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Abstract

We examined brain and cognitive reserve related to bilingualism in older adults with, or
at-risk for, Alzheimer’s disease (AD) from the Canadian Consortium on Neurodegeneration
in Aging and the Quebec Consortium for the Early Identification of Alzheimer’s Disease.
We used surface-based morphometry methods to measure cortical thickness and volume of
language-related and AD-related brain regions. We did not observe evidence of brain reserve
in language-related regions. However, reduced hippocampal volume was observed for
monolingual, but not bilingual, older adults with AD. Thus, bilingualism is hypothesized to
contribute to reserve in the form of brain maintenance in the context of AD.

1. Introduction

Dementia is a leading cause of disability in older adults, with Alzheimer’s disease (AD) accounting
for roughly two-thirds of cases (World Health Organization, 2021). Development of AD typically
involves neural atrophy in the medial temporal lobe (MTL), and follows a continuum of clinical
severity with subjective cognitive decline (SCD) predating mild cognitive impairment (MCI),
which predates AD (Scheltens et al., 2021). However, some individuals appear better able than
others to maintain cognitive functioning despite evident neuropathology (e.g., Snowdon, 2003).
The concepts of reserve and resilience are proposed to account for this often-observed discrepancy
between amount of brain pathology and one’s cognitive function. Certain lifestyle factors and
experiences are hypothesized to contribute to structural and functional brain changes that underlie
resilience in aging (Steffener & Stern, 2012; Stern, 2002; Stern et al., 2020, 2023). Bilingualism has
been identified as one such factor that may contribute to greater resilience (e.g., Bialystok et al.,
2007). The aim of this study was to use structural neuroimaging methods to explore bilingualism
and resilience along the continuum of AD development.

Resilience is defined as a general term that encompasses any concept that relates to the
brain’s ability to maintain cognitive function in the context of aging and disease (Stern
et al., 2023). Three mechanisms of resilience are commonly referred to in the literature:
brain reserve, cognitive reserve and brain maintenance. Brain reserve is believed to be accrued
across the lifespan through a variety of enriching and stimulating experiences and reflects the
amount of neurobiological substrate available at a given time. With the assumption that cog-
nitive deficits occur after a fixed threshold of brain pathology, an individual with greater brain
reserve would be able to sustain a larger amount of pathology before reaching that threshold
(Stern, 2002; Stern et al., 2020, 2023). Cognitive reserve, on the contrary, is believed to come
into play when there is a need for it (i.e., in an attempt to overcome or compensate for a neuro-
logical insult or age-related neurodegeneration) and relates to functional brain changes that
result in greater neural adaptability and flexibility in using existing neural resources. This is
proposed to lead to outcomes such as increased neural efficiency or the use of alternate neural
resources (i.e., neural compensation) to perform cognitive tasks in the context of brain aging
or pathology (Stern et al., 2020, 2023). Individuals with greater cognitive reserve are expected
to have more brain atrophy compared to individuals who perform at the same cognitive level
but have lower cognitive reserve (e.g., Stern, 2002). Lastly, brain maintenance refers to the
maintenance of brain structure, or a reduced development of age-related brain changes and
brain pathology, over time due to genetics or lifestyle factors. Greater brain maintenance
may then be considered a mechanism of sustaining greater brain reserve over time (Stern
et al., 2020, 2023). Thus, the concepts of resilience and reserve involve structural and/or
functional brain changes across the lifespan and their relation to cognitive functioning.

Certain lifestyle factors and experiences are thought to contribute to the development of greater
resilience. Bilinguals have been reported to show a 4–5 year delay in AD symptom onset compared
to monolinguals (e.g., Alladi et al., 2013; Anderson et al., 2020; Bialystok et al., 2007), suggesting
that bilingualism may be one such factor that protects against cognitive decline in dementia.
Findings from structural neuroimaging studies have also demonstrated an association between
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bilingualism and resilience, suggesting greater brain and cognitive
reserve for bilinguals compared to monolinguals.

For example, bilingualism has been associated with greater
brain reserve in language-related brain regions. However, much
of this evidence comes from studies of healthy younger and
older adults. For example, greater gray matter has been observed
in healthy younger and older bilinguals versus monolinguals in
anterior cingulate cortex (ACC; e.g., Abutalebi et al., 2011,
2015b) and inferior parietal lobe (IPL; e.g., Abutalebi et al.,
2015a; Mechelli et al., 2004). Similarly, bilingualism has been
associated with greater cortical thickness in inferior frontal
gyrus (IFG; e.g., Klein et al., 2014), expansions in the basal ganglia
and thalamus (e.g., Burgaleta et al., 2016) and greater gray matter
volume (GMV) in the cerebellum (e.g., Pliatsikas et al., 2014) for
healthy young adults, and greater hippocampal volume in healthy
older adults (e.g., Voits et al., 2022). In addition, our group has
previously reported greater cortical thickness in language control
areas (e.g., IFG, ventromedial prefrontal cortex, cerebellum), and
greater hippocampal volume, for multilinguals versus monolin-
guals with MCI and AD (Duncan et al., 2018). Notably, there is
little research examining bilingualism and brain structure longitu-
dinally in the context of AD. However, Costumero et al. (2020)
reported a slower rate of decline in parenchymal volume over a
7 month period for bilingual compared to monolingual partici-
pants with MCI. Thus, evidence suggests that bilingualism may
be associated with greater brain reserve and, perhaps, the main-
tenance of brain structure over time (i.e., brain maintenance).

Bilingualism has also been associated with greater cognitive
reserve in the context of MCI and AD. Schweizer et al. (2012)
observed greater atrophy in AD-related areas for bilinguals compared
to monolinguals with AD, despite no statistically significant differ-
ence in age, education or cognitive function. Similarly, Duncan
et al. (2018) observed less gray matter density in parahippocampal
gyri for multilinguals versus monolinguals with AD, despite being
matched on age, education, episodic memory and cognitive function.
Additionally, Costumero et al. (2020) observed reduced brain paren-
chyma volume for bilingual compared to monolingual participants
with MCI, despite no statistically significant difference in age, educa-
tion or cognitive level. Thus, bilinguals may better maintain cognitive
functioning, even when they present with greater neuropathology.

Despite these findings, there is still debate regarding the benefits
of bilingualism on cognition and aging (e.g., Bak & Alladi, 2016;
Del Maschio et al., 2021; Fuller-Thomson, 2015; Lawton et al.,
2015; Mukadam et al., 2017). However, few studies have examined
bilingualism and reserve in older adults with MCI or AD, and none
in older adults with SCD (i.e., self-reported cognitive complaints
but no objective cognitive impairments). Therefore, we examined
structural brain differences in language-related and AD-related
areas in bilinguals and monolinguals at varying stages of AD devel-
opment (i.e., from healthy older adults to older adults with SCD,
MCI, and AD). Given the literature presented above (e.g.,
Duncan et al., 2018), we predicted greater brain reserve (i.e., greater
cortical thickness and volume) in language-related areas and
greater cognitive reserve (i.e., greater atrophy in AD-related brain
regions) for bilinguals compared to monolinguals.

2. Methods

2.1 Participants

We used data from The Comprehensive Assessment of
Neurodegeneration and Dementia Study (COMPASS-ND; N =

356) of the Canadian Consortium on Neurodegeneration in
Aging (CCNA) and the Consortium for the Early Identification
of Alzheimer’s disease-Quebec (CIMA-Q; N = 175). The
COMPASS-ND study is CCNA’s signature clinical study of
Canadians with, or at risk for, various types of dementia. The
COMPASS-ND study aims to learn about neurodegenerative dis-
eases in aging, with a focus on early detection and diagnosis, pre-
vention and improving quality of life (Chertkow et al., 2019).
CIMA-Q is a longitudinal study of more than 350 older adults
that aims to facilitate earlier AD diagnosis, make a well-
characterized observational cohort available to the scientific com-
munity, and identify and support the study of new therapeutic
targets to slow or prevent cognitive decline and AD (Belleville
et al., 2019).

Our sample was restricted to right-handed participants who
were cognitively unimpaired (CU), had SCD, MCI or mild AD
(as defined in Belleville et al., 2019; Chertkow et al., 2019), and
had complete data for our variables of interest. Sixty participants
were excluded due to outlier values greater than 3 standard devia-
tions from the group mean on our dependent variables. An add-
itional 10 participants were excluded due to magnetic resonance
imaging (MRI) data preprocessing errors. Within diagnosis
groups, language groups were strictly matched on participant
age, biological sex, years of education, memory performance
(i.e., delayed-recall score on the Logical Memory subtest of the
Wechsler Memory Scale-III) and cognitive function (i.e., total
score on the Montreal Cognitive Assessment) using 1:1 matching
by the ‘MatchIt’ package in R (Ho et al., 2011). Exact matching
was used for biological sex and optimal matching was used for
all other matching variables. This resulted in a final sample of
364 participants (109 from CIMA-Q and 255 from
COMPASS-ND). See Table 1 for participants’ demographic
information.

The data for this study are stored on the Longitudinal Online
Research Information System (Das et al., 2012; Mohaddes et al.,
2018). This study was approved by all relevant ethics committees
and all participants provided written informed consent.

2.2 Language groups

Participants self-reported their native language (L1) and number
of languages, which was used to define our language groups
(monolingual = one language; bilingual = two or more languages).
Monolinguals reported English (71%) or French as their L1.
Bilinguals reported English (37.9%), French (39.0%) or a variety
of other languages as their L1. Within the bilingual group,
67.6% reported knowing two languages, 22.0% reported knowing
three languages and the remaining participants reported knowing
between four and seven languages. Notably, 11% of monolinguals
and 32% of bilinguals were immigrants. Additional language
experience data were available for a subset of the COMPASS-
ND bilingual participants (n = 119), including age of acquisition
(AoA), self-reported language ability and amount of language
use (see Table 2). The majority of our subsample reported
English or French as their L1 (English: 50.4%; French: 18.5%)
or second language (L2) (English: 37.8%; French: 41.2%), with
the remaining participants reporting a variety of other languages.
They reported a range of L2 AoA and L2 ability. However, our
subsample may be characterized as mostly late bilinguals (i.e.,
learning an L2 after age 5), having moderate self-reported L2 abil-
ity, and relatively few participants reporting daily L2 use (33 out
of 119).
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2.3 MRI data acquisition and preprocessing

T1-weighted images were obtained using 3T scanners following
the Canadian Dementia Imaging Protocol (Duchesne et al.,
2019; www.cdip-pcid.ca). Cortical reconstruction and volumetric
segmentation were performed using FreeSurfer (version 6.0;
http://surfer.nmr.mgh.harvard.edu). The FreeSurfer pipeline
performs surface-based morphometry, which involves multiple
processing steps that have been described in detail in previous
publications (e.g., Dale et al., 1999; Fischl & Dale, 2000). The
fully automated pipeline was run on CBRAIN (Sherif et al.,
2014). All brain scans were manually checked for segmentation
precision. Automatic segmentation of subcortical structures and

hippocampal subregions was performed using the FreeSurfer sub-
cortical and hippocampal atlases (Fischl et al., 2002; Iglesias et al.,
2015). Cortical parcellation was performed using the Desikan–
Killiany–Tourville atlas (Klein & Tourville, 2012). As mentioned,
10 participants were excluded due to errors in the automatic
segmentation of gray and white matter.

2.4 Regions of interest

Language-related regions of interest (ROIs) were regions com-
monly identified as being involved in bilingual language control
(e.g., Abutalebi & Green, 2016; Calabria et al., 2018; Gallo et al.,

Table 1. Participant demographics

CU SCD MCI AD

Monolingual Bilingual Monolingual Bilingual Monolingual Bilingual Monolingual Bilingual

N 24 24 51 51 87 87 20 20

No. of females 20 20 41 41 40 40 7 7

Age 68.8 (5.21) 70.0 (4.63) 70.5 (5.27) 70.6 (5.03) 73.7 (6.24) 73.6 (6.70) 73.6 (7.94) 74.4 (8.38)

Education (years) 15.0 (3.13) 15.1 (3.25) 15.3 (3.17) 15.4 (2.96) 14.8 (3.50) 15.3 (3.96) 16.0 (5.00) 15.8 (4.34)

MoCA (/30) 27.7 (1.65) 27.8 (1.62) 27.5 (1.90) 27.6 (1.55) 23.9 (2.98) 23.7 (3.28) 17.4 (2.37) 17.8 (4.61)

Logical memory
delayed recall

13.5 (4.12) 13.2 (3.07) 13.1 (3.74) 13.7 (3.75) 6.9 (4.19) 7.4 (4.93) 1.5 (3.22) 1.3 (2.15)

Note: Standard deviations are reported in parentheses.
CU, cognitively unimpaired; SCD, subjective cognitive decline; MCI, mild cognitive impairment; AD, Alzheimer’s disease; MoCA, Montreal Cognitive Assessment.

Table 2. Additional language information for a subsample of bilingual participants

CU SCD MCI AD

n of total subsample 16 18 71 14

No. of females 14 14 32 5

L2

AoA 8.5 (4.03) 12.0 (5.57) 10.0 (9.86) 7.0 (12.43)

Speaking ability (/7) 4.2 (1.97) 3.6 (1.82) 4.6 (7.97) 4.7 (2.30)

Reading ability (/7) 4.3 (2.02) 3.9 (1.98) 4.5 (2.26) 4.4 (2.65)

Writing ability (/7) 3.8 (2.21) 3.4 (1.95) 4.1 (2.37) 4.4 (2.56)

Listening ability (/7) 4.3 (1.98) 3.8 (2.04) 4.7 (2.02) 4.3 (2.58)

Daily use (hours) 2.5 (3.62) .8 (2.29) 2.7 (3.46) 2.4 (3.73)

L3

No. of participants with an L3 4 7 32 6

AoA 36.5 (15.5) 24.1 (16.30) 15.7 (12.00) 19.8 (20.10)

Speaking ability (/7) 2.8 (.50) 3.1 (1.46) 4.3 (1.75) 4.0 (2.37)

Reading ability (/7) 2.5 (1.73) 3.0 (1.0) 4.0 (2.07) 3.3 (2.25)

Writing ability (/7) 2.3 (1.26) 2.6 (1.27) 3.4 (2.09) 2.2 (1.60)

Listening ability (/7) 3.0 (1.15) 3.1 (1.46) 4.4 (1.97) 3.7 (2.25)

Daily use (hours) .0 (.00) .2 (0.45) 1.7 (2.91) 1.3 (3.27)

Note: We do not report additional language data for participants’ native language (L1), given that additional L1 language data were not provided by all participants in the subsample. In
addition, we do not report additional language data for participants’ languages past their third language, given that too few participants in the subsample reported knowing more than three
languages. Participants self-reported their language ability in speaking, reading, writing and listening on a scale from 1 (very poor) to 7 (native-like). Daily use reflects participants’
self-reported number of hours spent speaking the given language per day. Standard deviations are reported in parentheses.
CU, cognitively unimpaired; SCD, subjective cognitive decline; MCI, mild cognitive impairment; AD, Alzheimer’s disease; AoA, age of acquisition; L2, second language; L3, third language.
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2022; Green & Abutalebi, 2013) and included, bilaterally, the IFG
pars opercularis, IFG pars orbitalis, IFG pars triangularis, caudal
ACC, IPL (which includes inferior parietal and angular gyrus),
supramarginal gyrus, caudate, thalamus, putamen and
cerebellum.

AD-related ROIs included, bilaterally, the hippocampus,
entorhinal cortex, parahippocampal gyrus, cornu Ammonis 1
(CA1) and subiculum, given that they typically show atrophy in
AD, with the CA1 and subiculum subfields of the hippocampus
appearing to be most prominently affected (e.g., Hari et al.,
2022; La Joie et al., 2013; Mueller et al., 2010; Saad et al., 2020).
ROIs are shown in Figure 1.

2.5 Statistical analysis

Statistical analyses were run in R (version 4.1.0; R Core Team,
2021). Step-wise and hierarchical multiple linear regression
models were used to analyze the effects of diagnosis and language
group on GMV of subcortical ROIs and cortical thickness
of cortical ROIs. First, a base model (model 1) was run whereby
GMV or cortical thickness was predicted by dataset (CIMA-Q
vs COMPASS-ND), age, sex (male vs female) and immigration
status (immigrant vs non-immigrant). Estimated total intracranial
volume (eTIV) was also included for GMV analyses. Age and
eTIV were standardized using the scale() function. Immigration
status was not a significant predictor for any ROI and was
excluded from subsequent regression models. Our predictors of
interest were then included in a hierarchical fashion in the
following order: (1) main effect of diagnosis (model 2),
(2) main effect of language group (model 3) and (3) interaction
effect of diagnosis and language group (model 4). See Table 3
for a summary of these statistical models. The Benjamini–
Hochberg False Discovery Rate (FDR) correction was applied to
correct for multiple models run per ROI. For each ROI, the
anova() function was used to identify the model with the
best fit. Pairwise comparisons were run using the emmeans()
function.

3. Results

Model 1 (demographic predictors only) provided the best fit for left
and right ACC, left and right IFG pars orbitalis and pars triangu-
laris, left and right caudate and putamen and left thalamus. In
other words, we did not observe any effects of language group or
diagnosis group for these regions. Model 2, indicating a main effect
of diagnosis group, provided the best fit for left hippocampus, left
subiculum, right thalamus, left and right parahippocampal gyri,
left and right entorhinal cortex, left and right IFG pars opercularis,
left and right supramarginal gyri, left and right IPL and left and
right cerebellum (see Supplementary Tables 1–4). Model 3 did
not explain significantly more variance compared to the other
models for any ROIs, indicating no main effect of language
group for any of the brain regions examined. Model 4 provided
the best fit, indicating a language group by diagnosis group inter-
action, for the right hippocampus, right subiculum and the left
and right CA1 (see Table 4). The observed effects are described
next.

3.1 Diagnosis group effects (model 2)

Generally, reduced GMV or cortical thickness was observed in
older adults with AD. Pair-wise comparisons revealed that
GMV or cortical thickness decreased from healthy older adults
and those with SCD to MCI, and then to AD for left

Figure 1. ROIs from the Desikan–Killiany–Tourville cortical atlas (A) and the FreeSurfer subcortical atlas (B). ROIs also include the subiculum and CA1 subfields
(not depicted here but located within the hippocampus). Language-related regions are shown in light gray and AD-related regions are shown in dark gray.

Table 3. Summary of statistical models

Model Predictors

1 Dataset + Age + Sex + Immigration Status

2 Dataset + Age + Sex + Diagnosis group

3 Dataset + Age + Sex + Diagnosis group + Language group

4 Dataset + Age + Sex + Diagnosis group × Language group

Note: eTIV was also included in the models for the statistical analysis of regional GMV.
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Table 4. Regression models indicating a language group by diagnosis group interaction effect

Region

Model 4

R2
ΔPredictor B SE R2

adjusted

Left CA1 Dataset 1.08 8.36 .27 .01*

Age −19.35*** 3.63

Sex 52.68*** 8.43

eTIV 14.71*** 4.00

Diagnosis (SCD) −1.81 16.20

Diagnosis (MCI) −24.92 15.88

Diagnosis (AD) −110.85*** 20.69

Bilingualism 1.03 18.91

SCD × bilingual −2.62 23.00

MCI × bilingual −11.28 21.38

AD × bilingual 53.85 28.21

Right CA1 Dataset −2.89 9.18 .23 .02*

Age −18.70*** 3.99

Sex 51.96*** 9.26

eTIV 17.34*** 4.39

Diagnosis (SCD) 5.39 17.79

Diagnosis (MCI) −23.66 17.44

Diagnosis (AD) −101.69 22.72

Bilingualism .08 20.76

SCD × bilingual −6.47 25.56

MCI × bilingual −2.67 23.48

AD × bilingual 74.52* 30.98

Right subiculum Dataset −5.13 6.50 .24 .02*

Age −15.93*** 2.82

Sex 21.01** 6.55

eTIV 10.67*** 3.11

Diagnosis (SCD) −10.50 12.59

Diagnosis (MCI) −33.30** 12.35

Diagnosis (AD) −102.00*** 16.08

Bilingualism −8.65 14.70

SCD × bilingual −.86 17.88

MCI × bilingual 7.81 16.62

AD × bilingual 57.44** 21.93

Right hippocampus Dataset −10.78 42.94 .27 .01*

Age −107.09*** 18.65

Sex 187.92*** 43.29

eTIV 91.77*** 20.54

Diagnosis (SCD) 11.95 83.19

Diagnosis (MCI) −143.60 81.56

Diagnosis (AD) −593.71*** 106.25

Bilingualism 12.86 97.09

(Continued )
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hippocampus, left subiculum, left entorhinal cortex and right IPL.
In addition, GMV or cortical thickness was reduced for older
adults with AD compared to the other diagnosis groups for left
and right parahippocampal gyri, right entorhinal cortex, left
supramarginal gyrus, left IPL and right thalamus.

Although reduced GMV or cortical thickness for the AD group
was still observed, the pattern of effects for the remaining
language-related areas was slightly more varied. Pair-wise com-
parisons revealed reduced cortical thickness in left and right
IFG pars opercularis for the AD group compared to the SCD
group. Reduced cortical thickness was observed in right supra-
marginal gyrus for the MCI and AD groups compared to the
SCD group. Lastly, pair-wise comparisons revealed that volume
of the left and right cerebellum was greater for healthy older
adults compared to those with SCD and AD. Overall, the observed
diagnosis group effects are consistent with the expected
progression of atrophy in AD development.

3.2 Interaction effects (model 4)

Pair-wise comparisons examining language group differences
within diagnosis groups revealed greater GMV in right hippocam-
pus, right subiculum and left and right CA1 for bilinguals com-
pared to monolinguals in the AD group only ( p-values <.008;
see Figure 2).1 Pair-wise comparisons were also run examining
differences between diagnosis groups within each language
group. For all four ROIs (right hippocampus, right subiculum,
left and right CA1), monolinguals showed reduced GMV for
the AD group compared to the other three groups. In contrast,
bilinguals showed reduced GMV in right hippocampus and left
CA1 for the AD group compared to the CU and SCD groups,
with no difference between the MCI and AD groups. Similarly,
bilinguals with AD showed less GMV in right subiculum com-
pared to CU bilinguals, with no differences between the SCD,
MCI and AD groups. Furthermore, no diagnosis group differ-
ences were observed in right CA1 for bilinguals. Thus, although
monolinguals showed reduced hippocampal volumes in AD com-
pared to the other diagnosis groups, no difference in hippocampal
volume was observed between bilinguals with MCI and AD
(Figure 2).

4. Discussion

The purpose of this study was to use structural neuroimaging to
examine bilingualism-related brain and cognitive reserve in
older adults with, or at risk for, AD. We did not observe any evi-
dence of brain reserve in language-related brain regions or cogni-
tive reserve in AD-related brain regions. However, we observed
greater hippocampal volumes, suggesting a reserve in the form

of brain maintenance, for bilinguals compared to monolinguals
with AD. We discuss these findings in greater detail next.

First, we did not observe bilingualism-associated brain reserve
in language-related regions. This contrasts with findings from
Duncan et al.’s (2018) study of older adults with MCI and AD.
Notably, Duncan et al. performed vertex-wise analyses, compared
to our ROI-wise analyses. Thus, bilingualism-related brain reserve
may be evident in smaller, more specific areas within
language-related brain regions, but not in these regions as a
whole. With such few studies on brain reserve in aging bilinguals,
more research is needed to examine the association between bilin-
gualism and brain reserve in healthy and pathological aging.

Second, in contrast to previous research (e.g., Costumero et al.,
2020; Duncan et al., 2018; Schweizer et al., 2012), we did not find
evidence of greater cognitive reserve (i.e., greater MTL atrophy des-
pite group matching) for bilinguals compared to monolinguals.
Instead, we observed greater hippocampal volume for bilinguals
versus monolinguals with AD, which is consistent with research
on healthy older adults and those with MCI and AD (Duncan
et al., 2018; Voits et al., 2022). Importantly, cognitive reserve refers
to increased neural efficiency and/or flexibility. Although structural
brain measures can provide evidence of cognitive reserve, measures
of brain function would provide even stronger evidence. Thus, our
future research will use functional neuroimaging methods to
explore bilingualism and cognitive reserve.

The degree of bilingualism in the current sample may provide
an explanation as to why we do not see evidence of brain and cog-
nitive reserve in the current study. Research by Calabria et al.
(2020) suggests that active, but not passive, bilingualism may con-
tribute to resilience (i.e., delayed onset of MCI symptoms and
diagnosis). While we did not have detailed language information
for all participants, a subset of participants in the current study
(119 out of 364 participants) may be characterized as late L2 lear-
ners who do not regularly use their L2. Thus, the heterogeneity of
bilingual language experience included in our bilingual sample
may have contributed to the lack of brain and cognitive reserve
observed in this study.

Our findings thus do not support the hypothesis that bilin-
gualism contributes to cognitive reserve. However, the pattern
of effects across diagnosis groups suggests brain maintenance
associated with bilingualism. Brain maintenance refers to a
reduced development of age-related brain changes and neuro-
pathology over time, associated with preserved cognitive function
(Stern et al., 2020, 2023). Although cross-sectional, our data sug-
gest that hippocampal atrophy increases in monolingual groups
across the AD spectrum (i.e., from MCI to AD), but not in bilin-
guals. This is consistent with reports of better maintained brain
structure over time for bilinguals compared to monolinguals
with MCI (Costumero et al., 2020). Longitudinal research is

Table 4. (Continued.)

Region

Model 4

R2
ΔPredictor B SE R2

adjusted

SCD × bilingual −39.21 118.14

MCI × bilingual −34.87 109.81

AD × bilingual 298.64* 144.88

Cognitively unimpaired women monolinguals were the reference group for all regressions.
B, unstandardized beta coefficient; SE, standard error; eTIV, estimated total intracranial volume; SCD, subjective cognitive decline; MCI, mild cognitive impairment; AD, Alzheimer’s disease.
*p < .05, **p < .01, ***p < .001.
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needed to further explore this association between bilingualism
and maintained brain structure in AD, and how this might relate
to change in cognitive function over time.

4.1 Limitations

We note several differences between this study and previous
research that used structural neuroimaging to examine reserve

Figure 2. GMV of left CA1 (A), right CA1 (B), right subiculum (C)
and right hippocampus (D). Greater volumes are observed for
bilinguals versus monolinguals with AD.
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in aging bilinguals. First, we used surface-based morphometry
methods in FreeSurfer, instead of the gray matter volumetry of
voxel-based morphometry methods. This allowed estimation of
regional cortical thickness and volumes, as well as hippocampal
subfield volumes. The current study has relatively large sample
sizes, and language groups were strictly matched within diagnosis
groups. We note that our participants were highly educated older
adults (i.e., approximately 15 years of education on average com-
pared to previous studies reporting 12 or 13 years of education:
Abutalebi et al., 2015a, 2015b; Duncan et al., 2018; or 8 years
of education: Costumero et al., 2020), which may contribute to
differences in our findings relative to these other studies (e.g.,
Gollan et al., 2011). Moreover, the number of men and women
was not balanced within our groups. Our sample consisted of a
larger proportion of women in the CU and SCD diagnosis groups,
with the reverse pattern in the AD groups. Thus, the current study
differs from previous research on bilingualism and reserve in the
type of imaging analysis, the measures used and the demographic
characteristics of our sample.

A main limitation of this study is that bilingualism was used as
a dichotomous variable. Given the available language data from
COMPASS-ND and CIMA-Q, we were limited in our definition
of bilingualism and could not analyze brain structure in relation
to other language experience variables (e.g., AoA, proficiency or
use). However, we provide information on such language experi-
ence factors for a subset of participants to facilitate comparisons
with future research. Lastly, given the uneven number of men
and women within each group, we were unable to examine sex
differences in the current sample.

5. Conclusion

To our knowledge, this study is the first to use strict group match-
ing and surface-based morphometry methods to examine bilin-
gualism and reserve in both language-related and AD-related
brain regions across a continuum of groups at risk for AD, includ-
ing those with SCD. Although bilingualism was not associated
with brain reserve in language-related areas, nor with cognitive
reserve in AD-related areas, bilingualism appears to confer reserve
in the form of brain maintenance in AD. Future research
should explore the association between bilingualism and brain
maintenance with longitudinal research methods.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/S1366728924000221.
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Note

1. Upon the advice of a reviewer, we also ran analyses on the regional volumes
corrected for eTIV using a residuals method (e.g., Jack et al., 1989). These sec-
ondary analyses involved running the same regression models as originally
described in section 2 with the exception that, instead of including eTIV as
a predictor in the models, the outcome variables are regional volumes cor-
rected for eTIV. These analyses essential yielded the same critical results
(i.e., greater volumes for bilinguals compared to monolinguals in left and
right CA1 for the AD group only; p = .033 and p = .048, respectively) and
now a statistical trend for greater volume in right subiculum for bilinguals
compared to monolinguals in the AD group only ( p = .069).
2. Data used in the preparation of this article were in part obtained from the
Consortium for the Early Identification of Alzheimer’s Disease Quebec
(CIMA-Q). CIMA-Q researchers contributed to the establishment of proto-
cols, implementation of the cohort, obtaining clinical, cognitive and neuroima-
ging data, and collection of biological samples. A list of researchers involved in
the design of CIMA-Q can be found at cima-q.ca.
3. Data used in preparation of this article were obtained from the
Comprehensive Assessment on Neurodegeneration and Dementia(COMPASS-
ND) study, available in the LORIS (https://ccna.loris.ca/) database. As such,
CCNA investigators and staff contributed to the design and implementation
of COMPASS-ND and/or provided data but did not participate in the analysis
or writing of this report. A complete listing of COMPASSND investigators and
contributors will be available on the CCNA website’s COMPASS-ND page
(https://ccnaccnv.ca/compass-nd-study/).
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