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ARTICLE INFO ABSTRACT

Keywords: Bilingualism has been associated with increases in compensatory mechanisms to age-related neurocognitive
Bilingualism decline thus delaying dementia symptom onset and leading to a more favorable trajectory of neurocognitive
White matter aging. However, most research to date has examined bilingualism-induced effects on neurocognition within older
gg;[ng age ranges or young adults — with middle-aged individuals typically not being a population of interest.

Furthermore, bilingualism is often treated as a dichotomous variable, despite it being a heterogeneous experience
on an individual level. In the present study, we employed diffusion tensor imaging (DTI) to examine whether
bilingualism, and the degree of engagement in bilingual experience, modulates the nature or rate of white matter
decline associated with aging. DTI data and language history data were collected from a cohort of monolingual
and bilingual individuals spanning a wide age range. Two separate analyses were run. First, generalized additive
models were run on matched monolingual and bilingual samples, examining effects of age on the trajectory of
white matter integrity and how bilingualism modulates this effect. This analysis revealed a significant effect of
age within the monolingual group for fractional anisotropy values in the right superior longitudinal fasciculus.
However, the age effect within the bilingual group was not significant, indicating a faster decline in white matter
integrity within the monolingual cohort. Second, general linear models were run on the entire participant
sample, examining an interaction between age and degree of bilingual engagement on white matter integrity.
Results from this analysis indicate that increased engagement in bilingual language use across the lifespan
correlates with a slower decline in white matter integrity with age. Together these results indicate bilingualism,
and specifically degree of bilingual engagement, impacts the trajectory of age-related decline in white matter
integrity across the lifespan.

1. Introduction

Bilingualism has been proposed as a lifestyle factor that ameliorates
the neuroanatomical and cognitive decline associated with healthy
aging (Bialystok, 2021; Grant et al., 2015). Previous studies have shown
that healthy adult bilingual individuals exhibit evidence for accrual of a
brain reserve (Gold, 2015; Zhang et al., 2020). This manifests as a
combination of adaptations in gray matter volume, white matter (WM)
integrity, and greater structural and functional integrity of brains in
bilinguals when compared to matched monolinguals. This neural
restructuring is thought to lead to a more favorable trajectory of neu-
rocognitive aging in the later years of life. Through reserve mechanisms,
bilingualism may also delay the onset of dementia symptoms (Anderson
et al., 2020; Brini et al., 2020). However, this evidence is commonly
reported as a cross-sectional, between groups (monolingual vs. bilin-
gual) comparison. Less is known about how bilingual experience in-
teracts with age to impact the nature and trajectory of this decline.
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Furthermore, although bilingual experience is quite heterogeneous (see,
e.g., Bak, 2016; Luk and Bialystok, 2013), little evidence currently exists
regarding how varying degrees of bilingual engagement might affect this
trajectory. The aims of the present study were, thus, 1) to examine how
bilingualism affects the trajectory of neurostructural decline in aging,
and 2) assess how degree of bilingual experience might ameliorate the
rate of neural decline.

White matter is a crucial element in the neural architecture that
ensures communication between different brain regions. Normal aging
produces trends of diminishing WM integrity (Bartzokis et al., 2012;
Bennett et al., 2010; Cox et al., 2016; Imperati et al., 2011). White
matter decline has been mapped throughout healthy aging and can be
detected earlier than aging-related gray matter atrophy (Giorgio et al.,
2010). After reaching a peak between 20 and 42 years of age, declines in
both WM volume and integrity occur across multiple tracts (Lebel et al.,
2012). This trajectory is not always linear. Regional and global WM
integrity has been found to remain relatively constant through
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adulthood and then to more sharply decline later in life, beginning
around the age of 60 (Westlye et al., 2010). But, even if some decline is
inevitable with age, maintenance of WM integrity is of paramount
importance in aging as reductions in WM volume and integrity have
been linked to cognitive outcomes not only in healthy aging (Kerchner
et al., 2012), but also in neurodegenerative diseases such as Alzheimer’s
disease (Gold et al., 2012), Parkinson’s disease (Auning et al., 2014;
Hattori et al., 2012), Huntington’s disease (Ciarmiello et al., 2006;
Novak et al., 2014) and Multiple Sclerosis (Riccitelli et al., 2012).
Moreover, WM integrity, even in midlife, predicts neurocognitive health
and outcomes as time passes (Irwin et al., 2018).

Crucially, the decline of WM integrity can be modulated by various
lifestyle factors. A number of these including physical exercise (Hotting
and Roder, 2013; Young et al., 2015), musicianship (Andrews et al.,
2021) and educational attainment (Mungas et al., 2018) have been
shown to offer some degree of protection against the symptoms of
neurocognitive aging. In recent years, a growing body of work indicates
bilingualism, as a lifestyle factor, might provide a similar type of pro-
tection (see for review Gallo et al., 2020; Zhang et al., 2020). The
continued management of two competing linguistic systems is thought
to result in specific neurophysiological adaptations in regions involved
in language and domain-general cognitive control which, in turn, make
the brain more effective and efficient at handling these control demands
(Li et al.,, 2014; Pliatsikas, 2020; Pliatsikas et al., 2020). These
bilingualism-induced neuroanatomical adaptations are thought to pro-
vide a basis for brain reserve seen in typical aging (Abutalebi and Green,
2016; Grant et al., 2014; Grundy et al., 2017). We herein refer to brain
reserve as the structural reinforcement or “scaffolding” of gray- and WM
integrity against the natural decay associated with aging (Stern et al.,
2020).

Previous research has shown bilingualism contributes to the
building-up of brain reserves in older age (Calabria et al., 2018). Studies
employing diffusion tensor imaging (DTI) have found that older bi-
linguals maintain higher integrity in several WM tracts supporting lan-
guage processing and control, specifically the corpus callosum (CC),
superior longitudinal fasciculi (SLF) bilaterally, and right inferior
fronto-occipital fasciculus (IFOF) (Anderson et al., 2018a; Luk et al.,
2011). For example, Anderson et al. (2018) found bilinguals to exhibit
higher integrity in temporal regions of the SLF; the higher WM integrity
observed for bilinguals was interpreted as increased neural reserve to
counteract symptoms of decline. Bilingualism has also been found to
contribute to changes in functional connectivity in older age, which
seem to relate to adaptations in WM microstructure (Luk et al., 2011).
However, this pattern of results is not uniform across studies. Several
show bilingual older adults to have lower preservation of WM integrity
in older age when compared to monolingual controls. For example, a
study by Gold et al. (2013) found that while older bilinguals performed
similarly to monolinguals on several executive function (EF) tasks, they
exhibited lower WM integrity in a number of brain regions, including the
inferior longitudinal fasciculus (ILF) and the IFOF, the fornix, and
multiple portions of the CC. More recent work by Anderson et al. (2021)
shows similar effects- bilinguals and monolinguals performed similarly
on various cognitive measures with bilinguals exhibiting a generally
greater degree of brain structure decline.

The current evidence for bilingual effects on WM decline in aging is
mixed. However, the majority of evidence for this comes from cross-
sectional, group-level comparisons. More recent proposals (e.g., Bia-
lystok, 2021; Perani and Abutalebi, 2015) suggest a shifting trajectory of
brain structure decline through aging as the brain shifts from a mech-
anism of resilience to one of compensation. That is, in earlier stages of
aging, bilingual experience may contribute to resilience against struc-
tural degradation (Gallo et al., 2020; Perani and Abutalebi, 2015).
However, in later stages of aging, when these physical reserves are
exhausted, a compensatory mechanism is engaged to maintain cognitive
performance with diminishing neural resources (Bialystok, 2021). Such
a trajectory is difficult to capture with group-level comparisons. To our
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knowledge, very few studies to date have examined what effect bilingual
experience has on the actual trajectory of neural decline through aging
(but see Anderson et al., 2021).

Another potential source of variability in bilingualism-related neu-
rocognitive outcomes in aging is the bilingualism itself. Bilingual
experience is not static or uniform across individuals (Bak, 2016; Lei-
vada et al., 2021; Luk and Bialystok, 2013) and this has implications for
neurocognitive outcomes. In younger populations, a growing body of
research shows that individual bilingual experiences correlate to distinct
neurocognitive outcomes (Beatty-Martinez et al., 2020; DeLuca et al.,
2019; Fedeli et al., 2021; Gullifer et al., 2018; Navarro-Torres et al.,
2021; Sulpizio et al.,, 2020). Two key trends can be seen from this
literature. First, engagement with different bilingual experience-based
factors (e.g., duration of use, degree and nature of switching, etc.)
correlate with distinct and specific neurocognitive adaptations. Second,
these adaptations are dynamic in their instantiation and are calibrated
to the nature and degree of experience (see for review Deluca et al.,
2020). As the nature and degree of neural plasticity is linked to patterns
of language experience, it follows that this would have implications for
the degree of neurocognitive decline associated with aging. However,
very little research to date has examined this relationship. An ongoing
question thus remains- how do different degrees of engagement with
bilingual experience correlate to plasticity, juxtaposed against neural
decline associated with aging?

1.1. The present study

Given the above discussion, the specific aims of the present study are
twofold. First, we aim to assess how bilingualism as an experience
modulates the trajectory of WM decline in healthy aging. Second, we
aim to examine the extent to which the degree of engagement in bilin-
gual experience might ameliorate the trajectory for WM integrity across
the adult lifespan. We specifically examine two commonly used mea-
sures of WM integrity: fractional anisotropy (FA), a measure of the
orientation of water diffusion in the myelinated axons, and mean
diffusivity (MD) a measure of overall rate of water diffusion in brain
tissue, to check patterns of WM microstructure and a more broad mea-
sure of degree of myelination (Bennett et al., 2010). Reductions of WM
integrity are expressed as increases in MD values and decreases in FA
values. Given study aims, our predictions were the following: First, we
predicted that bilingual experience would delay the onset of any trend of
increased demyelination (Anderson et al., 2018a; Bialystok, 2021; Luk
et al.,, 2011). Second, given the correlations to increased plasticity in
younger adults we predicted that increased engagement with bilingual
experience would result in a further degree of delay in WM decline.

2. Methods
2.1. Participants and procedure

In total, 78 participants (56 female, mage = 51.6, range: 30-83) were
included in the subject cohort. Inclusion criteria for the study were being
right-handed, no history of speech and language disorders, and no
contraindications to MRI scanning. This cohort consisted of a bilingual
group of a wide age range and monolingual group who were middle-to-
older-aged (see Table 1 for demographic information on the participant
sample). The bilingual participants spoke a range of additional lan-
guages, but all spoke English. The monolingual participants were native
speakers of English with minimal to no exposure to any additional lan-
guages. All participants were resident in the UK at time of testing. In
addition to the scan, participants completed the Language and Social
Background Questionnaire (LSBQ; Anderson et al., 2018b), which doc-
uments participants’ language exposure and use in a variety of settings.
The LSBQ contains a factor score calculator with a variety of outputs,
including a bilingual composite factor score (BCS) relating to overall
degree of bilingual engagement. For the BCS, a higher score indicates a
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Table 1

Characteristics of the participant sample. The matched dataset was used for the
between-groups analyses. *ACE-IIl scores only available for a subset of
participants.

Participants Matched Matched
(N=78) Monolinguals (N = Bilinguals (N =
22) 22)
Mean age (SD) 51.6 (14.2) 63.7 (9.81) 57.9 (6.34)
Sex 56 F; 22 M 12F; 10 M 15F;,7M
Education (SD) 4.10 (1.15) 3.36 (1.14) 3.82(1.10)
LSBQ Bilingualism 9.59 (10.9) —5.82 (1.65) 17.0 (3.51)
Composite Score
(SD)
ACE-III total score N/A* 94.8 (4.06) 94.6 (3.76)
(SD)
Contrast-to-noise 1.01 (0.154) 1.05 (0.147) 1.10 (0.150)
ratio (SD)
Signal-to-noise ratio 27.2(3.28) 27.4 (2.80) 28.5 (2.57)
(SD)

Absolute motion in
the scanner (mm)
(SD)

0.768 (0.408) 0.720 (0.334) 0.636 (0.178)

greater degree of bilingual engagement, whereas a lower score indicates
a lower degree of engagement. In addition to the quantification of
bilingualism, we also calculated a score related to education level for use
in analyses. A question pertaining to education level was re-coded to
reflect a Likert scale indicating the highest level of education achieved.
Scores were as follows: 1: no secondary education, 2: school (e.g., high
school diploma, A-levels, etc.), 3: some undergraduate education, 4:
undergraduate degree or diploma, 5: graduate or professional-level de-
gree. A subset of participants towards the older end in the age spectrum
(aged 48 and above, apart from one participant) also completed
Addenbrookes Cognitive Examination (ACE-III) (Hsieh et al., 2013).
ACE-III is a widely used cognitive screening tool and covers five
cognitive domains — attention, memory, fluency, language, and visuo-
spatial processing. A score of at least 82 out of 100 indicates healthy
cognitive function.

2.2. Imaging data acquisition

MRI scanning was performed on a Siemens 3T Prisma scanner with a
32-channel head coil and Syngo software. Participants underwent a
diffusion tensor imaging scan (voxel size 2.0 mm isometric, TR = 1800
ms, TE = 70 ms, 64 directions, FOV = 260 mm). For purposes of pre-
processing, a reverse phase-encoded b0 image and volumes with the
otherwise same parameters were obtained directly after the DTI scan.

2.3. Data preprocessing and analysis

DTI data were preprocessed with pipelines within FSL (Jenkinson
et al., 2012). The data were first preprocessed using the topup (Ander-
sson et al., 2003) and eddy (Andersson and Sotiropoulos, 2016) pipelines
to account for susceptibility distortions, eddy current distortions, and
any signal outliers within volumes. As diffusion MRI data quality can be
affected by subject-related artefacts, the eddyqc automated quality
control pipeline was run to assess the data at a subject level (Bastiani
et al., 2019). Through this method, measures of contrast-to-noise ratio
(CNR), signal-to-noise ratio (SNR), and absolute motion in the scanner
were obtained (see Table 1 for a summary of these metrics). Following
preprocessing, a tensor model was fit using the dtifit pipeline within the
FDT package (Behrens et al., 2007). The standard pipeline within the
tract-based spatial statistics (TBSS) package was carried out. First, all
subjects were non-linearly registered to a 1x1x1mm MNI-space tem-
plate. From this, a mean FA image was created and then skeletonized.
Finally, all subjects FA and MD values were projected on the skeleton-
ized images. Following these steps, FA and MD values were extracted for
each participant. This was done first using the whole FA skeleton to
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extract whole-brain FA and MD values, as a measure overall brain health
(see e.g., Berkes et al., 2021), and for several ROI tracts which have been
previously implicated in both bilingualism-induced plasticity and neural
decline associated with aging, including the CC, bilateral IFOF, and SLF
(Luk et al., 2011; Singh et al., 2018). For the ROIs, parcellations taken
from the Juelich Histological Atlas were used as masks to extract FA and
MD values (Fig. 2, bottom panel).

To address the study aims, two main analyses were run. First, to
explore the interaction of bilingual experiences and age in a between
groups manner, we ran generalized additive models (GAMs) using the
mgcv package (Wood, 2017) in R (R Core Team, 2021). This was done as
we wanted to account for any non-linear trajectory of neural decline
over time. GAM:s fit a nonlinear regression spline consisting of the sum of
simpler nonlinear functions, but only where sufficient evidence exists
for a specific curve. GAMs report the nonlinearity of an effect via a
measure of estimated degrees of freedom (edf), where edf = 1 denotes a
linear term and edf>1 indicates a nonlinear term. The GAM analysis was
carried out on a matched bilingual and monolingual participant sample.
In addition to the quality control metrics, sex and education level have
been previously shown to ameliorate neurocognitive decline (Arena-
za-Urquijo et al., 2017; Levine et al., 2021). The participant groups were
thus matched on age, sex, education, baseline cognitive performance
(ACE-III scores), average CNR, average SNR, and absolute motion in the
scanner using the Matchlt package (Ho et al., 2011). We used optimal
pair matching to create the dataset. As several of the factors used for
matching were continuous, covariate balance was assessed using the
cobalt package (Greifer, 2021). Covariate balance was optimal for all
variables (adjusted variance ratios<2), apart from age (marginal,
adjusted variance ratio = 2.4) and absolute motion (adjusted variance
ratio = 3.5). The matched dataset consisted of N = 44 individuals (22
bilingual and 22 monolingual; Table 1). As covariate balance was sub-
optimal for absolute motion and sex was a dichotomous variable, these
were run as random smooths in the GAM analyses.

Separate GAMs were run for both whole-brain and ROIs in two sets of
analyses. A first model examined the effects of age on WM integrity, both
on the whole-brain level and in the specified ROIs. Two follow-up
models were then run. The first added an interaction term of age by
language group (‘bilingual’ and ‘monolingual’), run as an ordered fac-
tor, to assess if the trajectory of age differed significantly between bi-
linguals and monolinguals. These models were run twice, first with the
reference level set to monolingualism, and then with reference set to
bilingualism. A third, final model was run only if the interaction of age
and ‘lingualism’ was reliably significant in both versions of the second
model, that is a significant interaction was observed with both bilin-
gualism and monolingualism set as the reference level. This final model
included the age by language group interaction but now modelled lan-
guage group as an unordered factor. This was done to model specific
effects of age separately per language group to tease apart the interac-
tion from the previous model.

To examine how varying degrees of bilingual experience might
ameliorate the trajectory of aging over time, the whole-brain and ROI
WM values were submitted to a regression analysis with general linear
models (GLM) using the stats package (R Core Team, 2021). Two models
were run. A first, base model included terms of age, sex, education, CNR,
SNR, and absolute motion in the scanner. A second model then added an
interaction term of BCS with age and a main effect of BCS. Model fit was
compared between the two using the anova function via the stats
package. Only the models which significantly improved fit over the base
model were followed up and reported in the results. To account for
multiple comparisons in the GLM analysis, all p-values were thresholded
at a bonferroni-corrected value of p = 0.00417.
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3. Results
3.1. Aging trajectory analysis (GAM)

A significant effect of age was observed for all FA (decreases) and MD
(increases) values across all ROIs apart from FA in the bilateral SLF. The
second set of models (‘lingualism’ as an ordered factor) revealed three
significant interactions. With bilingualism set as a reference, age by
monolingualism interaction was significant for right SLF MD (p =
0.042219) and right SLF FA (p = 0.00495) measures. With mono-
lingualism set as a reference, age by bilingualism interaction was sig-
nificant for MD in the left SLF (p = 0.0442) and FA in the right SLF (p =
0.00635). Thus, the third-level analysis was run only on the right SLF
FA.

Results from the third-level model on right SLF FA values (treating
“lingualism” as an unordered factor) revealed a significant interaction of
age and monolingualism (p < 0.00786; edf = 1.0002). This model also
revealed a significant effect of sex (p = 0.01184) and absolute motion (p
= 0.02496). See Fig. 1 for a summary visualization. The interaction
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between age and bilingualism in this model, however, was not
significant.

3.2. Individual differences analysis (GLM)

The base model revealed a significant effect of age for most ROIs.
This effect was found for whole brain FA and MD values, CC FA and MD
values and MD values in the bilateral IFOF and the bilateral SLF.
However, age did not significantly predict FA values in the SLF bilat-
erally. In the follow up analysis, adding BCS as a main effect and BCS by
age interaction to the model, did improve model fit for all models except
for the ones with FA values in the bilateral IFOF and bilateral SLF.

For the follow-up models which improved model fit, model sum-
maries showed a significant interaction between age and BCS on whole
brain FA and MD values, CC FA and MD values, left IFOF MD values,
right IFOF FA and MD values, and bilateral SLF MD values (Table 2;
Fig. 2). However, the significance level of the CC (FA and MD), right
IFOF FA, and bilateral SLF MD did not survive correction for multiple
comparisons.

RSLF FA
045 050 0.55 060 065 0.70

bl
ml

age

Fig. 1. Effect of age and language group interaction on the right SLF fractional anisotropy. See mask of the right SLF superimposed in blue on an MNI152 template in
the upper panel. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)



V. DeLuca and T. Voits

Table 2

Output from GLM analyses. Significance levels of age by BCS interaction are only
reported for models where the addition of BCS improved goodness of fit over the
base model. Bolding indicates significance after correction for multiple
comparisons.

White matter T statistic

integrity measure

Brain region Significance level of the age

x BCS interaction

Whole FA p = 0.00711 t=2.774
brain MD p = 0.00208 t=
—3.200
Corpus FA p=0.01717 t=2.442
callosum MD p = 0.01003 t=
—2.648
Left IFOF MD p=0.000258 t=-3.854
Right IFOF MD p=0.001273 t=-3.360
Left SLF MD p = 0.00468 t=
—2.923
Right SLF MD p = 0.00564 t=
—2.858

4. Discussion

The present study attempted to address two main issues. First, we
aimed to examine how bilingualism modulates the trajectory of neural
decline in normal aging. Second, we aimed to examine the extent to
which the degree of bilingual engagement might ameliorate this tra-
jectory across the adult lifespan. The results herein indicate that bilin-
gualism, in at least certain tracts, modulates the trajectory of age-related
decline in WM integrity. Furthermore, the degree of amelioration seems
calibrated to the degree of bilingual engagement across the adult life-
span. The amelioration of WM trajectories seen in both analyses is in line
with our predictions. Specifically, the negative effect of age on FA values
for monolinguals in the right SLF, seen in the GAM analysis, indicates a
typical degradation with age for monolinguals, reflected in faster WM
integrity reduction. Across both whole-brain and specific tract ROIs in
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the GLM analysis, the degree of engagement with bilingual experience
was found to modulate the slope of decline in WM integrity. These re-
sults indicate degree of engagement with bilingual experiences ame-
liorates the rate of decline across the lifespan. Specifically, a higher
degree of engagement seems to correlate to a slower rate of decline.
Taken together, this supports an account of bilingualism contributing to
brain reserve (Abutalebi et al., 2015; Perani and Abutalebi, 2015).

Models of aging propose a shift in reliance from posterior to anterior
structures in handling various cognitive demands (Davis et al., 2008),
while the adaptations to bilingual language control demands have been
proposed as a mechanism by which these fronto-posterior connections
are maintained (Grant et al., 2014; Grundy et al., 2017). By nature of its
design, the present study cannot adjudicate directionality of this shift.
However, given that the SLF connects frontal, parietal, and posterior
regions of the brain, the maintenance of WM integrity in bilinguals can
be interpreted within these proposals as a measure of maintenance of
these connections subsumed within the SLF. Specifically, the preserva-
tion of WM integrity in aging suggests a maintenance of the structural
basis for efficient communication between a wider network of brain
regions which can be plastically recruited to handle control demands
more efficiently (Grundy et al., 2017; Hernandez et al., 2019; Pliatsikas,
2020).

The effect in the right SLF also partially overlaps with findings in
younger adults showing bilingualism-induced plasticity in this region
(Mamiya et al., 2016; Singh et al., 2018). Singh et al. (2018) report
increased axial diffusivity values for bilinguals than monolinguals in this
tract, which is interpreted as axonal restructuring for increased effi-
ciency in communication between the regions it connects. Interestingly,
a similar effect is observed in aging cohorts for the SLF (Anderson et al.,
2018a). Compared to the results seen across younger and older pop-
ulations, the difference in age trajectories for FA values observed be-
tween groups herein supports the interpretation of optimization of WM
structure to handle communication most efficiently between connected
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Fig. 2. Visualization of the significant age by BCS interaction effects at the Bonferroni-corrected significance level of p = 0.00417. A three-dimensional visualization
of the masks used for extraction of WM data. Bilateral corpus callosum in orange; bilateral IFOF in red; bilateral SLF in blue. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)
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regions which contributes to increased resiliency of WM to age-related
degradation (Pliatsikas, 2020).

The trends from the individual differences analyses adds to results
suggesting that the degree of preservation afforded by bilingualism-
induced plasticity is calibrated to the degree of engagement with the
experience (Voits et al., 2022). The interaction between increased
bilingual engagement and age, as a flattening of the trajectory of decline,
is indicative of increased WM structural preservation with more active
engagement in bilingual experience. Akin to the findings for the first
analysis discussed above, this interaction can be interpreted as an
outcome of neurocognitive adaptations to peak efficiency; that is, not
necessarily increased WM, but a restructuring towards optimal effi-
ciency in communication between regions which provides a basis for
resilience to age-related decline (Pliatsikas, 2020). A similar argument
can be made for the effects seen in MD values within the right IFOF.
Higher degrees of engagement would suggest the results of adaptation in
WM microstructure to optimally and efficiently handle control demands
(Abutalebi and Green, 2016). As the IFOF connects the frontal regions
associated with cognitive control to other parietal and posterior net-
works, this indicates a prolonged use of the specific regions in a wider
network to handle control demands, which in turn contributes to resil-
ience to degradation within this tract. Whole-brain MD is an indicator of
global brain health and increases with age (Rathee et al., 2016). The
continuous use of this system throughout the later years of life ensures
resilience of the brain structures and connections between them against
neural atrophy associated with healthy aging and, possibly, dementia. A
similar argument can be made for whole-brain FA (Kochunov et al.,
2012).

Although we saw sensitivity of age by BCS interaction for most MD
values in the whole-sample GLM analyses, this was not as widely
applicable to FA values. However, this pattern of results is not neces-
sarily unexpected. Recall that FA and MD tap into slightly different as-
pects of WM integrity. Furthermore, literature suggests that MD is more
sensitive to aging than FA (Cox et al., 2016), and, as such, changes to it
are more likely to manifest in middle age which is when the first signs of
cognitive aging might emerge. Pertaining to the data herein, it follows
that the more sensitive measures to early aging would also be more
likely to be affected by bilingual experience. Indeed, our matched
sample (older age) showed predominantly FA effects. It is, however,
worth reiterating that in both FA and MD measures, bilingual engage-
ment appears to correlate to better-maintained WM integrity through
aging. It is possible that bilingual effects may simply manifest in
different ways depending on participant age at testing, although further
research in middle-aged through older populations is required to assess
this claim.

The trends seen in the present data are also in line with previous
literature showing preserved WM structure in aging (Luk et al., 2011;
Anderson et al., 2018a). Specifically, it appears that the underlying
structural basis for brain reserve seen is not necessarily ‘more’ WM but
the preservation (resilience) of what is already present (Pliatsikas,
2020). It is worth noting that these results at face value seem to not align
with more recent work (Anderson et al., 2021) showing bilinguals to
have a faster decline in WM structure in aging. However, the discrepancy
may be explainable as a function of age. The average age of the partic-
ipants in the study by Anderson et al. (2021) was 10 years older than
those in the matched sample within the present study. As alluded to
earlier, it is predicted that with increasing age, there is a shift from
greater neural resilience to a more compensatory mechanism with
increasing age (see for discussion Bialystok, 2021). Under such a view,
these results are simply capturing separate snapshots of an overarching
shift in reserve mechanisms in aging. Recall that in both instances, the
groups had been matched for cognitive performance. Thus, it is possible
that the results from the present study represent an earlier, brain reserve
mechanism (resilience to decay), while the results from the Anderson
et al. (2021) study may be capturing a later, compensatory account
where cognition is maintained in the face of structural decline.
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However, more research examining bilingual effects on the aging tra-
jectory with a broader range of ages is needed to assess this
interpretation.

Together, these results suggest that a more nuanced exploration of
bilingual effects in aging is warranted and, indeed, is the ideal way to
better unpack these in future. Previous studies have traditionally
employed a monolingual vs bilingual cohort design, which shows group
level differences in a single point in the aging process. While such study
designs are absolutely warranted, we submit that future research
examining potential bilingual effects would ideally also examine age as a
trajectory and include continuous measures of bilingual experience.

While the present results are encouraging, it should be noted that the
cohort-based study design such as the present study is not able to assess a
causal link between bilingual experience and neurocognitive outcomes.
We are examining trajectories by measuring brain adaptations at a single
point in time for each individual across a larger age range, which de-
limits what can be measured regarding brain adaptations and language
use patterns over time. Future research would also examine such pat-
terns of neurocognitive aging from a longitudinal perspective. This
would enable the examination of dynamic changes to brain structure
through some portion of the aging process and allow us to better un-
derstand these against dynamic shifts in patterns of language use.

To conclude, bilingual experience is a factor in ameliorating the
progression of neural decline via maintenance of neural circuits impli-
cated in language- and executive control demands. Taken together, the
results presented herein indicate that bilingualism contributes to a
prolonged maintenance of existing WM integrity throughout the adult
lifespan. Crucially, the degree of engagement in bilingual experience is
also an explanatory variable: the greater engagement with bilingual
experiences, the greater the effect on WM integrity preservation across
the middle to older age lifespan.

Credit author statement

Vincent DeLuca: Conceptualization, Methodology, Formal analysis,
Data curation, Writing — original draft preparation, Writing- Reviewing
and Editing Toms Voits: Conceptualization, Methodology, Formal
analysis, Data curation, Writing — original draft preparation, Writing-
Reviewing and Editing.

Acknowledgements

The overall project received funding from the Centre for Integrative
Neuroscience and Neurodynamics as well as the School of Psychology
and Clinical Language Sciences at the University of Reading. The authors
are funded by the AcqVA Aurora Centre grant- UiT The Arctic University
of Norway.

References

Abutalebi, J., Green, D.W., 2016. Neuroimaging of language control in bilinguals: neural
adaptation and reserve. Biling. Lang. Cognit. 19 (4), 689-698. https://doi.org/
10.1017/81366728916000225.

Abutalebi, J., Guidi, L., Borsa, V., Canini, M., Della Rosa, P.A., Parris, B.A., Weekes, B.S.,
2015. Bilingualism provides a neural reserve for aging populations.
Neuropsychologia 69, 201-210. https://doi.org/10.1016/j.
neuropsychologia.2015.01.040.

Anderson, J.A.E., Grundy, J.G., De Frutos, J., Barker, R.M., Grady, C., Bialystok, E.,
2018a. Effects of bilingualism on white matter integrity in older adults. Neuroimage
167, 143-150. https://doi.org/10.1016/j.neuroimage.2017.11.038. June, 2017.

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

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

Anderson, J.A.E., Mak, L., Keyvani Chahi, A., Bialystok, E., 2018b. The language and
social background questionnaire: assessing degree of bilingualism in a diverse
population. Behav. Res. Methods 50 (1), 250-263. https://doi.org/10.3758/513428-
017-0867-9.


https://doi.org/10.1017/S1366728916000225
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.neuroimage.2017.11.038
https://doi.org/10.1016/j.neuropsychologia.2021.108071
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/10.3758/s13428-017-0867-9
https://doi.org/10.3758/s13428-017-0867-9

V. DeLuca and T. Voits

Andersson, J.L.R., Skare, S., Ashburner, J., 2003. How to correct susceptibility
distortions in spin-echo echo-planar images: application to diffusion tensor imaging.
Neuroimage 20 (2), 870-888. https://doi.org/10.1016/51053-8119(03)00336-7.

Andersson, J.L.R., Sotiropoulos, S.N., 2016. An integrated approach to correction for off-
resonance effects and subject movement in diffusion MR imaging. Neuroimage 125,
1063-1078. https://doi.org/10.1016/j.neuroimage.2015.10.019.

Andrews, E., Eierud, C., Banks, D., Harshbarger, T., Michael, A., Rammell, C., 2021.
Effects of lifelong musicianship on white matter integrity and cognitive brain
reserve. Brain Sci. 11 (1), 1-11. https://doi.org/10.3390/brainsci11010067.

Arenaza-Urquijo, E.M., Bejanin, A., Gonneaud, J., Wirth, M., La Joie, R., Mutly, J.,
Gaubert, M., Landeau, B., de la Sayette, V., Eustache, F., Chételat, G., 2017.
Association between educational attainment and amyloid deposition across the
spectrum from normal cognition to dementia: neuroimaging evidence for protection
and compensation. Neurobiol. Aging 59, 72-79. https://doi.org/10.1016/j.
neurobiolaging.2017.06.016.

Auning, E., Kjervik, V.K., Selnes, P., Aarsland, D., Haram, A., Bjgrnerud, A., Hessen, E.,
Esnaashari, A., Fladby, T., 2014. White matter integrity and cognition in Parkinson’s
disease: a cross-sectional study. BMJ Open 4 (1), 1-10. https://doi.org/10.1136/
bmjopen-2013-003976.

Bak, T.H., 2016. Cooking pasta in La paz. Linguistic Approaches to Bilingualism 6 (5),
699-717. https://doi.org/10.1075/1ab.16002.bak.

Bartzokis, G., Lu, P.H., Heydari, P., Couvrette, A., Lee, G.J., Kalashyan, G., Freeman, F.,
Grinstead, J.W., Villablanca, P., Finn, J.P., Mintz, J., Alger, J.R., Altshuler, L.L.,
2012. Multimodal magnetic resonance imaging assessment of white matter aging
trajectories over the lifespan of healthy individuals. Biol. Psychiatr. 72 (12),
1026-1034. https://doi.org/10.1016/j.biopsych.2012.07.010.

Bastiani, M., Cottaar, M., Fitzgibbon, S.P., Suri, S., Alfaro-Almagro, F., Sotiropoulos, S.N.,
Jbabdi, S., Andersson, J.L.R., 2019. Automated quality control for within and
between studies diffusion MRI data using a non-parametric framework for
movement and distortion correction. Neuroimage 184 (May 2018), 801-812.
https://doi.org/10.1016/j.neuroimage.2018.09.073.

Beatty-Martinez, A.L., Navarro-Torres, C.A., Dussias, P.E., Bajo, M.T., Guzzardo
Tamargo, R.E., Kroll, J.F., 2020. Interactional context mediates the consequences of
bilingualism for language and cognition. J. Exp. Psychol. Learn. Mem. Cognit. 46 (6),
1022-1047. https://doi.org/10.1037/xlm0000770.

Behrens, T.E.J., Berg, H.J., Jbabdi, S., Rushworth, M.F.S., Woolrich, M.W., 2007.
Probabilistic diffusion tractography with multiple fibre orientations: what can we
gain? Neuroimage 34 (1), 144-155. https://doi.org/10.1016/j.
neuroimage.2006.09.018.

Bennett, I.J., Madden, D.J., Vaidya, C.J., Howard, D.V., Howard, J.H., 2010. Age-related
differences in multiple measures of white matter integrity: a diffusion tensor imaging
study of healthy aging. Hum. Brain Mapp. 31 (3), 378-390. https://doi.org/
10.1002/hbm.20872.

Berkes, M., Calvo, N., Anderson, J.A.E., Bialystok, E., 2021. Poorer clinical outcomes for
older adult monolinguals when matched to bilinguals on brain health. Brain Struct.
Funct., 0123456789 https://doi.org/10.1007/s00429-020-02185-5.

Bialystok, E., 2021. Bilingualism: pathway to cognitive reserve. Trends Cognit. Sci. 1-10
https://doi.org/10.1016/j.tics.2021.02.003.

Brini, S., Sohrabi, H.R., Hebert, J.J., Forrest, M.R.L., Laine, M., Hamalainen, H.,
Karrasch, M., Peiffer, J.J., Martins, R.N., Fairchild, T.J., 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), 1-24. https://
doi.org/10.1007/511065-020-09426-8.

Calabria, M., Costa, A., Green, D.W., Abutalebi, J., 2018. Neural basis of bilingual
language control. Ann. N. Y. Acad. Sci. 1426 (1), 221-235. https://doi.org/10.1111/
nyas.13879.

Ciarmiello, A., Cannella, M., Lastoria, S., Simonelli, M., Frati, L., Rubinsztein, D.C.,
Squitieri, F., 2006. Brain white-matter volume loss and glucose hypometabolism
precede the clinical symptoms of Huntington’s disease. J. Nucl. Med. : Off. Publ. Soc.
Nuclear Med. 47 (2), 215-222. http://www.ncbi.nlm.nih.gov/pubmed/16455626.

Cox, S.R., Ritchie, S.J., Tucker-Drob, E.M., Liewald, D.C., Hagenaars, S.P., Davies, G.,
Wardlaw, J.M., Gale, C.R., Bastin, M.E., Deary, 1.J., 2016. Ageing and brain white
matter structure in 3,513 UK Biobank participants. Nat. Commun. 7, 1-13. https://
doi.org/10.1038/ncomms13629.

Davis, S.W., Dennis, N.A., Daselaar, S.M., Fleck, M.S., Cabeza, R., 2008. Qué PASA? the
posterior-anterior shift in aging. Cerebr. Cortex 18 (5), 1201-1209. https://doi.org/
10.1093/cercor/bhm155.

DeLuca, V., Rothman, J., Bialystok, E., Pliatsikas, C., 2019. Redefining bilingualism as a
spectrum of experiences that differentially affects brain structure and function. Proc.
Natl. Acad. Sci. Unit. States Am. 116 (15), 7565-7574. https://doi.org/10.1073/
pnas.1811513116.

DeLuca, V., Segaert, K., Mazaheri, A., Krott, A., 2020. Understanding bilingual brain
function and structure changes? U Bet! A Unified Bilingual Experience Trajectory
model. J. Neurolinguistics. https://doi.org/10.1017/CB09781107415324.004.

Fedeli, D., Del, N., Sulpizio, S., Rothman, J., 2021. The bilingual structural connectome :
dual-language experiential factors modulate distinct cerebral networks Brain and
Language the bilingual structural connectome : dual-language experiential factors
modulate distinct cerebral networks. Brain Lang. 220 (June), 104978. https://doi.
org/10.1016/j.bandl.2021.104978.

Gallo, F., Myachykov, A., Shtyrov, Y., Abutalebi, J., 2020. Cognitive and brain reserve in
bilinguals : field overview and explanatory mechanisms. J. Cultural Cognitive Sci. 1
https://doi.org/10.1007/s41809-020-00058-1.

Giorgio, A., Santelli, L., Tomassini, V., Bosnell, R., Smith, S., De Stefano, N., Johansen-
Berg, H., 2010. Age-related changes in grey and white matter structure throughout
adulthood. Neuroimage 51 (3), 943-951. https://doi.org/10.1016/].
neuroimage.2010.03.004.

Neuropsychologia 169 (2022) 108191

Gold, B.T., 2015. Lifelong bilingualism and neural reserve against Alzheimer’s disease: a
review of findings and potential mechanisms. Behav. Brain Res. 281, 9-15. https://
doi.org/10.1016/j.bbr.2014.12.006.

Gold, B.T., Johnson, N.F., Powell, D.K., 2013. Lifelong bilingualism contributes to
cognitive reserve against white matter integrity declines in aging. Neuropsychologia
51 (13), 2841-2846. https://doi.org/10.1016/j.neuropsychologia.2013.09.037.

Gold, B.T., Johnson, N.F., Powell, D.K., Smith, C.D., 2012. White matter integrity and
vulnerability to Alzheimer’s disease: preliminary findings and future directions.
Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1822 (3), 416-422. https://doi.org/
10.1016/j.bbadis.2011.07.009.

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

Grant, A., Fang, S.Y., Li, P., 2015. Second language lexical development and cognitive
control: a longitudinal fMRI study. Brain Lang. 144, 35-47. https://doi.org/
10.1016/j.bandl.2015.03.010.

Greifer, N., 2021. Cobalt: Covariate Balance Tables and Plots. R package version 4.3.1.

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

Gullifer, J.W., Chai, X.J., Whitford, V., Pivneva, 1., Baum, S., Klein, D., Titone, D., 2018.
Bilingual experience and resting-state brain connectivity: impacts of L2 age of
acquisition and social diversity of language use on control networks.
Neuropsychologia 117 (April 2017), 123-134. https://doi.org/10.1016/j.
neuropsychologia.2018.04.037.

Hattori, T., Orimo, S., Aoki, S., Ito, K., Abe, O., Amano, A., Sato, R., Sakai, K.,
Mizusawa, H., 2012. Cognitive status correlates with white matter alteration in
Parkinson’s disease. Hum. Brain Mapp. 33 (3), 727-739. https://doi.org/10.1002/
hbm.21245.

Hernandez, A.E., Li, P., Abutalebi, J., 2019. The bilingual brain: emergent, dynamic, and
variable. Albert Costa (1970-2018). Trends Cognit. Sci. xx (xx), 3-5. https://doi.
org/10.1016/j.tics.2019.05.002.

Ho, D.E., Imai, K., King, G., Stuart, E.A., 2011. Matchlt : nonparametric preprocessing for
parametric causal inference. J. Stat. Software 42 (8). https://doi.org/10.18637 /jss.
v042.i08.

Hotting, K., Roder, B., 2013. Beneficial effects of physical exercise on neuroplasticity and
cognition. Neurosci. Biobehav. Rev. 37 (9), 2243-2257. https://doi.org/10.1016/j.
neubiorev.2013.04.005.

Hsieh, S., Schubert, S., Hoon, C., Mioshi, E., Hodges, J.R., 2013. Validation of the
addenbrooke’s cognitive examination III in frontotemporal dementia and
Alzheimer’s disease. Dement. Geriatr. Cognit. Disord. 36 (3-4), 242-250. https://
doi.org/10.1159/000351671.

Imperati, D., Colcombe, S., Kelly, C., Martino, A., Zhou, J., Castellanos, F.X., Milham, M.
P., 2011. Differential development of human brain white matter tracts. PLoS One 6
(8). https://doi.org/10.1371/journal.pone.0023437.

Irwin, K., Sexton, C., Daniel, T., Lawlor, B., Naci, L., Anson, E., 2018. Healthy aging and
dementia: two roads diverging in midlife? Front. Aging Neurosci. 10 (SEP), 1-12.
https://doi.org/10.3389/fnagi.2018.00275.

Jenkinson, M., Beckmann, C.F., Behrens, T.E.J., Woolrich, M.W., Smith, S.M., 2012. FSL.
Neurolmage 62 (2), 782-790. https://doi.org/10.1016/j.neuroimage.2011.09.015.

Kerchner, G.A., Racine, C.A., Hale, S., Wilheim, R., Laluz, V., Miller, B.L., Kramer, J.H.,
2012. Cognitive processing speed in older adults: relationship with white matter
integrity. PLoS One 7 (11). https://doi.org/10.1371/journal.pone.0050425.

Kochunov, P., Williamson, D.E., Lancaster, J., Fox, P., Cornell, J., Blangero, J., Glahn, D.
C., 2012. Fractional anisotropy of water diffusion in cerebral white matter across the
lifespan. Neurobiol. Aging 33 (1), 9-20. https://doi.org/10.1016/].
neurobiolaging.2010.01.014.

Lebel, C., Gee, M., Camicioli, R., Wieler, M., Martin, W., Beaulieu, C., 2012. Diffusion
tensor imaging of white matter tract evolution over the lifespan. Neuroimage 60 (1),
340-352. https://doi.org/10.1016/j.neuroimage.2011.11.094.

Leivada, E., Westergaard, M., Dunabeitia, J.A., Rothman, J., 2021. On the phantom-like
appearance of bilingualism effects on neurocognition: (How) should we proceed?
Biling. Lang. Cognit. 24 (1), 197-210. https://doi.org/10.1017/
$1366728920000358.

Levine, D.A., Gross, A.L., Briceno, E.M., Tilton, N., Giordani, B.J., Sussman, J.B.,
Hayward, R.A., Burke, J.F., Hingtgen, S., Elkind, M.S.V., Manly, J.J., Gottesman, R.
F., Gaskin, D.J., Sidney, S., Sacco, R.L., Tom, S.E., Wright, C.B., Yaffe, K., Galecki, A.
T., 2021. Sex differences in cognitive decline among US adults. JAMA Netw. Open 4
(2), 1-13. https://doi.org/10.1001/jamanetworkopen.2021.0169.

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

Luk, G., Bialystok, E., 2013. Bilingualism is not a categorical variable: interaction
between language proficiency and usage. J. Cognit. Psychol. 25 (5), 605-621.
https://doi.org/10.1080/20445911.2013.795574.

Luk, G., Bialystok, E., Craik, F.I.M., Grady, C.L., 2011. Lifelong bilingualism maintains
white matter integrity in older adults. J. Neurosci. 31 (46), 16808-16813. https://
doi.org/10.1523/JNEUROSCIL.4563-11.2011.

Mamiya, P.C., Richards, T.L., Coe, B.P., Eichler, E.E., Kuhl, P.K., 2016. Brain white
matter structure and COMT gene are linked to second-language learning in adults.
Proc. Natl. Acad. Sci. U.S.A. 113 (26), 7249-7254. https://doi.org/10.1073/
pnas.1606602113.

Mungas, D., Gavett, B., Fletcher, E., Farias, S.T., DeCarli, C., Reed, B., 2018. Education
amplifies brain atrophy effect on cognitive decline: implications for cognitive
reserve. Neurobiol. Aging 68, 142-150. https://doi.org/10.1016/].
neurobiolaging.2018.04.002.


https://doi.org/10.1016/S1053-8119(03)00336-7
https://doi.org/10.1016/j.neuroimage.2015.10.019
https://doi.org/10.3390/brainsci11010067
https://doi.org/10.1016/j.neurobiolaging.2017.06.016
https://doi.org/10.1016/j.neurobiolaging.2017.06.016
https://doi.org/10.1136/bmjopen-2013-003976
https://doi.org/10.1136/bmjopen-2013-003976
https://doi.org/10.1075/lab.16002.bak
https://doi.org/10.1016/j.biopsych.2012.07.010
https://doi.org/10.1016/j.neuroimage.2018.09.073
https://doi.org/10.1037/xlm0000770
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1016/j.neuroimage.2006.09.018
https://doi.org/10.1002/hbm.20872
https://doi.org/10.1002/hbm.20872
https://doi.org/10.1007/s00429-020-02185-5
https://doi.org/10.1016/j.tics.2021.02.003
https://doi.org/10.1007/s11065-020-09426-8
https://doi.org/10.1007/s11065-020-09426-8
https://doi.org/10.1111/nyas.13879
https://doi.org/10.1111/nyas.13879
http://www.ncbi.nlm.nih.gov/pubmed/16455626
https://doi.org/10.1038/ncomms13629
https://doi.org/10.1038/ncomms13629
https://doi.org/10.1093/cercor/bhm155
https://doi.org/10.1093/cercor/bhm155
https://doi.org/10.1073/pnas.1811513116
https://doi.org/10.1073/pnas.1811513116
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.bandl.2021.104978
https://doi.org/10.1016/j.bandl.2021.104978
https://doi.org/10.1007/s41809-020-00058-1
https://doi.org/10.1016/j.neuroimage.2010.03.004
https://doi.org/10.1016/j.neuroimage.2010.03.004
https://doi.org/10.1016/j.bbr.2014.12.006
https://doi.org/10.1016/j.bbr.2014.12.006
https://doi.org/10.1016/j.neuropsychologia.2013.09.037
https://doi.org/10.1016/j.bbadis.2011.07.009
https://doi.org/10.1016/j.bbadis.2011.07.009
https://doi.org/10.3389/fpsyg.2014.01401
https://doi.org/10.3389/fpsyg.2014.01401
https://doi.org/10.1016/j.bandl.2015.03.010
https://doi.org/10.1016/j.bandl.2015.03.010
http://refhub.elsevier.com/S0028-3932(22)00050-1/sref35
https://doi.org/10.1111/nyas.13333
https://doi.org/10.1111/nyas.13333
https://doi.org/10.1016/j.neuropsychologia.2018.04.037
https://doi.org/10.1016/j.neuropsychologia.2018.04.037
https://doi.org/10.1002/hbm.21245
https://doi.org/10.1002/hbm.21245
https://doi.org/10.1016/j.tics.2019.05.002
https://doi.org/10.1016/j.tics.2019.05.002
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.18637/jss.v042.i08
https://doi.org/10.1016/j.neubiorev.2013.04.005
https://doi.org/10.1016/j.neubiorev.2013.04.005
https://doi.org/10.1159/000351671
https://doi.org/10.1159/000351671
https://doi.org/10.1371/journal.pone.0023437
https://doi.org/10.3389/fnagi.2018.00275
https://doi.org/10.1016/j.neuroimage.2011.09.015
https://doi.org/10.1371/journal.pone.0050425
https://doi.org/10.1016/j.neurobiolaging.2010.01.014
https://doi.org/10.1016/j.neurobiolaging.2010.01.014
https://doi.org/10.1016/j.neuroimage.2011.11.094
https://doi.org/10.1017/S1366728920000358
https://doi.org/10.1017/S1366728920000358
https://doi.org/10.1001/jamanetworkopen.2021.0169
https://doi.org/10.1016/j.cortex.2014.05.001
https://doi.org/10.1016/j.cortex.2014.05.001
https://doi.org/10.1080/20445911.2013.795574
https://doi.org/10.1523/JNEUROSCI.4563-11.2011
https://doi.org/10.1523/JNEUROSCI.4563-11.2011
https://doi.org/10.1073/pnas.1606602113
https://doi.org/10.1073/pnas.1606602113
https://doi.org/10.1016/j.neurobiolaging.2018.04.002
https://doi.org/10.1016/j.neurobiolaging.2018.04.002

V. DeLuca and T. Voits

Navarro-Torres, C.A., Beatty-Martinez, A.L., Kroll, J.F., Green, D.W., 2021. Research on
bilingualism as discovery science. Brain Lang. 222 (August), 105014. https://doi.
org/10.1016/j.bandl.2021.105014.

Novak, M.J.U., Seunarine, K.K., Gibbard, C.R., Hobbs, N.Z., Scahill, R.L., Clark, C.A.,
Tabrizi, S.J., 2014. White matter integrity in premanifest and early Huntington’s
disease is related to caudate loss and disease progression. Cortex 52 (1), 98-112.
https://doi.org/10.1016/j.cortex.2013.11.009.

Perani, D., Abutalebi, J., 2015. Bilingualism, dementia, cognitive and neural reserve.
Curr. Opin. Neurol. 28 (6), 618-625. https://doi.org/10.1097/
WCO0.0000000000000267.

Pliatsikas, C., 2020. Understanding structural plasticity in the bilingual brain: the
Dynamic Restructuring Model. Biling. Lang. Cognit. 23 (2), 459-471. https://doi.
org/10.1017/51366728919000130.

Pliatsikas, C., DeLuca, V., Voits, T., 2020. The many shades of bilingualism: language
experiences modulate adaptations in brain structure. Lang. Learn. 70 (S2), 133-149.
https://doi.org/10.1111/lang.12386.

R Core Team, 2021. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. http://www.r-project.org/.

Rathee, R., Rallabandi, V.P.S., Roy, P.K., 2016. Age-related differences in white matter
integrity in healthy human brain: evidence from structural mri and diffusion tensor
imaging. Magn. Reson. Insights 9, $39666. https://doi.org/10.4137/mri.s39666.
MRI

Riccitelli, G., Rocca, M.A., Pagani, E., Martinelli, V., Radaelli, M., Falini, A., Comi, G.,
Filippi, M., 2012. Mapping regional grey and white matter atrophy in relapsing-
remitting multiple sclerosis. Multiple Sclerosis J. 18 (7), 1027-1037. https://doi.
org/10.1177/1352458512439239.

Singh, N.C., Rajan, A., Malagi, A., Ramanujan, K., Canini, M., Della Rosa, P.A.,
Raghunathan, P., Weekes, B.S., Abutalebi, J., 2018. Microstructural anatomical

Neuropsychologia 169 (2022) 108191

differences between bilinguals and monolinguals. Biling. Lang. Cognit. 21 (5),
995-1008. https://doi.org/10.1017/51366728917000438.

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

Sulpizio, S., Del Maschio, N., Fedeli, D., Abutalebi, J., 2020. Bilingual language
processing: a meta-analysis of functional neuroimaging studies. Neurosci. Biobehav.
Rev. 108 (August 2019), 834-853. https://doi.org/10.1016/j.
neubiorev.2019.12.014.

Voits, T., Robson, H., Rothman, J., Pliatsikas, C., 2022. The Effects of Bilingualism on
Hippocampal Volume in Ageing Bilinguals. Brain Structure and Function. https://
doi.org/10.1007/5s00429-021-02436-z.

Westlye, L.T., Walhovd, K.B., Dale, A.M., Bjgrnerud, A., Due-Tgnnessen, P., Engvig, A.,
Grydeland, H., Tamnes, C.K., @stby, Y., Fjell, A.M., 2010. Life-span changes of the
human brain white matter: diffusion tensor imaging (DTI) and volumetry. Cerebr.
Cortex 20 (9), 2055-2068. https://doi.org/10.1093/cercor/bhp280.

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

Young, J., Angevaren, M., Rusted, J., Tabet, N., 2015. Aerobic exercise to improve
cognitive function in older people without known cognitive impairment. Cochrane
Database Syst. Rev. 2015 (4) https://doi.org/10.1002/14651858.CD005381.pub4.

Zhang, H., Wu, Y.J., Thierry, G., 2020. Bilingualism and aging: a focused neuroscientific
review. J. Neurolinguistics 54. https://doi.org/10.1016/j.jneuroling.2020.100890.
June 2019.


https://doi.org/10.1016/j.bandl.2021.105014
https://doi.org/10.1016/j.bandl.2021.105014
https://doi.org/10.1016/j.cortex.2013.11.009
https://doi.org/10.1097/WCO.0000000000000267
https://doi.org/10.1097/WCO.0000000000000267
https://doi.org/10.1017/S1366728919000130
https://doi.org/10.1017/S1366728919000130
https://doi.org/10.1111/lang.12386
http://www.r-project.org/
https://doi.org/10.4137/mri.s39666
https://doi.org/10.1177/1352458512439239
https://doi.org/10.1177/1352458512439239
https://doi.org/10.1017/S1366728917000438
https://doi.org/10.1016/j.jalz.2018.07.219
https://doi.org/10.1016/j.jalz.2018.07.219
https://doi.org/10.1016/j.neubiorev.2019.12.014
https://doi.org/10.1016/j.neubiorev.2019.12.014
https://doi.org/10.1007/s00429-021-02436-z
https://doi.org/10.1007/s00429-021-02436-z
https://doi.org/10.1093/cercor/bhp280
https://doi.org/10.1201/9781315370279
https://doi.org/10.1201/9781315370279
https://doi.org/10.1002/14651858.CD005381.pub4
https://doi.org/10.1016/j.jneuroling.2020.100890

	Bilingual experience affects white matter integrity across the lifespan
	1 Introduction
	1.1 The present study

	2 Methods
	2.1 Participants and procedure
	2.2 Imaging data acquisition
	2.3 Data preprocessing and analysis

	3 Results
	3.1 Aging trajectory analysis (GAM)
	3.2 Individual differences analysis (GLM)

	4 Discussion
	Credit author statement
	Acknowledgements
	References


