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Abstract

Subcortical structures implicated in language control and processing adapt structurally with
increasing language experience. However, the adaptation patterns across different subcortical
structures remain unclear. Previous findings from bilinguals and multilinguals reveal renormal-
isation patterns, lending support to the Dynamic Restructuring Model (Pliatsikas, 2020). These
patterns are composed of increasing volumes during the initial stages of language learning, and
subsequent reductions as experience increases. T1-weighted images from 14 English monolin-
guals, 14 bilinguals, 14 trilinguals, and 14 quadrilinguals were obtained. The volumes of five
subcortical regions implicated in language control and processing were compared amongst
the groups. The findings showed group differences for every structure — caudate nucleus, nucleus
accumbens, putamen, globus pallidus and thalamus. Complex patterns were unveiled for each
structure, suggesting expansions and renormalisations that differ in trajectory for each group.
These findings highlight the dynamic progression of subcortical adaptations, and support the
notion of structural renormalisation as language experience grows.

1. Introduction

The human brain goes through structural and functional changes throughout our lifetime; not
merely through maturation in development, atrophy in disease and old age, but also through
adaptations in day-to-day immersive experiences and skill acquisition (Spear, 2013). The
shapes and forms of neuroplasticity have been documented for a range of cognitively challen-
ging tasks where the brain adapts to new experiences and demands. These tasks include medi-
tation, music training, video-gaming, navigational training, and literacy among others, where
grey matter regions and white matter tracts relevant for the tasks undergo adaptations
(Brilliant et al., 2019; Olszewska et al.,, 2021; Resende et al., 2018; Saleem & Samudrala,
2017). The use of an additional language is akin to honing a cognitively challenging skill asso-
ciated with the acquisition, processing, and control of multiple languages. As the languages of
a bilingual are constantly and simultaneously activated, a competition in both comprehending
and producing language is introduced (Green, 1998; Kroll et al., 2014; Marian & Spivey, 2003).
Language control is needed to accurately monitor one’s language environments and to sup-
press the interfering language at a moment’s notice (Bialystok, 2007). Notably, the brain
regions involved in language control overlap with those involved in tasks of domain-general
cognitive control (e.g., De Baene et al., 2015). In dealing with such cognitive demands, the
bilingual brain reorganizes itself structurally and functionally to effectively resolve this conflict,
thus better facilitating successful communication (Bialystok et al., 2012; Pliatsikas, 2019).
Several studies have reported a relationship between behaviour and brain structure and
function (Segall et al., 2012). However, this has not been consistently documented, as some
replication studies failed to find previously reported associations (Masouleh et al., 2019).
Nevertheless, studies on neuroplasticity have shown that structural changes may accompany
acquisition and/or application of expert behaviours or specialised abilities (Gerber et al.,
2014; Hanggi et al, 2010). The evidence includes findings from research on the use of
more than one language, which demonstrates a form of specialised ability. However, a large
portion of the research documenting structural adaptations was conducted by comparing
monolinguals with bilinguals (e.g., Garcfa-Pentén et al., 2014; Hayakawa & Marian, 2019).
Hence, the effects of being multilingual on brain structure is far less explored and little is
known about how the brain modifies itself in order to acquire and handle more than two
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languages. Monolinguals, bilinguals and multilinguals differ in
their language switching demands because of the number of lan-
guages they have command over. With a command of a further
language, multilinguals can be said to undergo a higher level of
conflict as they have more language systems simultaneously acti-
vated, from which they must select the appropriate one as quickly
as a bilingual would (see Aparicio & Lavaur, 2014; Lemhofer
et al.,, 2004; Rothman et al,, 2019). In what follows is firstly a
short review of the evidence on structural adaptions stemming
from bilingualism before proceeding to an overview of the adap-
tations relating to multilingualism, which is the focus of this
study.

1.1. Bilingualism and brain adaptations

The reported patterns of adaptation differ across bilinguals,
depending on the degree of language experience. With monolin-
guals as a baseline, the structural adaptations that appear to char-
acterize bilinguals in the early stages of learning a non-native
language are structural expansions in several cortical regions
known to underlie executive functions and language processing.
These regions include the supramarginal gyrus (SMG) which is
involved in novel word learning, the superior temporal gyrus
(STG) involved in phonological processing, the inferior parietal
lobule (IPL) and inferior frontal gyrus (IFG) which are involved
in the articulatory network, as well as the middle frontal gyrus
(MFG), anterior cingulate cortex (ACC) and superior parietal lob-
ule (SPL) which underlie language switching and control (Della
Rosa et al., 2013; Heim et al., 2019; Klein et al.,, 2014; Legault
et al, 2019; Martensson et al., 2012; Pliatsikas et al., 2020a).
The expansions of these cortical regions are usually interpreted
as a response to the rapidly growing vocabulary occurring at
this stage of bilingualism. Bilinguals who have more language
experience or have been immersed in an environment of their
second language exhibit a different pattern of restructuring.
This involves more effects in white matter and in subcortical
grey matter structures. For instance, simultaneous bilinguals as
opposed to sequential bilinguals have been found to undergo
mostly modifications in subcortical structures but not in cortical
structures (Burgaleta et al., 2016; Pliatsikas et al, 2017).
Subcortical effects in the form of larger volumes in the caudate
nucleus, putamen, globus pallidus, and thalamus have been
observed in bilinguals when compared with monolinguals
(Burgaleta et al., 2016; Pliatsikas et al.,, 2017). When compared
with monolinguals or bilinguals with limited language experi-
ences, bilinguals with higher language immersion have presented
with a lack of cortical effects, and/or with contractions in the
caudate nucleus, nucleus accumbens and thalamus (Costumero
et al., 2020; DeLuca et al., 2019a; Korenar et al., 2023; Pliatsikas
et al, 2017). In conjunction with subcortical effects, there has
been corroborating evidence from studies on white matter effects
in bilingual adults and children (for a review see Li et al., 2014).

1.2. Basal ganglia and language processing and control

The prominence of subcortical effects as language experience
increases is not surprising, given the relevance of the basal ganglia
and thalamus in language processing and control (Jacquemot &
Bachoud-Lévi, 2021; Murdoch, 2009; Tomasi & Volkow, 2012).
Several models such as the Adaptive Control Hypothesis (ACH;
Green & Abutalebi, 2013) have also implicated that subcortical
areas such as the caudate nucleus, putamen and thalamus are
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important for language switching. For example, subcortical struc-
tures have functions relevant to language learning, speech articula-
tion, and bilingual language processing, and clinical studies have
also found that lesions to the thalamus and basal ganglia lead to
language disorders (e.g., Fabbro et al., 2002). The basal ganglia,
which include the nucleus accumbens, putamen, caudate nucleus
and globus pallidus, play an essential part in action selection,
which is a function that filters relevant information from compet-
ing but non-target information coming from the cortex. This is a
crucial function in bilingual processing since being bilingual creates
a state of conflict between two languages that necessitates the inhib-
ition of the non-target language in favour of the relevant language
at any one time. The caudate nucleus, a deep brain structure that
also forms part of the language control network (Green &
Abutalebi, 2013), has been found to be involved in executive con-
trol (inhibiting and selecting from competing action plans (Green
& Kroll, 2019)), cognitive flexibility, expertise behaviours, proced-
ural learning, fluency and articulatory control (Crinion et al,
2006; Green & Abutalebi, 2013; Hervais-Adelman et al.,, 2018;
Janacsek et al., 2020; Prasad, 2020; Verstynen et al., 2012; Wang
etal, 2019). Like the caudate nucleus, the putamen and globus pal-
lidus have motor functions involved in learning complex proced-
ural skills and managing movements (Gooijers et al., 2016). More
importantly, the putamen and globus pallidus are frequently
involved in language processing pathways and have both been sug-
gested to be involved in speech articulatory processes where dam-
age results in poor speech production fluidity (Abutalebi et al,
2013; Burgaleta et al,, 2016; Liu et al,, 2010; Nadeau & Crosson,
1997; Vinas-Guasch & Wu, 2017). The nucleus accumbens is a
small structure whose proximity to the caudate nucleus may have
obscured its contribution to language functions in past studies
(Burgaleta et al, 2016). While the thalamus is not part of the
basal ganglia, it is a sizeable subcortical structure that subserves lan-
guage functions (Klostermann et al., 2013). More specifically, it is
implicated in the monitoring of cortical activities relating to lan-
guage functions such as language selection and programming of
motor routines relating to articulatory processes (Abutalebi &
Green, 2016; Murdoch, 2009). It is also active in differentiating
speech sounds (Alain et al., 2005). Since it appears that cortical
effects occur in various bilingual populations while white matter
and subcortical effects become more apparent as language experi-
ence increases, the functions of language processing and control
subserved by these subcortical structures are expected to be more
taxed in multilinguals than in bilinguals.

1.3. Multilingualism and brain adaptations

A very limited number of studies on structural adaptations have
been conducted on multilinguals. Even though cortical effects
have also been found amongst multilinguals who are representa-
tives of greater language experience (e.g., Grogan et al, 2012;
Midrigan-Ciochina et al., 2023), subcortical effects do appear to
be more frequently reported in this population. For instance,
when compared with Italian monolinguals, trilinguals exhibited
greater grey matter density in the left putamen (Abutalebi et al.,
2013), which is a structure that underlies articulatory processes
(Abutalebi & Green, 2016). In a separate study on 75 individuals
who used at least three languages, the volume of the bilateral
caudate nucleus correlated positively with multilingual experience
(Hervais-Adelman et al., 2018). Crucially, while caudate nucleus
volume increased with both earlier AoA and higher proficiency,
language proficiency correlated more strongly with caudate
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nucleus volume than AoA. With its association with cognitive
control, language switching, and lexico-semantic systems
(Bradley et al., 2013), the continual adaptation of the caudate
nucleus underscores its sensitivity to increasing linguistic expert-
ise. This finding is coherent with other studies that have high-
lighted the role of the caudate nucleus in expertise-related
behaviours (e.g., Adamson et al., 2014). This pattern of results
also reflects a similar trend with Pliatsikas et al’s (2017)
immersed sequential bilinguals where reshaping of the caudate
nucleus occurred for proficient bilinguals despite not using their
languages continuously. The left caudate nucleus has also previ-
ously been identified as having connectivity with brain regions
essential for executive control, highlighting its involvement in lan-
guage monitoring and control (Abutalebi et al., 2008; Brovelli
et al., 2011; Zou et al., 2012).

As language experience increases, not only do the effects shift
from cortical to subcortical structures, but the effects also include
DECREASES in volumes rather than increases. Individuals who have
considerably greater language experience include simultaneous
interpreters (SIs) who can switch between languages in real
time at much higher frequencies and intensities than the typical
bilingual or multilingual. Indeed, instead of cortical expansions
that characterise the restructuring trajectories in less experienced
bilinguals, a handful of studies comparing SIs to multilingual con-
trols have identified volumetric contractions for the former group
(Elmer et al., 2014). Crucially, the demanding task of language
control that SIs are capable of has been found to facilitate struc-
tural adaptations in areas known to be involved in language con-
trol and processing. More specifically, when compared with
regular multilingual controls, SIs exhibited sMALLER volumes in
cortical structures such as the anterior cingulate gyrus and left
SMG. Furthermore, the volume of the caudate nucleus decreased
with increasing hours spent simultaneous interpreting (Elmer
et al., 2014). While the inverse relationship between volume and
language control ability may appear to be counterintuitive, the
smaller volumes in this context are reflective of optimised brain
circuits through the removal of inefficient connections. This
stems from general models of synaptic pruning (Feinberg,
1982), which will be explained in further detail in the following
paragraphs.

1.4. Theoretical approaches

The multilingualism effects highlighted in the small pool of
studies above reflect the involvement of subcortical structures
in executive control, language control and language process-
ing, as well as the fluctuations in the volumes of the same
structures among groups with different language experience.
It seems that the demands of controlling and switching
amongst languages are associated with structural adaptations,
and these structural adaptations begin with cortical modifica-
tions that are replaced with white matter and subcortical
effects as language experience increases. Several models and
hypotheses have attempted to combine and interpret these
findings in the literature.

A crucial theoretical approach that brings together and
expounds on the interaction between structural neuroplasticity
and language experience beyond two languages is the Dynamic
RESTRUCTURING MopeL (DRM; Pliatsikas, 2020). It posits that
neuroanatomical adaptations are not static; they progress and
regress depending on the extent of language experiences.
Furthermore, increasing language experiences are associated with
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more white matter and subcortical effects rather than cortical adap-
tations. At the INITIAL EXPOSURE stage, exposure to a new language
leads to expansions in cortical structures like the IFG, ACC, inferior
parietal lobule (IPL), superior parietal lobule (SPL), and in some
cases subcortical structures like the caudate nucleus. These expan-
sions reflect the growth of neural circuits to adapt to an expanding
vocabulary and the early demands of controlling between lexical
alternatives. With further language experience, a bilingual arrives
at the CONSOLIDATION stage where the demands revolve around con-
trolling between the available semantic, phonological, and gram-
matical alternatives. At this stage, cortical structures are expected
to revert to baseline volumes while greater structural connectivity
of several white matter tracts and subcortical effects (mostly expan-
sions) in structures like the caudate nucleus, putamen and thal-
amus begin to emerge. Finally, highly experienced bilinguals/
multilinguals may arrive at PEAK EFFICIENCY: a stage centred on auto-
matised language control and characterized by stabilised or reduced
subcortical volumes and greater WM diffusivity in anterior regions
and lower diffusivity (i.e., indicator of more efficient structural con-
nectivity) in posterior regions as reliance shifts from a more effort-
ful (undertaken by frontal networks) to a more automated
approach (undertaken by posterior and subcortical networks). At
this stage, the underutilised neural circuits are pruned away to
leave behind only the most efficient connections. This is based
on general models of synaptic pruning which posit that the select-
ive elimination of synapses optimises neural networks (Feinberg,
1982; Navlakha et al., 2015; Wenger et al., 2017). The latter two
stages of the DRM are of particular relevance to the present
study. The DRM is complemented by the BILINGUAL ANTERIOR TO
POSTERIOR AND SUBCORTICAL SHIFT MODEL (BAPSS; Grundy et al.,
2017), which posits that as bilinguals become more experienced
in their second language, the site of language control shifts from
frontal control regions to posterior and subcortical regions (e.g.,
basal ganglia and thalamus) that are typically more involved in per-
ceptual and motor processes. This might suggest a more automated
and efficient approach to cognitive control as one attains greater
mastery over one’s languages.

As already mentioned, these theoretical approaches could be
used to explain the varied findings in the literature. For example,
they could explain why the multilinguals in the small pool of
available studies revealed more subcortical effects rather than cor-
tical effects. The most striking observation about the subcortical
adaptations among individuals with greater language experience
is the pattern of volumetric contractions instead of expansions.
The trajectory of restructuring observed in the available evidence
appears to portray volumetric expansions at the initial stages of
learning a new language followed by reductions towards baseline
volumes as this language skill increases, reflecting renormalisation
(DeLuca et al., 2019a; Elmer et al., 2014). Such findings are in line
with predictions made by the DRM. For instance, with more
experiences in switching between languages, multilinguals and
simultaneous interpreters could be at the stages of
CONSOLIDATION and/or PEAK EFFICIENCY in the DRM. At these
advanced stages, the mechanisms responsible for lexical learning
and control may have been streamlined and optimised, and the
brain is now focused on a different task - regulating competing
semantic, phonological, and grammatical options. This task is
managed by the cerebellum and subcortical structures like the
basal ganglia and the thalamus which are important in cognitive
control. Therefore, the shift in focus as language experience
increases could explain the volumetric REDUCTIONS in multiple
subcortical structures.


https://doi.org/10.1017/S136672892300086X

1.5. This study

Most of the above-described theoretical approaches stem from
evidence from bilinguals and a small pool of evidence from multi-
linguals. It is not clear whether an increasing number of spoken
languages would make a difference in the predicted adaptations.
To the best of our knowledge, no study has conducted a compari-
son of subcortical volumes amongst monolinguals, bilinguals, tri-
linguals and quadrilinguals. Although knowing a greater number
of languages may not be fully representative of higher language
experience or language control ability, all languages of a bi-/multi-
lingual are concurrently activated and contend for selection
(Lemhofer et al., 2004; Marian et al., 2013; Poarch & Van Hell,
2014). Hence, being multilingual (i.e., knowing three languages
or more) would at least mean having additional competitor
words for the same concept, if not also multiple competing
phonological and grammatical systems; this situation would be
expected to require more language control than being bilingual
(i.e., knowing two languages) (Schroeder & Marian, 2017), as it
is, in itself, a different and more challenging linguistic experience
than bilingualism, especially in immersive multilingual environ-
ments. With only a handful of studies investigating multilingual-
ism and structural adaptations, the available evidence remains
insufficient for describing what happens to brain structure after
the acquisition and use of more than two languages. This study
aims to identify the patterns of subcortical structural adaptations
with increasing number of spoken languages, by examining struc-
tural MRI data from experienced bilingual, trilingual and quadri-
lingual individuals, that were also compared to data from a
functionally monolingual group. The volumes of five subcortical
structures that have been documented to be important in lan-
guage control and processing (thalamus and the basal ganglia:
nucleus accumbens, caudate nucleus [including head and tail],
globus pallidus, and putamen) were extracted and compared
across the four groups. Taking subcortical volumes of monolin-
guals as the baseline, we expect dynamic adaptations of these sub-
cortical structures in the form of expansions and contractions
(hereon referred to as renormalisation) as the language control
requirements increase with the number of languages spoken.
The adaptations will depend on the number of languages used,
and will differ between structures, with some renormalising
with greater controlling needs compared to others.

Specifically, for the caudate nucleus, similar volumes across
monolinguals, bilinguals, trilinguals and quadrilinguals were pre-
dicted. This pattern would suggest that renormalisation has
occurred for the bilinguals, trilinguals and quadrilinguals. This pre-
diction is based on past studies showing caudate nucleus adapta-
tions occurring in earlier stages of bilingualism, as well as the
repeated implication of the caudate nucleus in language and cogni-
tive control (e.g., Luk et al,, 2012). These suggest that the caudate
nucleus may renormalise at a very fast rate; expanding during the
initial exposure to a new language (i.e., L2 learners) and quickly
contracting as experience in the L2 increased (i.e., immersed bilin-
guals). This would align with the profiles of the experienced bilin-
guals, trilinguals and quadrilinguals in this study.

For the nucleus accumbens, bilinguals were predicted to have
larger volumes than the other three groups, who in turn may
not significantly differ from each other. This pattern would sug-
gest that the nucleus accumbens expanded as language experience
increased (represented by bilinguals), and then started renorma-
lising with further language experience, i.e., with knowledge of
more than two languages, possibly even reaching the volume of
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monolinguals eventually, e.g., in quadrilinguals. However, predict-
ing the differences between trilinguals and quadrilinguals, if any,
is not straightforward due to the general scarcity of evidence and
the differences in linguistic immersion between these two groups
(see Methods). This prediction is based on its strong connections
with frontal executive regions to deliver cognitive control and
mediate the selection of appropriate behaviours (Meyer &
Bucci, 2016) which are imperative in switching between lan-
guages. Furthermore, recent research has shown a non-linear rela-
tionship between the volume of the nucleus accumbens and the
extent of bilingual experiences (DeLuca et al, 2019a; Korenar
et al., 2023).

For the thalamus, we predicted that monolinguals would have
significantly smaller volumes than bilinguals, trilinguals and
quadrilinguals. The involvement of the thalamus in language
switching has been described in the ACH, and past studies have
shown an increase in thalamic volumes with high language
immersion and more bilingual experiences (DeLuca et al.,
2019a; Korenar et al, 2023). The thalamus is said to manage
the ongoing selection of lexical-semantic representations
(Abutalebi & Green, 2016; Wahl et al., 2008), which may be
required to a greater degree when there are more languages
available.

Finally, for the putamen and the globus pallidus, we predicted
that monolinguals would have significantly smaller volumes than
bilinguals, trilinguals and quadrilinguals, whereas the three multi-
lingual groups would not differ from each other. As both the
putamen and globus pallidus play similar roles in language — con-
trol of motor processes in speech articulation, it is expected that
the patterns exhibited by both will be similar. This prediction is
also based on past findings showing significantly greater volume
in the putamen of bilinguals and trilinguals than monolinguals
(Abutalebi et al., 2013). Additionally, it was predicted in the
DRM that as language experience continued to grow, these struc-
tures would reach stabilised volumes unless the increased experi-
ences of quadrilinguals triggered renormalisation processes.

2. Methods
2.1. Participants

All participants filled out a language background questionnaire
that also collected their education level, age and sex. The partici-
pants were enrolled in a university degree program or were
holders of a university degree at the time of data collection. In
total, fifty-six participants took part in this study: 14 English
monolinguals (Age: 22.14, SD =2.03) from the UK, 14 bilinguals
(Age: 20.57, SD=0.85) and 14 trilinguals (Age: 20, SD =0.55)
from Malaysia, and 14 quadrilinguals (Age: 25.86, SD =4.28)
from the Czech Republic. They all converged on knowing
English. The monolinguals were born and raised in the UK and
reported minimal or no exposure to additional languages. Their
LSBQ composite scores were below -3.13 (mean =-6.26, SD =
0.56), which classifies them firmly as monolinguals (Anderson
et al,, 2018). The bilinguals acquired both English and Malay sim-
ultaneously before the age of 6. The trilinguals spoke a variety of
languages but converged on English and Malay for two out of
three of their languages. The average AoA of all three languages
occurred before the age of 7. The quadrilinguals were native
users of a Slavic language and used a variety of languages but con-
verged on knowing both English and Czech. The bilinguals and
multilinguals (trilinguals and quadrilinguals) had considerable
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multi-language engagement (Years of continuous use: L2 = 16.36,
SD =4.04; L3=13.79, SD =4.34; L4 =8.5, SD =5.95). As shown
by DeLuca et al. (2019b), proficiency measures may not be as use-
ful as experience-based measures like AoA and years of use for
studies of this nature. Hence, Table 1 below and Table 2 (in the
appendix) illustrate participants’ measures of experience.
Informed consent was obtained from all participants included
in the study.

2.2. MRI data acquisition

Individual T1-weighted MR images from monolingual partici-
pants were acquired in a 3.0-Tesla Siemens MAGNETOM
Prisma_fit MRI scanner, with a 32-channel Head Matrix coil
and Syngo software at the Centre for Integrative Neuroscience
and Neurodynamics, Reading, UK. Scanning parameters used:
TR =2400ms, TE=241ms, flip angle=28° 256 sagittal slices,
0.7mm slice thickness, resolution 0.7x0.7x0.7, acquisition
matrix of 246 x 256 mm, inversion time = 1140ms.

High-resolution T1 anatomical MRI data from bilingual and
trilingual participants were acquired at the Centre for Nuclear
Diagnostic Imaging, Universiti Putra Malaysia using a 3.0-Tesla
Siemens MAGNETOM Prisma_fit MRI scanner with a
64-channel head/neck coil and sequence parameters of TR =
2300ms, TE =2.95ms, flip angle =9°, 256 sagittal slices, 1.2mm
slice thickness, resolution 1.2x 1x 1, acquisition matrix of 143 x
240 mm, inversion time = 900ms.

Quadrilingual participants were scanned at the Central
European Institute of Technology, Brno, Czechia using a
3.0-Tesla Siemens MAGNETOM Prisma_fit MRI scanner with
a 32-channel Head Matrix coil. T1-weighted images were
obtained using these scanning parameters: TR =2400ms, TE =
2.41ms, flip angle = 8°, 256 sagittal slices, 0.7mm slice thickness,
resolution 0.7x0.7x0.7, acquisition matrix of 246 x256 mm,
inversion time = 1140ms.

2.3. MRI data pre-processing

The MRI data was pre-processed and analysed with FSL pipelines.
Using the default options in the fsl_anat pipeline in FSL, a series
of actions were taken, including brain extraction to expose only
brain tissue for analysis, tissue segmentation into CSF, white mat-
ter and grey matter, and subcortical segmentation. Subcortical
segmentation was done using FIRST (FSL’s Integrated
Registration and Segmentation tool; FSL6.0) embedded in the
fsl_anat pipeline. The structures of interest in the study included
the bilateral caudate nucleus, nucleus accumbens, globus pallidus,
putamen and thalamus. Every image was manually checked to

Table 1. Participants’ language backgrounds.

ensure that brain extraction and subcortical segmentation were
performed accurately. Three individuals (C.P., M.K,, J.Y.) were
responsible for verification and had all agreed that the extractions
were valid. The agreement was to make sure no poor-quality
images (i.e., contains artifacts or motion) or images with abnor-
mal brain structure were used. Brain extraction should not strip
away any brain tissue and should leave none to minimal skull
behind. Checks on segmentation accuracy were done to make
sure that the subcortical segmentation followed signal intensity
boundaries.

2.4. Statistical data analysis: Subcortical volumetric analysis

The volume (mm?®) of each subcortical structure was obtained
using fslstats of the FSL command-line utilities by specifying
the respective label number of the structures (http:/fsl.fmrib.ox.
ac.uk/fsl/fslwiki/FIRST/UserGuide). The output from FIRST that
was fed into fslstats was kept in a native space, so the structural
images were not registered to a standard template. To control
for variability in brain sizes and the use of different scanners,
the volume of each subcortical structure was divided by the sub-
ject’s total brain volume. The analysed values were therefore nor-
malised subcortical volumes, which enabled us to examine how
the proportion of the structure relative to total brain volume dif-
fered between groups, even if raw or absolute volumes may not be
directly comparable due to the use of different scanners. By mak-
ing relative comparisons, the potential confounding effects of dif-
ferent scanners can be reduced. However, we are aware that this
strategy may not fully account for any potential impact arising
from different scanners. Thus, we have also included a negative
control, in which we compared total brain volumes and the
volumes of the brainstem across groups. For the subcortical struc-
tures of interest, univariate analyses with Bonferroni correction
were run to compare the volumes of each hemisphere of each sub-
cortical structure across monolinguals, bilinguals, trilinguals and
quadrilinguals. Group was an independent factor, hemisphere
was a repeated factor while age and sex were added as covariates.

3. Results

Total brain volume was calculated for every subject, and it was
important to demonstrate that no significant differences were
found across groups. Indeed, all four groups had comparable
total brain volumes [F(3, 50) =1.68, p=0.18]. Additionally, as
the brainstem is not known to show multilingualism-induced
structural changes, its volumes were analysed to establish a nega-
tive control. As expected, brainstem volumes were consistent
across groups [F(3, 50)=1.64, p=0.19]. An overview of

L1 L2 L3 L4
Group AoA Years of use AoA Years of use AoA Years of use AoA Years of use
Bilingual 2.46 18.11 6.00 14.57 - -
(1.62) (1.67) (3.06) (3.11)
Trilingual 2.00 18 4.36 15.64 6.21 13.79 -
(1.41) (1.36) (1.82) (1.69) (3.53) (3.33)
Quadri-lingual 0 25.86 7.00 18.86 12.07 13.79 17.36 8.50
(4.28) (3.01) (5.32) (2.95) (5.29) (5.21) (5.95)
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significant differences between groups for the five structures of
interest can be found in Table 3. Raw (mm®) and normalised
(%) mean volumes of each subcortical structure for each hemi-
sphere are presented in Table 4 in the appendix.

The analysis showed that for the caudate nucleus, monolin-
guals, bilinguals and trilinguals had similar volumes, but quadri-
linguals had significantly larger volumes than monolinguals only.
For the nucleus accumbens, bilinguals had larger volumes than
monolinguals, trilinguals and quadrilinguals who had similar
volumes with one another. Additionally, the left nucleus accum-
bens was bigger than the right nucleus accumbens across all
groups. For the putamen, bilinguals and trilinguals had similar
volumes with one another that were larger than monolinguals
and quadrilinguals, while monolinguals and quadrilinguals exhib-
ited similar volumes. For the globus pallidus, the analysis showed
that bilinguals and trilinguals had similar volumes that were larger
than those of monolinguals and quadrilinguals. Quadrilinguals
had significantly larger volumes than the monolinguals. Finally,
for the thalamus, monolinguals had smaller volumes than bilin-
guals, trilinguals and quadrilinguals, but bilinguals had signifi-
cantly larger volumes than quadrilinguals. These results are
illustrated in Figure 1.

4.0. Discussion

This paper built upon the premise that the brain continuously
restructures itself with varying language experience. More specif-
ically, the aim of this study was to investigate the effect of multi-
lingualism on five subcortical brain structures involved in
language control and processing. In this paper, monolinguals,
bilinguals, trilinguals and quadrilinguals, all of whom lie on a
spectrum of increasing language experiences with the number
of languages serving as a proxy, were compared with one another.
Subcortical effects were identified in the form of larger volumes in
bilinguals as compared to monolinguals for the nucleus accum-
bens, putamen, globus pallidus and thalamus, and smaller
volumes for the nucleus accumbens, putamen, and globus palli-
dus with even greater language experience as represented by tri-
linguals and quadrilinguals. Notably, similar volumes between

Table 3. Summary of effects for each structure.

Jia’en Yee et al.

monolinguals and quadrilinguals were observed for the nucleus
accumbens and putamen, possibly signifying either a return to
baseline volumes in quadrilinguals or that the renormalisation
of these structures had not started in that group.

The first pattern of results occurred for the caudate nucleus,
which showed significantly larger volumes in quadrilinguals com-
pared to monolinguals, while exhibiting comparable volumes
among monolinguals, bilinguals and trilinguals. The lack of
effects in bilinguals and trilinguals when compared to monolin-
guals was an interesting finding that partially supports our predic-
tion. There are two ways of interpreting this lack of effects in
bilinguals; either no restructuring had occurred, or expansion fol-
lowed by renormalisation occurred at a fast rate as the caudate
nucleus expanded in the earlier stages of bilingualism and quickly
contracted as bilingual immersion/experience continued to
increase. The similar volumes observed among monolinguals,
bilinguals and trilinguals align with past research on bilingualism,
in which caudate nucleus effects were typically found in the early
stages of acquiring a non-native language but were absent in more
experienced bilinguals, such as simultaneous bilinguals.
Furthermore, studies have demonstrated that populations with
even greater language experience, such as simultaneous inter-
preters, show a decrease in caudate nucleus volumes as their inter-
preting hours increased (Elmer et al., 2014). The caudate nucleus
may thus be the fastest subcortical structure to optimise and
renormalise in volume due to its integral role in language control.
This coincides with recent studies showing a pattern of expansion
followed by contraction of the caudate nucleus with increasing 1.2
immersion (DeLuca et al, 2019a; Korenar et al, 2023;
Marin-Marin et al., 2022). The authors of these studies suggested
that greater automation has occurred in language monitoring and
selection, allowing the caudate nucleus to return to a baseline vol-
ume. Therefore, since the bilinguals and trilinguals in this study
were highly immersed and have acquired their languages before
the age of 7, it is plausible that the renormalisation of the caudate
nucleus occurred at earlier stages of bilingualism that could not be
captured with the current group of experienced individuals. The
significantly larger caudate volume found in quadrilinguals
when compared with monolinguals was unpredicted, even though

Group Hemisphere

Group x Hemisphere Significant pairwise effects

Caudate nucleus F(3, 102) =4.14, p =.008

F(1, 102) =0.02, p = .882

F(3, 102) =1.33, p=.267 Monolinguals <* Quadrilingual (p=.02)

Nucleus accumbens F(3, 102) =9.00, p <.001

F(1, 102) =20.57, p<.001

F(3, 102) =0.37, p=.777 Monolinguals <* Bilinguals (p <.001)
Bilinguals >* Trilinguals (p=.007)

Bilinguals >* Quadrilinguals (p =.023)

Putamen F(3, 102) =34.53, p<.001

F(1, 102) =2.98, p = .087

F(3, 102) =0.54, p=.657 Monolinguals <* Bilinguals (p <.001)
Monolinguals <* Trilinguals (p <.001)
Bilinguals >* Quadrilinguals (p <.001)

Trilinguals >* Quadrilinguals (p <.001)

Globus pallidus F(3, 102) =34.73, p<.001

F(1, 102) =0.972, p=.326

F(1, 102) =0.07, p=.977 Monolinguals <* Bilinguals (p <.001)
Monolinguals <* Trilinguals (p < .001)
Monolinguals <* Quadrilinguals (p <.001)
Bilinguals >* Quadrilinguals (p =.001)
Trilinguals >* Quadrilinguals (p =.009)

Thalamus F(3, 102) =32.93, p<.001

F(1, 102)=6.11, p=.015

F(3, 102)=0.46, p=.713 Monolinguals <* Bilinguals (p <.001)
Monolinguals <* Trilinguals (p <.001)
Monolinguals <* Quadrilinguals (p <.001)

Bilinguals >* Quadrilinguals (p=.042)
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Figure 1. Normalised volumes of the a) caudate nucleus, b) nucleus accumbens, c) putamen, d) globus pallidus and e) thalamus across monolinguals, bilinguals,
trilinguals, and quadrilinguals. Normalised volumes are subcortical volumes as a proportion of total brain volume (raw volume/total brain volume*100)

it is in line with a previous study conducted with multilinguals.
Specifically, Hervais-Adelman et al. (2018) found a significant
positive relationship between multilingualism experience and
bilateral caudate volumes, which they attributed to the greater lin-
guistic and cognitive control demands involved. Despite being
able to use more languages than the other groups and reporting
considerable years of continual usage of their languages, our
quadrilinguals acquired their fourth languages (L4s) considerably
later in life and were less immersed in a multilingual environment
than the bilinguals and trilinguals. The bilinguals and trilinguals
were immersed in an environment that incorporated most of
their languages and enabled them to switch between their lan-
guages more extensively. In contrast, the quadrilingual group
had lower immersion, as many of them knew an L4 that was
not an official language in the country that they were living in.
Furthermore, since the last-learned languages of the quadrilin-
guals were acquired later than their third languages (L3s), their
years of L4 use had not caught up with their years of L3 use. It
is possible that the quadrilinguals have previously optimised
some of the resources for using three languages, but have yet to
do so for four languages. They may be building up additional
neural resources to meet the demands of using an additional lan-
guage. In other words, the expansion-renormalisation pattern
may restart each time new demands occur that the existing
resources are unable to meet, a pattern that has already been pre-
dicted by the DRM (Pliatsikas, 2020). This interpretation would
coincide with past bilingualism studies that found increment in
caudate volume for low-immersion bilinguals but not immersed
bilinguals (Pliatsikas et al., 2017). Perhaps, as the number of
years of continuous L4 use increases, and/or with a more immer-
sive environment, optimisation for four languages will occur and
show a corresponding decrease in caudate volume.
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The volume of the nucleus accumbens was found to be signifi-
cantly larger in bilinguals than in monolinguals, but similar across
monolinguals, trilinguals and quadrilinguals. There was also no
interaction effect between hemisphere and group for the nucleus
accumbens. The results suggest that renormalisation may have
begun with the trilinguals and continued further with the quad-
rilinguals towards baseline volumes, and is in line with our predic-
tions. Even though the nucleus accumbens is not often discussed
in the context of language functions, volumetric reductions in this
structure were previously found to correlate with the amount of
second language immersion where greater immersion correlated
with volume (DeLuca et al., 2019a). The nucleus accumbens has
central roles in higher-order cognitive functions such as decision-
making, action selection and learning (Abela et al., 2015), some of
which have been found to be enhanced in bilinguals (see Costa
et al., 2014; Hayakawa et al., 2016; Tremblay & Sabourin, 2012).
More specifically, this structure facilitates the selection of reward-
ing stimuli by inhibiting irrelevant actions to achieve goals effi-
ciently and remembering the outcomes of behaviours to achieve
future favourable actions (Floresco, 2015). Similarly, bilinguals
and multilinguals must constantly monitor conversational cues
while having multiple languages activated concurrently, effectively
inhibit the non-target language, and select the language appropri-
ate for the context in order to communicate adeptly. This may
imply that with increasing language experience, structural
resources become streamlined to undertake the task.

A third pattern of restructuring occurred for the putamen,
where bilinguals had larger volumes than monolinguals and
quadrilinguals, trilinguals had larger volumes than quadrilinguals,
and monolinguals and quadrilinguals had similar volumes. This is
unlike our predictions of a stabilised volume for bilinguals, trilin-
guals and quadrilinguals. Both the globus pallidus and putamen
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have general and language-specific roles such as movement regu-
lation, orchestration of motor programs, and speech articulation
which are functions integral to bilingual speech production
(Fazl & Fleisher, 2018; Javed & Cascella, 2020; Koikkalainen
et al, 2007; Oertel & Schulz, 2016; Syka et al, 2015;
Vinas-Guasch & Wu, 2017). Knowing more than one language
would expose bilinguals and multilinguals to a wider range of
speech sounds and increase their verbal control needs.
Furthermore, bilinguals and trilinguals in this population have
been in an immersive environment where for most of them, at
least two of their languages are used in their multilingual environ-
ment for both administrative and recreational purposes. Although
the quadrilinguals in this study may not be immersed in an envir-
onment that actively requires all four languages, they are no doubt
exposed to an even wider range of speech sounds and correspond-
ingly greater demands for varied speech articulation. Additionally,
structural adaptations of the putamen have been suggested to
occur regardless of immersion, as its effects have been found in
both immersed and non-immersed bilinguals (DeLuca et al,
2019a; Korenar et al, 2023; Marin-Marin et al, 2022).
Therefore, the observation of smaller volumes in quadrilinguals
compared to trilinguals, along with similar volumes between
quadrilinguals and monolinguals, may suggest that articulatory
monitoring and phonological processes have become more auto-
matised and efficient in quadrilinguals.

The globus pallidus displayed an almost identical pattern with
the putamen where bilinguals and trilinguals have significantly
bigger volumes than monolinguals and quadrilinguals. A key dif-
ference is that the volume of the globus pallidus remained signifi-
cantly larger in quadrilinguals when compared with
monolinguals, despite a significant reduction when compared to
trilinguals. Slightly similar to the results for the caudate nucleus,
this suggests that while renormalisation may have begun, it has
not renormalised to baseline volumes. Perhaps, with a more
immersive environment, and/or the accumulation of more years
of continuous L4 use, optimisation will occur and exhibit a corre-
sponding decrease in volume to baseline for the quadrilinguals.
Even though the globus pallidus shares overlapping functions
with the putamen such as the coordination of motor programmes
(Grillner & Robertson, 2016), it also plays a unique role in the
control of lexical-semantic operations (Whelan et al., 2004).
Therefore, these observed effects could reflect the ongoing process
of optimising the selection of lexical-semantic alternatives by the
globus pallidus. This pattern of volumetric differences is in partial
support of the DRM, which predicted that as language experience
increases, the volumes of the globus pallidus will remain constant.
The renormalisation of the globus pallidus and putamen appears
to have occurred with more language experience than the renor-
malisation of the caudate nucleus and nucleus accumbens. This
suggests that mechanisms of language control may be optimised
earlier than mechanisms relating to the execution of language
such as articulation and other linguistic motor programs.

The final pattern of restructuring and one which is interpreted
as the slowest rate of renormalisation occurred for the thalamus
where monolinguals exhibited significantly smaller volumes
than all other groups. The thalamus has not only been proposed
to be involved in language switching by the ACH, but has also
been implicated in many language functions, such as language
selection, production, speech monitoring, semantic processing,
and highlighted in past research to adapt both structurally and
functionally (Burgaleta et al., 2016; Pliatsikas et al., 2017; Raji
et al,, 2020). In particular, it plays roles in selecting relevant lexical
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and semantic representations. Thus, with increased language
experiences in the form of acquiring a larger number of lan-
guages, it is believed that a larger demand would be exerted on
the selection mechanisms helmed by the thalamus. It is the
only subcortical structure in this study that did not exhibit similar
volumes between monolinguals and trilinguals or quadrilinguals,
or even a volumetric reduction from trilinguals to quadrilinguals
(i.e., no renormalisation). This could be due to the thalamus play-
ing a range of major roles not limited to language systems and
motor control (Hwang et al., 2021). For example, it is involved
in memory, sleep and consciousness, and is implicated in every
sensory system (Bast et al., 2021; Ward, 2013). Furthermore, it
is a large structure that acts as a relay hub with extensive projec-
tions and functions linked to various regions of the brain (Hwang
et al., 2021). Therefore, a further increase in language experience
may not be enough to trigger the restructuring of the whole struc-
ture, or the approach of this study does not have the sensitivity to
detect any reshaping that may have occurred.

4.1. Theoretical implications

The findings of this study have provided insights from a multilin-
gual population by comparing across a spectrum of individuals
ranging additively from monolinguals to quadrilinguals. At a
broad level, the results indicate that brain tissue can expand and
contract not only through motor skill learning but also with
increasing language skills. The effects found in the caudate
nucleus, putamen, and thalamus echo predictions from the
ACH and BAPSS where adaptations shift towards a subcortical
recruitment strategy, suggesting that language switching could
be less effortful and more automated with more experience.
Specifically, the bigger subcortical volumes observed in bilinguals
compared to monolinguals align with the BAPSS, which suggests
that as L2 experience increases, reliance on subcortical structures
would also increase.

Notably, these findings validate predictions from the DRM,
where subcortical effects emerge with increased language experi-
ence (i.e., knowing more languages), and the observed patterns
of adaptations are characterised by expansions followed by con-
tractions back to baseline volumes. With monolinguals represent-
ing baseline volumes, knowing two languages appears to be
associated with larger volumes. As a third language was
“added”, the brain did not go on to “expand”. Rather, the subcor-
tical volumes of trilinguals were either comparable to bilinguals
(i.e., caudate nucleus, putamen and globus pallidus), or were sig-
nificantly smaller (i.e., nucleus accumbens). Finally, with the add-
ition of a fourth language, structures that did not “return” to
baseline volumes in the trilinguals (putamen and globus pallidus)
exhibited significantly smaller volumes in the quadrilinguals such
that they were either matched with or closer to monolingual
volumes, except for the thalamus which nevertheless showed a
downward trend. The bilingual group consists of immersed bilin-
guals who could be said to be at the consoLpaTION stage of the
DRM where expansions in the putamen, globus pallidus and thal-
amus were expected in comparison to monolinguals. The trilin-
guals could be between the CONSOLIDATION and PEAK EFFICIENCY
stages as seen through the persistent effects in the putamen, glo-
bus pallidus, and thalamus. Pliatsikas (2020) did acknowledge that
the patterns for the last stage of the DRM would be tricky to pre-
dict due to the lack of evidence from multilingual populations.
These findings could therefore add to the scarce amount of evi-
dence from populations with more language experience,
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potentially informing the DRM by providing evidence of smaller
volumes in the nucleus accumbens, putamen and globus pallidus
with the knowledge of a third and fourth language.

The idiosyncratic pattern seen in the quadrilinguals merits spe-
cial focus. Specifically, the subcortical volumes of interest were rela-
tively bigger for quadrilinguals than trilinguals for some structures
but not others, making quadrilinguals challenging to place in the
context of the DRM. The unique findings for quadrilinguals may
be attributed to them not being immersed in an environment
that allowed them to actively use all four of their languages.
Despite having fewer opportunities to switch between languages,
the quadrilinguals do have the ability to use more languages than
other groups, which would mean having to inhibit more languages
than the others at any point in time, regardless of use, and this is a
function subserved by the nucleus accumbens. The neural resources
for doing so may have thus been optimised, resulting in renorma-
lised volumes in quadrilinguals. Moreover, quadrilinguals, as dis-
cussed earlier, were undoubtedly exposed to more diverse speech
sounds and had to coordinate between numerous articulatory
motor programs than the other groups, which could account for
the renormalised volumes of the putamen. Among its many func-
tions, the globus pallidus shares the role of coordinating motor pro-
grams with the putamen, which could explain its decreasing
volume in quadrilinguals, albeit not renormalising to baseline
volumes. Conversely, while the nucleus accumbens and putamen
showed smaller volumes in quadrilinguals, the caudate nucleus,
globus pallidus and thalamus did not. The latter three structures
share a common function - language control. Specifically, they sub-
serve the switching between lexico-semantic representations, which
may have been less available to the less-immersed quadrilinguals.
Consequently, optimisation and automatisation of these structures
for this function may not have occurred, which could explain the
sustained large volumes of these structures in quadrilinguals. In
other words, higher multilingual immersion may exert unique
demands on different structures.

4.2. Limitations

The current study explored the relations between subcortical
restructuring and increasing number of languages, which may
have neglected nuances of the bilingual and multilingual experi-
ence. Future studies could consider investigating structural adap-
tations with a better quantification of bilingualism and
multilingualism by considering the influence of language back-
ground factors such as language proficiencies, AoA, and degree
of immersion through the use of a questionnaire such as the
LEAP-Q (Marian et al., 2007). Even though this study has a rela-
tively small sample size, which future replication studies could
consider addressing, we were able to make a comparison across
four populations that lie on a spectrum of increasing language
experience that has not been conducted before. Future studies
could also compare between multilinguals (bilinguals, trilinguals
and quadrilinguals) and simultaneous interpreters, who have
been argued to have high levels of language control, to investigate
the influence of language experience on volumetric differences in
subcortical structures. Studies could also aim to investigate neuro-
plasticity in immersed quadrilinguals who not only possess the
ability to use four languages, but also live in environments that
allow them to actively use all their languages, albeit a challenge
to find and recruit such participants.

Analysing MRI data collected from different sites is becoming
a common practice (Grazioplene et al., 2015; Hervais-Adelman
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et al,, 2018), and so is the challenge of mitigating its potential
effects. We acknowledge that the use of different scanners/proto-
cols may have had unclear effects like variations in image acqui-
sition that may consequently influence the probabilistic
assignment to various tissue types or structures of interest during
segmentation. In order to mitigate this potential impact, we
employed FIRST and a volumetric analysis, which relied on
images in a native space, instead of methods that average and
register images to a standard template (e.g., voxel-based morph-
ometry (VBM)). The full pipeline of subcortical segmentation
using FIRST was run, including an inverse transformation to
take it back into the native space, enabling the subsequent seg-
mentation process to occur in the native space (Patenaude et al.,
2011). In so doing, we were able to be maintain sensitivity to volu-
metric differences between participants and avoid other potential
inaccuracies introduced by VBM. Secondly, we compared normal-
ised subcortical volumes (raw volume/total brain volume) instead
of raw volumes, which can reduce confounding effects of scanner-
related variations. By doing so, we made relative comparisons,
where we examined how the proportion of the structure relative
to total brain volume differed between groups, even if raw/abso-
lute volumes may not be directly comparable. However, we are
aware that normalisation may not fully account for variations in
scanning protocols. Hence, we further included two negative con-
trols in the form of brainstem volumes and total brain volumes.
We chose the brainstem as it not only required the same segmen-
tation processes as the five subcortical structures of interest, but
crucially, it is not known to undergo structural adaptations
induced by bi-/multilingualism. Hence, any differences in brain-
stem volumes across groups could be attributed to systematic dif-
ferences arising from scanner variation. However, no significant
group differences were found, verifying the absence of systematic
differences. Additionally, we analysed the total brain volumes,
which showed to be similarly consistent across groups.
Moreover, should there be systematic differences, the subcortical
volumes extracted should show differences across the groups in
a way that align with the differences in the scanners/protocols.
Our results, however, revealed patterns that did not match up
with scanner differences. For example, bilinguals and trilinguals
did not show systematic similarities, even with the same scan-
ner/protocol. Furthermore, they exhibited both similar and dis-
tinct volumes compared to the other two groups scanned using
different protocols/scanners. This method has also been used in
other studies involving multiple scanners (Elkattan et al., 2017;
Pliatsikas et al., 2020b). This being said, using data from different
protocols is not ideal, and future studies facing the same issue of
not being able to obtain data from the same environment could
consider scanning a small number of reference participants
using the different acquisition protocols to verify the absence of
any systematic differences.

Other potential limitations of this study include the lack of SES
reports from participants and cultural differences between the
monolinguals from the UK, bilinguals and trilinguals from
Malaysia and quadrilinguals from the Czech Republic. It is plaus-
ible that some unmeasured lifestyle variables differed between the
groups and had an influence on experience-dependent neuroplas-
ticity that contributed to the differences found in structural adap-
tations. However, while it is not possible to address all possible
confounds in a single study (Bak, 2016), the English monolinguals
were selected because of the difficulty of finding comparable
monolinguals in Malaysia. Typically, in Malaysia, monolinguals
tend to be from a much older age-group and have a lower level
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of education than the multilingual population. Furthermore, the
assumed monolinguals in Malaysia are likely to have been
exposed to many other languages and dialects such as English
and Chinese. In light of these differences, monolinguals in the
UK were chosen as the baseline group instead of Malaysian
monolinguals as the latter would have had jarring differences in
education level and age when compared to the multilingual
groups, potentially confounding any structural variation found.

In conclusion, subcortical adaptations are dynamic in that they
are not fixed across all structures and do not all proceed at the
same rate. The use of two languages is associated with increased
subcortical volumes, and further language experience in the
form of knowing more languages is associated with smaller
volumes which are similar to that of monolinguals. The pattern
of changes seems to consist of expansions followed by contrac-
tions, which may be interpreted as renormalisation and optimisa-
tion of neural resources as experience mounts. The subcortical
structures that adapt the fastest appear to be structures with cen-
tral roles in domain-general cognitive functions (i.e., cognitive
control) that are similarly vital in handling multiple languages.
All in all, these findings highlight the remarkable ability of the
brain to continually reorganise to achieve and maintain efficiency;
allowing humans to do more with less.

Supplementary Material. To view supplementary material for this article,
please visit https:/doi.org/10.1017/S136672892300086X

The volumes of the analysed subcortical structures can be found as supple-
mentary material accompanying this paper.
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Appendix
Table 2. Summary of language variety used by participants.
Number of
Group Participants (females) Language(s) Number of users AoA (SD)
Monolinguals 14 (13) English 14 0
Bilinguals 14 (12) English 14 6 (3.1)
Malay 14 2.5 (1.6)
Trilinguals 14 (10) English 14 4.43 (1.69)
Malay 14 4.3 (1.8)
Chinese 11 1.91 (1.14)
Tamil 1 5
Korean 1 15
Japanese 1 13
Quadrilinguals 14 (9) English 14 9 (2.9)
Czech 14 0.2 (0.8)
German 9 12 (2.8)
French 6 13.2 (4.5)
Spanish 4 18 (3.2)
Russian 3 12.3 (11)
Norwegian 2 25 (5.7)
Hungarian 1 0
Irish 1 17
Italian 1 12
Slovak 1 6
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Table 4. Means and standard deviations of raw (mm®) and normalised (%) subcortical volumes.

14t

ssaud Ais1anun abplguied Aq auluo payslignd X98000£2682£99€1S/£101°01/B10"10p//:sdny

Monolinguals Bilinguals Trilinguals Quadrilinguals
(N=14) (N=14) (N=14) (N=14)
Subcortical region Hemi-sphere Raw Normalised Raw Normalised Raw Normalised Raw Normalised
Caudate nucleus L 3634.75 (518.56) 0.263 3749.48 (341.09) 0.287 3703.75 (305.84) 0.268 3983.72 (419.60) 0.285
(0.039) (0.024) (0.022) (0.156)
R 3776.38 (388.56) 0.272 3590.65 (353.84) 0.274 3676.46 (430.37) 0.266 4099.81 (372.10) 0.294
(0.025) (0.019) (0.026) (0.018)
Nucleus accumbens L 503.94 (131.11) 0.036 581.28 (114.44) 0.044 550.44 (105.94) 0.040 570.19 (134.09) 0.041
(0.009) (0.007) (0.007) (0.008)
R 424.17 (112.27) 0.030 509.81 (55.49) 0.039 446.98 (60.78) 0.032 516.56 (104.96) 0.037
(0.008) (0.005) (0.003) (0.006)
Putamen L 4660.78 (509.53) 0.337 5436.65 (466.14) 0.416 5732.0 (493.12) 0.415 5016.33 (562.19) 0.359
(0.038) (0.032) (0.035) (0.025)
R 4596.62 (359.14) 0.332 5292.02 (499.87) 0.404 5437.13 (435.71) 0.394 4975.80 (496.12) 0.356
(0.031) (0.026) (0.033) (0.021)
Globus pallidus L 1593.73 (89.15) 0.115 1797.82 (118.61) 0.138 1877.20 (179.18) 0.136 1805.77 (214.99) 0.129
(0.007) (0.008) (0.010) (0.010)
R 1587.58 (91.63) 0.115 1778.14 (172.89) 0.136 1850.26 (186.48) 0.134 1771.84 (226.53) 0.127
(0.007) (0.009) (0.010) (0.011)
Thalamus L 7601.71 (513.75) 0.548 8506.97 (525.39) 0.651 8714.91 (743.73) 0.631 8444.83 (883.87) 0.604
(0.026) (0.035) (0.055) (0.031)
R 7440.99 (507.30) 0.537 8115.87 (437.90) 0.621 8454.78 (840.02) 0.612 8336.05 (946.22) 0.595
(0.027) (0.032) (0.051) (0.026)
Brainstem 20076.87 (2697.32) 20798.08 (2362.40) 21764.18 (2612.13) 23650.51 (2842.99)

Total brain volume

1388139.07
(101262.36)

1309427.43
(100885.17)

1386849.07
(136648.21)

1400098.00
(145233.08)

Note. L refers to Left and R to Right. Normalised volumes are subcortical volumes as a proportion of total brain volume (raw volume/total brain volume*100).
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