830. doi:
10.1016/j.neuropsychologia.2011.09.041

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

Grant, A., Dennis, N. A,, and Li, P. (2014). Cognitive control, cognitive reserve,
and memory in the aging bilingual brain. Front. Psychol. 5:01401. doi: 10.3389/
fpsyg.2014.01401

Green, D. W., and Abutalebi, J. (2013). Language control in bilinguals: The adaptive
control hypothesis. J. Cognit. Psychol. 25, 515-530. doi: 10.1080/20445911.2013.
796377

Grundy, J. G., Anderson, J. A. E., and Bialystok, E. (2017). Neural correlates of
cognitive processing in monolinguals and bilinguals. Ann. N'Y. Acad. Sci. 2017,
183-201. doi: 10.1111/nyas.13333

Gullifer, J. W., Chai, X. J., Whitford, V., Pivneva, L., Baum, S., Klein, D., et al.
(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. doi: 10.1016/j.neuropsychologia.2018.04.037

Gunning-Dixon, F. M., Brickman, A. M., Cheng, J. C., and Alexopoulos, G. S.
(2009). Aging of cerebral white matter: A review of MRI findings. Int. J.
Geriatric Psychiatry 24, 109-117. doi: 10.1002/gps.2087

Guzmén-Vélez, E., and Tranel, D. (2015). Does Bilingualism Contribute to
Cognitive Reserve? Cognitive and Neural Perspectives. Neuropsychology 29,
139-150. doi: 10.1037/neu0000105.Does

Hamalidinen, S., Mikeld, N., Sairanen, V., Lehtonen, M., Kujala, T., and Leminen, A.
(2018). TMS uncovers details about sub-regional language-specific processing
networks in early bilinguals. NeuroImage 171, 209-221. doi: 10.1016/j.
neuroimage.2017.12.086

Henry, M. L., and Gorno-Tempini, M. L. (2010). The logopenic variant of primary
progressive aphasia. Curr. Opin. Neurol. 23, 633-637. doi: 10.1097/WCO.
0b013e32833fb93e

Hernandez, A. E., Claussenius-Kalman, H. L., Ronderos, J., Castilla-Earls, A. P.,
Sun, L., Weiss, S. D., et al. (2019). Neuroemergentism: A framework for
studying cognition and the brain. J. Neurolinguist. 49, 214-223. doi: 10.1016/
j.jneuroling.2017.12.010

Hindle, J. V., Martin-forbes, P. A., Bastable, A. J. M., Pye, K. L., Martyr, A,
Whitaker, C. J., et al. (2015). Cognitive Reserve in Parkinson ’ s Disease: The
Effects of Welsh-English Bilingualism on Executive Function. Parkinson’s Dis.
2015:10. doi: 10.1155/2015/943572

Hindle, J. V., Martin-Forbes, P. A., Martyr, A., Bastable, A. J. M., Pye, K. L., Mueller
Gathercole, V. C,, et al. (2017). The effects of lifelong cognitive lifestyle on
executive function in older people with Parkinson’s disease. Int. J. Geriatric
Psychiat. 32, e157-e165. doi: 10.1002/gps.4677

Hotting, K., and Roder, B. (2013). Beneficial effects of physical exercise on
neuroplasticity and cognition. Neurosci. Biobehav. Rev. 37, 2243-2257. doi:
10.1016/j.neubiorev.2013.04.005

Incera, S., and McLennan, C. T. (2018). Bilingualism and age are continuous
variables that influence executive function. Aging Neuropsychol. Cognit. 25,
443-463. doi: 10.1080/13825585.2017.1319902

Indahlastari, A., Albizu, A., Kraft, J. N., O’Shea, A., Nissim, N. R, Dunn, A. L.,
et al. (2021). Individualized tDCS modeling predicts functional connectivity

changes within the working memory network in older adults. Brain Stimulat.
14, 1205-1215. doi: 10.1016/j.brs.2021.08.003

Jared, D., and Kroll, J. F. (2001). Do Bilinguals Activate Phonological
Representations in One or Both of Their Languages When Naming Words?
J. Mem. Lang. 44, 2-31. doi: 10.1006/jmla.2000.2747

Jost, L. B., Pestalozzi, M. 1., Cazzoli, D., Mouthon, M., Miiri, R. M., and Annoni,
J. M. (2020). Effects of Continuous Theta Burst Stimulation Over the Left Dlpfc
on Mother Tongue and Second Language Production In Late Bilinguals: A
Behavioral and ERP Study. Brain Topogr. 33, 504-518. doi: 10.1007/s10548-
020-00779-0

Kalpouzos, G., Chételat, G., Baron, J. C., Landeau, B., Mevel, K., Godeau, C.,
et al. (2009). Voxel-based mapping of brain gray matter volume and glucose
metabolism profiles in normal aging. Neurobiol. Aging 30, 112-124. doi: 10.
1016/j.neurobiolaging.2007.05.019

Kane, R. L., Butler, M., Fink, H. A., Brasure, M., Davila, H., Desai, P., et al. (2017).
“Interventions to Prevent Age-Related Cognitive Decline, Mild Cognitive
Impairment, and Clinical Alzheimer’s-Type Dementia,” in AHRQ Comparative
Effectiveness Reviews, (Rockville, MD: Agency for Healthcare Research and
Quality (US)).

Kinsella, K., and He, W. (2009). US Census Bureau, international population
reports. Washington, DC: US Census Bureau.

Klein, R. M., Christie, J., and Parkvall, M. (2016). Does multilingualism affect
the incidence of Alzheimer’s disease?: A worldwide analysis by country. SSM
Populat. Health 2, 463-467. doi: 10.1016/j.ssmph.2016.06.002

Kowoll, M. E., Degen, C., Goreng, L., Kintzelmann, A., Fellhauer, I., Giesel, F.,
et al. (2016). Bilingualism as a contributor to cognitive reserve? Evidence from
cerebral glucose metabolism in mild cognitive impairment and Alzheimer’s
disease. Front. Psychiatry 7:1-6. doi: 10.3389/fpsyt.2016.00062

Kroll, J. F., Bobb, S. C., Misra, M., and Guo, T. (2008). Language selection in
bilingual speech: Evidence for inhibitory processes. Acta Psychol. 128, 416-430.
doi: 10.1016/j.actpsy.2008.02.001

Kuhl, P. K., Stevenson, J., Corrigan, N. M., van den Bosch, J. J. F,, Can, D. D.,
and Richards, T. (2016). Neuroimaging of the bilingual brain: Structural brain
correlates of listening and speaking in a second language. Brain Lang. 162, 1-9.
doi: 10.1016/j.bandl.2016.07.004

Lehtonen, M., Soveri, A., Laine, A., Jirvenpii, J., de Bruin, A., and Antfolk,
J. (2018). Is bilingualism associated with enhanced executive functioning in
adults? A meta-analytic review. Psychol. Bull. 144, 394-425. doi: 10.1037/
bul0000142

Leivada, E., Westergaard, M., Dufiabeitia, J. A., and Rothman, J. (2021). On the
phantom-like appearance of bilingualism effects on neurocognition: (How)
should we proceed? Bilingual. Lang. Cognit. 24, 197-210. doi: 10.1017/
$1366728920000358

Li, P., Legault, J., and Litcofsky, K. A. (2014). Neuroplasticity as a function of
second language learning: Anatomical changes in the human brain. Cortex 58,
301-324. doi: 10.1016/j.cortex.2014.05.001

Ljungberg, J. K., Hansson, P., Andrés, P., Josefsson, M., and Nilsson, L. G. (2013).
A Longitudinal Study of Memory Advantages in Bilinguals. PLoS One 8:1-8.
doi: 10.1371/journal.pone.0073029

Loépez Zunini, R. A., Morrison, C., Kousaie, S., and Taler, V. (2019). Task
switching and bilingualism in young and older adults: A behavioral and
electrophysiological investigation. Neuropsychologia 133:107186. doi: 10.1016/
j.neuropsychologia.2019.107186

Lovdén, M., Wenger, E., Martensson, J., Lindenberger, U., and Backman, L.
(2013). Structural brain plasticity in adult learning and development. Neurosci.
Biobehav. Rev. 37,2296-2310. doi: 10.1016/j.neubiorev.2013.02.014

Luk, G., and Bialystok, E. (2013). Bilingualism is not a categorical variable:
Interaction between language proficiency and usage. J. Cognit. Psychol. 25,
605-621. doi: 10.1080/20445911.2013.795574

Luk, G., Bialystok, E., Craik, F. I. M., and Grady, C. L. (2011). Lifelong bilingualism
maintains white matter integrity in older adults. J. Neurosci. 31, 16808-16813.
doi: 10.1523/J]NEUROSCI.4563-11.2011

Luo, D., Kwok, V. P. Y., Liu, Q. Li, W.,, Yang, Y., Zhou, K,, et al. (2019).
Microstructural plasticity in the bilingual brain. Brain Lang. 196:104654. doi:
10.1016/j.bandl.2019.104654

Luo, L, Craik, F. I. M., Moreno, S., and Bialystok, E. (2013). Bilingualism interacts
with domain in a working memory task: Evidence from aging. Psychol. Aging
28, 28-34. doi: 10.1037/a0030875

Frontiers in Human Neuroscience | www.frontiersin.org

February 2022 | Volume 16 | Article 819105


https://doi.org/10.1016/j.neuroimage.2010.03.004
https://doi.org/10.3233/RNN-2009-0493
https://doi.org/10.1523/JNEUROSCI.3837-12.2013
https://doi.org/10.1016/j.neuropsychologia.2013.09.037
https://doi.org/10.1016/j.neuropsychologia.2011.09.041
https://doi.org/10.1016/j.neuropsychologia.2011.09.041
https://doi.org/10.1016/j.neuropsychologia.2014.10.042
https://doi.org/10.3389/fpsyg.2014.01401
https://doi.org/10.3389/fpsyg.2014.01401
https://doi.org/10.1080/20445911.2013.796377
https://doi.org/10.1080/20445911.2013.796377
https://doi.org/10.1111/nyas.13333
https://doi.org/10.1016/j.neuropsychologia.2018.04.037
https://doi.org/10.1002/gps.2087
https://doi.org/10.1037/neu0000105.Does
https://doi.org/10.1016/j.neuroimage.2017.12.086
https://doi.org/10.1016/j.neuroimage.2017.12.086
https://doi.org/10.1097/WCO.0b013e32833fb93e
https://doi.org/10.1097/WCO.0b013e32833fb93e
https://doi.org/10.1016/j.jneuroling.2017.12.010
https://doi.org/10.1016/j.jneuroling.2017.12.010
https://doi.org/10.1155/2015/943572
https://doi.org/10.1002/gps.4677
https://doi.org/10.1016/j.neubiorev.2013.04.005
https://doi.org/10.1016/j.neubiorev.2013.04.005
https://doi.org/10.1080/13825585.2017.1319902
https://doi.org/10.1016/j.brs.2021.08.003
https://doi.org/10.1006/jmla.2000.2747
https://doi.org/10.1007/s10548-020-00779-0
https://doi.org/10.1007/s10548-020-00779-0
https://doi.org/10.1016/j.neurobiolaging.2007.05.019
https://doi.org/10.1016/j.neurobiolaging.2007.05.019
https://doi.org/10.1016/j.ssmph.2016.06.002
https://doi.org/10.3389/fpsyt.2016.00062
https://doi.org/10.1016/j.actpsy.2008.02.001
https://doi.org/10.1016/j.bandl.2016.07.004
https://doi.org/10.1037/bul0000142
https://doi.org/10.1037/bul0000142
https://doi.org/10.1017/S1366728920000358
https://doi.org/10.1017/S1366728920000358
https://doi.org/10.1016/j.cortex.2014.05.001
https://doi.org/10.1371/journal.pone.0073029
https://doi.org/10.1016/j.neuropsychologia.2019.107186
https://doi.org/10.1016/j.neuropsychologia.2019.107186
https://doi.org/10.1016/j.neubiorev.2013.02.014
https://doi.org/10.1080/20445911.2013.795574
https://doi.org/10.1523/JNEUROSCI.4563-11.2011
https://doi.org/10.1016/j.bandl.2019.104654
https://doi.org/10.1016/j.bandl.2019.104654
https://doi.org/10.1037/a0030875
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Gallo et al.

Bilingualism: Implications for Neurocognitive Decline

MacPherson, S., and Cox, S. (2017). “The frontal ageing hypothesis: Evidence from
normal ageing and dementia,” in Handbook of gerontology research methods:
Understanding successful ageing, (London: Routledge), 139-158.

Martinez-Horta, S., Moreu, A., Perez-Perez, J., Sampedro, F., Horta-Barba, A.,
Pagonabarraga, J., et al. (2018). The impact of bilingualism on brain structure
and function in Huntington’s disease. Parkinson. Related Disord. 2018:17. doi:
10.1016/j.parkreldis.2018.09.017

Maruszak, A., and Thuret, S. (2014). Why looking at the whole hippocampus is not
enough—a critical role for anteroposterior axis, subfield and activation analyses
to enhance predictive value of hippocampal changes for Alzheimer’s disease
diagnosis. Front. Cell. Neurosci. 8:95. doi: 10.3389/fncel.2014.00095

Mechelli, A., Crinion, J. T., Noppeney, U., O’Doherty, J., Ashburner, J., Frackowiak,
R. S, et al. (2004). Structural plasticity in the bilingual brain. Nature 431,
757-757. doi: 10.1038/431757a

Meltzer, J. A., Kates Rose, M., Le, A. Y., Spencer, K. A., Goldstein, L., Gubanova,
A, et al. (2021). Improvement in executive function for older adults through
smartphone apps: a randomized clinical trial comparing language learning and
brain training. Aging Neuropsychol. Cognit. 2021, 1-22. doi: 10.1080/13825585.
2021.1991262

Mendez, M. F., Chavez, D., and Akhlaghipour, G. (2019). Bilingualism Delays
Expression of Alzheimer’s Clinical Syndrome. Dement. Geriatr. Cognit. Disord.
48, 281-289. doi: 10.1159/000505872

Meng, X,, and D’Arcy, C. (2012). Education and dementia in the context of
the cognitive reserve hypothesis: a systematic review with meta-analyses and
qualitative analyses. PLoS One 7:¢38268-¢38268. doi: 10.1371/journal.pone.
0038268

Nakamura, A., Cuesta, P., Kato, T., Arahata, Y., Iwata, K., Yamagishi, M., et al.
(2017). Early functional network alterations in asymptomatic elders at risk for
Alzheimer’s disease. Sci. Rep. 7:6517. doi: 10.1038/s41598-017-06876-8

Nichols, E. S., Wild, C. J., Stojanoski, B., Battista, M. E., and Owen, A. M.
(2020). Bilingualism affords no general cognitive advantages: a population study
of executive function in 11,000 people. Psychol. Sci. in press. doi: 10.1177/
0956797620903113

Nichols, E. S., and Joanisse, M. F. (2016). Functional activity and white matter
microstructure reveal the independent effects of age of acquisition and
proficiency on second-language learning. Neurolmage 143, 15-25. doi: 10.1016/
j.neuroimage.2016.08.053

Nissim, N. R., O’Shea, A., Indahlastari, A., Kraft, ]. N., von Mering, O., Aksu,
S., et al. (2019). Effects of Transcranial Direct Current Stimulation Paired
With Cognitive Training on Functional Connectivity of the Working Memory
Network in Older Adults. Front. Aging Neurosci. 11:1-11. doi: 10.3389/fnagi.
2019.00340

Olsen, R. K., Pangelinan, M. M., Bogulski, C., Chakravarty, M. M., Luk, G., Grady,
C. L., etal. (2015). The effect of lifelong bilingualism on regional grey and white
matter volume. Brain Res. 1612, 128-139. doi: 10.1016/j.brainres.2015.02.034

Ossher, L., Bialystok, E., Craik, F. I. M., Murphy, K. J., and Troyer, A. K. (2013). The
Effect of Bilingualism on Amnestic Mild Cognitive Impairment. J. Gerontol. Ser.
B 68, 8-12. doi: 10.1093/geronb/gbs038

Paap, K. R, Johnson, H. A, and Sawi, O. (2015). Bilingual advantages in
executive functioning either do not exist or are restricted to very specific and
undetermined circumstances. Cortex 69, 265-278. doi: 10.1016/j.cortex.2015.
04.014

Paplikar, A., Mekala, S., Bak, T. H., Dharamkar, S., Alladi, S., and Kaul, S. (2018).
Bilingualism and the severity of poststroke aphasia. Aphasiology 00, 1-15. doi:
10.1080/02687038.2017.1423272

Paulavicius, A. M., Mizzaci, C. C., Tavares, D. R. B., Rocha, A. P., Civile,
V. T., Schultz, R. R, et al. (2020). Bilingualism for delaying the onset of
Alzheimer’s disease: a systematic review and meta-analysis. Eur. Geriatr. Med.
2020:0123456789. doi: 10.1007/s41999-020-00326-x

Perani, D., Farsad, M., Ballarini, T., Lubian, F., Malpetti, M., Fracchetti, A., et al.
(2017). The impact of bilingualism on brain reserve and metabolic connectivity
in Alzheimer’s dementia. Proc. Natl. Acad. Sci. 114, 1690-1695. doi: 10.1073/
pnas.1610909114

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

Perquin, M., Vaillant, M., Schuller, A.-M., Pastore, J., Dartigues, J.-F., Lair, M.-L.,
et al. (2013). Lifelong Exposure to Multilingualism: New Evidence to Support

Cognitive Reserve Hypothesis. PLoS One 8:262030. doi: 10.1371/journal.pone.
0062030

Persson, J., Nyberg, L., Lind, J., Larsson, A., Nilsson, L. G., Ingvar, M., et al. (2006).
Structure-function correlates of cognitive decline in aging. Cereb. Cortex 16,
907-915. doi: 10.1093/cercor/bhj036

Pliatsikas, C. (2019). “Multilingualism and brain plasticity,” in The Handbook of
the Neuroscience of Multilingualism, ed. J. Schwieter (New York, NY: Wiley-
Blackwell).

Pliatsikas, C. (2020). Understanding structural plasticity in the bilingual brain:
The Dynamic Restructuring Model. Bilingual. Lang. Cognit. 23, 459-471. doi:
10.1017/S1366728919000130

Pliatsikas, C., and Luk, G. (2016). Executive control in bilinguals: A concise
review on fMRI studies. Bilingual. Lang. Cognit. 19, 699-705. doi: 10.1017/
$1366728916000249

Pliatsikas, C., DeLuca, V., and Voits, T. (2020). The Many Shades of Bilingualism:
Language Experiences Modulate Adaptations in Brain Structure. Lang. Learn.
70, 133-149. doi: 10.1111/lang.12386

Pliatsikas, C., DeLuca, V., Moschopoulou, E., and Saddy, J. D. (2017). Immersive
bilingualism reshapes the core of the brain. Brain Struct. Funct. 222, 1785-1795.
doi: 10.1007/s00429-016-1307-9

Radman, N., Britz, J., Buetler, K., Weekes, B. S., Spierer, L., and Annoni, J.-
M. (2018). Dorsolateral Prefrontal Transcranial Direct Current Stimulation
Modulates Language Processing but Does Not Facilitate Overt Second
Language Word Production. Front. Neurosci. 12:1-19. doi: 10.3389/fnins.2018.
00490

Ramakrishnan, S., Mekala, S., Mamidipudi, A., Yareeda, S., Mridula, R., Bak, T. H.,
et al. (2017). Comparative Effects of Education and Bilingualism on the Onset
of Mild Cognitive Impairment. Dement. Geriatr. Cognit. Disord. 44, 222-231.
doi: 10.1159/000479791

Robertson, I. H. (2013). A noradrenergic theory of cognitive reserve: Implications
for Alzheimer’s disease. Neurobiol. Aging 34, 298-308.

Rogers, B. P., Morgan, V. L., Newton, A. T., and Gore, J. C. (2007). Assessing
functional connectivity in the human brain by fMRI. Magnet. Resonan. Imaging
25, 1347-1357. doi: 10.1016/j.mri.2007.03.007

Sala, A., Malpetti, M., Farsad, M., Lubian, F., Magnani, G., Frasca Polara, G., et al.
(2021). Lifelong bilingualism and mechanisms of neuroprotection in Alzheimer
dementia. Hum. Brain Mapp. 2021, 1-12. doi: 10.1002/hbm.25605

Sattler, C., Toro, P., Schonknecht, P., and Schroder, J. (2012). Cognitive activity,
education and socioeconomic status as preventive factors for mild cognitive
impairment and Alzheimer’s disease. Psychiatry Res. 196, 90-95. doi: 10.1016/
j-psychres.2011.11.012

Schweizer, T. A., Ware, J., Fischer, C. E., Craik, F. I. M. M., and Bialystok, E.
(2012). Bilingualism as a contributor to cognitive reserve: Evidence from brain
atrophy in Alzheimer’s disease. Cortex 48, 991-996. doi: 10.1016/j.cortex.2011.0
4.009

Small, B. J., Dixon, R. A., McArdle, J. J., and Grimm, K. J. (2012). Do changes
in lifestyle engagement moderate cognitive decline in normal aging? Evidence
from the Victoria Longitudinal Study. Neuropsychology 26, 144-155. doi: 10.
1037/20026579

Soltani, M., Fatemeh, E. D. S., Moradi, N., Hajiyakhchali, A., Majdinasab, N.,
Mahmood, L. S., et al. (2018). Comparing Executive Functions in Bilinguals
and Monolinguals Suffering From Relapsing-Remitting Multiple Sclerosis.
J. Modern Rehabil. 12, 133-139.

Spivey, M. J., and Marian, V. (1999). Cross Talk between Native and Second
Languages: Partial Activation of an Irrelevant Lexicon. Psychol. Sci. 10, 281-284.
doi: 10.1111/1467-9280.00151

Steffener, J., Reuben, A., Rakitin, B. C., and Stern, Y. (2011). Supporting
performance in the face of age-related neural changes: Testing mechanistic roles
of cognitive reserve. Brain Imaging Behav. 5,212-221. doi: 10.1007/s11682-011-
9125-4

Stern, Y. (2003). The Concept of Cognitive Reserve: A Catalyst for Research. J. Clin.
Exp. Neuropsychol. 25, 589-593. doi: 10.1076/jcen.25.5.589.14571

Stern, Y. (2009). Cognitive reserve. Neuropsychologia 47, 2015-2028. doi: 10.1016/
j-neuropsychologia.2009.03.004

Stern, Y. (2007). Cognitive reserve: Theory and applications. New York, NY: Taylor
& Francis.

Stern, Y., Arenaza-Urquijo, E. M., Bartrés-Faz, D., Belleville, S., Cantilon, M.,
Chetelat, G., et al. (2020). Whitepaper: Defining and investigating cognitive

Frontiers in Human Neuroscience | www.frontiersin.org

February 2022 | Volume 16 | Article 819105


https://doi.org/10.1016/j.parkreldis.2018.09.017
https://doi.org/10.1016/j.parkreldis.2018.09.017
https://doi.org/10.3389/fncel.2014.00095
https://doi.org/10.1038/431757a
https://doi.org/10.1080/13825585.2021.1991262
https://doi.org/10.1080/13825585.2021.1991262
https://doi.org/10.1159/000505872
https://doi.org/10.1371/journal.pone.0038268
https://doi.org/10.1371/journal.pone.0038268
https://doi.org/10.1038/s41598-017-06876-8
https://doi.org/10.1177/0956797620903113
https://doi.org/10.1177/0956797620903113
https://doi.org/10.1016/j.neuroimage.2016.08.053
https://doi.org/10.1016/j.neuroimage.2016.08.053
https://doi.org/10.3389/fnagi.2019.00340
https://doi.org/10.3389/fnagi.2019.00340
https://doi.org/10.1016/j.brainres.2015.02.034
https://doi.org/10.1093/geronb/gbs038
https://doi.org/10.1016/j.cortex.2015.04.014
https://doi.org/10.1016/j.cortex.2015.04.014
https://doi.org/10.1080/02687038.2017.1423272
https://doi.org/10.1080/02687038.2017.1423272
https://doi.org/10.1007/s41999-020-00326-x
https://doi.org/10.1073/pnas.1610909114
https://doi.org/10.1073/pnas.1610909114
https://doi.org/10.1016/j.bandl.2021.105030
https://doi.org/10.1371/journal.pone.0062030
https://doi.org/10.1371/journal.pone.0062030
https://doi.org/10.1093/cercor/bhj036
https://doi.org/10.1017/S1366728919000130
https://doi.org/10.1017/S1366728919000130
https://doi.org/10.1017/S1366728916000249
https://doi.org/10.1017/S1366728916000249
https://doi.org/10.1111/lang.12386
https://doi.org/10.1007/s00429-016-1307-9
https://doi.org/10.3389/fnins.2018.00490
https://doi.org/10.3389/fnins.2018.00490
https://doi.org/10.1159/000479791
https://doi.org/10.1016/j.mri.2007.03.007
https://doi.org/10.1002/hbm.25605
https://doi.org/10.1016/j.psychres.2011.11.012
https://doi.org/10.1016/j.psychres.2011.11.012
https://doi.org/10.1016/j.cortex.2011.04.009
https://doi.org/10.1016/j.cortex.2011.04.009
https://doi.org/10.1037/a0026579
https://doi.org/10.1037/a0026579
https://doi.org/10.1111/1467-9280.00151
https://doi.org/10.1007/s11682-011-9125-4
https://doi.org/10.1007/s11682-011-9125-4
https://doi.org/10.1076/jcen.25.5.589.14571
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://doi.org/10.1016/j.neuropsychologia.2009.03.004
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

Gallo et al.

Bilingualism: Implications for Neurocognitive Decline

reserve, brain reserve, and brain maintenance. Alzheimer’s Dement. 16, 1305-
1311. doi: 10.1016/j.jalz.2018.07.219

Stocco, A., Yamasaki, B., Natalenko, R., and Prat, C. S. (2014). Bilingual brain
training: A neurobiological framework of how bilingual experience improves
executive function. Int. J. Bilingual. 18, 67-92. doi: 10.1177/1367006912456617

Sulpizio, S., Del Maschio, N., Del Mauro, G., Fedeli, D., and Abutalebi, J.
(2020). Bilingualism as a gradient measure modulates functional connectivity
of language and control networks. Neurolmage 205:116306. doi: 10.1016/j.
neuroimage.2019.116306

Sumowski, J. F., Chiaravalloti, N., Wylie, G., and Deluca, J. (2009). Cognitive
reserve moderates the negative effect of brain atrophy on cognitive efficiency
in multiple sclerosis. J. Int. Neuropsychol. Soc. 15, 606-612. doi: 10.1017/
$1355617709090912

Tong, J., Kong, C., Wang, X., Liu, H,, Li, B., and He, Y. (2020). Transcranial
direct current stimulation influences bilingual language control mechanism:
evidence from cross-frequency coupling. Cognit. Neurodynam. 14, 203-214.
doi: 10.1007/s11571-019-09561-w

Valian, V. (2015). Bilingualism and cognition. Bilingual. Lang. Cognit. 18, 3-24.
doi: 10.1017/51366728914000522

Vaughn, K. A., Watlington, E. M., Linares Abrego, P., Tamber-Rosenau, B. J.,
and Hernandez, A. E. (2021). Prefrontal transcranial direct current stimulation
(tDCS) has a domain-specific impact on bilingual language control. J. Exp.
Psychol. General 150, 996-1007. doi: 10.1037/xge0000956

Vemuri, P., Lesnick, T. G., Przybelski, S. A., Machulda, M., Knopman, D. S.,
Mielke, M. M., et al. (2014). Association of Lifetime Intellectual Enrichment
With Cognitive Decline in the Older Population. JAMA Neurol. 71, 1017-1024.
doi: 10.1001/jamaneurol.2014.963

Voits, T. (2020). Bilingualism as a neuroprotective factor in ageing: Insights from
healthy and clinical populations. Reading: University of Reading, doi: 10.48683/
1926.00097032

Voits, T., Pliatsikas, C., Robson, H., and Rothman, J. (2020). Beyond
Alzheimer’s disease: Can bilingualism be a more generalized protective
factor in neurodegeneration? Neuropsychologia 147:107593. doi: 10.1016/j.
neuropsychologia.2020.107593

Voits, T., Robson, H., Rothman, J., and Pliatsikas, C. (2022). The effects of
bilingualism on hippocampal volume in ageing bilinguals. Brain Struct. Funct.
[Preprint]. doi: 10.1007/s00429-021-02436-z

Wilson, R. S., Boyle, P. A,, Yang, J., James, B. D., and Bennett, D. A. (2015). Early
life instruction in foreign language and music and incidence of mild cognitive
impairment. Neuropsychology 29, 292-302. doi: 10.1037/neu0000129

Winblad, B., Palmer, K., Kivipelto, M., Jelic, V., Fratiglioni, L., Wahlund, L.-
O., et al. (2004). Mild cognitive impairment - beyond controversies, towards
a consensus: report of the International Working Group on Mild Cognitive
Impairment. J. Internal Med. 256, 240-246. doi: 10.1111/j.1365-2796.2004.
01380.x

Wodniecka, Z., Craik, F. I. M., Luo, L., and Bialystok, E. (2010). Does bilingualism
help memory? Competing effects of verbal ability and executive control. Int.
J. Bilingual Educat. Bilingual. 13, 575-595. doi: 10.1080/13670050.2010.48
8287

Wong, W. (2020). Economic burden of Alzheimer disease and managed care
considerations. Am. J. Managed Care 26(Suppl. 8), S177-S183. doi: 10.37765/
ajmc.2020.88482

World Health Organization (2019). Dementia. Geneva: WHO.

Woumans, E., Santens, P., Sieben, A., Versijpt, J., Stevens, M., and Duyck,
W. (2015). Bilingualism delays clinical manifestation of Alzheimer’s disease.
Bilingualism 18, 568-574. doi: 10.1017/S136672891400087X

Xu,J., Zhang, Y., Qiu, C., and Cheng, F. (2017). Global and regional economic costs
of dementia: a systematic review. Lancet 390:547. doi: 10.1016/s0140-6736(17)
33185-9

Yaffe, K., Fiocco, A. J., Lindquist, K., Vittinghoff, E., Simonsick, E. M., Newman,
A. B, etal. (2009). Predictors of maintaining cognitive function in older adults.
Neurology 72, 2029L-2035. doi: 10.1212/WNL.0b013e3181a92c36

Zhang, Y., Londos, E., Minthon, L., Wattmo, C., Liu, H., Aspelin, P., et al. (2008).
Usefulness of computed tomography linear measurements in diagnosing
alzheimer’s disease. Acta Radiol. 49, 91-97. doi: 10.1080/028418507017
53706

Zheng, Y., Wu, Q., Su, F,, Fang, Y., Zeng, J., and Pei, Z. (2018). The Protective
Effect of Cantonese/Mandarin Bilingualism on the Onset of Alzheimer Disease.
Dement. Geriatric Cognit. Disord. 45, 210-219. doi: 10.1159/000488485

Zhu, J. D., and Sowman, P. F. (2020). Whole-Language and Item-Specific
Inhibition in Bilingual Language Switching: The Role of Domain-General
Inhibitory Control. Brain Sci. 10:517. doi: 10.3390/brainscil0080517

Conflict of Interest: 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Gallo, DeLuca, Prystauka, Voits, Rothman and Abutalebi. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org

15

February 2022 | Volume 16 | Article 819105


https://doi.org/10.1016/j.jalz.2018.07.219
https://doi.org/10.1177/1367006912456617
https://doi.org/10.1016/j.neuroimage.2019.116306
https://doi.org/10.1016/j.neuroimage.2019.116306
https://doi.org/10.1017/S1355617709090912
https://doi.org/10.1017/S1355617709090912
https://doi.org/10.1007/s11571-019-09561-w
https://doi.org/10.1017/S1366728914000522
https://doi.org/10.1037/xge0000956
https://doi.org/10.1001/jamaneurol.2014.963
https://doi.org/10.48683/1926.00097032
https://doi.org/10.48683/1926.00097032
https://doi.org/10.1016/j.neuropsychologia.2020.107593
https://doi.org/10.1016/j.neuropsychologia.2020.107593
https://doi.org/10.1007/s00429-021-02436-z
https://doi.org/10.1037/neu0000129
https://doi.org/10.1111/j.1365-2796.2004.01380.x
https://doi.org/10.1111/j.1365-2796.2004.01380.x
https://doi.org/10.1080/13670050.2010.488287
https://doi.org/10.1080/13670050.2010.488287
https://doi.org/10.37765/ajmc.2020.88482
https://doi.org/10.37765/ajmc.2020.88482
https://doi.org/10.1017/S136672891400087X
https://doi.org/10.1016/s0140-6736(17)33185-9
https://doi.org/10.1016/s0140-6736(17)33185-9
https://doi.org/10.1212/WNL.0b013e3181a92c36
https://doi.org/10.1080/02841850701753706
https://doi.org/10.1080/02841850701753706
https://doi.org/10.1159/000488485
https://doi.org/10.3390/brainsci10080517
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/human-neuroscience#articles

	Bilingualism and Aging: Implications for (Delaying) Neurocognitive Decline
	Introduction
	Effects of Bilingualism on Pathological Aging
	What Effects Does Bilingualism Confer on Healthy Aging?
	Underlying Mechanisms and Models of Bilingualism-Induced Successful Aging
	Conclusion
	Author Contributions
	Funding
	References


