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The underlying mechanisms that adapt with L2 learning are still poorly understood. The present longitudinal
study examined the effects of L2 learning on grey matter structure of Chinese college freshmen majoring in
English. Participants were scanned twice, one year apart. Our voxel-based morphometry analyses revealed that
gray matter volume (GMV) decreased in the left anterior cingulate cortex (ACC) and right inferior frontal gyrus

(IFG) after L2 learning for one year. Critically, these structural adaptations correlated with changes in partici-
pants’ language control ability across L2 learning. Moreover, age of acquisition of L2 was a significant predictor
of volumetric change in the left ACC and L2 proficiency was a significant predictor of volumetric change in the
right IFG. Overall, these findings enrich our understanding of the dynamic nature of structural brain adaptations,
and the mechanisms these adaptations index, as a function of classroom L2 learning.

1. Introduction

Various real-life experiences have been related to structural brain
modulations (Bialystok, 2017; Draganski & May, 2008; Draganski et al.,
2004; Ilg et al., 2008; Krafnick, Flowers, Napoliello, & Eden, 2011; Kraus
& White-Schwoch, 2017; Maguire et al., 2000) and the last two decades
revealed that learning a second language (L2) is another life experience
that induces structural adaptations (see for review Li, Legault, & Lit-
cofsky, 2014; Pliatsikas, DeLuca, & Voits, 2020; but see Danylkiv &
Krafnick, 2020 for the absence of anatomical modulations). However,
little is known about how longitudinal L2 learning in a naturalistic
setting exerts an influence on brain structure. Variations in different
dimensions of the multilingual experience, like L2 proficiency and Age
of Acquisition (AOA), are crucial individual experience-based factors
that help advance our understanding of the bilingual brain. Hence, the
present study adopted a longitudinal structural magnetic resonance
imaging (sMRI) approach to investigate how the structural brain adapts
to long-term L2 classroom learning over the course of one year while
paying specific attention to individual differences in L2 learning expe-
rience that could modulate structural brain adaptations.

1.1. Structural brain adaptations to L2 learning experiences

In recent years, a growing body of evidence from both cross-sectional
(Del Maschio, Fedeli, Sulpizio, & Abutalebi, 2019; Luo et al., 2019;
Pliatsikas, DeLuca, Moschopoulou, & Saddy, 2017; Yamasaki, Stocco,
Liu, & Prat, 2019; Zou, Ding, Abutalebi, Shu, & Peng, 2012) and lon-
gitudinal studies (Legault, Fang, Lan, & Li, 2019; Martensson et al.,
2012) has suggested that both acquiring an L2 and longer-term bilin-
gualism impacts, among others, the grey matter structure of the brain
(for reviews, see Li et al., 2014; Pliatsikas et al., 2020). However, the
findings of these studies seem inconsistent in terms of directionality and
location of the structural grey matter changes. Specifically, while most
studies reported an increase in grey matter volume (GMV) (for a review,
see Li et al., 2014) in specific structure of the brain for bilinguals as
compared to monolinguals, only a few studies reported a decrease in
GMV (e.g., Klein, Mok, Chen, & Watkins, 2014). The two most recent
models that describe adaptations due to bilingual experience (i.e.,
BAPPS: bilingual anterior to posterior and subcortical shift model,
Grundy, Anderson, & Bialystok, 2017; DRM: dynamic restructuring
model, Pliatsikas, 2020) suggest that structural brain adaptations are
dynamic and can be expressed as cycles of local tissue increases and
decreases depending on the duration of L2 learning. However, there is a
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lack of empirical evidence directly supporting this argument. In the
present study, we will empirically investigate how structural grey matter
adapts to classroom L2 learning across one year.

The BAPSS model proposes that with prolonged L2 learning, there is
a decreased reliance on frontal cortical regions, such as the anterior
cingulate cortex (ACC) and the inferior frontal gyrus (IFG), due to more
efficient and automated language control processing. This co-occurs
with a shift to relying more on subcortical regions (e.g., left Caudate)
and posterior regions (e.g., occipital lobes) responsible for perceptual/
motor functions. Following the BAPSS model, Pliatsikas (2020) further
proposed three stages of structural adaptations to L2 learning in their
DRM model: the initial exposure stage, the consolidation stage, and the
peak efficiency stage. During the initial exposure stage of L2 learning,
increased control demands lead to an increased reliance on cortical re-
gions (e.g., ACC and IFG) implicated in language control. Then, with
prolonged L2 learning, the language control process becomes more
efficient during the consolidation stage. This stage is accompanied by
increases in subcortical regions (e.g., LCN, thalamus) and the initially
observed restructuring in the cortical regions during the initial exposure
stage reverting to the baseline levels. During the final peak efficiency
stage, efficient and automatic language control is expected to lead the
observed subcortical changes in the previous stage (i.e., consolidation
stage) to disappear slowly, with a shift to a greater reliance on posterior
regions. Both theoretical frameworks suggested that the adaptations to
L2 learning are continuous and dynamic. Longitudinal studies can
empirically investigate how L2 learning shapes the structural brain in
contrast with cross-sectional studies, which cannot provide the complete
picture of dynamicity.

We propose that one critical mechanism underlying brain adaptation
to L2 learning could result from the changes in the mechanism that
handles choosing the intended language while avoiding the unintended
language (i.e., bilingual language control; for a review, see Bobb &
Wodniecka, 2013). Specifically, it has been shown that both languages
are jointly activated and compete for selection in the bilingual mind
(Dijkstra & van Heuven, 2002; Green, 1998; Jiao, Liu, Schwieter, &
Chen, 2021). When bilinguals aim to speak in one language (i.e., target
language), they must employ their language control ability to minimize
cross-language interference from another language (i.e., non-target
language). With prolonged and intensive experience of handling two
languages during L2 learning, language control in bilinguals is suggested
to become more efficient and automated (for a review, see Deluca,
Segaert, Mazaheri, & Krott, 2020). As L2 learning engages an extensive
network of the brain and is cognitively stimulating, changes in
domain-general attentional control have also been reported (Bak, Long,
Vega-Mendoza, Sorace, & Allen, 2016). Thus, with increased L2 expo-
sure, adaptations throughout brain regions associated with bilingual
language control are expected.

Two recent longitudinal studies have hinted that L2 learning and
bilingual experiences induce structural adaptations in some brain re-
gions associated with language control (Deluca, Rothman, & Pliatsikas,
2019; Legault et al., 2019). However, these studies did not employ a
behavioral task to assess language control (e.g., language-switching
task), and therefore, we cannot be sure the changes in the brain are
directly related to increased bilingual control efficiency. Thus, as neu-
roimaging data are difficult to be interpreted without behavioral data
(Garcia-Penton, Fernandez Garcia, Costello, Dunabeitia, & Carreiras,
2016; Paap, Johnson, & Sawi, 2015), it remains unclear how brain ad-
aptations due to L2 learning are correlated with changes in the efficiency
of bilingual language control. We propose that bilingual language con-
trol is one of the potentially crucial mechanisms underlying brain
adaptation during L2 learning.

1.2. The relationship between individual differences in L2 learning
experience and structural brain adaptations

Given the complexity and diversity in L2 learning and bilingual
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experience, recent research has recommended that bilingualism should
be treated as a continuum instead of a monolithic variable (DeLuca,
2019; Fedeli, Del Maschio, Sulpizio, Rothman, & Abutalebi, 2021; Pli-
atsikas, DeLuca, & Voits, 2020). Specifically, De Bruin (2019) indicated
that bilinguals differ from each other in various ways, such as their
language proficiency and L2 age of acquisition (AoA) (De Bruin, 2019).
However, previous studies typically compared bilinguals to mono-
linguals with no account of individual differences, which led to vari-
ability in the available findings. Pliatsikas (2020) proposed to overcome
this by among others viewing bilingualism as a dynamic continuum. In
this line, an increasing number of studies have focused on examining
how individual experiences of bilinguals modulate brain adaptations.
For example, differences between participants in L2 AoA revealed ad-
aptations in the volume and shape of the caudate (Hervais-Adelman,
Egorova, & Golestani, 2018), in the fractional anisotropy in the corpus
callosum (Luk et al., 2020), and in the cortical thickness in the left IFG
and negatively in the right IFG (Klein et al., 2014). L2 language profi-
ciency is also correlated with the caudate (Hervais-Adelman et al., 2018)
and gyrification in the right posterior cingulate cortex (Del Maschio
et al., 2018). These findings help determine which experience-based
factors of L2 performance can explain variability in brain adaptation
due to L2 learning.

However, only a few studies correlated individual experiences to
structural adaptations in the bilingual brain with a longitudinal design.
Deluca et al. (2019) revealed structural adaptations in the cerebellum
due to L2 AoA and length of L2 immersion over the course of approxi-
mately three years. Legault et al. (2019) showed greater GMV in the
right IFG with earlier L2 AoA during two semesters (i.e., about four
months) of L2 Spanish classroom learning for native English speakers.
Taking both longitudinal studies together provides evidence for BAPPS
and DRM (i.e., cortical expansions with early L2 exposure and posterior/
subcortical adaptation with prolonged exposure). Furthermore, the
findings from both studies help determine which experience-based fac-
tors of L2 performance can explain variability in brain adaptation due to
L2 learning. Thus, the first findings suggest a crucial role for two main
dimensions defining bilinguals’ individual experiences (i.e., L2 AoA and
L2 proficiency). However, it remains unclear how these bilinguals’ in-
dividual experiences may be associated with brain adaptation due to
longer-term classroom L2 learning for Chinese freshmen, who may be at
a different stage of L2 learning than the previously discussed longitu-
dinal studies.

1.3. The present study

The present study aimed to investigate the effect of classroom L2
learning in a naturalistic setting across one year on grey matter struc-
ture. A group of Chinese college freshmen majoring in English were
scanned approximately one year apart. During this period, the freshmen
took various English courses in an immersive classroom setting. L2
learning was more naturalistic as compared to traditional L2 learning in
a laboratory setting. We focused on potential changes in gray matter
structure associated with language control that are crucial in naturalistic
classroom settings and in real-life. We also examined how individual
differences in L2 AoA and L2 proficiency may be associated with any
potential changes across one year of L2 learning.

Given that the participants recruited in the present study were Chi-
nese students with English as important compulsory courses throughout
junior high school, we believe the participants fit into the consolidator
phase, as described in the DRM, during the first scanning session. We
believe participants moved to peak efficiency at the second scanning
session due to one-year intensive L2 learning in an immersive English
classroom setting with 6-8 h of immerse classroom practice every
weekday. Hence, we predicted that cortical GMV in frontal regions,
related to language control (including ACC and IFG), will decrease after
one year of L2 learning. In contrast, the GMV in subcortical structure and
posterior regions related to perceptual/motor functions may increase
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after one year of L2 learning. We also predicted that these GMV changes
will vary as a function of individual differences in language control
performance, which would help uncover the potential mechanism un-
derlying structural adaptations to L2 learning. Furthermore, we assessed
whether individual differences in L2 learning experience modulated the
structural changes, aiming to provide additional insights in L2 learning-
dependent structural brain adaptations.

2. Method
2.1. Participants

The present study recruited 25 Chinese college freshmen majoring in
English from South China Normal University. Two participants were
excluded from the analyses due to poor imaging quality, and three
others because they did not take part in the second session. Thus, the
final sample included 20 participants (mean age: 18.43 years, SD: 0.59),
of which 18 participants were females. All participants were right-
handed with normal or corrected-to-normal vision and no history of
neurological disorders or traumatic brain injury. The Research Ethics
Committee of South China Normal University approved this research.
All participants signed written informed consent prior to participating in
the experiment and received monetary compensation for their partici-
pation after completing the experiment.

This study consisted of two sessions: one during the first semester of
university (i.e., Session 1) and another during the third semester (i.e.,
Session 2). Both sessions took place in October and November, with
approximately one year in between the two sessions. Throughout this
year, the participants took various English courses in an immersive
English classroom setting. They had about 6-8 h of interactive English
each weekday, suggesting an immersive L2 learning experience. In both
sessions, all participants completed a language background question-
naire in which they rated their proficiency and percentage of language
use for each language (see Table 1). The reported percentage of English
use in daily life was 21.9% at Session 1 and 27.3% at Session 2. Lan-
guage proficiency was assessed using both subjective and objective
measures. For the subjective measure, participants assessed their lan-
guage proficiency on a scale of 1-7 (1 = not proficient, 7 = very profi-
cient). Further, a paired samples t-test indicated that the participants
were unbalanced Chinese-English bilinguals with higher proficiency in
Chinese than English (ps < 0.001). For the objective measure, they
completed the Oxford Placement Test (OPT, Geranpayeh, 2003) to
assess their objective English proficiency in Session 2. Besides, partici-
pants reported an average AOA of 7.5 years (SD = 2.8, range:3-13) for
English.

2.2. sMRI data acquisition

Structural images were collected on a 3 T Siemens Trio scanner
equipped with a 12-channel phase array head coil at the MRI center of
South China Normal University. T1-weighted MPRAGE images (TR =

Table 1
The mean linguistic scores for participants with standard deviation in
parentheses.

Session 1 Session 2 p-
value
Self-assessed proficiency score in 6.19 (0.91) 5.94 (0.65) 0.261
Chinese
Self-assessed proficiency score in 4.42 (0.70) 4.81 (0.57) 0.014
English
OPT score - 41.10 (3.12) -
Percentage of English use in daily life 21.90 27.30 0.109
(%) (15.52) (10.79)

Note: p-values correspond to the paired samples t-tests between Session 1 and
Session 2 and OPT is the objective measure of English proficiency.
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1900 ms, TE = 2.52 ms, flip angle = 9°, FOV = 256 x 256 mm?, matrix
= 204 x 204, slice thickness = 1 mm, voxel size 1 x 1 x 1 mm?) were
acquired from each participant in two sessions with approximately one
year in between. The scan lasted 4 min and 26 s.

2.3. Preprocessing

The MPRAGE images were processed using the Computational
Anatomy Toolbox (CAT12) (http://www.neuro.uni-jena.de/cat/), part
of Statistical Parametric Mapping (SPM12) (http://www.fil.ion.ucl.ac.
uk/spm/software/spm12), on the MATLAB R2013b platform (Math-
Works, MA). The images were processed using a longitudinal processing
stream as is advised for this longitudinal type of data. During pre-
processing, the images were segmented into gray matter, white matter,
and cerebral spinal fluid components. Then the data were normalized to
MNI152 space using Diffeomorphic Anatomic Registration Through
Exponentiated Lie algebra algorithm (DARTEL). Finally, the segmented
GM images were smoothed with an 8 mm full width half maximum
(FWHM) isotropic Gaussian kernel.

2.4. ROI-based analyses

To examine differences in regions implicated in bilingual language
control processing during L2 learning ROI-based analyses of GMV were
conducted. In the current study, we analyzed three GMV ROIs that play
an important role in bilingual control according to the BAPSS model and
DRM, namely the left ACC, right IFG, and LCN (see Fig. 1). We also
included the left OCP as a control ROI because BAPSS model proposed
that bilinguals rely more on this region with L2 learning. Mean GMV
values for the four ROIs were extracted using the Neuromorphometrics
atlas (http://neuromorphometrics.com/). Then paired-sample t-tests
were applied to examine whether GMV changes occurred in these re-
gions across L2 learning. The results were corrected for multiple com-
parisons using false-discovery rate correction (FDR correction). A ROI-
analysis approach instead of a whole-brain analysis approach was cho-
sen because we were especially interested in potential changes in brain
structure associated with language control in the current study.

2.5. The relationship between GMV and language control performance

To assess whether the detected GMV changes were associated with

Fig. 1. Four ROIs for the ROI-based analyses. LACC = left anterior cingulate
cortex, RIFG = right inferior frontal gyrus, LCN = left Caudate, LOCP = left
occipital pole.
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their language control abilities, participants also performed a behavioral
language switching task outside of the scanner in both Session 1 and
Session 2. Language switching measures the ability to resolve the con-
flict between languages. For the language switching task, sixteen pic-
tures were selected from the database of Zhang and Yang (2003), of
which four were used during the practice stage. The twelve experimental
pictures were matched on familiarity, visual complexity, and image
agreement based on Chinese and English norm data from Snodgrass and
Vanderwart (1980) and Zhang and Yang (2003). During the experiment,
participants were first familiarized with the pictures and their corre-
sponding names in both Chinese and English. This was done until par-
ticipants could name all pictures correctly. Participants saw the pictures
between 1 and 2 times. Afterward, they performed one practice session
with 12 trials prior to the experimental language switching experiment.
The language switching task included two blocks, each containing 48
switch trials and 48 non-switch trials, which were presented in a pseudo-
randomized manner.

Each trial began with both a fixation cross and a Chinese or American
flag for 500 ms. Next, a picture was presented for 1500 ms, while the
fixation and flag stayed on the screen. Participants were instructed to
name each picture in the language indicated by the Chinese or American
flag as quickly and accurately as possible. The Chinese flag indicated
that the picture had to be named in Chinese, while the American flag
indicated it had to be named in English. Then a screen with a fixation
was presented as a jittered inter-stimulus-interval (ISI) between 2000 ms
and 5500 ms (in steps of 500 ms). The timing and order of trial pre-
sentation within each block were optimized for estimation efficiency
using optseq2 (http://surfer.nmr.mgh.harvard.edu/optseq/).

In the language switching task, the switch cost has been understood
to index a reactive type of language control that resolves interference
from the non-target language in a trial-by-trial fashion and is calculated
by subtracting performance in language repeat trials from language
switch trials (Timmer, Calabria, & Costa, 2019; Timmer, Christoffels, &
Costa, 2019; Liu, de Bruin, Jiao, Li, & Wang, 2021; Liu, Jiao, Li, Timmer,

GMV (cm?)

LACC RIFG

ROIs

| { t {

LCN
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& Wang, 2021; for a review see Bobb & Wodniecka, 2013). We con-
ducted a paired-sample t-test to assess whether the language switch cost
was influenced by one-year of L2 learning. Next, partial correlation
analyses were conducted to assess the relationships between changes in
GMYV and changes in the switch cost measured as a difference in response
times (RT), using age, gender, and L2 AOA as nuisance covariates.

2.6. The relationship between GMV and L2 Proficiency/L2 AOA in
bilinguals

As recent studies recommended to model bilingualism/L2 learning as
a gradient measure rather than an all-or-none phenomenon (DeLuca,
Rothman, Bialystok, & Pliatsikas, 2019; Sulpizio, Del Maschio, Del
Mauro, Fedeli, & Abutalebi, 2020), we provided additional insight to
experience-based factors effects of bilingualism on the structural brain
by correlating L2 AOA and L2 proficiency (i.e., OPT score) with GMV
changes, controlling for age and gender.

3. Results
3.1. ROI-based results

As shown in Fig. 2 and Table 2, GMV in the right IFG (p = 0.018) and
left ACC (p = 0.042) decreased from Session 1 to Session 2, although the

Table 2
GMV results for ROI analyses.

Region of interest t-value p-value FDR corrected p-value
LACC 2.176 0.042 0.056
RIFG 2.589 0.018 0.046
LCN 0.306 0.763 0.779
LOCP —2.467 0.023 0.046
Session
. Session1
Session2

LOCP

Fig. 2. Split violin plots for GMV in four ROIs separated for Session 1 and Session 2. Error bars represent Standard Errors (SE).
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later finding was marginal after FDR correction. In contrast, GMV
increased in the left OCP (p = 0.023) across the two Sessions, while GMV
remained the same in the LCN (p = 0.763).

3.2. Results for the relationship between GMV and language control
performance

Participants’ performance on the language switch task revealed that
the switch cost decreased by 20 ms (t = 2.953, p = 0.008) from Session 1
(31 ms) to Session 2 (11 ms). Critically, the partial correlation analysis
showed that the decrease in the language switch cost was significantly
correlated with the decrease of GMV in the left ACC (r = 0.615, 95% CI
= [0.237, 0.831], p = 0.015, FDR-corrected p = 0.030) and of the right
IFG (r = 0.695, 95% CI = [0.365, 0.870], p = 0.004, FDR-corrected p =
0.016) (see Fig. 3). However, no significant correlations were observed
between the decrease in the language switch cost and the increase of
GMYV in the left OCP (r = 0.088, 95% CI = [—0.369, 0.511], p = 0.756,
FDR-corrected p = 0.756).

3.3. Results for the relationship between GMV and L2 Proficiency/L2
AOA in bilinguals

As shown in Fig. 4, OPT score was significantly correlated with the
decrease of GMV in the right IFG (r = —0.614, 95% CI = [-0.831,
—0.235], p = 0.007, FDR-corrected p = 0.028). No significant correla-
tion was detected between the OPT score and the decrease of GMV in the
left ACC or the left OCP (ps > 0.05).

L2 AOA was significantly correlated with the decrease of GMV in the
left ACC (r = 0.595, 95% CI = [0.207, 0.821], p = 0.009, FDR-corrected
p =0.036). No significant correlation was detected between L2 AOA and
the decrease of GMV in the right IFG or the left OCP (ps > 0.05).

Difference in switch cost

Difference in switch cost
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4. Discussion

The present study investigated how grey matter structure, related to
language control, adapt to long-term classroom L2 learning. Chinese
College freshmen majoring in English underwent sMRI scanning twice
across one year of L2 learning. VBM analyses showed decreased GMV in
the left ACC and the right IFG from Session 1 to Session 2. The decreases
in both regions positively correlated with the decrease in the behavioral
language switch cost, an index of bilingual language control. These
findings indicate that classroom L2 learning induced anatomical
changes in brain regions that are implicated in bilingual language con-
trol. Moreover, our experience-based factors of L2 AoA and L2 profi-
ciency distinguished between the role of the right IFG and the left ACC.
While the left ACC positively correlated with individual L2 AoA, the
right IFG negatively correlated with individual L2 proficiency. Thus, the
mechanism of bilingual language control plays a crucial role in struc-
tural brain adaptations due to classroom L2 learning. These structural
brain adaptations reveal individual variability depending on L2 AoA and
L2 proficiency.

4.1. L2 learning induces structural adaptations of brain regions associated
with language control

The main finding in the current study was that GMV in both the left
ACC and the right IFG, two frontal regions involved in language control,
significantly decreased with classroom L2 learning. Critically, these
changes of GMV in both frontal regions significantly correlated with
behavioral changes in language control (i.e., as measured in the switch
cost). These findings reveal a switch away from cortico-frontal regions to
subcortical and posterior regions with prolonged L2 learning as also
proposed in the BAPSS (Grundy et al., 2017) and DRM (Pliatsikas, 2020)

-50-

(Session 2 — session 1, ms)

=100~ ' ' '
0 -0.1 0.0
GMYV changes in LACC
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GMYV changes in RIFG
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Fig. 3. Correlation of changes from Session 1 to Session 2 between both gray matter volume (GMV) in left ACC/right IFG and language switch costs.
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0.1-

0.0-

-0.1-

Difference in GMV of LACC
(Session 2 — session 1, cm®)

-0.2-

25 5.0 7.5 10.0 12.5
L2 AOA

Fig. 4. In the left panel, the negative correlation shows that the higher the OPT score, the greater the decrease of GMV in the right IFG after L2 learning (FDR
corrected p < 0.05). In the right panel, the positive correlation shows that the earlier the age of acquisition, the greater the decrease in of GMV in the left ACC after L2

learning (FDR corrected p < 0.05).

frameworks. While most previous studies showed an increase of GMV in
frontal regions with increased L2 learning and degree of bilingualism
(for a review, see Li et al., 2014), we revealed a decrease in GMV in
frontal regions. This reason for this could be that participants in the
current study moved from the consolidation stage during the first Session
to the peak efficiency stage during the second Session a year later as
proposed in the DRM framework, while previous studies moved from
initial exposure stage to the consolidation stage. This is in line with GMV
increases during the initial exposure stage of L2 learning, due to novel
demands of bilingual control, found in other studies (see Li et al., 2014),
and decreases of GMV during the later consolidation and peak efficiency
stages of L2 learning, due to more automatized and efficient language
control with extensive exposure to L2, in the present study. Together
with the decreased need for frontal regions, we saw an increased de-
mand for GMV in the left OCP as proposed in the BAPPS framework. The
occipital regions are mainly responsible for perceptual/motor functions
(Grundy et al., 2017) and therefore we did not observe correlations
between the left OCP and the behavioral language control measure. To
conclude, structural brain adaptations is the frontal region provided
evidence that bilingual language control plays a crucial role during
classroom L2 learning.

Notably, GMV in the LCN remained the same across one year of
classroom L2 learning. The lack of adaptations in this area was also
reported in another recent study, which examined structural brain
changes in cognitive control networks for native English speakers across
approximately four months of L2 Spanish classroom learning (Legault
et al., 2019). However, Deluca et al. (2019) observed decreases of GMV
in the LCN due to immersion in an L2 environment across three years.
The crucial difference between the former studies (the present and
Legault et al., 2019) and Deluca et al. (2019) is the language environ-
ment the participants are residing in. While the participants in Legault
et al. (2019) and our study were mainly residing in their native country
and learning an L2 in the classroom setting, Deluca et al. (2019) par-
ticipants were residing in their non-native country and experienced
intensive L2 immersion. Notably, students’ L2 experience differs be-
tween learning in the classroom or an immersive, naturalistic environ-
ment (e.g., immigrants). For example, L2 classroom learning aims to
improve L2 proficiency with constant feedback from instructors on L2
proficiency. This experience is lacking in naturalistic immersed L2 en-
vironments. We, therefore, argue that the type of L2 experience may be
distinguished in the LCN region: the lack of adaptations in the LCN in the
present study compared to modulations found by Deluca et al. (2019)

may arise from the difference in L2 learning experience. It also should be
noted that Deluca et al. (2019) used a vertex analysis to examine local
shape changes in the subcortical structure, while Legault et al. (2019)
and the present study examined volume for the whole structure. The
whole structure analysis might not have been sufficiently granular to
detect changes in the subcortical structure.

4.2. The relationships between structural brain adaptations and
individual differences in L2 learning experience

Two experience-based factors of L2 learning, namely L2 AoA and L2
proficiency, revealed differential associations with structural brain
changes. For AoA, we found that participants who learned their L2 at an
earlier age showed a greater decrease of GMV in the left ACC as
compared to participants who learned their L2 at a later stage. This
finding is consistent with previous studies purporting a significant
relationship between L2 AoA and brain structure density changes, such
as of GMV (Mechelli et al., 2004) and white matter integrity (DeLuca,
Rothman, Bialystok, & Pliatsikas, 2019; Luk, Mesite, & Leon Guerrero,
2020). While most previous studies examined L2 AoA in cross-sectional
data, our study revealed the effect of L2 AoA in a longitudinal design.
This longitudinal design demonstrated the direct relationship between
L2 AoA and the left ACC. As GMV changes in the left ACC significantly
correlated with both behavioral changes in language control and the L2
AoA, it could be that L2 AoA is actually a moderator of the other cor-
relation (i.e., GMV with behavioral language control). However, the
regression analysis indicated no such potential moderating effect (f =
—0.169, t = —0.899, p = 0.386).

For L2 proficiency, participants with higher L2 proficiency (as
measured by OPT scores) showed a greater decrease of GMV in the right
IFG after L2 learning than participants with lower L2 proficiency. This is
in line with previous studies that have indicated a relationship between
L2 proficiency and this brain structure (Del Maschio et al., 2018;
Hosoda, Tanaka, Nariai, Honda, & Hanakawa, 2013). However, it
should be noted that our finding is different from that in Hosoda et al.
(2013), which revealed that bilinguals with higher L2 proficiency (as
measured by TOEIC scores) showed an increase, instead of our decrease,
of GMV in the right IFG. A possible explanation for this difference is that
the participants in both studies were at different stages of L2 learning.
Specifically, the participants in Hosoda et al. (2013) might be at the
initial stage of L2 learning, while the participants in our study were at
the later consolidation or peak efficiency stages of L2 learning. This would
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be in line with the predictions of the DRM framework that the GMV in
the right IFG should increase at an early stage and decrease at a late
stage with L2 learning (Pliatsikas, 2020). Thus, differential changes in
GMV in the right IFG are observed depending on the stage of L2 lan-
guage learning.

Taken together, the observed correlations between structural brain
adaptations and individual L2 learning experience (i.e., L2 AoA and L2
proficiency) provide us a broader insight into the relationship between
language experience factors and brain adaptations induced during L2
learning.

4.3. Limitations and future directions

One limitation of our sMRI study was that we did not include a
control group. It might be argued that the observed changes in brain
structure and the reduction in the behavioral switch cost arise from the
training/repetition effect that have previously been reported (Kang
etal., 2017; Kang, Ma, & Guo, 2018; Timmer et al., 2019; Wu, Kang, Ma,
Gao, & Guo, 2018) instead of arising from L2 learning as we suggested in
the present study. To exclude this possibility, we introduced a behav-
ioral control group with 25 college freshmen (22 females, mean age:
19.32 years) not majoring in foreign language programs. They were
asked to complete the language switching task twice, approximately one
month apart. The results revealed a similar language switch cost in both
testing sessions (12 ms vs. 9 ms, t = —0.54, p > 0.05). While previously
observed decreases in the switch cost (e.g., Kang et al., 2017) were
shorter term than the two months in the control experiment and one
year in our experimental study we believe we can assume that increases
in bilingual language control are not due to task repetition. Therefore,
we suggest the origin of the correlation between brain changes and
behavioral changes in language switch cost is specifically related to L2
learning.

Another limitation was that the sample size of 20 is relatively small.
Future studies should recruit larger sample sizes. Further, the present
study investigated an adult population that learned the L2 at a specific
time point during young adulthood. Therefore, the present results
cannot be generalized to all populations or different stages of L2
learning. Future studies should recruit participants of varying ages (i.e.,
from children to aging people) and at different stages of L2 learning to
increase our understanding of the complexity of bilingual language
experience. Future studies could also examine more detailed aspects of
L2 learning experiences that can provide further understanding of the
different findings in the bilingualism literature. This could further
advance the full picture of structural brain adaptations as a function of
L2 learning.

5. Conclusion

The current study examined GMV changes, typically found in lan-
guage control networks, across one year of classroom L2 learning. Our
findings suggest that L2 learning may lead to decreases of GMV in the
left ACC and the right IFG. These are two key brain regions involved in
language control processing that have been implicated in previous
literature (for a review, see DeLuca et al., 2020). Critically, the observed
changes in both regions were correlated with participants’ behavioral
performance on bilingual language control (i.e., switch cost). Further,
the observed structural changes vary with individual differences in L2
learning experiences, specifically L2 AoA and L2 proficiency. Taken
together, these findings indicate the dynamic nature of structural brain
adaptations as a function of classroom L2 learning and enrich our un-
derstanding of the mechanism underlying such adaptations.

Statement of significance

This study advances our understanding of structural brain adapta-
tions due to L2 learning. We revealed changes in differential experience-
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dependent mechanisms by correlating brain adaptations with individual
difference in L2 learning. While L2 AoA is associated with decreases in
the left ACC and L2 proficiency with decreases in the right IFG, both
regions are involved in bilingual language control mechanism that we
show plays a crucial role during L2 learning. This provides convergent
support for the proposal of dynamic brain adaptations throughout the
learning process of a second language.
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