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Abstract The experience of learning and using a second
language (L2) has been shown to affect the grey matter
(GM) structure of the brain. Importantly, GM density in
several cortical and subcortical areas has been shown to be
related to performance in L2 tasks. Here, we show that bilin-
gualism can lead to increased GM volume in the cerebellum, a
structure that has been related to the processing of grammat-
ical rules. Additionally, the cerebellar GM volume of highly
proficient L2 speakers is correlated to their performance in a
task tapping on grammatical processing in an L2, demonstrat-
ing the importance of the cerebellum for the establishment and
use of grammatical rules in an L2.
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Introduction

In an influential paper on the memory circuits that subserve
language processing, Ullman [1] developed the declarative/
procedural (DP) model. According to this approach, there is a
distinction in the brain between those regions that process
explicit world knowledge, such as facts and events, and sub-
serve arbitrary associations of learned information, and those
regions that process implicit cognitive and motor skills, which
are performed unconsciously. Ullman called the first group of
regions the ‘declarative’memory system and suggested that it
primarily includes the hippocampus and temporal regions.
The second group of regions was called the ‘procedural’
memory system, which primarily includes the frontal lobe
and basal ganglia, with a potential role for inferior parietal
regions. In a later version of his model, Ullman [2] extended
the procedural network by providing a role for the cerebellum
in it.

Based on neurocognitive data, Ullman [1] extended the DP
model in order to account for language processing: he sug-
gested that the procedural system subserves implicit and au-
tomatic aspects of language processing, such as processing of
grammar, whereas the declarative system subserves knowl-
edge and processing of words, i.e. the lexicon. This suggestion
is compatible to experimental data that show differential pro-
cessing for regularly versus irregularly inflected past tense
forms (e.g. played versus kept ) [3, 4]. Regular inflections
such as played are thought to be processed online by the
application of a linguistic rule that instructs the automatic
outstripping of the suffix -ed in order to process the stem
play. On the other hand, irregular forms, such as kept , are
thought to be monomorphemic, occupying separate lexical
entries than their stem (keep). Based on this distinction, pro-
cessing of regular past tense forms should involve the proce-
dural system, whereas processing of irregular forms should
involve the declarative system. Further supporting evidence
for the relevance of the DP model for language processing has
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been provided by studies on aphasics [5], as well as on people
diagnosed with specific language impairment (SLI) [6]. A
common finding in these studies was that people with im-
paired grammatical processing often had their word learning
capabilities spared. Hedenius et al. [7] recently showed that a
grammatically impaired group of children with SLI was un-
able to consolidate learning of new non-linguistic sequences,
as opposed to a group of typically developing children, which
showed evidence of procedural learning. This finding was
interpreted as evidence for the close relationship between
sequence learning and rule-based grammatical processing
and as an indication that the two types of impairment may
have a common underlying neurological cause. These find-
ings suggest a close link between non-linguistic skills and
grammatical processing at the brain level, which also appear
independent from episodic world knowledge, including ex-
plicit language knowledge, i.e. the lexicon.

The Cerebellum in Language Processing

As already mentioned, Ullman [2] proposed a role for the
cerebellum within the procedural system, which also extends
to language processing. More specifically, he suggested that
the cerebellummay be involved in the ‘error-based learning of
the rules that underlie the regularities of complex structures’
(p. 247). The role of the cerebellum in language processing
has been supported by several studies in recent years. These
include evolutionary approaches suggesting that language
processing in humans evolved as a by-product of the organi-
sation of ‘syntactic’ behavioural sequences for problem solv-
ing during foraging, which are largely subserved by the cere-
bellum [8]. De Smet et al. [9] recently reviewed a number of
patient studies and unveiled the effects of cerebellar damage in
syntactic processing, including difficulties in processing mor-
phemes, as well as the role that the cerebellum may have in
conditions such as aphasia, alexia, dyslexia and dysgraphia.
Similarly, recent reviews [10–12] list a number of functional
neuroimaging studies that suggested the activation of the
cerebellum in linguistic tasks, such as word generation, object
naming, stem completion and semantic judgement; important-
ly, they also report case studies where damage in the right
cerebellum led to symptoms typical in non-fluent aphasia,
such as marked agrammatism and impairment in sentence
construction, leading some researchers to describe a
cerebellar-induced type of aphasia [13]. The available data
also suggest a functional topography of the cerebellum, with
language-related tasks engaging the right lateral posterior
cerebellum, along with the left prefrontal regions, for right-
handed participants [14–16]. This includes areas, such as
lobules VI and VII (Crus I/II) [17]. Importantly, left-handed
participants appear to activate the left cerebellar homologues
for the same tasks [15]. Recent findings [18] have further
supported the language lateralisation within the cerebellum,

suggesting, however, that it is a less lateralised region com-
pared to other typical language areas, such as the left inferior
frontal gyrus (LIFG), and that the lateralisation changes little
over time before puberty.

The role of the right cerebellum in language processingwas
further demonstrated in a recent study by Lesage et al. [19].
Lesage and colleagues applied repetitive transcranial magnetic
stimulation to the right cerebellum and caused delayed re-
sponses in subjects being tested in an auditory task where
the participants had to predict linguistic input based on a
specific context. The author suggested that the right cerebel-
lum may be crucial for predicting linguistic input and linked
this suggestion to the general predictive role that has been
proposed for the cerebellum for motor control [20]. Similarly,
Marvel and Desmond [21] administered a functional magnetic
resonance imaging (fMRI) study tapping on verbal working
memory in two conditions: the storage condition, where sub-
jects were required to attend to a target letter, rehearse it
silently over a delay period and match it to a probe letter,
and a manipulation condition, where the subjects saw the
target letter, counted two letters up and rehearsed the new
letter, until the probe appeared. For manipulation versus stor-
age, the results revealed the activation of regions that support
motor planning and preparation, including the pre-motor cor-
tex, the pre-supplementary motor area (SMA) and the bilateral
superior cerebellum, as well as regions shown to have a role in
working memory, such as the dorsal prefrontal cortex, the
insula and the right inferior cerebellum. Marvel and Desmond
suggested that their findings signified a functional specialisa-
tion within the cerebellum for verbal working memory tasks:
while the inferior cerebellum is important for maintaining and
updating information in working memory, the superior cere-
bellum remains active for the ongoing manipulation of infor-
mation. Consequently, the cerebellum emerges as an impor-
tant region for inner speech, which in turn supports working
memory.

To summarise, the role of the cerebellum in language
processing has been demonstrated in a variety of studies on
both healthy and impaired populations. Among the various
language-related functions of the cerebellum, the evidence
linking cerebellar damage to impaired syntactic processing
and agrammatism further supports the role of the cerebellum
in grammatical processing as part of the procedural network.
We will now turn to the predictions of the DP model for non-
native language processing, as well as the available evidence
for structural changes in the bilingual brain as a function of
learning a second language (L2).

The DP Model in L2 Processing

Ullman [1] suggested that the distinction between procedural
and declarative aspects of language processing does not apply
to late L2 learners of a language and that reliance to the
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procedural system is significantly dependent on the age of
acquisition (AoA) of the L2. This is due to maturational
constraints of the procedural system, which make it harder
to access and utilise by late learners of an L2. To investigate
the effects of AoA on L2 processing, Consonni and colleagues
[22] tested balanced Italian–Friulian bilinguals and Friulian
late learners of Italian (AoA, 3–6 years) in an fMRI experi-
ment with a task combining comprehension and production: it
required the generation of a verb or a noun as a response to a
description, in both Friulian and Italian. Both groups were
highly proficient in both languages. Their results revealed
comparable brain patterns across the two groups and for both
languages, with a significant distinction for processing verbs
versus nouns. Consonni and colleagues concluded that, with
the proficiency kept high, AoA is not a significant factor for
comprehension and production in an L2; instead, high bilin-
gual proficiency and exposure lead to the convergence of the
neural substrates that process the two languages. However, it
is important to note that the two groups were equally exposed
to two languages since birth—the late group only received
Italian linguistic instruction at the age of 3 years, while any
prior naturalistic exposure to Italian cannot be ruled out.
Additionally, subjects with an AoA of 3–6 years are rarely
classified in the literature as ‘late’ learners of a language [23,
24]. The maturational constraints that Ullman suggested may
not apply at that age [18]; moreover, Ullman defines as ‘late’
the language acquisition that takes place after puberty [2].
Therefore, the suggestions by Consonni and colleagues must
be treated with caution, as far as the effects of AoA are
concerned.

Although Ullman suggested that late AoA may be detri-
mental for the procedural acquisition of the L2, he also ad-
mitted that late L2 learners may become more native-like as a
result of practice and experience in an L2 [2]. Recent evidence
has suggested that highly proficient L2 learners of English can
be native-like in demonstrating rule-based morphological pro-
cessing [25]. In that study, L2 learners of English with 8 years
of classroom instruction and native speakers were shown to
process regular past tense inflection in English in a similar
way in a self-paced reading task; more specifically, both
groups showed evidence for rule-based decomposition of
regularly inflected forms (played) embedded in grammatical
sentences, where no such evidence was shown for irregular
forms (kept). According to the Skills Acquisition Theory [26],
a shift from declarative to procedural knowledge in an L2 is
feasible and is dependent on successful classroom instruction.
In other words, the continuous instruction of a grammatical
rule leads to the proceduralisation of the rule, the application
of the rule without the involvement of a declarative compo-
nent. It has been suggested [27] that proceduralisation or
native-like processing of grammatical rules may not be across
the board, but restricted to simple concatenative rules, such as
the English past tense rule. Indeed, it has been shown that L2

learners with classroom exposure do not process abstract
syntactic features in an L2 [28]; however, more recent findings
suggested that abstract syntactic processing can be eventually
established as a result of extensive naturalistic exposure to the
L2 [29].

Given the available evidence for proceduralisation of L2
processing as a matter of classroom or naturalistic exposure, it
is interesting to see whether these changes in behavioural
processing are accompanied by structural changes in the brain.
In other words, it is worth investigating whether this ‘switch’
between the declarative and procedural networks is
manifested in structural reorganisation of the relevant brain
regions.

Structural Changes in the L2 Brain

Emerging neuroimaging evidence has suggested that the
structure of the human brain can be altered as a result of
learning an L2. Mechelli et al. [30] used voxel-based mor-
phometry (VBM) analyses on the brains of native English
speakers and age-matched and education-matched L2 learners
of English and identified a region in the left inferior parietal
cortex with significantly greater grey matter (GM) density in
the L2 learners. Importantly, the GM density in that area was
positively correlated to the L2 learners’ proficiency level and
negatively correlated to their age of L2 acquisition, suggesting
a dynamic reorganisation of the brain structure in this area as a
function of learning and using an L2. The importance of L2
proficiency as a predictor of structural brain changes was also
demonstrated by Stein and colleagues [31], who run a longi-
tudinal MRI study on English learners of L2 German. They
acquired high-resolution anatomical brain images and a pro-
ficiency measurement from their subjects in two occasions:
first, after an intense 3-week German language course (day 1),
and second, after 5 months from that date (day 2). Stein and
colleagues found that both subjects’ proficiency and their
overall GM volume had increased from days 1 to 2. A subse-
quent regression analysis showed that proficiency level was a
good predictor of GM density in the LIFG, an area which has
also been suggested to form part of the procedural network
[2]. Importantly, it appears that this kind of cortical
restructuring took place even within a short amount of natu-
ralistic exposure to L2.

More evidence for the relationship between L2 learning
and brain structure has been provided by VBM studies inves-
tigating how the GM density in the bilingual brain is correlat-
ed to the bilinguals’ performance in behavioural tasks. Grogan
et al. [32] reported significant correlations between the bilin-
guals’ performance in fluency tasks and the GM density in
four areas: in the left inferior temporal lobe and bilaterally in
the caudate nucleus, the cerebellum and the pre-SMA. These
effects were common for their performance in both their
native language (L1) and their L2, and the correlations with
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the caudate nucleus were stronger for the L2 than the L1. A
subsequent study [33] suggested that vocabulary knowledge
in an L2 is positively correlated to the GM density in the
inferior parietal lobe, bilaterally.

Notably, some of the brain regions that have been identified
as crucial for bilingual processing, more specifically the LIFG,
the cerebellum and the caudate nucleus, form part of what has
been described as the procedural network in the DPmodel [1].
Despite the importance given by Ullman to this network for
the processing of grammatical rules, none of the available
studies has so far attempted to correlate changes in the brain
structure of bilinguals to their performance in grammatical
tasks. Since there is evidence for native-like processing of the
past tense rule by L2 learners [25] and also since the GM
density of parts of the procedural memory system has been
shown to be related to L2 performance in language tasks [32],
it is worth investigating the relationship between the bilin-
guals’ GM volume and their performance in a task tapping on
grammatical processing. We, therefore, compared the struc-
tural images of the native and highly proficient non-native
speakers of English, who also performed a behavioural task
involving processing of the English past tense rule. This was a
masked priming task with past tense forms as primes and their
corresponding present tense forms as targets. We chose this
task as it has already been used by studies on morphological
processing in L2 and it is thought to tap into morphological
rule application by leaving outside any semantic effects
[34–36]. We predicted significant between-group differences
in GM volume in the procedural system, as a result of its
increased involvement in the proceduralisation of the L2. We
also predicted that any bilingualism-induced effects on the
procedural system will be reflected in the processing patterns
of the L2 learners on the grammatical task.

Finally, although there is behavioural evidence for the
effects of naturalistic exposure on L2 syntactic processing
[29] and MRI evidence that even 5 months of exposure can
lead to changes in cortical GM density [31], none of the
available studies has investigated the effects of extensive
naturalistic exposure to the structure of the bilingual brain.
To investigate that, we re-ran our analysis on the L2 learners
only, by using their amount of naturalistic exposure as a
predictor for the GM volume across the brain.

Methods

Participants

Two participant groups took part in this study: the L2 group
consisted of 17 Greek L2 learners of English (mean age, 27.5;
range, 19–37; SD, 5.55). They were UK residents for an
average of 4 years (range, 1–13; SD, 3.5) and started learning
English after the age of 6 years (mean AoA, 7.7; SD, 2.2).

They scored 82.4 % (SD, 10 %) in a proficiency test [37],
which is equivalent to Mastery Proficiency. The NS group
consisted of 22 English native speakers (mean age, 24.5;
range, 20–38; SD, 3.9). None of the native speakers reported
speaking an L2.

Behavioural Task

The participants were tested in a masked priming task tapping
on the processing of past tense inflection in English. The
experimental items that were the targets of this experiment
consisted of two types of verbs: regulars and irregulars. The
targets were paired with two types of primes: morphological,
where the prime was the past tense form of the target (e.g.
played–play), and unrelated, where the prime was orthograph-
ically, morphologically and semantically unrelated to the tar-
get (i.e. fork–play). Therefore, the experiment included four
conditions: regular morphology, regular unrelated, irregular
morphology and irregular unrelated. Of the four conditions,
only regular morphology is predicted to elicit the application
of a grammatical rule (i.e. played is decomposed into play+
ed) [2].

We used 80 English verbs as targets, along with 80 non-
words, for the purposes of the lexical decision experiment,
totalling 160 trails. All targets were presented once. Forty
verbs were regular, and 40 irregular. The regular and irregular
verbs were paired with either a morphological or an unrelated
prime in order to create the 4 conditions of the experiment,
consisting of 20 pairs each. Based on CELEX [38] counts,
only highly frequent verbs were used as targets. The four target
lists did not significantly differ in terms of length (F(3, 76)=
1.162, p =0.330, η2=0.044), frequency [F(3, 76)=0.649, p =
0.586, η2=0.025], as assessed by CELEX, and orthographic
neighbourhood density [F (3, 76)=0.351, p =0.789, η 2=
0.014], as assessed by the English Lexicon Project [39]. The
non-word targets in this experiment were created from real
verbs, from which one letter was changed, resulting in a
phonologically valid non-word (e.g. keep–*teep). Half of the
non-words were created from regular verbs, and half from
irregular verbs. Similar to real word targets, half of the non-
word targets were paired with unrelated non-word primes and
half were paired with related non-word primes, which were
formed similarly to the non-word targets (e.g. *tept–*teep),
creating four non-word conditions. A comparison across the
eight experimental conditions (four real and four non-word)
showed that they did not significantly differ in length [F(7,
152)=0.754, p =0.627, η2=0.034].

Each experimental trial consisted of the following visual
events: (a) a forward mask (#######) presented for 500 ms,
(b) the prime, presented in lowercase for 35 ms and (c) the
target, presented in uppercase for 1,500 ms. The participants’
task was to decide whether or not the target was a real word by
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pressing one of two buttons (for ‘yes’ and ‘no’ responses,
respectively) as fast as possible.

MRI Data Acquisition and Data Analysis

We acquired whole-brain images with a 3.0-T Siemens
MAGNETOM Trio MRI scanner with Syngo software and a
12-channel head matrix coil. These were high-resolution T1-
weighted MPRAGE gradient-echo 3D anatomical images
collected with 176×1 mm slices (TE, 2.52 ms; TR,
2,020 ms; TI, 1,100 ms; FOV, 250×250 mm2). The scan
lasted 5 min. Following on the analysis protocol described
by Douaud et al. [40], we performed a between-group, whole-
brain, voxel-by-voxel comparison of the GM volume with
FSL-VBM (v1.1), an optimised VBM protocol [41] carried
out with FSL [42]. Structural images were brain-extracted and
GM-segmented before being registered to the Montreal Neu-
rological Institute (MNI) 152 standard space using non-linear
registration [43]. The resulting images were averaged and
flipped along the x -axis to create a left–right symmetric,
study-specific GM template. Subsequently, all native GM
images were non-linearly registered to this study-specific
template and ‘modulated’ to correct for local expansion (or
contraction) due to the non-linear component of the spatial
transformation. The modulated GM images were then
smoothed with an isotropic Gaussian kernel with a sigma of
3 mm. Finally, voxel-wise GLM was applied using
permutation-based non-parametric testing, correcting for mul-
tiple comparisons across the brain with threshold-free cluster
enhancement (TFCE) [44]. Age and gender were included in
the model as covariates of no interest. This analysis created a
corrected whole-brain t statistical map.

Results

Our between-group analysis revealed significantly increased
GM volume for the L2 group in several cerebellar areas
bilaterally; the significant clusters appear in Table 1 and also

in Fig. 1, overlaid on a standard brain template for illustrative
purposes. No other significant differences were revealed. This
finding suggests that learning and using an L2 can affect the
structure of the cerebellum.

Since the cerebellum is part of the procedural memory
network, it is, therefore, possible that increased cerebellar
GM volume reflects efficient linguistic rule application by
L2 learners. To investigate that, we calculated the GM volume
of the cerebellar cluster that emerged from the VBM analysis;
subsequently, we performed Pearson’s correlations between
the participants’ cerebellar GM volume and their reaction
times (RTs) in the behavioural task (apart from two partici-
pants who were excluded due to very low accuracy in the
task). Only the RTs for trials that were accurately responded to
were included in the analysis, and the two groups did not differ
significantly in terms of accuracy (overall accuracy: L2,
94.5 % (5 %); NS, 97 % (3 %); F(1, 36)=2.422, p =0.128,
η2=0.063). For the L2 learners, the analysis revealed a signif-
icant negative correlation between the GM volume and their
RTs in the regular morphology condition (r =−0.602, p =
0.014). This signifies that, the larger the cerebellar GM vol-
ume is, the more efficient the rule application in L2 becomes,
expressed in shorter RTs. There were no significant correla-
tions with the regular unrelated (r =−0.340, p =0.197), irreg-
ular morphology (r =−0.042, p =0.878) and irregular
unrelated (r =−0.240, p =0.371) conditions, indicating that a
greater cerebellar GM is not generally beneficial for word
reading or for performing lexical decisions. For the NS group,

Fig. 1 Regions with significant
between-group differences in GM
volume, expressed in corrected 1
−p values

Table 1 Significant cluster peaks for non-natives>natives

Hemi Region Cluster sizea p valueb x y z

R Crus I/II 1,735 <0.001 26 −86 −46

L Crus I/II 1,630 <0.001 −22 −92 −30

R V 138 0.04 18 −44 −20

All coordinates in MNI space
a Cluster size is expressed in number of 1 mm isotropic voxels
b All p values corrected for multiple comparisons with TFCE
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the analysis revealed no significant correlations with any of
the four experimental conditions (regular morphology: r =
0.278, p =0.222; regular unrelated: r =0.293, p =0.197; ir-
regular morphology: r =0.068, p =0.769; irregular unrelated:
r =−0.004, p =0.987). Figure 2 shows the correlations per
group for each of the four experimental conditions.

Based on recent findings that naturalistic exposure to L2
has an effect in the acquisition and processing of grammatical
rules [29], we also wanted to investigate whether the amount
of exposure to L2 also affects the brain structure. For this
purpose, we re-ran the VBM analysis on the L2 group only
and we added years of UK residence as a regressor. This
analysis revealed that naturalistic exposure correlated with
the GM volume in the posterior left putamen (−26, −12, 10;
p =0.01; cluster size, 6 1 mm isotropic voxels) and the poste-
rior right putamen (26, −8, 6; p =0.02; cluster size, 6 1 mm
isotropic voxels) in the uncorrected results only. This finding
calls for further investigations on the effects of naturalistic
exposure on the GM.

Discussion

This study investigated whether speaking an L2 affects the
structure of the brain and focused on the areas that have been
proposed to subserve processing of linguistic rules [2]. Our
findings can be summarised as follows: First, speaking an L2
affects the structure of the cerebellum, by leading to increased
GM volume in L2 learners, compared to native speakers.
According to Ullman [2], the cerebellum forms part of the
procedural memory system, which subserves linguistic rule
application. Second, the cerebellar GM volume of highly

proficient L2 learners is directly related to their morphological
processing in L2, as revealed by their performance in a
masked priming language task involving the processing of
the past tense rule in L2 English. Third, our data suggest that
the amount of naturalistic exposure to an L2 may affect the
structure of the putamen bilaterally, another structure that
forms part of the procedural memory system. However, this
finding did not survive the statistical correction, so it will be
treated with caution. We will discuss these findings with
respect to the current thinking on the role of the procedural
memory system in L2 learning and processing.

The Cerebellum in L2 Processing

Our findings suggest an increase in the cerebellar GM volume
for the non-native speakers of English. The cerebellum has
been involved in various linguistic functions in native pro-
cessing, ranging from lexical processing, such as word gener-
ation and naming, to syntactic processing [9–12]. In the L2
literature, some evidence for the importance of the cerebellum
comes fromGrogan and colleagues [32] who showed that GM
density in the cerebellum correlates positively with L2 perfor-
mance in fluency tasks. The cerebellum has been described as
part of the procedural memory network [2], and as such, it is
thought to underlie processing of grammatical rules, at least
for native speakers of a language. Driven by recent sugges-
tions that highly proficient L2 learners of English are native-
like in the processing of the past tense -ed rule in English [25],
we investigated whether the reported increase in cerebellar
GM volume is accompanied by more efficient processing of
the -ed rule by L2 learners of English. Our participants took
part in a masked priming experiment with regular and

Fig. 2 Correlations between reading times and GM volume across the cerebellar regions with significantly greater GM volume for non-native speakers
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irregular past tense inflections, where the inflected forms were
presented very briefly and were only subconsciously
processed [34]. Our results revealed a positive correlation of
the GM volume of L2 learners and their speed in processing
only for the experimental condition involving regular inflec-
tion; in other words, the larger the cerebellar GM volume, the
faster they processed forms like played . We propose that this
finding matches the previous behavioural findings [25] and
confirms the involvement of the procedural memory system in
L2 morphological processing.

Since the observed increase in cerebellar GM volume is
related to a behavioural measure, it can be assumed that this
increase is the outcome of the experience of speaking an L2
[30] and, more specifically, of learning and applying linguistic
rules of a language. These experience-based changes in the
GM are common in the literature [30, 45, 46]; however, the
underlying mechanism is poorly understood by means of
whole-brain MRI methods. For example, Maguire et al. [46]
revealed increased hippocampal volume in London taxi
drivers compared to controls and attributed it to structural
reorganisation within the hippocampus as a function of expe-
rience. Similarly, Mechelli et al. [30] and Stein et al. [31]
report reorganisation of the cortical GM matter as a function
of learning a new language; however, all three studies claim
that their analyses are not appropriate to reveal the microscop-
ic changes that take place as part of this reorganisation. GM
changes can be linked to changes in the neuropil, neuronal
size, arborisation or even folding [47, 48], thus it is possible
that the GM changes reflect the formation of new neuronal
connections to accommodate the L2 grammatical rules, al-
though this cannot be confirmed through the VBM technique
and remains open for future research.

The experience-based explanation of the structural changes
and its link to the establishment of a linguistic rule is further
reinforced by the fact that native speakers showed no signif-
icant correlation between the behavioural performance and the
GM volume in the same cerebellar region. The important
factor here is that our non-native speakers were late learners
of English, i.e. they started learning the L2 after their L1 had
been established, supported by the existing microarchitecture
of the procedural system. Since additional languages are ini-
tially learned via a declarative route [1], the change in the
cerebellar GM may reflect the proceduralisation of the L2 as
an effect of practice; our subjects were highly proficient and
everyday users of English for about 4 years. Therefore, the
proceduralisation of the L2 may have led to the increased
recruitment and usage of the procedural system, a procedure
that is not necessary or relevant for the processing of the
already proceduralised L1 by native speakers. Native speakers
have based their linguistic processing on the existing
microarchitecture- or even, the cerebellar architecture was
developed as a function of first language acquisition at a very
young age, and possibly before some critical period [2].

An interesting finding in our study is the fact that the
cerebellum is affected bilaterally by L2 learning. There is
sufficient evidence to suggest language lateralisation within
the cerebellum, at least for L1 processing [9–12]. However,
Berl et al. [18] suggested that, compared to more traditional
language areas, such as the LIFG, the cerebellum is the least
lateralised region, and its lateralisation does not increase with
age, especially after the age of 4 years. Therefore, it may not
be surprising that new linguistic skills that are acquired by L2
learners after the age of 6 years are less lateralised in the
cerebellum. This suggestion also accounts for the findings
by Consonni et al. [22], who reported overlapping activations
of language brain regions for L1 and L2 acquired before the
age of 6 years. These included typical left-lateralised cortical
regions, as well as the right cerebellum. It is, therefore, possi-
ble that the acquisition of an L2 before or after a critical age
determines the degree to which the cerebellum is recruited and
lateralised; after this critical age, and according to the sugges-
tions by Berl et al., the recruitment of the cerebellum for
language learning may become less lateralised.

It is worth noting that the cerebellum did not emerge as an
area affected by bilingualism in the Stein et al. [31] study,
which also included late learners of L2. Stein and colleagues
tested subjects upon their arrival to the L2-speaking country,
and then again after 5 months of residence, and reported that
the GM density in the LIFG increased parallel to the increase
in their L2 proficiency. Our findings are not necessarily con-
tradictory: the LIFG is also part of the procedural network,
and it is possible that the GM density increase is a result of the
intensive L2 instruction that these participants received during
these 5 months. Thus, these findings constitute further evi-
dence for the involvement of the procedural system in L2
learning. The fact that our analysis did not reveal any signif-
icant effects in the LIFGmay be due to the different designs of
the two studies: the study of Stein et al. was a longitudinal
within-subjects design, whereas ours is a between-subjects
design, and the former may be more sensitive in detecting
cortical changes in the area. Similarly, the absence of any
findings in the cerebellum in the study of Stein et al. may be
due to the short exposure that these participants had in the L2;
our participants had been exposed to an English-speaking
environment for an average of 4 years; therefore, it is possible
that the 5 months reported in the study of Stein et al. are not
sufficient for detectable changes in the cerebellar structure to
emerge.

Since naturalistic exposure may be an important factor for
GM changes in bilinguals, it is worth discussing our finding
regarding the relationship between the amount of exposure to
the L2 and the size of the putamen. Our results revealed a
positive correlation between the years of UK residence and the
GM volume in the posterior putamen bilaterally, which, how-
ever, did not survive correction for multiple comparisons. The
putamen is another structure that is part of the procedural
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memory network, and its suggested structural reorganisation
over time complements our findings about the cerebellum,
suggesting the increased recruitment of the procedural system
as a function of learning and proceduralising an L2. However,
we can only treat this uncorrected finding as an indication
about how the putamen might be affected by L2 learning; it is
possible that limitations in our design did not permit a stronger
effect. One important aspect is the limited range of naturalistic
exposure in our study, which was 12 years; Maguire et al. [46]
showed a positive correlation between the hippocampal vol-
ume and the driving experience of London taxi drivers with a
range of 40 years. Therefore, we suggest that future studies
should be optimised to investigate this type of effects by
recruiting L2 groups with a greater range and amount of
naturalistic exposure. Similarly, based on recent findings that
naturalistic exposure can affect syntactic processing in an L2
[29] and the acknowledged role of the cerebellum for L1
syntactic processing [13], future studies should aim to inves-
tigate for correlates between the structure of the procedural
system, and especially the cerebellum, and syntactic process-
ing in an L2.

To conclude, our study revealed that learning an L2 in-
creases the GM volume of the cerebellum, a structure that has
been suggested to form part of the procedural memory system,
which subserves grammatical processing. The role of the
cerebellum for grammatical processing in an L2 was further
demonstrated by the positive correlation between the cerebel-
lar GM volume and the speed in which morphologically
complex forms are processed by L2 learners.
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