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Bilingualism as a Contributor to Cognitive
Reserve: What it Can do and What it Cannot
do
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Abstract
In the absence of effective pharmacological interventions for the prevention of dementia, attention has turned to lifestyle factors
that contribute to cognitive reserve. Although cognitive reserve cannot prevent the occurrence of disease, the trajectory is
different for high reserve and low reserve patients, giving more time for independent living to high reserve individuals. We argue
that lifelong bilingual experience meets the criteria for an experience that confers cognitive reserve, although neural reserve, a
related concept, is more difficult to validate. Bilingual patients show symptoms at a later stage of disease and decline more rapidly
than comparable monolingual patients. These patterns are considered in terms of evidence from behavioural, imaging and
epidemiological studies. Finally, the role of bilingualism in protecting against symptoms of some forms of dementia are discussed
in the context of other protective factors and the limits of this reserve approach in dealing with the consequences of dementia.
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Alzheimer’s disease (AD) is a neurodegenerative disease for
which symptoms develop over time, including memory loss,
language impairment, and in later stages, loss of some bodily
functions such as walking or swallowing, and is ultimately
fatal.1-3 As populations age and live longer, the prevalence of
AD also increases. Globally, dementia (including of the
Alzheimer’s type but also others) affects ∼50 million people,
with this number rising to a projected 82 million in 2030 and
152 million by 2050.4 Considering only the USA, an esti-
mated 5.8 million Americans live with AD, a number that is
projected to rise to close to 14 million by 2050.5 As of 2018,
AD was the fifth leading cause of death in individuals aged 65
or older in the USA. Care provided by family members was
estimated at around $250 billion unpaid hours, without fac-
toring in the associated mental and physical costs of taking
care of a loved one with dementia. Total costs associated with
health care and long-term care for adults aged 65 and older
with AD were an estimated $305 billion in 2020. There is
extensive physical and emotional stress on both personal and
systemic levels for everyone involved in a diagnosis of AD.
Pharmaceutical treatments have limited effectiveness in
slowing progression of the disease or treating symptoms,6,7

but there is some evidence that the course of the disease could
be delayed by non-pharmaceutical, cognitive-based methods
that build ‘reserve’.8 It has been estimated that a delay of 5
years of AD onset would lead to an ∼50% decrease in overall
disease frequency.9 Thus, delaying the development of AD
symptoms would be the most beneficial course of action for
reducing the associated costs.

Defining and Creating Reserve

Reserve, broadly speaking, is one theory that provides a
framework for how to delay AD symptom onset and subse-
quent dementia. The concept of reserve is used to describe the
individual differences that exist in cognitive level, clinical
status and functional ability in ageing and brain disease such
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that specific levels of brain health can have variable associ-
ations with cognitive or functional outcomes. Although the
precise mechanism is unknown,10 multiple factors may be
responsible and include neuroprotective mechanisms (i.e.
factors preventing cognitive decline or neurodegeneration)
and compensatory mechanisms (i.e. factors that allow indi-
viduals to adapt to declining neural health). These factors
work both alone and in tandem to preserve cognitive per-
formance during ageing and neural decline.11 This disconnect
between preserved function and neurodegeneration is the
hallmark of reserve and expressed through the specific con-
cepts of brain reserve, brain maintenance and cognitive re-
serve. Moreover, since cognitive reserve and brain reserve are
likely based on different mechanisms, we speculate that it is
possible to have one without the other.

Stern et al.12 proposed individual definitions for these
component concepts to clarify the differences among them,
and our definitions and claims are derived from their work.
Brain reserve is generally thought of as ‘neurobiological
capital’; that is, it refers to cortical thickness, total brain
volume, quantity of neurons, and the like, at a given point in
time. Individuals with high brain reserve are expected to deal
with ageing and neurodegeneration better than those with low
brain reserve as a result of this built up ‘capital’ prior to
decline; there is more neural matter available to lose before
cognitive difficulties are observed. In this sense, brain reserve
is often considered a passive model of reserve in which
cognitive impairment is imminent once a simple threshold of
brain deterioration has occurred. The reasons for high brain
reserve compared to low brain reserve may be impacted by the
related concepts, brain maintenance and cognitive reserve,
which, in turn, are impacted by genetic and lifestyle factors.

Brain maintenance is complementary to brain reserve, but
whereas brain reserve refers to neural capital at a given point in
time, brain maintenance reflects reduced age- or disease-
related neural degeneration over time. Individuals with high
brain maintenance will show slower development of neuronal
plaques or grey matter deterioration compared to those with
low brain maintenance. Thus, whereas brain reserve is
measured at a given point in time, brain maintenance is best
measured longitudinally by examining deterioration over
time. Brain reserve may help protect against the effects of
pathology, but brain maintenance is posited to prevent this
pathology in the first place. Both genetic factors (e.g. allelic
variation in genes) and lifestyle factors (e.g. stimulating lei-
sure activities) are thought to influence brain maintenance.

Cognitive reserve posits that cognitive processes are
adaptable, and it is this adaptability that helps explain indi-
vidual discrepancies in cognitive functioning despite neuro-
degeneration and pathology. Cognitive reserve is thought of as
an active process of reserve, such that individuals dynamically
cope with or adjust to ageing and pathology using compen-
satory mechanisms or functional brain processes. For these
reasons, there are several outcomes to be expected when
comparing high cognitive reserve individuals against low

cognitive reserve individuals (depicted in Figure 1). First, in-
dividuals with high cognitive reserve should show better
cognitive performance than low cognitive reserve individuals at
similar levels of neuropathology. Second, individuals with high
cognitive reserve should show greater amounts of neuropa-
thology than individuals with low cognitive reserve at com-
parable levels of cognitive performance: high cognitive reserve
individuals are better able to cope with the effects of neuro-
degeneration than their low cognitive reserve peers. Third, the
point of inflection, or where memory begins to be affected by
AD, should be later for high cognitive reserve individuals than
low cognitive reserve individuals. Fourth, once symptoms of
cognitive decline appear, disease progression should proceed
faster in high cognitive reserve than low cognitive reserve
individuals. These dynamics that distinguish between high and
low reserve individuals (and groups) are shown in Figure 1.10

It is not possible to directly assess cognitive reserve, so it
can only be investigated through examining proxies that
covary with and contribute to reserve more broadly. Com-
monly cited sources of cognitive reserve are several socio-
behavioural proxies, including formal education, occupational
complexity, stimulating leisure activities and physical
activity.10,11,13,14 Two common threads emerge from research
examining these proxy factors. The first is that individuals
with higher levels of one or more of these factors (e.g. more
formal education and/or more physical exercise and activity)
show better clinical and cognitive outcomes in ageing than
their peers with low levels of these factors. These benefits
extend to an individual both when the activity occurred early
in life (such as education) and when the activity is currently
ongoing (such as stimulating physical and leisure activities).
The second common thread is that these factors of cognitive
reserve are effortful and engaging. Theoretically, therefore,
any sufficiently challenging and continuous activity should be
a source of cognitive reserve, although what qualifies as
‘sufficiently challenging’ is a matter of ongoing discussion.15

Figure 1. Theoretical depiction of cognitive performance as a
function of increasing neuropathology in high and low cognitive
reserve individuals, with numbered predictions as outlined in the
text (adapted from Stern, 201210).
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Bilingualism as a Source of Reserve

Bilingualism has been posited as another potential proxy for
cognitive reserve.16 Of all engaging activities, language use is
the most sustained throughout the day and throughout our
lives. A surprising finding from psycholinguistic research is
that both languages in the bilingual mind are jointly activated,
so successful language production requires monitoring and
selective attention to the required language.17 Language use
activates essentially the entire brain, except for some posterior
regions,18 making it a prime candidate for reserve because of
its scope. This joint language activation in bilinguals has been
posited to have extensive effects in shaping brain structure and
cognitive ability, on brain regions and processes beyond
language processing to include nonverbal domains and cog-
nitive performance.19

Research investigating the cognitive implications of bi-
lingual language use across the lifespan have reported that, on
average, bilinguals outperform their monolingual peers on
cognitive tests of executive function.19,20 This assertion is not
without controversy as some researchers have challenged this
proposition both in young adults21-23 and in children24,25 by
claiming not to replicate the central findings. The debate is
ongoing, and current discussion focuses on specific factors of
bilingualism that lead to these effects such as age of language
acquisition, continuous language use, or interactional lan-
guage context. However, performance on cognitive tasks in
older adults more reliably shows effects of bilingualism such
that bilinguals more consistently outperform monolinguals
than is often found in the younger groups.26,27

Evidence supporting the proposition that bilingualism is a
proxy for cognitive reserve has been reported for all 4 pre-
dictions indicated in Figure 1.16 The first prediction is that
high reserve individuals will show better cognitive perfor-
mance than low reserve individuals at similar levels of neu-
ropathology. In a study by Berkes et al,28 32 cognitively
healthy bilingual participants were recruited from the com-
munity and diffusion tensor imaging (DTI) brain scans were
collected. Brain health was determined through principal
component analysis of white matter measures (fractional
anisotropy, axial diffusivity and radial diffusivity). These
participants were then matched to monolingual participants
from the Alzheimer’s Disease Neuroimaging Initiative
(ADNI) database using one-to-one propensity score matching
based on age, education, and sex to a group of 32 individuals
with similar brain health scores calculated from DTI. All the
bilinguals were cognitively normal, so the question was to
evaluate the cognitive status of the monolinguals who were
similar in brain health and demographic variables. The first
difference was evidence from MMSE scores, where it was
found that bilinguals (M = 29.4) obtained significantly higher
scores than monolinguals (M = 26.7). More important,
however, was the clinical determination of cognitive status.
Unlike the bilinguals who were all cognitively normal, the
monolinguals revealed a variety of cognitive status outcomes

such that 41% of the matched monolinguals had a clinical
diagnosis of impairment, specifically either mild cognitive
impairment (MCI) or AD. These data can also be compared to
the overall probability of cognitive impairment by monolin-
guals in the larger unmatched sample from the same database.
In this case, the population distribution indicated a clinical
impairment rate of 27%, a rate that was significantly lower
than the rate of 41% observed in the matched sample of
monolinguals that was equated to the cognitively healthy
bilinguals on brain measures. Put another way, the same level
of white matter structural integrity was significantly associated
with cognitive impairment in monolinguals but not in bilin-
guals. This finding that monolinguals had poorer cognitive
and clinical outcomes than expected by chance and poorer
than those for bilinguals at similar levels of neuropathology
supports the role of bilingualism in supporting healthy ageing.

The second prediction from the model in Figure 1 is that
bilingual individuals should have more neuropathology than
monolingual individuals at similar levels of cognition. In the
first study to demonstrate this point, Schweizer et al.29

measured brain atrophy in monolingual and bilingual pa-
tients diagnoses with probable AD who were matched on
clinical level. Using computer tomography and several linear
measurements of atrophy, the researchers found greater at-
rophy for bilingual patients than monolingual patients in re-
gions typically associated with AD, such as the radial width of
the temporal horn and the temporal horn ratio. A similar
pattern was reported by Perani et al.30 who used PET to study
synaptic function and density in an older adult patient pop-
ulation comprised of monolinguals and bilinguals. Patients in
both language groups were diagnosed with probable AD and
matched on disease severity and duration, yet bilingual pa-
tients showed greater cerebral hypometabolism. In both
studies, monolingual and bilingual patients matched on
clinical level revealed greater neurodegeneration for bilin-
guals than monolinguals at similar levels of disease pro-
gression. These results suggest that bilinguals are able to
withstand greater amounts of neurodegeneration than
monolinguals without showing increasing symptoms of
clinical impairment.

The third prediction from cognitive reserve is that high
reserve individuals will show symptoms of impairment at a
later point than those with low reserve. A seminal retro-
spective study showed this result for bilinguals in a clinical
sample in which bilingual older adult patients presented with
symptoms of dementia ∼4.5 years later than monolingual
patients, an effect that was seen even after accounting for
education, MMSE performance, and immigration status.31

These effects have been replicated across other studies in
other countries including India,32 Belgium33 and China34 and
confirmed in meta-analyses.35-37

The final prediction from the cognitive reserve model in
Figure 1 is that once symptoms of dementia appear, they
progress more rapidly in high reserve than low reserve in-
dividuals. Although this seems counterintuitive, the endpoint
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of disease progression remains the same regardless of high or
low reserve: high reserve individuals who are coping with
greater neuropathology at time of symptom onset decline more
rapidly when this protective threshold has been breached.
Support for this idea comes from a study by Berkes et al.38 In a
clinical sample of bilingual and monolingual patients at-
tending a memory clinic, the time between a diagnosis of MCI
and conversion of that diagnosis to AD was shorter for bi-
lingual patients than monolingual patients. Specifically, bi-
lingual patients converted from MCI to AD in a mean of 1.9
years whereas the interval for monolinguals was 2.6 years, a
difference that was significant. From one perspective, this
finding seems to contradict the previous positive findings
showing maintained cognitive function despite neuropathol-
ogy, similar clinical outcomes with greater neuropathology,
and delayed onset of clinical symptoms; in contrast, more
rapid decline at advanced stages of disease appears to be a
negative consequence. However, this difference in trajectory
is inevitable given the common endpoint for these patients.
The positive aspect of this finding is that it has created more
time in earlier stages for higher quality of life by postponing
the decline. The overall impact of high cognitive reserve is that
it allows for the best cognitive outcomes despite the continued
process of neurodegeneration, an effect that has been shown to
be associated with bilingual experience.

Does Bilingualism Protect Against Dementia?

The argument to this point has been that bilingualism is a
proxy for cognitive reserve, with evidence that shows that
bilinguals (high reserve) are better able to cope with neuro-
degeneration than monolinguals (low reserve). However, there
are limits to what bilingualism can do in terms of healthy
ageing. Importantly, bilingualism does not prevent the ac-
cumulation of disease pathology but rather allows individuals
to cope with that pathology for a longer period before it in-
terferes with cognition. The retrospective studies that have
been described above indicate an older age of dementia
symptom onset or diagnosis for bilinguals than monolinguals
but provide no evidence that bilinguals can avoid the disease
entirely. The question of the likelihood of developing the
disease requires a different methodology.

Prospective studies, in contrast to retrospective ones, at-
tempt to determine risk of disease development prior to
symptom onset. These studies typically follow a cohort of
healthy individuals and track the rate at which individuals or
groups develop the disease. Prospective studies examining
bilingualism in the context of dementia have largely found no
differences between monolingual and bilingual individuals for
the likelihood that they will develop AD or other dementias.
One of the first studies to show this was conducted in a large
sample of 1067 older adults who lived in the Washington/
Hamilton Heights community of New York.39 The researchers
examined cognitive test scores and clinical diagnoses of
Spanish–English bilinguals and Spanish monolinguals who

were tested at 18–24-month intervals over the course of ap-
proximately 2 decades. By the completion of the study, 31% of
monolinguals and 20% of bilinguals had developed dementia;
however, this difference was not significant when it was in-
cluded in a comprehensive model that accounted for other
possible predictors. Being female and attaining higher edu-
cation were associated with reduced risk of dementia and older
age was associated with increased risk of dementia, but bi-
lingualism had no further association with dementia risk. This
absence of any unique protective effect of bilingualism on the
likelihood of developing of dementia has been reported in
other prospective studies across the US and in Sweden,40,41

although another study in the US showed decreased incidence
ofMCI among individuals who had studied a foreign language
to a high level.42 One limitation in these studies is that bi-
lingualism is often determined from subjective (e.g. self-
report) rather than objective (e.g. vocabulary tests) mea-
sures which limits the interpretability of conclusions drawn
regarding language use specifically. Furthermore, some of the
studies had too few participants to draw meaningful con-
clusions. For example, the study by Ljungberg et al.41 reported
that 102 out of 736 monolinguals developed dementia over the
course of 10 years, but 10 out of only 72 bilinguals developed
dementia over the same time. Because the proportions are
similar in the two language groups, the data suggest that
bilingualism is not a protective factor for the development of
dementia. It is possible that prospective studies fail to find
effects of bilingualism because they typically rely on a narrow
categorical definition of bilingualism. However, the question
addressed by prospective studies is different from that ad-
dressed by retrospective ones. There have never been any
claims that bilingualism prevents dementia; the claim from
retrospective studies is that the symptoms appear later in the
disease. Since prospective studies examine the likelihood that
individuals or groups will develop the disease, there is no basis
for predicting different incidence rates, only that when the
disease does appear, bilingual patients will be older. Most
prospective studies do not report the age of diagnosis.

Although the imbalance in language group size was par-
ticularly apparent in the Ljungberg et al. study,41 all the
prospective studies are based on convenience samples and
possibly too small for subtler effects to emerge. An interesting
alternative to community-based samples, therefore, is to use
population level statistics as the unit of analysis instead of
individuals.43 The researchers calculated language use data
and incident AD data for 93 different countries. In a gener-
alised additive model, the researchers found that incidence of
senile dementia declined as the mean number of languages
used in the population increased up to 2. That is, the countries
that were more bilingual (mean languages = 2) showed lower
incidence of dementia than the more monolingual countries
(mean languages = 1). This result was seen after weighting for
population size and life expectancy. Although the model was
not significant for countries with mean number of languages
spoken greater than 2, the reason is likely because there were
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too few of these countries to contribute systematic explanation
to the model. The authors concluded that bilingualism may
contribute to cognitive reserve that in turn protects against
AD, but also cautioned that comprehensive and thorough data
about these factors are needed to make appropriate
evaluations.

Related Factors and Next Steps

Bilingualism, and cognitive reserve more broadly, are not the
sole determinants of clinical outcomes in ageing. Other factors
that have been shown to be related to clinical outcomes in-
clude biomarkers, such as the amyloid-β (Aβ) peptide and tau
microtubules in cerebrospinal fluid (CSF), and genetic factors,
such as the presence of the apolipoprotein E (APOE) ε4 allele
on chromosome 19. However, these biomarkers and genetic
risk factors have rarely been discussed in tandem with lan-
guage use as relating to ageing and cognitive decline. Con-
sidering that these ‘hidden’ genetic factors may influence
clinical outcomes, studying the interactions between these
exogenous and endogenous factors is essential to furthering
our understanding of both cognitive and clinical outcomes in
ageing.

Amyloid-β has historically been thought to play a role in
neuronal loss and cognitive impairment through the ‘amyloid
cascade hypothesis’,44,45 which posits Aβ as the primary cause
of AD due to accumulation of senile plaques and intercellular
deposition of neurofibrillary tau tangles. As such, levels of
Aβ42 found in CSF show an inverse relationship with disease
progression – as plaques accumulate in the parenchymal tissue
of the brain, less Aβ is found in CSF.46 A study using edu-
cation as a proxy for cognitive reserve to examine levels of
CSFAβ in cognitively normal and impaired individuals found
no effect of reserve nor interaction with age,47 although the
authors did not examine cognitive decline as a factor. Soldan
et al.48 used a composite score of reading, vocabulary, and
education to determine cognitive reserve in middle-aged
cognitively normal individuals to then determine risk of de-
veloping symptoms of preclinical AD. In contrast to Almeida
et al., this study examined decline and found main effects of
cognitive reserve and baseline Aβ42 levels such that higher
levels of reserve as indicated by the language and education
measures were associated with lower risk of developing
symptoms, and lower levels of Aβ42 were associated with
higher risk of developing symptoms. Another study used
bilingualism, rather than education, as a measure of cognitive
reserve to examine the impact on CSF biomarkers but found
no differences between cognitively normal monolinguals and
bilinguals in CSF Aβ levels.49 This study, however, included
middle-aged participants rather than older adults and also did
not investigate cognitive decline as a factor. These studies,
therefore, provide conflicting reports on how cognitive reserve
may modify decline and Aβ levels and none of the studies has
examined the interaction between bilingualism as the reserve
proxy and CSF biomarkers for their effect on decline.

Tau, the major microtubule-associated protein in developed
neurons, is another biomarker of interest in AD. The presence
of phosphate in the brain leads to phosphorylation of tau,
which is necessary for tau to bind with microtubules and
stimulate their assembly. However, excess levels of phos-
phate, or hyperphosphorylation, depresses the biological
activity of tau. In the brain of an AD patient, tau is three-to
four-fold more hyperphosphorylated than that found in a
neurotypical adult brain50 and so is a prime indicator of brain
health and disease progression. Tau’s function in neurons is of
such importance that recent research posits tau pathology, and
not Aβ, as the primary driver of AD.51-53

The study by Almeida et al.47 used education as a proxy
for cognitive reserve and investigated CSF levels of total tau
(t-tau) and phosphorylated tau (p-tau) in both cognitively
intact and impaired older adults, whereas their previously
mentioned results regarding Aβ showed no effect of reserve,
they found a significant interaction effect between tau and
cognitive reserve, such that both t-tau and p-tau levels were
higher in older adults with low education than in age-
matched peers with high education. Further, tau levels
were higher for cognitively impaired adults than for cognitively
normal adults. This is in contrast to Aβ findings that usually see
the reverse, that is, lower CSFAβvalues in cognitively impaired
individuals due to greater accumulation of neuropathology
staying in the brain. The finding by Almeida et al. is somewhat
supported by the previously described study by Estanga et al.49

who also investigated CSF t-tau and p-tau in middle-aged
monolingual and bilingual individuals. Unlike Almeida
et al., the study by Estanga et al. used bilingualism as their
measure of cognitive reserve. They found lower t-tau values in
early bilinguals than in monolinguals and late bilinguals, an
effect they attributed to increased cognitive reserve. These are
promising results for the hypothesis that bilingualism con-
tributes to reserve, but participants in this study were young
adults, so no symptoms or diagnoses of AD had been met. It is
difficult to compare these results in a meaningful way to
studies that use older or clinically impaired adults, but the
results provide a framework upon which future studies can
build.

In addition to Aβ and tau, one of the largest genetic risk
factors of AD is the presence of the APOE ε4 allele. APOE
exists as three polymorphic alleles, ε2, ε3, and ε4, but only the
ε4 allele is associated with an increased risk of developing
AD. The ε4 allele has a worldwide frequency of ∼14% yet
jumps to ∼40% frequency in patients diagnosed with AD,54

(see55 for differences between countries). Additionally, an
older study by Seshadri et al.56 used a Bayesian calculation to
show that adults with at least 1 APOE ε4 allele had a 29% risk
of developing AD in their lifetime compared to a 9% risk in
those adults with no ε4 allele. This predictive aspect of the ε4
allele has been recognised for over 2 decades and found to be
reliable.55 One mechanism by which APOE influences de-
velopment of AD is that the APOE genotype strongly affects
deposition rates of Aβ in the brain, such that APOE ε4 carriers
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show greater abundance of senile plaques compared to
noncarriers.57-60

Ferrari et al. conducted a long-term follow up study of a
population-based cohort and showed that higher education
and greater physical activity reduced incidence of AD in
APOE ε4 carriers.61 The effect was significant enough that
carriers of the ε4 allele with high education had similar hazard
ratios of developing AD as noncarriers. Although the study
did not specify education as a proxy for cognitive reserve, the
authors posited brain and cognitive reserve as the possible
mechanisms for this effect. This finding follows from previous
work done by the same group showing the protective effects of
high education on development of dementia and AD, both
with and without the context of APOE information.62,63 Using
bilingualism as the proxy for cognitive reserve, Crane et al.
examined cognitive decline in Japanese-American men aged
∼75 years and found no effect of speaking or writing Japanese
(in addition to English) on rates of decline after accounting for
APOE allele status.64 Their conclusion was that multilin-
gualism does not contribute to the cognitive reserve hy-
pothesis. This conclusion was similarly reached by Hack
et al.65 who investigated dementia onset and the effects of
multilingualism using data from the Nun Study.66 No effect of
bilingualism was apparent on dementia onset times after ac-
counting for APOE status, despite independent effects of
APOE and written linguistic ability. The authors of this study
did find that individuals who spoke four or more languages
were significantly less likely to develop dementia than
monolinguals, but this effect was minimised once linguistic
ability was included in the model alongside APOE status and
education. Cognitive reserve, broadly speaking, has been
shown to reduce the rates and odds of developing dementia,
but in the presence of APOE, the results are less clear. In-
terpreting the findings is confounded further depending on
how cognitive reserve is measured, that is, in terms of edu-
cation, aerobic exercise or multilingualism. Given that the
presence of APOE ε4 is possibly the largest risk factor for
developing dementia, it is possible that the risk from carrying
an ε4 allele outweighs any positive effects that may be gained
from higher cognitive reserve.

A recent study from our lab attempted to account for Aβ,
tau, and APOE ε4 alongside potential effects of bilingualism
in a patient population from the ADNI database.67 The da-
tabase was searched for monolingual and bilingual partici-
pants with available neuropsychometric assessments,
biomarker assays, MRI scans, clinical diagnoses and demo-
graphic information. Monolinguals were classified as such if
their primary language and preferred language of testing were
both English and participants were neither Latino nor Hispanic
to rule out participants with a strong likelihood of using or
being exposed to Spanish. There were no racial criteria for
monolinguals. Bilinguals were classified as such if the lan-
guage used for testing was English but the home language was
any language other than English. There were no ethnic or
racial criteria for bilinguals. In total, 577 monolinguals were

found with relatively complete records, but significantly fewer
bilinguals with records that had missing data at random,
producing 64 participants.

Due to this disparity of available information and par-
ticipant numbers between groups, it was necessary to
identify a methodology that could address these issues in
order to assess the data. Functional gradient boosting, or
gradient boosted regression modelling (GBM), is one such
method. In brief, GBM is a machine-learning algorithm that
determines a predictive model of best fit for a given dataset.
Gradient boosted regression modelling accomplishes this
prediction by building the model in sequential stage-wise
fashion from iterative ‘decision trees’ – regression models
that are rough and gradually increase in predictive accuracy
as they focus on minimising errors from previous models.
Because decision trees are added sequentially, GBM is a
slow process that increases in accuracy as more trees are
considered. Different boosting techniques have been in-
troduced over the years.68,69 These processes account for
missing data and are highly customisable with remarkable
success in practical applications.70 The current analyses
made use of boosting from the R package Twang71 to es-
timate propensity scores for each language group. Pro-
pensity scores are a measure that indicates how likely a
participant is to be a member of a particular group (e.g. how
likely it is that a monolingual is in fact a monolingual).
These propensity scores were then used to weight variables
of interest before analyses.

The model that was used to estimate language group
propensity scores included the predictive covariates of
demographic data, such as age and sex, and biomarker and
genetic factors, such as CSFAβ, tau, and the presence of the
APOE ε4 allele. When using GBM to estimate propensity
scores, multiple diagnostic plots and balance measures are
produced to ensure model fit worked as theoretically in-
tended. One such balance measure revealed the level of
influence each predictive covariate in the model had on
propensity score estimation. In this model, t-tau and p-tau
accounted for ∼66% and ∼20%, respectively, of propensity
score estimation. In other words, estimating language group
status was largely determined by differences in CSF levels
of t-tau and p-tau between language groups. This finding,
however, does not differentiate across clinical groups which
includes cognitively normal, MCI and AD patients. After
weighting participants by propensity scores, test scores on
the AD Assessment Scale were compared between language
groups by diagnosis. There was no difference in perfor-
mance for cognitively normal participants, nor for AD
participants, but bilinguals with MCI performed signifi-
cantly better than monolinguals with MCI. The interpre-
tation is that cognition is comparable both pre-symptom
onset and at the end of decline (AD), but during decline
bilinguals are able to function at a level that is better than
expected. These findings and methodology are preliminary
and need to be validated on a sample that includes more
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bilinguals, is better balanced in terms of participant num-
bers across clinical groups, and includes more compre-
hensive language measures. Nonetheless, it is the first study
to evaluate how the cognitive reserve proxy of bilingualism
might interact with the biomarkers associated with clinical
cognitive decline.

Concluding Thoughts

The reviewed literature points to strong evidence that bilin-
gualism is a proxy for cognitive reserve. Bilinguals have better
clinical outcomes than expected by chance when matched to
monolinguals on brain health but have more neuro-
degeneration when matched on clinical levels. Bilinguals
present with symptoms of dementia at a later time than
monolinguals, but as a result also decline in cognition and
subsequent clinical diagnosis at a faster rate than monolingual
peers. Bilingualism provides resilience so the effects of
neurodegeneration on cognition are reduced with ageing.
However, bilingualism does not prevent this neuro-
degeneration and associated diseases from occurring. Bilin-
gualism, as a lifestyle factor, can lead to better cognitive and
clinical outcomes in older age than occurs from single lan-
guage use. The impact of the delay of symptoms found for
bilinguals is better quality of life for longer than expected,
with positive outcomes for the individual, their families and
society.
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