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a b s t r a c t

While functional changes linked to second language learning have been subject to

extensive investigation, the issue of learning-dependent structural plasticity in the

fields of bilingualism and language comprehension has so far received less notice. In

the present study we used voxel-based morphometry to monitor structural changes

occurring within five months of second language learning. Native English-speaking

exchange students learning German in Switzerland were examined once at the begin-

ning of their stay and once about five months later, when their German language skills

had significantly increased. We show that structural changes in the left inferior frontal

gyrus are correlated with the increase in second language proficiency as measured by

a paper-and-pencil language test. Contrary to the increase in proficiency and grey

matter, the absolute values of grey matter density and second language proficiency did

not correlate (neither on first nor on second measurement). This indicates that the

individual amount of learning is reflected in brain structure changes, regardless of

absolute proficiency.

ª 2010 Elsevier Srl. All rights reserved.
1. Introduction semantic and syntactic processing, literature shows that low
A substantial amount of research on second language

comprehension has demonstrated that increasing second

language proficiency is linked to functional changes in

language-related brain regions (e.g., Yetkin et al., 1996; Chee

et al., 2000, 2001; Sakai et al., 2004; Perani and Abutalebi, 2005;

Tatsuno and Sakai, 2005; Stein et al., 2006). Concerning
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proficient bilinguals activate additional, mainly prefrontal,

brain regions for the processing of the second language (e.g.,

Chee et al., 2001; Tatsuno and Sakai, 2005; Stein et al., 2006)

while they show less left temporal activity (e.g., Perani et al.,

1998). These differences disappear, or are at least diminished,

with increasing second language proficiency (e.g., Perani et al.,

1998; Tatsuno and Sakai, 2005; Stein et al., 2006, 2009).
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Whether and how changes in brain structure accompany an

increase in second language proficiency has until now not been

sufficiently investigated.

The work of Golestani et al. investigated the ability to learn

the differentiation of foreign speech sound and reported

increased white matter density anterior of the parieto-

occipital sulcus (Golestani et al., 2002, 2007) and in left

Heschels gyrus (Golestani et al., 2007) of fast learners when

compared to slow learners. Their findings thus demonstrate

a connection between brain anatomy and language abilities

in the phonological domain. Mechelli et al. (2004) used

a global measure of overall second language proficiency and

showed that grey matter density in the left gyrus supra-

marginalis correlated with achieved second language profi-

ciency. In the same region, grey matter density was found to

correlate with vocabulary knowledge in monolingual adoles-

cents but not adults (Richardson et al., 2010; Lee et al., 2007).

Cross-sectional studies however did not allow to estimate the

timescale on which the observed language-related grey

matter alterations occurred and to clearly separate effects of

genetic predisposition or increased density before learning

from experience-induced structural plasticity. It was there-

fore emphasized that e similar to research in other domains

(e.g., Draganski et al., 2004; Boyke et al., 2008) e longitudinal

studies are necessary to further clarify the role of experience-

dependent structural plasticity in language acquisition,

including second language learning (Sakai, 2005; Richardson

and Price, 2009).

The present study now uses a longitudinal approach to

examine learning-related structural changes induced by

five months of second language learning: Ten native

English-speaking exchange students learning German in

Switzerland were examined once at the beginning of their

stay (day 1) and a second time about five months later,

when their second language proficiency had significantly

increased (day 2). On both days, the subjects’ brain struc-

ture was measured with magnetic resonance imaging (MRI)

on a Siemens 1.5 Tesla Scanner and their German language

proficiency was assessed using two written language test

(thus omitting). The relation between changes in language

proficiency (as assessed by the language tests) and changes

in brain structure was then examined using voxel-based

morphometry (VBM). VBM yields voxelwise indices of

cortical grey matter density, thus allowing objective

investigation of subtle changes in grey matter (Ashburner

and Friston, 2000; Good et al., 2001); It has

been successfully applied before to investigate experience-

dependent changes in brain structure (e.g., Draganski et al.,

2004). The swiss cantonal ethics committee approved the

study and written informed consent was given by each

participant.

As mentioned above, functional studies have mainly indi-

cated prefrontal and temporal cortices as regions where brain

activation changes occurwhen second language proficiency in

the semantic and syntactic domain increases (e.g., Perani

et al., 1998; Tatsuno and Sakai, 2005; Stein et al., 2009).

Following the same line of investigation, with the exception

that we concentrate on structural changes, we therefore

expect to find structural changes in prefrontal and temporal

regions as well.
2. Methods

2.1. Subjects & timing of first and second measurements

Ten native English-speaking exchange students learning

German in Switzerland participated in the study (3 male, 7

female; mean age 17.5 years, range: 16e18.5 years, all right-

handed, countries of origin: Australia, Canada, USA). Theywere

recruited via the exchange organization (rotary youth

exchange) at the very beginning of their stay in Switzerland.

Before coming toSwitzerland, 6 of our subjects hadnoexposure

to the German language, 3 subjects had started learning

German by themselves (using books) between two and five

months before their arrival in Switzerland, a single subject had

attended German classes in high school for the last 4 years.

After arrival inSwitzerland, all of themattendedduring 3weeks

an intense German language course organized by the exchange

organization. In all cases, first measurement (day 1) was after

this initial language course. As the subjectswith prior exposure

to the German language (especially the subject with the history

of German classes in high school) were by no means outliers

concerning their language skills or their greymatter density on

day 1, all subjects were included in the analyses.

Subjects were invited back for secondmeasurement (day 2)

about 5 months after first measurement (days between first

and second measurement: mean: 166 days, range: 133e224

days).

2.2. Assessment of German language proficiency

As described earlier (Stein et al., 2006), German language

proficiency was measured using two tests: The first measure

(test 1) was a multiple choice test developed by “inlingua”

language schools (www.inlingua.com). It consisted of 100

cloze sentences where the subjects had to fill in blanks by

picking the correct answer from four possible options. To

answer correctly, syntactic as well as semantic knowledge

was needed. This test was applied on day 1 and day 2. The

second measure (test 2) was a vocabulary test, where subjects

were asked to write down the English equivalents of 40

German nouns. This test served as a measure of semantic

single word knowledge in the second language. Two versions

of this vocabulary test were created. Half of the subjects had

version 1 on day 1 and version 2 on day 2, the other half of the

subjects had the order reversed.

As both measures were correlated (see also Section 3.1), the

percentage of correct answers fromboth tests was averaged for

each subject, yielding one single (more robust) language profi-

ciency score per day. Toassess changes in languageproficiency,

language proficiency scores on day 1 were subtracted from

language proficiency scores on day 2 [D(Lang.Test)].

2.3. Magnetic resonance (MR) data

2.3.1. MR acquisition
All images were acquired using a 1.5 Tesla whole-body MRI

system (Siemens Vision, Erlangen, Germany) equipped with

a standard radio-frequency head coil. Anatomical images on

day 1 and day 2 were acquired using a 3D T1-weighted

http://www.inlingua.com
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http://dx.doi.org/10.1016/j.cortex.2010.10.007
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(Magnetization Prepared Rapid Acquisition Gradient Echo -

MP-RAGE) sequence for each subject, providing 192 sagittal

slices of 1.0 mm thickness, 256 mm� 256 mm field of view

(FOV), and a matrix size of 256� 256. Further scan parameters

were 2000 msec repetition time (TR), 4.4 msec echo time (TE),

and a flip angle of 15� (FA). Throughout the duration of this

study, the MR acquisition protocol was not subject of any

changes and neither the magnet was upgraded nor was the

gradient system changed.

2.3.2. VBM
The structural high-resolution images were used for VBM

analysis (Ashburner and Friston, 2000). We aimed to test for

specific regional differences in grey matter density between

first and second measurement. Therefore each subject’s

structural images were preprocessed according to the “opti-

mized VBM protocol” (Good et al., 2001) using SPM5 (Wellcome

Department of Imaging Neuroscience, London, England;

www.fil.ion.ucl.ac.uk).

All structural imageswere initially checked for artifacts and

the center point was placed on the anterior commissure. Each

structural image was normalized to the T1 Template of SMP5.

The resulting images were then segmented into grey matter,

white matter and cerebrospinal fluid (CSF) and finally

smoothed with an isotopic Gaussian kernel of 10 mm Full

Width at Half Maximum (FWHM) using SPM5 (Wellcome

Department of ImagingNeuroscience, London, England;www.

fil.ion.ucl.ac.uk). Then, VBM was applied to the data using the

“optimized” protocol as described by Good et al. (Good et al.,

2001). We then calculated the total volume of grey matter

(TGM), white matter (TWM), and cerebrospinal fluid TCSF, as

well as the total intracranial volume (TIV). For theVBManalysis

of the grey matter density, we used the spatially normalized,

smoothed and unmodulated images of the each subject’s grey

matter and smoothed with 10 mm FWHM kernel (Ashburner

and Friston, 2001). In each subject and each voxel, the grey

matter density value for day 1 was then subtracted from the

grey matter density value for day 2, yielding a grey matter

difference index for each subject and each voxel [D(GM )].
2.4. Statistics

2.4.1. Voxelwise statistics
2.4.1.1. MAIN LINEAR REGRESSION ANALYSIS (REG). Again, we used

statistical parametric mapping (SPM) to analyze the grey matter

difference indexes

[D(GM )]. First, a linear regression in the framework of general

linear model was computed using the increase in second

language proficiency [D(Lang.Test)] as a predictor for the voxel-

wise change in greymatter density [D(GM )]. This regression will

be abbreviated as “main REG” fromnow on and can be expressed

by the following formula: D(GM )¼ b0þ b1�D(Lang.Test)þ ε.

2.4.1.2. CORRECTION FOR MULTIPLE COMPARISONS. The correction for

multiple comparisons (in order to control for Type I errors)

was then performed using the method of cluster-size

thresholding (Forman et al., 1995), which was computed by

a self-written Matlab program. We started from the uncor-

rected voxel-level probability threshold of puncorrected< .001,
and we performed 1000 Monte Carlo simulations to achieve

a corrected probability threshold of pcorrected< .05.

2.4.2. Clusterwise statistics
For each subject, the voxelwise grey matter difference indices

[D(GM )] were extracted from the significant clusters and

averaged for each cluster, yielding for each cluster a cluster-

wise grey matter difference index ½DðGMclusterÞ�. This grey

matter difference index was then used for further analyses: to

explore the correlations between this index ½DðGMclusterÞ� and
the increase in second language proficiency [D(Lang.Test)], we

performed a correlation analysis using the program “regstats”

of MATLAB (MATLAB version 7, release 14; The MathWorks

Inc., Natick, USA).

2.4.3. Check for additional potential predictors
In a next step, we used nonparametric Spearman rank correla-

tion coefficient (rs) in order to check for dependencies between

the increase insecond languageproficiency [D(Lang.Test)] and (a)

knowledge of the second language onday 1 [language test score

on day 1 (L.T.day1)], (b) days between first and second

measurement (Days), (c) gender (gender), (d) age of the subject

on day 1 (age) (e) general maturation effects [assessed through

the overall TGM-difference (maturation)]. Those variables

showing a correlation with our main predictor [the increase in

the second language test (D(Lang.Test))]were then included inan

additionalmultivariate linear regression (extended REG) to test if

theobservedgreymatterchangescouldnotonlybedescribedby

an increase in second language proficiency [D(Lang.Test)] alone,

but also by possible confounding predictors.

Because of the limited sample size, we preferred the above

described analysis procedure over a within-subjects regres-

sion including multiple covariates (i.e., ANCOVA in SPM).
3. Results

3.1. Behavioral data

Second language proficiency, as indicated in a combined

measure of two tests described above, increased in every

single subject (see Table 1). In the mean, this increase was

highly significant: The mean percentage of correct answers in

the language tests increased from 27% (�5%) on day 1 to 47%

(�7%) on day 2 [t(df¼9)¼ 10.6; p< .001].

Even though the vocabulary test mainly tested semantic

knowledge while a combination of semantic and syntactic

knowledge was needed to solve the cloze-sentence-test, both

measures were highly correlated (day 1: r¼ .8, p¼ .002; day 2:

r¼ .7, p¼ .008).
3.2. VBM data

Overall indices like TGM, TWM, TCSF and TIV were extracted.

Comparison of the overall indices showed that TIV increased

significantly from day 1 to day 2 [t(df¼9)¼ 2.3; p¼ .0046]. This

increase was mainly due to a significant increase in TGM

[t(df¼9)¼ 4.6; p¼ .0013], while TWM [t(df¼9)¼ 1.9; p¼ .09] and

TCSF [t(df¼9)¼ .47; p¼ .65] remained rather stable.

http://www.fil.ion.ucl.ac.uk
http://www.fil.ion.ucl.ac.uk
http://www.fil.ion.ucl.ac.uk
http://dx.doi.org/10.1016/j.cortex.2010.10.007
http://dx.doi.org/10.1016/j.cortex.2010.10.007
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3.3. Relationship between second language proficiency
and VBM data

3.3.1. Voxelwise analysis
The relationship between the increase in second language

proficiency [language test score on day 2 minus language test

score on day 1; D(Lang.Test)] and the grey matter density

change [measured in each voxel as: greymatter density on day

2 minus grey matter density on day 1; D(GM ))] was evaluated:

A linear regression analysis within the framework of the

general linear model was computed using the increase in

second language proficiency as a predictor for the voxelwise

increase in grey matter density (main REG).

The correction for multiple comparisons (in order to

control for Type I errors) yielded an extent threshold of 1242

voxels (i.e., a volume of 1242 mm3) to protect against false

positives at a probability level of pcorrected< .05. At a corrected

voxel-level probability threshold of pcorrected< .05, the main

REG linear regression analysis revealed two big clusters with

a significant relationship between the increase in second

language proficiency and the grey matter density change (see

Fig. 1): These clusters were located in the left inferior frontal

gyrus (lIFG; volume of 2249 mm3) and in the left anterior

temporal lobe (lATL; volume of 2891 mm3).

Fig. 1 shows the two clusters with significant correlations,

indicating that subjects with a greater increase in second

language proficiency also showed a greater increase in grey

matter density in those brain regions: One cluster (2249mm3)

was located in the lIFG [mostly located in Brodmannarea (BA) 46,

butspanningalsopartsofBA45,47,13and10].Thesecondcluster

(2891mm3)was situated in the lATL (mostly located in BA 28, but

spanning also parts of BA 20, 36, and 21, thus includingmedial as

well as lateral parts of the anterior temporal cortex).

3.3.2. Clusterwise analysis
The mean grey matter difference indices for the clusters lIFG

and 1ATL were computed as described above (see Section

2.4.2), yielding for each cluster a mean grey matter difference

index for each subject ½DðGMlIFGÞ and DðGMlATLÞ�. Subsequent
correlation analyses describing the relationship between the

increase in second language proficiency [D(Lang.Test)] and the

grey matter density change in the two significant clusters

revealed for the left IFG ½DðGMlIFGÞ� a significant correlation

with an explained variance of 63% [t(df¼8)¼ 4.01; p¼ .0039;

r2¼ .63, see Fig. 2] and for the left ATL ½DðGMlATLÞ� a significant

correlation with an explained variance of 50% [t(df¼8)¼ 2.84;

p¼ .021; r2¼ .503, see Fig. 3].

3.4. Check for possible alternative predictors

As described in Section 2.4.3, we used a nonparametric

correlation (Spearman rank, rs) to check for dependencies

between our first predictor [the increase in second language

proficiency, D(Lang.Test)] and possible alternative predictors.

Of these possible alternative predictors the following did not

show a statistical relationship to increase in second language

proficiency: (a) knowledge of the second language on day 1

[language test score on day 1 (L.T.day1); rs¼�.18; p¼ .63], (b)

days between first and second measurement (Days; rs¼ .27;

p¼ .45), (c) gender (rs¼�.11; p¼ .75) and (d) age (age; rs¼�.38;

http://dx.doi.org/10.1016/j.cortex.2010.10.007
http://dx.doi.org/10.1016/j.cortex.2010.10.007


Fig. 1 e Clusters with significant correlation ( pcorrected< .05) between increase in second language proficiency and cortical

grey matter density change plotted on the averaged brain of the 10 subjects; red: cluster in the lIFG (2249 mm3); yellow:

cluster in the lATL (2891 mm3). A: anterior; P: posterior, L: left; R: right.
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p¼ .28). Only the overall TGM difference, which we used as an

indicator of general maturation effects showed a significant

correlation with the increase in second language proficiency

was observed (maturation; rs¼�.68; p¼ .035).

Therefore, we performed an additional multivariate linear

regression (extended REG, as described in Section 2.4.3). With

this extended REG, we tested if the grey matter changes in our

clusters ½DðGMlIFGÞ and DðGMlATLÞ� could not only be described

by an increase in second language proficiency

[D(Lang.Test)] alone, but also by a general maturation effects

[assessed through the overall TGM-difference (maturation)].

This extended REG can be expressed through the following

formula: DðGMÞ ¼ b0 þ b1 � DðLang:TestÞ þ b2 � ðmaturationÞ þ ε

In the left IFG, this extended REG revealed: (i) predictor

increase in second language proficiency [D(Lang.Test)]:

t(df¼7)¼ 4.62; p¼ .024; and (ii) predictor general maturation
Fig. 2 e Grey matter difference in the left IFG cluster (mean

of grey matter density over voxels belonging to the cluster

on day 2 minus mean over same voxels on day 1) plotted

against the difference in the language test (test core on day

2 minus test score on day 1). The linear regression line is

overlaid (r[ .79, r2[ .63, p[ .0039).
effects (maturation): t(df¼7)¼ 1.63; p¼n.s.. The explained vari-

ance by this extended REG was found to be r2¼ .69 (obtained by

the adjusted r2), thus exceeding the explained variance ob-

tained with the main REG (r2¼ .63, see above) by only 6%.

In the left ATL, the extended REG revealed: (i) predictor

increase in second language proficiency [D(Lang.Test)]:

t(df¼7)¼ 2.79; p¼ .027; and (ii) predictor general maturation

effects (maturation): t(df¼7)¼ .78; p¼n.s. The explained vari-

ance by this extended REG was found to be r2¼ .41 (obtained by

the adjusted r2). Here, the extended REG explained even a lower

percentage of the variance than the main REG (r2¼ .50, see

above). In both clusters, the additional predictor general

maturation effects did not contribute significantly to the

explained variance. It is thus unlikely that the observed

effects are better explained by general maturation than by

increasing second language proficiency.
Fig. 3 e Grey matter difference in the left ATL cluster (mean

of grey matter density over voxels belonging to the cluster

on day 2 minus mean over same voxels on day 1) plotted

against the difference in the language test (test core on day

2 minus test score on day 1). The linear regression line is

overlaid (r[ .71, r2[ .5, p[ .02).

http://dx.doi.org/10.1016/j.cortex.2010.10.007
http://dx.doi.org/10.1016/j.cortex.2010.10.007
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4. Discussion

In the present longitudinal study examining exchange

students before and after 5 months of second language

learning, we observed a correlation between increase in

second language proficiency and increase in grey matter

density in the left IFG and in the lATL. Notably, the two clus-

ters are thus located in brain regions that have repeatedly and

robustly been found to be involved in semantic as well as

syntactic language processing (see Vigneau et al., 2006 for

a meta-analysis of 129 scientific reports). Furthermore,

research on bilingual subjects has shown that neuronal

activity is modulated through second language proficiency in

left inferior frontal (Perani et al., 1998; Chee et al., 2001; Perani

andAbutalebi, 2005; Tatsuno and Sakai, 2005; Stein et al., 2006,

2009) as well as in left anterior temporal brain regions (Perani

et al., 1998; Perani and Abutalebi, 2005).

More specifically, it has been proposed that BA 45 and BA 47

in the left IFG are responsible for selection and integration of

semantic information as needed for example in sentence

comprehension (Sakai, 2005) and that BA 47 is involved in

effortful semantic retrieval (Fiez, 1997). Furthermore, imaging

studies have shown that activation in the left IFG increases

with semantic task difficulty, but not with task difficulty in

general (Raichle et al., 1994; Demb et al., 1995). Concerning

second language acquisition, activation changes in the left IFG

were reported with increasing second language proficiency in

semantic (Perani et al., 1998; Chee et al., 2001; Stein et al., 2006)

as well as syntactic tasks (Sakai et al., 2004). It is thus very

reasonable that structural changes occur in this region during

five months of intense language training.

For the left ATL, it has been shown that high proficient

bilinguals show higher activation during language compre-

hension tasks when compared to low proficient bilinguals

(e.g., Perani et al., 1998). According to a recentmeta-analysis of

language studies dealing with the mother tongue, lATL is

involved in semantic and syntactic tasks and is part of

a semantic network that constructs overall meaning by inte-

grating knowledge from external (vision, audition) and

internal (long-term memory, emotion) messages (Vigneau

et al., 2006). While this functional description holds for the

more lateral parts of our left ATL cluster, the medial parts are

probably even closer linked to thememory system: themedial

temporal lobe system holds newly acquired information in

memory before a consolidation process including changes in

the neocortex begins (Miyashita, 2004).

Two alternative explanations for the observed structural

changes may be considered.

First, one could argue that the observed structural changes

may be due to an effect of enriched environment. Living for 5

months in a foreign country is a challenging situationwith high

attentional and computational demands, a situation possibly

comparable to an “enriched environment” that has been

shown to lead to structural changes in animal studies (van

Praag et al., 2000). This new environment (including exposure

to the new language) might have been a modulator variable of

grey matter density as well as for second language proficiency,

thus leading to the observed correlation. A second argument

might be that maturational effects are responsible for the
observed structural changes as well as for the increase in

second language proficiency. In both cases, one would expect

that the days between first and secondmeasurement (thus the

time period of possible maturation and enriched environment

exposure) would explain the grey matter changes. This alter-

native explanation was tested by computing an additional

linear regression analysis within the framework of the gener-

alized linearmodel (GLM), this time using the days between the

twomeasurements as a predictor for the voxelwise increase in

grey matter density. Again, a corrected probability level of

pcorrected< .05 was used. This yielded a cluster in the left ATL

overlapping with the left ATL cluster found with the main REG

using increase in second language proficiency as predictor. It

must thus be concluded that the results observed in the left

ATL can at least in part be explained by those additional effects.

The left IFG-results however can e according to this result e

not be explained through effects of enriched environment or

general maturation.

In the case of maturational effects, one would also expect

the overall greymatter differences to be a significant predictor

of the observed correlation. As the extended REG (see Results

section) shows, this was however not the case. For the

frontal lobes, literature suggests furthermore that in normal

maturation grey matter volume in the frontal lobes peaks

between the age of 11 and 12 and then constantly declines

(Giedd et al., 1999).

We thus conclude, that enriched environment exposure

might explain at least in part the grey matter changes

observed in the left ATL. This conclusion is in accordancewith

the above mentioned view that the left ATL is part of

a network constructing overall meaning from the integration

of external messages with stored emotional and long-term

memory associations (Vigneau et al., 2006). It is very well

conceivable that such a network should be influenced by

enriched environment exposure at least as much as by

increasing language proficiency.

Contrary to that, neither mere exposure to a new envi-

ronment nor pure maturational effects can explain the

observed correlation between second language improvement

and grey matter changes in the left IFG. The grey matter

changes in the left IFG thus seem to reflect the individual

amount of second language learning. However, more fine-

grained methods will have to clarify the underlying cellular

changes. The discussion about cellular events responsible for

MRI signal changes so far includes changes in neuronal or glial

cell size, changes in number or strength of dendritic spines,

neuropil or glial changes (Trachtenberg et al., 2002; Chklovskii

et al., 2004; Volterra and Meldolesi, 2005; Draganski and May,

2008).

The finding of structural changes in the parietal lobes re-

ported by Golestani et al. (2002, 2007) in relation to speech

sound learning or by Mechelli et al. (2004) in relation to global

second language proficiency was not replicated. The discrep-

ancy between the effects reported here and those reported by

Golestani et al. is probably due to the fact that this study did

not encompass oral speech comprehension or production, but

focused on structural changes that are related to an increase

in second language proficiency as assessed with a written

language test. The fact, that the present study did not replicate

the effects reported by Golestani et al. is thus not challenging
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the established link between the learning of non-native

speech sounds and white matter volume.

The difference in comparison to Mechelli et al. (2004) might

either be due to differences in the behavior measure used

(Mechelli et al. used a language test battery that covered

a wider range of linguistic functions). Or it might be due to

a difference in the analysis approach: While Mechelli et al.

defined their regions through inter-individual differences

(indicating: the higher the absolute grey matter density, the

higher the absolute language proficiency) the regions reported

here where defined through a correlation of intra-individual

differences (indicating the higher the intra-individual increase

in grey matter density, the higher the intra-individual increase

in the language test). A third possible explanation, concerns the

timescale of the observed changes: While Mechelli’s subjects

looked back on many years of second language learning, the

subjects in the present studyweremostly within their first year

of second language learning. The discrepancy between the two

studies might thus indicate that structural changes in the

parietal lobes occur later during second language learning.

One limitation of the present study certainly is its rather

small sample size. It is nowadays accepted that between-

group comparisons using VBM are optimally performed with

large samples. However, there are also highly valuable studies

performing between-group comparisons with smaller sample

sizes (i.e., Draganski et al., 2004, 12 subjects per group).

Furthermore, the present study is based on a within-group

comparison, where intra-individual variability in the brain

structure provides a more sensitive measurement of indi-

vidual growth patterns (Hua et al., 2009). In this longitudinal

approach each subject serves as his or her own control and

any putative change is established directly over repeated

measures. We thus feel confident that our results have an

implication despite the smaller sample size.

One might argue that the present study only analyzed

linear relationships and left non-linear relationships unno-

ticed. However, the small sample size limits the exploration of

additional different relationships, which should be investi-

gated in future studies with larger samples.

Considering the single subject data, one subject (S03) seems

todepart fromtheaverage. Even if this subject isnot a statistical

outlier (neitherwithGrubb’s test,norwithDixon’sQ), onemight

argue that it has an impact on the correlation. We therefore

recalculated the whole brain analysis without this subject

applying the same statistical criteria as described in Section

2.4.1. This recalculation yielded only one significant cluster

close to the ATL cluster reported above, but slightly superior

(cluster center at talairach coordinates �45/�16/�17, cluster

size 197 mm3,mostly located in BA20, see Supplementary Fig. 4

in the online material). In no other brain region, a significant

correlation was observed. One cluster overlapping with the

above reported IFG cluster was among the clusters showing

a correlation (at an uncorrected threshold); however it did not

survive the cluster size correction. This recalculation with

slightly different results supports the view that the present

study needs replication with larger samples in the future.

Apart from the small sample size, a limitation lies in the

rather rough language test (testing semantic and syntactic

knowledge) which doesn’t allow for a detailed analysis of the

underlying language skills: The present study describes
a relationship between grey matter changes in the IFG and

increasing second language proficiency. The data analyzed in

the present study however does not allow stating precisely

which of the abilities related to higher second language profi-

ciency is represented in this relationship: The present study

cannot differentiate between the effects of language switching

(Rodriguez-Fornells et al., 2002), controlled semantic retrieval

(Miyashita, 2004; Segalowitz and Hulstijn, 2005) or language

conflict management (see Abutalebi and Green, 2007 for

a review). Furthermore, the current discourse on bilingualism

includes evidence supporting the view that bilingualism has

a generalized (i.e., not language-specific) effect on executive

functioning (Bialystok, 2009). Future studies aiming to disen-

tangle these effects should therefore not only operate with

more precise language tests (allowing to differentiate between

the abovementioned abilities associatedwith bilingualism) but

also include measures of domain independent executive

functioning (i.e., Bialystok and Martin, 2004).

Prior studies in other fields have indicated that “the denser

the cortex, the better the performance” (Maguire et al., 2000;

Draganski et al., 2004), others have linked lower density to

better performance (Golestani et al., 2002). The present study

stresses the importance of intra-individual changes: The

intra-individual increases in density and proficiency corre-

lated, while absolute density value was not linked to absolute

second language proficiency. This indicates that the indi-

vidual amount of learning is reflected in brain structure

changes, regardless of absolute proficiency.

In summary, the present results show that within 5

months, second language learning is linked to grey matter

increase in the left IFG. In this region, functional activation is

known to decrease with increasing language proficiency. The

structural changes in the IFG seen here macroscopically using

MRI might reflect the building of a more specialized network,

which in turn allows the processing of two languages without

recruiting additional resources.
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