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Review 

Subcortical malleability as a result of cognitively 
challenging experiences: the case of bi-/multilingualism
Jia’en Yee1, Michal Kořenář2, Alex Sheehan3 and  
Christos Pliatsikas3,4,5

Experience-based neuroplasticity in the healthy brain is a 
well-documented finding, with functional and structural 
adaptations in cortical and subcortical structures reported as 
the brain’s response to cognitively challenging experiences. 
These experiences include bi-/multilingualism: speaking 
more than one language entails increased cognitive demands 
related to language acquisition, processing and control, 
which affect subcortical structures subserving these 
processes, including the basal ganglia and the cerebellum. 
This paper reviews evidence on bilingualism-induced 
subcortical neuroplasticity at the level of brain structure, 
function, and metabolism and explores how it interacts with 
brain decline. As such, it highlights bi-/multilingualism as a 
test case for studying long-term neuroplastic effects in the 
brain.
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Bilingualism as a plasticity-inducing long- 
term cognitive challenge
Experiences and skills acquired throughout life can lead 
to measurable changes in the brain at the cellular and 
synaptic level, demonstrating its ongoing plasticity. 
These include not only learning complex motor skills 
such as musical instrument training [1], practising 
writing with a nondominant hand [2] and juggling [3] but 
also cognitively challenging tasks such as road navigation 
[4] and acquiring and controlling between multiple 
languages (i.e. bilingualism) [5]. In several studies on 
experience-based neuroplasticity, the specific brain re-
gions underlying the tasks exhibit structural adaptations 
that follow nonlinear patterns [6–9]. Specifically, upon 
acquiring the skill, or with consistent practice, previously 
expanded regions have been shown to contract (or ‘re-
normalise’) [10]. Given their multifaceted roles in cog-
nition, subcortical structures such as the basal ganglia 
and the cerebellum are key for our understanding of the 
processes of experience-dependent neuroplasticity, and 
the conditions that promote and guide it. Bi-/multi-
lingualism is an appropriate experience to examine as a 
test case for the effects of cognitively demanding ex-
periences on the brain. This experience not only en-
compasses the acquisition of multiple languages but also 
additional processing needs, which may differ amongst 
the acquired languages, but most crucially, additional 
control needs: it is well understood that all languages 
remain active in the bi-/multilingual mind and compete 
for production [11–13]; thus, more efficient control is 
needed in order for the target language to be produced. 
Given the central role that the basal ganglia and the 
cerebellum have in both language processing [14] and 
cognitive control [15], it only follows that these regions 
would be expected to be affected structurally and 
functionally in bi-/multilinguals.

Indeed, an increasing body of research has provided 
evidence for bilingualism-induced brain adaptations, 
which have been reported as cortical and subcortical 
differences between monolinguals and bi-/multilinguals, 
including in brain structure (in grey and white matter) 
and function (task-based and at rest) [16]. However, the 
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evidence has not been consistent in terms of the location 
or the direction of the effects [17]. This has recently led 
to suggestions that bilingualism should be viewed as a 
dynamic experience, causing different adaptations at 
different stages of bilingual acquisition and use. The 
Dynamic Restructuring Model (DRM) [5] proposed an 
expansion–renormalisation trajectory for bilingualism- 
induced structural adaptations, which is contingent on 
the increasing experience of being bilingual. Following 
up on this, the Unified Bilingual Experiences Trajectory 
(UBET) model [18] combined suggestions by various 
other models and proposed a unified account suggesting 
that adaptations are subject to a variety of factors per-
taining to the bilingual experience, including its dura-
tion, the intensity and diversity of language use, the 
frequency of language switching and the respective 
proficiency in each language spoken.

In this paper, we review the available evidence on the 
dynamic adaptations (structural, metabolic and func-
tional) that subcortical structures undergo as a direct 
result of the cognitively demanding experience of bi-
lingualism. Recent findings, especially from studies 
treating bilingualism as a gradient of experiences, are 
emphasised and compared against the models explaining 
dynamic bilingualism-induced neuroplasticity. The 
paper will first highlight the subcortical regions im-
plicated in managing the use and control of more than 
one language, followed by evidence for structural adap-
tations observed in individuals with increasing or dif-
ferent language control and processing demands, from 
bilinguals to multilinguals and interpreters. Thereafter, 
it will highlight metabolic changes in subcortical regions, 
which support the structural adaptations found. This is 
followed by a review on related adaptations in sub-
cortical functional connectivity. Finally, the implications 
of these findings for the proposed neural and cognitive 
reserves in healthy ageing and progressive neurodegen-
eration are discussed before concluding with suggestions 
for future research directions.

Bilingualism-induced subcortical and 
cerebellar adaptations
Much of the available evidence on bilingualism-induced 
structural adaptations has been reported with respect to 
the cerebellum and subcortical areas that subserve lan-
guage acquisition, processing and control, including the 
thalamus, caudate nucleus, globus pallidus and putamen. 
The relevant roles played by these subcortical structures 
include acquiring and processing grammatical rules, 
managing lexicosemantic operations, processing phono-
logical repertoires, controlling speech articulation, and 
language switching. Crucially, language switching taps 
domain-general cognitive functions such as executive 
control, cognitive flexibility, and procedural learning, 
which all involve the caudate nucleus [14,19]. 

Correspondingly, expansions in the caudate nucleus 
have been observed in bilinguals when compared with 
monolinguals [20,21], reflecting the increased need of 
the former group for executive control. Similar effects 
have been reported in the globus pallidus and putamen, 
which have been implicated in fluency and speech ar-
ticulatory processes [20,22], and the thalamus, which is 
involved in language selection, motor programming re-
lating to articulatory processes and lexical access [19]. 
Since managing languages involves various language 
systems, a bilingual would also have to process addi-
tional sets of phonological and grammatical rules and 
perform more motor speech planning, which are func-
tions related to the cerebellum [19,23]. Indeed, when 
compared to monolinguals, bilinguals have exhibited 
larger cerebellar volumes [22], which have also been 
linked to better performance in grammatical tasks [23]. 
Crucially, much of this evidence has been reported in 
experienced bilinguals, for example, lifelong bilinguals 
or sequential bilinguals who have been immersed in 
bilingual environments for long periods, suggesting that 
the acquisition and control needs that drive these 
adaptations only emerge as a result of substantial and 
sustained bilingual experience. Critically, these were the 
findings that inspired models such as the DRM and 
UBET. Newer studies that used continuous measures of 
the bilingual experience have produced evidence which 
corroborates the predictions of these models: for ex-
ample, positive correlations have been reported between 
bilingual experience and the volumes of the putamen 
and cerebellum among individuals living in a highly 
immersive bilingual environment [24]. These findings 
line up with the predictions of the UBET, which posits 
that high intensity and diversity of language use are 
associated with neurocognitive adaptations. Moreover, 
nonlinear relationships have been reported between the 
volumes of the caudate nucleus and nucleus accumbens, 
with initial increases in less experienced bilinguals pla-
teauing in bilinguals with the most experience, accom-
panied by a linear relationship between increasing 
bilingual experience and the volumes of the putamen 
and thalamus [7]. These patterns lend support to the 
DRM which predicts that, with increasing language ex-
perience, the caudate nucleus is the first structure to 
expand and subsequently renormalise due to its key role 
in cognitive control. This should be later followed by 
effects in other subcortical regions, such as the putamen 
and globus pallidus, which subserve more secondary 
tasks of bilingualism, including articulatory control for 
language production [25]. Conversely, a more recent 
study only reported a linear relationship between the 
duration of bilingual engagement and the volume of 
caudate nucleus, but not the putamen, globus pallidus 
and thalamus, among young adults with variable dual 
language use experiences [26]. The lack of these addi-
tional effects, and of renormalisation of the caudate 
nucleus, could be attributed to the overall degree of 
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bilingual experience in the sample, meaning that such 
effects could be observed at even higher levels of bi-
lingual experiences or the way that bilingual experience 
was measured, which differed from Ref. [7]. This 
showcases some important shortcomings in the litera-
ture, in that different methodologies may yield different 
patterns, accompanied by the observation that lack of 
effects in a certain region could either mean that the 
region has not been affected or that it has already re-
normalised [27], two possibilities that cannot be dis-
tinguished in cross-sectional studies. It should be 
reminded though that, where a region is in the ex-
pansion–renormalisation cycle will inevitably relate to 
both its function and the amount of bilingual experiences 
(see Ref. [5]), and it may be that some regions (e.g. the 
caudate nucleus) are very important even at lower levels 
of bilingual experience, and therefore more susceptible 
to restructuring, compared with the cerebellum or the 
thalamus for example. These observations may explain a 
lot of inconsistencies in the field and call for careful 
thinking of the designs and the samples that are used 
(see Section Wrapping up).

Multilinguals and interpreters
While the number of studies on subcortical structural 
adaptations in multilinguals remains small, emerging 
evidence suggests parallels with findings from immersed 
or experienced bilinguals. For example, in a cross-sec-
tional study comparing German–Italian–English trilin-
guals to Italian monolinguals, the former were found to 
have larger putamen volumes, and more activation in the 
putamen during picture naming in the weaker languages, 
with both findings possibly reflecting additional needs for 
articulatory control [25]. In another study, the volume of 
caudate nucleus in multilinguals was reported to correlate 
positively with their language experience (measured as 
earlier Age of Acquisition (AoA) and higher proficiency), 
and this was attributed to increasing needs for handling of 
lexico-semantic alternatives in multiple languages [21]. 
Moreover, a recent study [27] compared monolinguals, 
bilinguals, trilinguals, and quadrilinguals and reported 
patterns of expansion–renormalisation for the nucleus 
accumbens, putamen and globus pallidus, in that volumes 
in quadrilinguals were smaller than in trilinguals and 
comparable to monolinguals. Given the roles played by 
these structures in language control, lexical-semantic op-
erations and articulation, the authors interpreted these as 
the optimisation of relevant neural resources as language 
experience increases, echoing the DRM predictions.

A unique multilingual population with arguably higher 
levels of language experience are translators and inter-
preters, who possess exceptional language-switching 
abilities and use them frequently. Simultaneous inter-
preters, in particular, face the challenging task of trans-
lating in real time. A recent study compared the volumes 

of the caudate nucleus and putamen among interpreters, 
translators and bilingual controls and reported that cau-
date volumes increased with bilingual experiences across 
all groups but returned to baseline levels specifically in 
interpreters and translators at higher experience levels 
[28]. Crucially, the putamen, a structure subserving si-
multaneity and articulatory control, showed an expan-
sion-renormalisation pattern in interpreters only, while 
translators and nonprofessional controls exhibited a 
linear volumetric increase as a function of increasing 
experience, further highlighting the region-specific 
nature of bilingualism-related brain adaptations. A study 
with individuals undergoing simultaneous interpreting 
training reported significant increases in structural con-
nectivity in two subnetworks that involve the basal 
ganglia and the cerebellum [29]. More specifically, the 
first subnetwork, which connects between frontal re-
gions and the basal ganglia, has been linked to cognitive 
and language control, while the second subnetwork, 
which involves the cerebellum, has been posited to be 
an essential language control network. These changes in 
specific control-related neural networks have been sug-
gested to manage the extreme language control that 
occurs during interpreter training.

Bilingualism and brain metabolism
Expanding on the findings of experience-based struc-
tural neuroplasticity, the study of changes in indices of 
metabolic activity related to structural adaptations pro-
vides further depth to our understanding. Indeed, the 
above-described pruning processes correspond to re-
gional changes in the concentrations of certain metabo-
lites. In the case of bilingualism, only one study to date 
has focused on a large cluster overlapping with parts of 
the caudate nucleus and the putamen, and measured 
concentrations of metabolites that are related to pro-
cesses of ageing, neuronal death and experience-based 
neuroplasticity [30]. That study reported steeper 
changes with ageing for bilinguals versus monolinguals 
(increases in myo-Inositol and decreases in N-acet-
ylaspartate), while the concentrations for both metabo-
lites were significantly predicted by a measure of 
bilingual experience. This pattern was interpreted as 
evidence for the increasing pruning processes that take 
place in subcortical structures as a result of the bilingual 
experience, effects that are distinguishable from, and 
additive to, the expected effects of ageing.

Bilingualism and brain function at rest
Whilst the relationship between bilingualism-induced 
changes to brain structure and function is still not fully 
understood, there are some notable changes in the 
connectivity patterns observed in bilinguals, with dif-
fering effects as language experience increases. 
Functional connectivity at rest provides an overview of 
functionally coupled regions, allowing researchers to 
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determine functional connectivity patterns in intra- and 
inter-hemispheric brain networks that represent the 
baseline state of the bilingual brain [31], without the 
confounds of task-specific demands and effects; besides, 
the latter do not apply to structural effects either, so 
looking at connectivity at rest allows for the study of the 
functional equivalents of structural effects. This intrinsic 
state of connectivity in bilinguals reflects the overall 
functional effects of bilingualism as a lifelong experi-
ence, which shapes neural communication and effi-
ciency. For example, more widespread functional 
networks have been reported in bilinguals compared to 
monolinguals [32], with increased functional con-
nectivity found in posterior regions. These functional 
changes were also correlated with the size of the caudate 
nucleus in the bilingual group, stressing its role in the 
control of multiple language use. Moreover, Gullifer 
et al. [33] reported that social diversity of bilingual lan-
guage use positively correlates to connectivity between 
the anterior cingulate cortex and the bilateral putamen, 
regions involved in language and executive control 
functions, and conflict monitoring, but also to con-
nectivity between the caudate nucleus and bilateral su-
perior temporal gyrus, which is involved in auditory 
processing and the encoding of speech sounds. A more 
recent study revealed stronger connections from pre-
frontal regions to temporal, occipital, cerebellar and 
some bilateral limbic regions at rest, combined with 
weaker subcortical connectivity in bilingual compared to 
monolingual children [34]. These patterns suggest more 
long-distance functional connections in bilinguals and 
more short-distance interhemispheric functional con-
nections in monolinguals, supporting the results of 
Frutos-Lucas et al. in finding more widespread con-
nectivity as bilingual experience increases. Together, 
these studies illustrate that the functional connectivity 
of the bilingual brain is constantly changing in response 
to the pressures placed on it by managing multiple 
languages, including changes to whole-brain and sub-
cortical connectivity, which appear to reflect an increase 
in efficiency as the result of concurrent changes to the 
structural dynamics of the brain.

Ageing and neurodegeneration
The above-discussed findings point towards processes 
that change the structure and function of subcortical 
structures in order to provide more efficient and poten-
tially more resilient networks. However, given that 
subcortical structures also tend to be primary targets for 
healthy ageing and also progressive neurodegenerative 
diseases, an interesting question emerges: do the effects 
of bilingualism and ageing interact, and in a way that 
mitigates the effects of ageing [35]? This is in the light 
of suggestions that bilingualism acts as a form of cogni-
tive reserve in older age and in neurodegenerative dis-
eases such as Huntington’s disease [36] and multiple 

sclerosis [37] (for review, see Ref. [38]). Some corro-
borating evidence has been presented for the neigh-
bouring region of the hippocampus for healthy ageing 
bilinguals and bilinguals diagnosed with MCI [39,40], 
but the literature remains extremely limited as far as the 
basal ganglia and the cerebellum are concerned. For 
example, while some studies report no structural dif-
ferences between older bilinguals and monolinguals 
[41], Anderson et al. [42] reported smaller volumes of the 
caudate nucleus and putamen in healthy older bilinguals 
compared to monolinguals while having equal or even 
better performance in cognitive tasks. This pattern 
suggests preserved cognitive abilities for bilinguals with 
a declining brain (or a cognitive reserve) [43]. Conversely, 
greater volumes have been reported in the thalamus and 
globus pallidus for bilingual versus monolingual patients 
with Alzheimer’s disease matched in terms of cognitive 
impairment [44]. This suggests better preservation of 
brain tissue in neurodegenerative diseases, or a brain 
reserve [45]. Moreover, more severe hypometabolism but 
better memory abilities have been reported for bilin-
guals compared to monolinguals in brain regions, in-
cluding the putamen and the cerebellum [46], pointing 
towards a cognitive reserve. The scarcity of the evidence 
does not allow for strong conclusions; however, given 
recent suggestions that the basal ganglia are key regions 
in a shift from frontal to subcortical and posterior regions 
in bilinguals [47], which also appears to reverse the ty-
pical posterior to anterior shift that has been reported in 
ageing individuals [48], it remains important for these 
structures to be further investigated with respect to how 
bilingualism affects them. This will also help update the 
models on experience-based neuroplasticity, which have 
largely been based on evidence from younger healthy 
bilinguals.

Wrapping up
Using bilingualism as a test case, this paper has highlighted 
the structural and functional malleability of subcortical 
structures as a response to challenging cognitive experi-
ences. It has also demonstrated how the principles of 
neuroplasticity extend beyond motor skill learning to var-
ious domains of learning and expertise like bilingualism. 
Specifically, the findings reviewed here include both linear 
and nonlinear structural adaptations of subcortical regions 
that subserve functions crucial for bilingualism such as 
articulatory processes, procedural learning, and most cru-
cially, language control. Furthermore, these findings un-
derscore the importance of experience-based factors, or the 
‘degree’ of bilingualism, which appear to predict ob-
servable patterns of adaptations, lending support to the 
DRM and UBET models. We also reviewed bilingualism- 
induced changes in resting-state functional connectivity in 
networks involving the same subcortical structures, which 
points towards more widespread functional adaptations 
that may be linked to structural adaptations. The evidence 
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remains limited, calling for more extensive investigations 
through functional Magnetic Resonance Imaging (fMRI) 
and Electroencephalogram (EEG) studies (at rest and on- 
task), which will allow us to understand how structural and 
functional adaptations correspond to each other and con-
sequently improve on the existing models. In doing so, 
particular emphasis should be given on the patterns of such 
adaptations in the relatively understudied groups at the 
highest levels of bilingual experience, for example, inter-
preters. This requires the development of nuanced mea-
sures of bi-/multilingualism to account for the wide 
variation in individual language experience. Longitudinal 
designs will also help extend these models by adding a 
lifespan perspective to the proposed dynamic adaptations, 
which have been mainly observed in cross-sectional studies 
that do not necessarily account for fluctuations in in-
dividuals’ experiences. Such a holistic approach will also 
allow for the study of how these adaptations interact with 
the effects of ageing on the healthy and diseased brain and 
better describe the mechanisms underlying the proposed 
neural and cognitive reserves. Summing up, the reviewed 
effects reflect expansion–renormalisation patterns that 
have been described in major theories of experience-based 
neuroplasticity after skill acquisition; consequently, bi-
lingualism is highlighted as a long-term neuroplasticity- 
inducing experience that helps us understand the me-
chanisms underlying the adaptability of the human brain in 
dynamic and changing environments.
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