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The influence of adult foreign-language acquisition on human brain organization is poorly understood. We
studied cortical thickness and hippocampal volumes of conscript interpreters before and after three months
of intense language studies. Results revealed increases in hippocampus volume and in cortical thickness of
the left middle frontal gyrus, inferior frontal gyrus, and superior temporal gyrus for interpreters relative to
controls. The right hippocampus and the left superior temporal gyrus were structurally more malleable in
interpreters acquiring higher proficiency in the foreign language. Interpreters struggling relatively more to
master the language displayed larger gray matter increases in the middle frontal gyrus. These findings con-
firm structural changes in brain regions known to serve language functions during foreign-language

© 2012 Elsevier Inc. All rights reserved.

Introduction

Globally, many individuals acquire a foreign language in young
adulthood. How learning a foreign language affects the brain, however,
remains fairly unexplored. This contrasts with the well-charted neuro-
physiology of native language (Demonet et al., 2005; Hickok and
Poeppel, 2007; Price, 2010), pointing to key roles of the left inferior
frontal gyrus (IFG), the left middle frontal gyrus (MFG), and the superi-
or temporal gyri (STG) in the sensorimotor aspects of language. Specif-
ically, the left IFG and left MFG are key regions in the articulatory
network and the STG are involved in acoustic-phonetic processes
such as spectrotemporal analysis (Davis and Gaskell, 2009; Demonet
et al., 2005; Hickok and Poeppel, 2007; Price, 2010). The hippocampus
may be critically involved in the memory processes that bind conceptu-
al meaning to particular sounds or signs during vocabulary acquisition
(Breitenstein et al., 2005; Davis and Gaskell, 2009).

Acquiring sensorimotor skills (Draganski et al., 2004) and concep-
tual knowledge (Draganski et al., 2006) in adulthood alters the human
brain's gray matter structure in task-relevant areas, suggesting that
adult foreign-language learning may be accompanied by increases of
gray matter volume in brain regions involved in first-language
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acquisition. Support for this prediction comes from comparisons of
bilinguals and monolinguals, suggesting that gray matter density
in the left inferior parietal lobe maps on to number of words learned,
native as well as foreign (Lee et al., 2007; Mechelli et al., 2004). The
left inferior parietal lobe has fast corticocortical connections to the
STG and slower connections to the hippocampus, and may be involved
in the phonological aspect of lexical items (Davis and Gaskell, 2009;
Gaskell and Marslen-Wilson, 1997). Additional correlational support
also comes from a study of English-speaking exchange students learn-
ing German in Switzerland (Stein et al., 2010). In this group of individ-
uals, improvements in foreign-language proficiency were correlated
with changes in gray matter density of the left IFG. This correlation
was however to a large extent driven by an atypical subject whose
gray matter density decreased. Moreover, it is unclear from the report
whether the increase in regional brain volume over time was signifi-
cant. Therefore, further studies including direct comparisons of brain
anatomy before and after foreign-language acquisition are needed to
establish a causal role of language acquisition on neural changes. Such
an approach faces the practical obstacle of identifying individuals who
initially have no knowledge of the foreign language but can learn to
master a language within a restricted time period. Here we examined
conscripts in the interpreter academy of the Swedish military. These in-
dividuals study a foreign language at an intensity that is unmatched in
the Swedish educational system. Starting from scratch, the interpreters
learn a new language to fluency within 10 months. The languages stud-
ied (Dari, Russian, or Egyptian Arabic) are very different from the con-
scripts' native Swedish tongue. The extreme learning rate requires the
acquisition of 300 to 500 new words each week. An average weekday
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at the academy includes classes and individual language studies inter-
leaved with soldier training from 08.00 until bedtime. Weekends are
at least as demanding, with individual studies throughout the day.

To investigate whether intense language training would lead to
changes in cortical thickness and hippocampal volumes, we ac-
quired magnetic resonance images (MRI) immediately before and
after the interpreters' first three months of language studies. As a
complement to the structural measures we collected behavioral
measures of language proficiency and teacher ratings of the
amount of effort needed to achieve the goals of the academy. We
predicted that intense language studies would lead to increases in hippo-
campal volume as well as cortical thickness in language-related areas. We
also hypothesized that these changes would relate to acquired language
proficiency.

Materials and methods
Participants

We recruited volunteers among right handed, and otherwise MRI
eligible interpreters and controls. The interpreter group consisted of
six women and eight men (n=14) studying at the Swedish Armed
Forces Intelligence and Security Centre. Interpreter conscripts are se-
lected based on school achievements, study skills, intelligence, and
emotional stability from volunteers among all Swedish 18 year-old
men, and among women who choose to undergo military training.
Four of the interpreters studied Arabic, eight studied Dari, and two
studied Russian. None of the interpreters had any knowledge of
these languages prior to the entry to the academy.

Controls were medical and cognitive-science students at Umea
University, Sweden. Ten controls were women and seven were men
(n=17). The control group was recruited to be comparable on the di-
mensions of age, years of education, intelligence, and emotional sta-
bility. The controls were measured before and three months after
the start of their semester, which matched closely in time with the in-
terpreter studies and the measurements of the interpreters.

The groups of interpreters and controls did not significantly differ
on chronological age (interpreters, M=19.9 (SD=1.8); controls,
M=20.6, (SD=1.0), t(28) = —1.34, p=.19) and years of education
(interpreters, M=12.9 (SD 1.6); controls, M=133 (SD=.9),
t(28) = —.93, p=.36). The two groups were also comparable on in-
telligence (Ravens advanced progressive matrices: interpreters, M=
10.8 (SD=2.9); controls, M=11.0 (SD=4.4), t(29)=—.16 p=.88)
and emotional stability (anxiety ratings: interpreters, M=38 (SD =
5.9); controls, M=34.8 (6.6), t(28)=1.38, p=.18). For details of
the measures, see behavioral measures section.

Behavioral measures

Raven's advanced progressive matrices

The 18 odd-numbered items from set II of this test (Raven, 2000)
were presented for both groups at pretest. 10 min in total was allot-
ted to complete the task, and the dependent variable was the number
of correctly selected patterns.

Anxiety ratings

A translated (to Swedish) and modified version of the STAI Y-2
(Spielberger et al., 1970) form was used (Filaire et al., 2001). The par-
ticipants rated anxiety experienced the past month. The question-
naire was administered at pretest.

Proficiency

Our proficiency measure consisted of grades on the mid-year
exam at the interpreter academy, performed a few weeks after post-
test. This exam is especially important because those that fail are
forced to leave the academy (none of our participants had to leave,

indicating that they studied hard). The exam itself consists of two
tests, one written and one oral. The written language test includes
translating full sentences and texts and the oral tests include non-
simultaneous interpreting. Both tests are developed to measure the
ability of actual language use in the demanding circumstances a military
interpreter might find herself in and as such measure a broad spectrum
of language abilities. The exam grades (1-10) represent the mean of the
oral and written exam. Each week during the stay at the academy the
interpreters underwent similar tests, with oral and written exams inter-
leaved (one per week). The teachers had no insight into the findings
from the study when grading the students. The language tests have
been developed at the academy (which has been active in its role
since 1957) by the language teachers, most of whom work part time
as lecturers at Swedish universities.

Struggle

For this measure, the amount of effort needed to stay at the acad-
emy was rated for each interpreter by the head teacher (who had an
overview of the different language divisions). The question (translat-
ed from Swedish) was: “Judge how large effort was needed for each
participant to achieve the goals of the interpreter academy and to
be allowed to stay in the program”. The rating was done on a Likert
scale of 1 (little effort) to 9 (large effort). No participant scored
below 6 on this scale.

MR acquisition

Images were acquired at Umed Center for Functional Brain Imag-
ing (UFBI) on a GE Discovery MR 750, 3 T scanner with a 32 channel
phased-array head coil. For T;-weighted imaging at pretest and post-
test, a 3D fast spoiled gradient-echo (fSPGR) sequence was used
(TE=3.2ms, TR=8.1 ms, TI=450 ms, flip angle=12°, FOV=
172x250x250 mm?>, matrix=172x256x256, bandwidth per
pixel =122 Hz, no parallel imaging, no surface coil intensity correc-
tion, 3D correction for gradient non-linearities).

MRI preprocessing

All scans were manually inspected for artifacts. No scan was
rejected. The data volumes were then analyzed using the FreeSurfer im-
aging analysis suite (http://surfer.nmr.mgh.harvard.edu/; version 4.5).
FreeSurfer is a semi-automatic software package that performs cortical
reconstruction as well as volumetric segmentation of T;-weighted im-
ages. FreeSurfer uses intensity and continuity information from MR vol-
umes to reconstruct and measure cortical thickness at each vertex of the
brains surface (Dale et al., 1999; Fischl and Dale, 2000). Subcortical
structures were volumetrically segmented in a separate analysis stream
(Fischl et al., 2002, 2004a, 2004b). Images were then processed auto-
matically within the longitudinal stream of FreeSurfer (Reuter et al,
2012). The longitudinal stream creates an unbiased (from the two
timepoints) within-subject image (Reuter and Fischl, 2011), increasing
reliability and statistical power compared to the regular FreeSurfer
stream. FreeSurfer has shown an intra-class correlation of 0.994 for
MPRAGE sequences (Wonderlick et al., 2009) as well as high consisten-
cy of within-subject measurements of cortical thickness (Wang et al.,
2008).

Data was blinded for time (i.e., pretest vs. posttest) and group (inter-
preters vs. controls), taken through the standard cross-sectional cortical
reconstruction and volumetric segmentation processing, and then
processed through FreeSurfers longitudinal stream (version 4.5). Five
subjects (pre and post for each participant) were randomly selected
and manually checked for reconstruction steps and segmentation of
the hippocampus. No manual alterations were needed.
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Statistical analyses

Hippocampal volume estimates were exported to SPSS (version
17) and analyzed with a 2 (group; interpreters vs. controls) by 2
(time: pretest vs. posttest) by 2 (hemisphere; left vs. right) mixed
ANOVA. The threshold for statistical significance was p<.05.

For each participant, a difference image (posttest-pretest) was cal-
culated from the cortical thickness data. Specifically, the difference
image was produced by subtraction of surface maps, where individual
surface elements, which contain the cortical thickness data, are called
vertices. Vertex-wise general linear model analyses were then per-
formed to investigate group (interpreter vs. controls) differences in cor-
tical thickness changes, which reduces to an independent-samples
t-test on the difference images. These analyses were complemented
with an independent t-test on cortical thickness at pretest to investigate
potential group difference on baseline cortical thickness. The threshold
for statistical significance was p<.001. The clusters-extent threshold
was 100 vertices. Data was smoothed using a 3D gaussian kernel
using FWHM 15 mm.

For each interpreter, the mean thickness differences of each clus-
ter showing a statistically significant selective increase for inter-
preters as compared with controls were exported to SPSS. Pearson
correlations, within the group of interpreters, were then computed
between cortical thickness changes and the behavioral variables
(struggle and proficiency). Hippocampal volume was also included
in these analyses. The threshold for statistical significance was p<.05.
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Results

Analyses of cortical areas (Fig. 1A) revealed that the groups dis-
played significantly (p<.001; cluster size>100) different amounts
of change in three left hemisphere regions; the dorsal MFG
(MNIpeak=—39 12 43), IFG (MNIpeak=—48 24 14), and STG
(MNIpeak=—59 —11 —2). Interpreters showed large increases in
cortical thickness over time, whereas the controls displayed smaller
decreases (Fig. 1C). No effects were found in the right hemisphere
at this threshold. To further probe the laterality of the effect, a new
analysis of the right hemisphere was conducted with the very liberal
threshold of p<.01. At this level, smaller clusters of selective increases
for interpreters as compared to controls were observed in the MFG
and IFG, but not in the STG.

Hippocampal volumes also increased significantly more for inter-
preters than for controls, F(1, 29) =5.83, p=.022. Hemisphere did
not significantly modulate the group-related hippocampus increase,
F(1,29)=2.92, p>.098, but the effect tended to be more pronounced
in the right hippocampus (Fig. 1B). The groups did not differ signifi-
cantly in terms of cortical thickness or hippocampal volume at
pretest.

In the group of interpreters, individual differences in foreign lan-
guage proficiency was positively related to changes in the right hippo-
campus (r=.61, p=.020) and the left STG (r=.54, p=.049; Fig. 2),
but not to the observed frontal changes (p's>.82). Change in cortical
thickness of the frontal MFG region was however positively related
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Fig. 1. Increases in cortical thickness and hippocampal volume accompany foreign language acquisition. (A) As compared with controls, conscript interpreters showed larger in-
creases (p<.001; cluster size>100) in the left middle frontal gyrus (MFG), inferior frontal gyrus (IFG), and superior temporal gyrus (STG). (B) Change (posttest value—pretest
value) of right hippocampal volume (RHC) and left hippocampal volume (LHC) for interpreters and controls. (C) Changes in cortical thickness in the left MFG, IFG and STG.
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Fig. 2. (A) Pearson correlations between, on the one hand, language proficiency at
posttest and teacher ratings of the effort exerted by the interpreters (struggle),
and, on the other hand, changes in gray matter thickness and hippocampal vol-
umes. (B) The association (r=.56, p=.037) between cortical thickness changes
in the left middle frontal gyrus (L. MFG) and struggle. (C) A scatterplot of the asso-
ciation (r=.54, p=.049) between cortical thickness changes in the Ileft
mid-posterior superior temporal gyrus (L. STG) and proficiency. (D) Scatterplot
of the association (r=.61, p=.020) between changes in the right hippocampus
(RHC) volume and proficiency.

(r=.56, p=.037) to teacher ratings of the effort exerted by the inter-
preters, such that those who struggled the most to reach the learning
goals had the greatest expansion of MFG thickness (Fig. 2).

Discussion

Our findings provide evidence that learning a foreign language in
adulthood changes the structure of language-related brain regions.
To our knowledge this is the first time the effects of acquiring a
completely foreign language has been measured in adults. The ob-
served significant changes in cortical thickness were located in the
fronto-temporal cortex of the left hemisphere. The IFG and STG re-
gions are engaged by a variety of language-related tasks (Davis and
Gaskell, 2009; Demonet et al., 2005; Hickok and Poeppel, 2007;
Price, 2010). Specifically, the IFG is a key region of the articulatory
network (e.g., Hickok and Poeppel, 2007), and has been linked to
the mapping of meaning to new words (Ye et al., 2010). The STG is in-
volved in acoustic—phonetic processes, such as spectrotemporal anal-
ysis (Demonet et al., 2005; Hickok and Poeppel, 2007; Price, 2010).
The dorsal MFG region is a part of the articulatory network and may
be involved in planning and control of articulatory processes (Hickok
and Poeppel, 2007). The region also overlaps with premotor language
areas implicated in providing top-down information to facilitate, for ex-
ample, difficult speech perception (Meister et al.,, 2007). Interpreters
also displayed larger hippocampus volume increases than controls; an
effect that was pronounced in the right hemisphere. Although one
could expect bi-lateral or left-sided changes, our results correspond
well with some earlier findings. For example, Henke et al. (1999)
reported that learning of association was related to activation in the
right but not in the left hippocampus. A role of the hippocampus in
rapid learning of new words is predicted by models of vocabulary acqui-
sition (Davis and Gaskell, 2009). Our findings are in line with this

model, indicating that hippocampal plasticity may be an important
part of the system's capacity for foreign language acquisition. The inter-
preters' strong focus on learning a large amount of novel words in a
short time may have fostered the hippocampal changes, whereas
more stable lexical representations in neocortical areas, such as the
left inferior parietal lobe (Davis and Gaskell, 2009; Lee et al.,, 2007;
Mechelli et al., 2004) or inferior temporal regions (Davis and Gaskell,
2009; Hickok and Poeppel, 2007), may be derived gradually from re-
peated encounters with new words.

The right hippocampus and the left STG were structurally more
malleable in interpreters who acquired higher proficiency in the for-
eign language. To our knowledge, this is the first time that hippocam-
pal volume changes observed longitudinally have been associated
with individual differences in learning outcomes in humans. We
speculate that these findings indicate that plasticity of these brain re-
gions is an important part of what makes a language learner talented.
Note that this suggestion is based on correlational evidence only. It is
for example possible that individual differences in effort may have
caused the individual differences in proficiency as well as in the in-
creases in brain volume. We think that this particular interpretation
is unlikely to be the case though. First, the interpreters were all highly
motivated (they were exempt from regular conscription rules and
could leave at any point; no one did) and working near the top of
their capacity. The restriction in range of Fig. 2B illustrates this, with
no interpreter going below 6 on a scale of 1 to 9 in rated struggle. Sec-
ond, our measure of struggle showed a tendency towards a negative
correlation with left STG and right hippocampal increase over time
(Fig. 2A). Effort is likely to be an important component of this mea-
sure of struggle, and these results thus run counter to the notion
that effort plays a key role in mediating the hippocampal change.
Nevertheless, the suggestion that plasticity of the STG and the hippo-
campus are key components of what makes a language learner talent-
ed should be investigated in further studies.

The results also suggested that interpreters struggling relatively
more to master the language displayed larger gray matter increases
in the dorsal MFG. As noted, the dorsal MFG region overlaps with
premotor language areas implicated in planning and top-down con-
trol of articulatory processes (Hickok and Poeppel, 2007; Meister et
al.,, 2007). We speculate that for interpreters on the whole, and for
those struggling relatively more to master a new language in particu-
lar, the demands on such top-down support should have been elevat-
ed, leading to increased cortical thickness.

The present results are partly inconsistent with a previous report
relating improvements in foreign-language proficiency to changes in
gray matter density of the left IFG in a group of English-speaking ex-
change students learning German in Switzerland (Stein et al., 2010).
Specifically, we detected no such association between cortical thick-
ness changes in the IFG and acquired proficiency in the group of inter-
preters. Nevertheless, we observed larger increases of cortical
thickness in the left IFG for interpreters relative to controls. Taken to-
gether, the present results might suggest that the structural changes
in the left frontal regions may reflect use- and demand-dependent
changes rather than constitute the neural substrates of acquired lan-
guage skill. In our results, plasticity of the temporal regions (STG and
hippocampus) is clearly a stronger determinant of individual differ-
ences in efficient language learning than the frontal regions. Differ-
ences between the present study and the study reported by Stein et
al. (2010) may partly explain the different results across the studies.
These differences include knowledge of the foreign language prior to
the study period (no prior knowledge in the present report vs. varying
amounts of prior knowledge), intensity and nature of learning (intense
formal education in the present report vs. 133-224 days of being in a
foreign country), and the proficiency measure itself (an overall test of
both written and oral skills in the present report vs. a written exam).
These differences point to two very different learning situations: one in-
volving exchange students with prior knowledge in German learning
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more German in a real-life setting, the other including army inter-
preters learning a new language from scratch by highly intensive but
traditional language studies. Future studies are needed for dis-
entangling the effects of foreign-language acquisition in different
contexts.

Though the present study has several advantages, including the
longitudinal study of a group of individuals learning a new language
from scratch at a high pace, these advantages also by default come
with limitations, including the quasi-experimental design with a
non-equivalent control group of young medical and cognitive science
students. The sample of interpreters is not by any standards represen-
tative of the general population and they study at a rate that is
unmatched in the Swedish educational system. We cannot exclude
the possibility that the observed brain changes are reflections of
general differences in the intensity of the studies between the two
groups. In addition, we cannot exclude that other language-unrelated
environmental or subject-specific factors are driving the present find-
ings. Finally, without detailed measures of different aspects of language
improvement, it is difficult to decisively determine the functional
meaning of the different observed brain changes. Nevertheless, we
think that several of our findings indicate that the identified volume
changes reported in this paper reflect language acquisition. First, the
control group was comparable to the interpreters on age, education,
intelligence, emotional stability, cortical thickness, and hippocampal
volumes at pretest. Second, gray matter volume increased selectively
for interpreters in regions known to be involved in language processes.
Third, behavioral variables tapping into language acquisition correlated
with several of these volume changes, demonstrating brain-behavior
relations within the group of interpreters. Therefore, we find it unlikely
that language-unrelated environmental or subject-specific factors are
driving the present findings. In this vein, we also note that all inter-
preters underwent basic soldier training during the three months pre-
ceding entry to the academy. Because these three months feature
much more intense physical exercise than the limited soldier training
at the academy, the conscripts typically decline or remain on the same
level of physical ability during their stay at the interpreter academy.
Thus, changes in physical fitness are also for this reason (in addition
to the reasons noted above) unlikely to drive the reported effects.

We therefore suggest that adult foreign-language learning is ac-
companied by increases of gray matter volume in language-related
brain regions. Plasticity of the hippocampus and the left STG might be
important for learning a new language. Considering the hippocampus-
related findings in particular, such experience-dependent neural changes
may constitute a mechanism behind the delaying effect of bilingualism on
the onset of late life diseases such as Alzheimer's (Craik et al., 2010). Rep-
lication of our findings in a randomized sample of younger adults from
the general population is of importance. Future studies should also inves-
tigate the microscopic underpinnings of the observed changes, the
long-term consequences of foreign-language acquisition, and whether
foreign-language acquisition at more advanced stages of adulthood has
similar effects.
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