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Structural plasticity in the bilingual brain

Proficiency in a second language and age at acquisition affect grey-matter density.

more than one language — a skill that

is thought to be mediated by functional
(rather than structural) plastic changes in the
brain'. Here we show that learning a second
language increases the density of grey matter
in the left inferior parietal cortex and that the
degree of structural reorganization in this
region is modulated by the proficiency
attained and the age at acquisition. This
relation between grey-matter density and
performance may represent a general prin-
ciple of brain organization.

We usedawhole-brain unbiased objective
technique, known as voxel-based morpho-
metry (VBM)>, to investigate structural
plasticity in healthy right-handed English
and Italian bilinguals.

To test for differences in the density of
grey and white matter between bilinguals and
monolinguals, we recruited 25 monolinguals
who had had little or no exposure to a second
language; 25 ‘early’ bilinguals, who had
learned a second European language before
the age of 5 years and who had practised it
regularly since; and 33 ‘late’ bilinguals, who
had learned a second European language
between the ages of 10 and 15 years and prac-
tised it regularly for atleast 5 years. All volun-
teers for this test were native English speakers
of comparable age and level of education.

Voxel-based morphometry revealed that
grey-matter density in the inferior parietal
cortex was greater in bilinguals than mono-
linguals (Fig. 1a). This effect was significant
in the left hemisphere (x= —45, y= —59,
z=48; Z-score=7.1; P<0.05, corrected for
multiple comparisonsacross the whole brain)
and a trend was also evident in the right hemi-
sphere (x=56,y= —53,z=42; Z-score = 3.4;
P<0.001, uncorrected). Although increased
grey-matter density in the inferior parietal
cortex was common to both early and late
bilinguals, the effect was greater in the early
bilinguals in the left (x= —48, y= —62,
z=44; Z-score = 3.5; P<0.001, uncorrected)
and right (x=45, y=—65, z=47; Z-
score =3.5; P<0.001, uncorrected) hemi-
spheres. No other significant effects were
detected in either grey or white matter.

We next investigated whether there was a
relation between brain structure and profi-
ciency in the second language and age at
acquisition. We tested 22 native Italian speak-
ers who had learned English as a second
language at an age between 2 and 34 years.
Second-language reading, writing, speech
comprehension and production were assessed
using a battery of standardized neuro-
psychological tests (see supplementary infor-
mation). We found that overall proficiency, as
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Figure 1 Structural reorganization in the bilingual brain. a, Sagit-
tal (x=—45), coronal (y=—"59) and axial (z=48) view of the
left inferior parietal region, which has increased grey-matter den-
sity in bilinguals relative to monolinguals. b, Grey-matter density,
measured as cubic millimetres of grey matter per voxel in the left
inferior parietal region, as a function of second-language profi-
ciency. Second-language proficiency was estimated for each
subject from a battery of standardized neuropsychological tests,
using principal component analysis (for details, see supplemen-
tary information). ¢, Grey-matter density, measured as for b, as a
function of age at acquisition.

indexed by principal component analysis,
correlated negatively with age at acquisition
(P<0.01; r=—0.855). Remarkably, VBM
revealed that second-language proficiency
correlated with grey-matter densityin exactly
the same left inferior parietal region that we
had already identified (x= —48, y= —59,
z=46; Z-score =4.1; P< 0.05, corrected after
10-mm small-volume correction; Fig. 1b). In
addition, grey-matter density in this region
correlated negatively with the age of acquis-
ition of the second language (x= —50,
y= —58, z=42; Z-score=3.2; P<0.05,
corrected after 10-mm small-volume correc-
tion; Fig. 1¢). There were no other significant
effects in grey or white matter.

We have thereforeidentified anincreasein
the density of grey matter in the left inferior
parietal cortex of bilinguals relative to mono-
linguals, which is more pronounced in early
rather than late bilinguals, and have also
shown that the density in this region in-
creases with second-language proficiency but
decreases as the age of acquisition increases.

These effects could result from a genetic
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predisposition to increased density, or from
astructural reorganization induced by expe-
rience®. Early bilinguals probably acquire a
second language through social experience,
rather than asaresult of a genetic predisposi-
tion. Our findings therefore suggest that the
structure of the human brain is altered by the
experience of acquiring a second language.
The inferior parietal region that is associ-
ated with second-language acquisition cor-
responds exactly to an area that has been
shown by functional imaging to become
activated during verbal-fluency tasks™.
Whether grey-matter reorganization in this
region is related to changes in neuropil, neu-
ronal size, dendritic or axonal arborization
will be revealed by methods other than
whole-brain magnetic resonance imaging.
These results are consistent with growing
evidence that the human brain changes struc-
turally in response to environmental demands
— for example, structure is already known
to alter as a function of learning in domains
other than language”®. We have shown that
the degree of this structural reorganization
in bilinguals is correlated with their second-
language performance. The relationship
between grey-matter density and perfor-
mance discovered here could be an example of
a more general structure—function principle
thatextends beyond the domain of language.
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