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Abstract

Do the neural circuits that subserve language acquisition lose plasticity as they
become tuned to the maternal language? We tested adult subjects born in Korea
and adopted by French families in childhood; they have become fluent in their
second language and report no conscious recollection of their native language. In
behavioral tests assessing their memory for Korean, we found that they do not
perform better than a control group of native French subjects who have never been
exposed to Korean. We also used event-related fMRI to monitor cortical activations
while the Korean adoptees and native French listened to sentences spoken in the
Korean, French, and in other unknown foreign languages. The adopted subjects did
not show any specific activations to Korean stimuli relative to unknown languages.
The areas activated more by French stimuli than by foreign stimuli were similar
in the Korean adoptees and in the French native subjects, but with relatively larger
extents of activation in the latter group. We discuss these data in light of the critical
period hypothesis for language acquisition.

Young children seem to have a special gift for learning language. Research on early lan-
guage acquisition has revealed that infants become quickly attuned to the properties of their native
language (Kuhl, Williams, Lacerda, Stevens, & Lindblom, 1992; Werker & Tees, 1984; Halle,
Boysson-Bardies, & Vihman, 1991). Moreover, several studies have established that the age of
acquisition of a first or a second language is a major determinant of ultimate proficiency (Flege,
Munro, & MacKay, 1995; Oyama, 1976; Newport, 1990; Mayberry & Eichen, 1991): a lag of even
a few years in first exposure to a language can result in subtle but significant deficits in the com-
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mand of its phonology, morphology or syntax (Pallier, Bosch, & Sebastian-Gallés, 1997; Johnson
& Newport, 1989; Weber-Fox & Neville, 1996). These facts have often been taken to support the
existence of a critical, or sensitive, period for language learning in humans, similar to that observed
in non-human species in other domains (Doupe & Kuhl, 1999).

One explanation attributes this to a progressive loss of plasticity of the neural circuits that
subserve language learning. The change in plasticity may result from age-related maturational pro-
cesses (Lenneberg, 1967; Penfield, 1959), or from the act of learning itself (Bever, 1981; Flege,
Yeni-Komshian, & Liu, 1999). However, this interpretation, henceforth “the crystallization hypoth-
esis”, is controversial: some late learners of a second language apparently become perfectly fluent
speakers, and it remains an unsettled issue whether or not, provided adequate environment and train-
ing, the human brain has the potential to reach native-like command of a second language (Long,
1990; Harley & Wang, 1997; MacWhinney, 1997; Birdsong, 1992; Werker & Tees, 1992; Strange,
1995).

The crystallization hypothesis predicts that the later a second language is learned, the more
the cortical representations of the second and the first languages will differ. This prediction, how-
ever, has received only mixed support. In an fMRI study of sentence production in bilinguals,
consistent with the hypothesis, the patterns of activation elicited by internal production in L1 and
L2 in Broca’s area overlapped completely in early bilinguals, but differed in late bilinguals (Kim,
Relkin, Lee, & Hirsch, 1997). However, in a subsequent study of single-word production, highly
overlapping activations were found in early and late bilinguals (Chee, Tan, & Thiel, 1999). In com-
prehension tasks, the ultimate level of proficiency in L2, more than the age of acquisition, seems
to predict whether the cortical representations of L1 and L2 match (Dehaene et al., 1997; Perani
et al., 1998; Chee et al., 1999). In low-proficiency bilinguals, activations when listening to L2
vary greatly from one individual to another and often differ from those elicited by L1 (Dehaene
et al., 1997). However, in a PET study of an exceptional subset of late bilinguals who nevertheless
managed to become extremely fluent in L2, the cortical representations of L1 and L2 were indistin-
guishable and similar to those of native speakers (Perani et al., 1998). The latter findings seem at
odds with the crystallization hypothesis. However, such a group study using PET may not be sen-
sitive enough to detect subtle changes in the organization of language areas. Furthermore, it could
be argued that the highly proficient participants, several of whom were professional simultaneous
translators, were exceptional individuals.

Another prediction of the crystallization hypothesis is that exposure to the first language
should leave long-lasting traces in the neural circuits subserving language processing. In the present
study, we explore this issue by using fMRI to study the cerebral bases of speech comprehension in
a special group of subjects: children adopted from foreign countries who have ceased to use their
first language and speak only the language of their new parents. When tested as adults, they are
apparently fluent in their second language and report having completely forgotten their first lan-
guage (Maury, 1995). Has L2 completely replaced L1? According to the crystallization hypothesis,
exposure to L1 during the first 3-8 years of life should have left traces. Exposing adopted subjects
to sentences in their original language should elicit some remnant activity in language areas. If, on
the other hand, the brain circuits for language remain plastic then learning a new language may have
completely overridden the traces laid down by the first.

To our knowledge, this is the first behavioral and neuroimaging study that uses evidence from
adopted children to examine the plasticity of language acquisition when the child’s main language
suddenly ceases to be used.
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Materials and Methods

Subjects

To identify adopted subjects, we contacted several organisms in charge of foreign adoption
in France, and sent mail to several hundreds of adopted subjects from various countries. From
the answers we got back, the only sufficiently large group was formed of people of Korean origin.
After excluding those who had had contacts with Korean since their arrival, and those would could
not participate in the fMRI experiment for various reasons, we ended up with eight individuals for
whom we had all good evidence of sudden and definitive isolation from the initial maternal language
(2 female, 6 male ranging in age from 20 to 32, mean=26.8; the ages of adoptions were 3, 3, 5.5,
5.5, 5.5, 7, 7.5 and 8 years). All claimed to have completely forgotten their native language, as is
generally the case for children adopted from foreign immigration (Maury, 1995). When interviewed
about their skills in French, only one (who arrived at 5.5) reported significant problems in learning
to speak French. The others reported having learned French rather quickly, and had no perceptible
foreign accent in French.

Given their history of adoption, a concern is the extent to which those subjects’ initial lan-
guage acquisition was normal and, in particular, whether they had received sufficient inputs in the
Korean language. Though we have little information on their individual history, the adopting organ-
isms informed us that, in the orphanages they come from, they had interaction not only with other
children but also with Korean speaking adults. Older children went to Korean school. Thus, it is
likely that they received a normal exposure to Korean.

The control group comprised eight native monolingual French speakers (2 female, 6 male
ranging in age range from 22 to 28, mean=23.5), who had had no exposure to any Asian language.
All subjects were right-handed according to the Edinburgh questionnaire.

All subjects participated to two behavioral tests out of the scanner, and one test inside the
scanner.

Behavioral test 1: Language identification

The subjects listened to a total of sixty sentences, twelve in each of five languages unfamiliar
to French subjects (Korean, Japanese, Polish, Swedish and Wolof). Sentences were read by three
different female native speakers. After each sentence, the subject had to provide, on a scale from 1
to 7, a degree of confidence that the sentence was in Korean or not: ‘7’ meant that he/she was sure
the sentence was in Korean; ‘1’ meant that he/she was sure that the sentence was not in Korean; 4
indicated a complete lack of confidence.

Behavioral test 2: Word recognition

The experiment consisted in a series of twenty-four trials that started with the display of a
word (written in French) followed by the auditory presentation of two Korean words. The task was
to decide which of the two Korean words was the correct translation of the word displayed. Subjects
could replay the Korean words as often as they wanted before responding.

fMRI design and acquisition

Brain imaging was performed using event-related fMRI while the participants listened to a
total of 128 sentences in four different languages: French, Korean, Japanese and Polish. Japanese
and Polish were both unknown to our subjects, and thus served as a control for French and Korean
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sentences. In addition, Japanese was more similar to Korean than Polish, as attested by our pre-test.
We were interested in assessing whether this difference in similarity would show up on the cortical
activations.

Sentences were selected from recordings by three female native speakers of each language.
The sentences were selected from a corpus of sentences from various languages, all translated
from the same original French sentences. All recordings were made in the same sound-proof room
(sampling-rate 64Khz; low-pass 20Khz; 4x undersampling). The sentences, read with natural in-
tonation, were 16 to 21 syllables long. They were selected so that the distributions of durations
were similar across languages (average=2.9 sec). The mean energies (rms) of the stimuli were also
equated.

To ensure that the subjects paid attention to the sentences, they were required to perform a
fragment detection task. Following each sentence, after a 500 msec delay, a 400 msec fragment was
played. The subject had to indicate, by pressing one of two response buttons, whether this fragment
had appeared in the sentence or not. Before scanning, subjects performed a practice run of 12 trials
on this task.

The auditory stimulations (playout of one sentence followed with a probe) had a mean du-
ration of four seconds and occurred every 19.6 seconds, during time-windows where the read-out
gradients were disabled, which greatly decreased the noise in the scanner. After each stimulation, six
whole-brain scans were acquired (T2∗-weighted echo-planar imaging, 3.75 x 3.75 x 5 mm, 22 slices,
TR=2.4 sec, on a Bruker 3-Tesla magnet). The stimuli were administered in four 10-minute blocks,
each comprising 32 trials. Languages, speakers and side of response were evenly distributed within
each block. The instruction (respond ‘present’ with the right or with the left hand) was switched
between the second and third block. The sentences were presented in a different randomized order
for each subject. A total of 128×=768 functional images were acquired for each subject. High
resolution T1 anatomical scans (3D gradient-echo inversion-recovery sequence, TI = 700 ms, TR
= 1600 ms, FOV = 192 x 256 mm2, matrix = 256x128x256, slice thickness = 1.2 mm) were also
acquired.

fMRI data analyses

fMRI data were processed using SPM99 software, starting with slice timing, spatial realign-
ment (correction for movements), spatial normalization and smoothing with a 5 mm Gaussian-
kernel. For the statistical analyses, we generated a linear model by defining six categories of events:
French, Korean, Japanese or Polish stimulations, and right or left motor responses (Friston, K. J. and
Holmes, A. P. and Worsley, K. J. and Poline, J.-B. and Frith, C.D. and Frackowiak, R. S. J., 1995).
These categories were crossed with indicator variables for the four sessions, yielding a total of
twenty-four onset vectors, which were convolved by an ideal heamodynamic impulse response and
its derivative (included to model small temporal shifts). Both individual analyses and group anal-
yses were performed; the group analyses consisted in t-tests using the individual contrast images
smoothed at 8 mm (one image per subject). Unless otherwise indicated, the individual and group
results were examined at the voxelwise threshold of p<0.001 uncorrected for multiple comparisons
and the p<0.05 threshold on clusters’ extent.
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Results

Behavioral tests

In the sentence identification test, the native Korean subjects failed to recognize Korean sen-
tences. Rather, their ratings were identical for Korean and Japanese sentences (4.09 and 4.04 respec-
tively: t(7)=0.30, p=0.70) and were higher for those languages than for the other three languages
presented: Polish, Swedish and Wolof (t(7)=5.0, p=0.001). An analysis of variance indicated that
this pattern of performance did not differ significantly from that observed in the group of native
French participants (group × language interaction: F(4,56)=1.60, p=0.17; Fig. 1a). In the second
test, where subjects were asked to select the translation of a written French word from two spoken
Korean words, again, the Korean and the control groups performed similarly (56% and 52% suc-
cess respectively, t(14)=0.98, p=0.30; see Fig. 1b). Finally, in the speech segment detection task
performed during fMRI scanning, performance did not differ between the two groups (group ×

language interaction: F(3,14)=1.5, p=0.22). Both Korean and control subjects showed better perfor-
mance for the only language that they could understand (French) than for the other three languages
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Figure 1. Performance of the native Korean and the native French subjects on three behavioral tests. In the
“Korean sentence identification” test (panel a), subjects listened to sentences in five different languages and
rated their confidence that the sentences were in Korean (7= 100% sure it is Korean; 4=totally unsure, 1=
sure it is not Korean). In the “Word recognition test” (panel b), the subjects saw a French word and had to
select the correct translation amongst two spoken Korean words. In the “segment detection task” (panel c),
subjects had to decide whether a short sound excerpt belonged or not to a sentence they had just heard. In all
tests, the Koreans’ performance did not differ from that of the control group (error bars display 95% C.I.)
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(t(7)=6.65, p<0.001 and t(7)=6.77, p<0.001; Fig. 1c). Inspection of individual data in the three
tests showed that none of the Korean adoptees performed markedly differently from the control
group.

Brain-imaging

Our first analysis aimed at identifying the network of areas that are more responsive to French
than to other unknown languages. We choose the “Polish” condition as a baseline that was neutral
for the two groups, and determined the areas where French stimuli elicited stronger activations than
Polish stimuli. The group analyses revealed a network of areas comparable to the one identified in
previous studies of sentence listening (Mazoyer et al., 1993; Schlosser, Aoyagi, Fulbright, Gore, &
McCarthy, 1998; Dehaene et al., 1997; Perani et al., 1996, 1998). This network comprised the left
superior temporal sulcus and neighboring portions of the superior and middle temporal gyrus, the
left inferior frontal gyrus (triangularis sector), and, to a lesser extent, the contralateral temporal areas
of the right hemisphere. Similar networks were activated in both groups of subjects (see Table 1,
Figure 2A and 3): direct comparison of the two groups yielded no significant difference (even when
the threshold was decreased to p<0.01 voxelwise uncorrected for multiple-comparisons and the
cluster size threshold set to p<0.05). Similar results were obtained when the activations evoked by
Japanese sentences, rather than Polish sentences, were used as the baseline (Figure 2B).

Inspection of the individual analyses of the French-Polish comparison (Figure 4) revealed
that while the participants in both groups activated similar areas, those from the Korean group had
smaller extents of activations than the control group. Counts of voxels above the p<0.001 threshold
were submitted to an analysis of variance with the factors ‘hemisphere’ and ‘native language’ (see
figure 5): both factors were significant (Group: F(1,14)=7.3, p=0.02; Hemisphere: F(1,14)=24.0,
p<0.001) but did not interact (F(1,14)=1.6, p=0.23). A similar analysis for counts of voxels above
p<0.05 corrected, yielded a similar outcome. Importantly, no such group difference was found when
we compared the extents of motor cortex activations associated with left-hand and right-hand key
presses (Group: F(1,14)=0.53, p=0.48). This suggests that the lesser extent of activation in Korean
subjects during language listening was not due to changes in anatomical organization, head shape,
or imaging parameters, but was possibly related to their peculiar history of language acquisition.

French Group Korean Group

A. Fr>Pol

B. Fr>Jap

C. Fr>Kor

Figure 2. Brain renderings displaying the results in the group analyses of the three contrasts comparing
French stimuli vs. Polish stimuli (A), Japanese stimuli (B) and Korean stimuli(C).
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Figure 3. Time-course of activations in three different regions of the left hemisphere (1=Heschel gyrus,
2=posterior STS, 3=inferior frontal gyrus). The % changes in signal are shown as a function of the scan po-
sition following sentence presentation (time betwen scans=2.4 sec). The four different line-types correspond
to each of the langages in which the stimuli were spoken (French, Korean, Japanese and Polish). For each
group, the maximum peak in the region of interest was selected.

Next we examined the presence of activations specific to Korean sentences, again relative
to Polish sentences. In the Korean group, no significant difference was found (at p<0.01 or at
p<0.001 voxelwise uncorrected for multiple comparisons, and p<0.05 corrected for cluster extent).
Furthermore, in the individual analyses, none of the native Korean subject showed any Korean-
specific activations (p<.001 uncorrected). In the group analyses of native French speakers, however,
two regions were significantly more activated by Korean than by Polish stimuli: one in the left
cerebellum (maximum at -12 -56 -16, T(7)=7.08) and one in the right middle temporal STS (at
44 -12 -12, T(7)=18.24). When the two groups were compared, this right STS region came out
significantly when the threshold was lowered at p<.01 (at 48 -20 -12 T(14)=5.35). However, a
cluster of activation located about the same region (max. at 48 -4 -8, T(14)=4.74) was also detected
in the Korean group in the “Korean-Polish” analysis at the p<0.01 voxel level (but this did not
approach the p<0.05 extent threshold). This may be related to differences between Korean and
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French Ss Koreans Ss

Figure 4. Brain renderings showing, for each of the 16 subjects, the regions where activation due to French
sentences was significantly stronger (p<.001) than that due to Polish sentences.

Polish which were perceptible to the participants (see figure 1a). Yet, similar analyses contrasting
Korean and Japanese sentences, and Japanese and Polish sentences did not reveal any significant
difference between the languages or the two groups.

Finally, we directly compared the activations to French versus Korean sentences (Fig-
ure 2C). In the French group, this revealed the same left-hemispheric network identified in the
“French>Polish” contrast. If Korean subjects had any remnant trace of having learned Korean as
the first language and French as the second, then the French versus Korean difference should be
attenuated or even reversed in this group. This was not the case. The French versus Korean contrast
was highly significant along the left STS and in left inferior frontal areas in the Korean group, just
as in the French group. No brain area showed any group difference in the “French>Korean” nor in
the “Korean>French” contrasts.
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Figure 5. Numbers of supra-threshold (p<.001) voxels in individual SPMs for the “French-Polish contrast”,
split by hemispheres (each line corresponds to one subject).
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Table 1: Areas where activations were greater for “French” than for “Polish” stimuli, for the French and
Korean subjects. We report the coordinates in mm and t-values of the local maxima of activations identified
in the group analyses.

French Ss x y z t-value
Left STS anterior -56 -8 -16 11.94

” -60 4 -24 5.28
Left STS middle -56 -32 -4 10.68

” -52 -24 -8 6.64
Left STS posterior -52 -48 12 9.32

” -44 -60 16 6.51
” -40 -48 24 5.83

Left MTG posterior -60 -44 -4 8.24
Left MTG middle -68 -24 -16 7.01

” -64 -20 -12 6.96
Left Temp. Pole -52 12 -20 5.88
Left IFG (pars triang.) -56 24 0 9.16

” -44 20 16 5.87
Right STS middle 48 -20 -12 7.55
Right STS anterior 52 -4 -16 6.75

Korean Ss x y z t-value
Left STS anterior -60 -12 -16 8.69

” -52 4 -24 11.78
Left STS middle -52 -36 -8 6.78

” -56 -20 -12 7.40
Left STS post. -60 -56 8 4.68

Left MTG post. -64 -40 -4 4.64
” -64 -48 -8 3.70

Left ITG post. -68 -52 -16 5.00
Left Temp. Pole -48 12 -24 10.9
Left IFG (pars triang.) -56 24 0 6.24

” -56 20 12 3.97
Right STS middle 52 -28 -12 4.46
Right STS anterior 52 4 -20 6.33
Right Temp. pole 48 20 -32 3.82

Note: thresholds: t7 >4.8 p<.001; t7 >3.0 p<.01

Discussion

We studied language perception and comprehension using behavioral methods and functional
magnetic resonance imaging in a group of Korean adults adopted in their youth by French families,
as well as in a control group of native French subjects. Three main results were observed. First,
behaviorally, the adopted subjects could not distinguish sentences in their native language from sen-
tences coming from various languages. Nor could they identify Korean words in a forced-choice
task, or detect fragments from Korean sentences better than native French controls. Second, the
fMRI data revealed no differences in brain activation when the adopted subjects listened to Korean
relative to an unknown language such as Polish or Japanese. Third, the cortical regions that re-
sponded more to the known language, French, than to other foreign languages were similar in the
adopted subjects and in the native French control group. However, the observed activations in this
comparison had a broader extent in the native French subjects than in the adopted subjects.

These data do not support a strong version of the crystallization hypothesis. Indeed, this hy-
pothesis led to expect activations specific to Korean in the adopted Koreans, and a differential pattern
of activated areas, between the French and Korean groups, while listening to French. Actually, the
activation patterns in the Koreans were remarkably similar to those of the native French group, at
least in terms of the regions that were activated. Slight differences were detected in the extent and
amount of activation; these are further discussed below. In both groups, there was a large activation
of left-lateralized temporal and inferior frontal regions when listening to French sentences, but es-
sentially no detectable activation of this network when listening to Korean sentences relative to two
other unknown languages. This provides evidence in favor of the reversibility of plastic changes
associated with language acquisition in the first few years of life. The subjects in our study had
been adopted between 3 and 8 years of age. If the brain circuits that subserve language acquisition
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had started to crystallize during this time period, we would have expected to see larger differences
between the two groups. Our data rather suggest that when a second language is learned early on,
this acquisition does not necessarily involve different brain systems than those involved in learning
the native language. On the contrary, the second language may become represented in the very areas
that normally represent the first language. This conclusion fits with a previous PET study of spoken
language comprehension in which late but highly fluent learners of a second language were found
to have patterns of activation indistinguishable from those of native speakers (Perani et al., 1998).
Compared to this previous study, the present study has the advantage that the adopted subjects were
not selected because they were exceptionally gifted for foreign languages. Our study suggests that
any child, if placed in the unusual situation of having to learn a new language between 3 and 8 years
of life, can succeed to a high degree, and that they do so using the same brain areas as are recruited
for first-language acquisition.

The behavioral observations that we collected also support the adopted subjects’ claim that
they have forgotten their native language. On a Korean sentence identification test, they did not
perform any better than naive French subjects. This was true also in the lexical test which involved
selecting the appropriate meaning for common words, and in the speech segment detection test.
One limitation of these tests (except possibly of the third) is that they were not designed to test for
subtle, implicit, remnants of Korean in the adopted subjects. Early experience with Korean may
have left implicit unconscious traces at the level of the microcircuitry of the language processing
areas that our behavioral and fMRI methods did not detect. If they exist at all, however, such traces
must be small and perhaps take the form of “dormant” synaptic changes that cannot be revealed with
classical fMRI subtraction methods. Such traces might be revealed by using a learning paradigm.
For example, more extensive retraining experiments (which could not be performed in the half-day
visit on the present study), might reveal faster learning of Korean in subjects who had early exposure
to Korean relative to control subjects, as has been observed in both animals and humans (Knudsen,
1998; Tees & Werker, 1984; Au, Knightly, Jun, & Oh, 2002). We are in the process of devising such
a training test, to assess whether the adopted Koreans can perceive phonetic contrasts that exist in
Korean but not in French better than native French listeners.

Our fMRI experiment used natural sentences in order to reveal potential traces of Korean in
the adopted subjects at any of different linguistic levels, from phonology to the lexicon, prosody,
syntax and semantics. To isolate such traces, we subtracted the activation to Korean stimuli from the
activation to stimuli in two foreign languages, Japanese and Polish. This procedure has previously
been shown to reveal a large network of activation when processing a known relative to a foreign
language (Mazoyer et al., 1993; Dehaene et al., 1997; Schlosser et al., 1998). However, one diffi-
culty with this subtraction logic is that some areas, particularly those involved in speech decoding
and phonological processes, may be subtracted away because they may be equally well activated
by known and unknown languages. Indeed, the absence of differential activations in the superior
temporal gyrus, which has been associated with speech decoding (Hickok & Poeppel, 2000), in
both the adopted subjects and the control group, might be interpreted as supporting the idea that
foreign stimuli engage phonological processes as much as do native stimuli. Thus, the subtractive
method may have been suboptimal to identify traces of the first language in the early stages of
speech processing.

Although the bulk of our results suggests a high degree of similarity between adopted subjects
and native French subjects, we found two differences between the groups worth discussing. First,
when listening to French relative to foreign stimuli, although the same anatomical regions were
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activated, the extent of activation was larger in the native French participants relative to the Korean
adopted subjects. This result speaks to the main question that our experiment was designed to
address: can the second language replace the first? Results discussed above imply that yes, but
this latter finding suggests that such replacement may not be complete. The acquisition of expertise
is known to be accompanied by local increases in brain activation (Poldrack & Gabrieli, 2001;
Gauthier, Tarr, Anderson, Skudlarski, & Gore, 1999) and an enlargement of cortical maps (Elbert,
Pantev, Wienbruch, Rockstroh, & Taub, 1995) concomitant with a narrowing of cortical tuning
(Rainer & Miller, 2000). The native French subjects’ greater experience with French may have
resulted in a widening of the cortical maps for language processing, and/or an increase in their
responsivity, in comparison to the Korean subjects. Though we have informally observed that the
adopted Koreans have a very good command of French, subsequent research will be needed to
assess whether they might differ from native speakers in subtle ways.

Alternatively, the relative difference in the extent of activation between groups, could be due
to larger activation in the adopted subjects by the foreign stimuli. Contrary to the control group,
which was composed of naı̈ve students from the Paris area, the adopted subjects had accepted to
participate in the study because of their adopted status, and were coming to Orsay from other parts
of France specifically for this study. Given their natural curiosity for their special status, we cannot
exclude the possibility that they deployed greater attention to the foreign language stimuli than the
control subjects. It is also possible that their unusual history of language acquisition has caused a
greater responsivity of left-hemispheric language areas to any form of linguistic input. At present,
we cannot discriminate between the above explanations.

A second difference between the groups was observed in the Korean-Polish subtraction,
which revealed an activation in the right superior temporal sulcus that was stronger in the native
French group than in the adopted subjects. This unpredicted result may be due to a relative inhibi-
tion in the Koreans relative to French group, when listening to Korean. This interpretation raises the
issue of the possible role of inhibition in unlearning the first language. However, the fact that the
two groups did not differ in the Korean-Japanese and French-Korean substractions, mitigates this
interpretation.

We close by considering the possible implications of this research for theories of critical pe-
riods in language acquisition. The original hypothesis put forward by Lenneberg (1967) stipulats
that the critical period for language ends around puberty. Given that the adopted subjects arrived in
France when they were less than 8 years of age, our results are not incompatible with Lenneberg’s
hypothesis. However, another version of the critical period hypothesis holds that there is a gradual
loss of plasticity starting much before puberty. This view builds on the fact that language percep-
tion becomes attuned to the linguistic environment very early on in life. Developmental research has
shown that even children in their first year already show the influence of their surrounding linguistic
environment in both their behavior (Kuhl et al., 1992; Werker & Tees, 1983; Halle et al., 1991)
and their brain activations (Cheour et al., 1998; Näätänen et al., 1997; Dehaene-Lambertz, 1997;
Dehaene-Lambertz & Dehaene, 1994). This is consistent with studies of second-language process-
ing, which indicate that in immigrants, even a lag of a few years in the onset of second-language
acquisition is associated with perceptible deficits compared to native subjects. Such deficits are
most evident in speech production, where a foreign accent starts to be perceptible when a second
language is acquired after the age of four years (Oyama, 1976; Flege et al., 1995). Similar studies
on speech comprehension also reveal deficits in syntax in Chinese immigrants who arrived in the
US in their third year (Weber-Fox & Neville, 1996).
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It is often not realized that empirical findings such as those reported above can be submitted
to two radically different theoretical interpretations. It is useful to distinguish between interference
and “crystallization” accounts of the critical period hypothesis. Both accounts agree that language
acquisition starts very early on, probably guided by genetically driven mechanisms partly dedicated
to processing speech inputs. However, they differ in their interpretation of subjects’ difficulties in
acquiring a second language. According to the crystallization account, a window of brain plasticity
is open at birth and progressively closes as the brain networks for language become stabilized,
under the possible influence of maturational and/or experiential factors. In this view, plasticity is
temporally limited and progressively lost. According to the interference account, on the other hand,
the presence of processes and representations attuned to the first language acts as a filter that distorts
the way a second language can be acquired. In this view, the loss of plasticity in language areas, if
it exists at all, plays only a minor role compared to the interference imposes on the maintenance of
a first languagby the processing of the second.

The study of adopted children provides a unique opportunity to address this theoretical dis-
tinction. Contrary to immigrants, who usually stay in contact with their home family and local
language community, adopted children do not need to maintain any representation of the first lan-
guage, from which they are suddenly deprived. In this situation, our data tentatively suggest that the
native language is, in large part, lost and replaced by the language of the new environment. Even
by 7 or 8 years of age, plasticity in language areas is still sufficiently high to promote an essentially
complete recovery of normal language. This conclusion fits with lesion studies that found good, if
incomplete, recovery from large left hemisphere lesions, or even from left hemispherectomy when
performed before the age of 9 (Vargha-Khadem et al., 1997). Our results complement these stud-
ies by showing that this form of plasticity is not limited to exceptional situations of brain insult or
intractable epilepsy, but that it also occurs in the normal brain. This view is not incompatible with
the notion that puberty is associated with a biologically-determined reduction in language learning
ability (Lenneberg, 1967). Indeed, previous brain-imaging studies have revealed major differences
in the cortical representation of the first and second languages in most late learners (Dehaene et al.,
1997; Perani et al., 1996; Kim et al., 1997). We might obtain similar results if we could study a
population of subjects who had been delocalized to a new country and severed from their home
language late in life, after puberty. Nor are our data incompatible with developmental evidence for
early brain changes associated with language acquisition. Our results merely indicate that those
early changes are not immediately stabilized, but remain plastic and reversible for several years.
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