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Abstract

Do the neuralcircuits that subserve languageacquisitionlose plasticity as they
becometunedto the maternallanguage?We testedadult subjectsborn in Korea
and adoptedby Frenchfamilies in childhood; they have become�uent in their
secondlanguageandreportno consciousrecollectionof their native language.In
behavioral testsassessingtheir memory for Korean,we found that they do not
performbetterthana controlgroupof native Frenchsubjectswhohave never been
exposedto Korean.Wealsousedevent-relatedfMRI to monitorcorticalactivations
while the Koreanadopteesandnative Frenchlistenedto sentencesspoken in the
Korean,French,andin otherunknown foreignlanguages.Theadoptedsubjectsdid
notshow any speci�c activationsto Koreanstimuli relative to unknown languages.
The areasactivatedmoreby Frenchstimuli thanby foreign stimuli weresimilar
in theKoreanadopteesandin theFrenchnative subjects,but with relatively larger
extentsof activationin thelattergroup.Wediscussthesedatain light of thecritical
periodhypothesisfor languageacquisition.

Young childrenseemto have a specialgift for learninglanguage.Researchon early lan-
guageacquisitionhasrevealedthat infantsbecomequickly attunedto thepropertiesof their native
language(Kuhl, Williams, Lacerda,Stevens,& Lindblom, 1992; Werker & Tees,1984; Halle,
Boysson-Bardies, & Vihman, 1991). Moreover, several studieshave establishedthat the ageof
acquisitionof a �rst or a secondlanguageis a major determinantof ultimatepro�ciency (Flege,
Munro,& MacKay, 1995;Oyama,1976;Newport,1990;Mayberry& Eichen,1991):a lagof even
a few yearsin �rst exposureto a languagecanresult in subtlebut signi�cant de�cits in the com-
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mandof its phonology, morphologyor syntax(Pallier, Bosch,& Sebastian-Gallés,1997;Johnson
& Newport, 1989;Weber-Fox & Neville, 1996). Thesefactshave oftenbeentaken to supportthe
existenceof a critical, or sensitive,periodfor languagelearningin humans,similar to thatobserved
in non-humanspeciesin otherdomains(Doupe& Kuhl, 1999).

Oneexplanationattributesthis to a progressive lossof plasticity of the neuralcircuits that
subserve languagelearning.Thechangein plasticitymayresultfrom age-relatedmaturationalpro-
cesses(Lenneberg, 1967; Pen�eld, 1959),or from the act of learningitself (Bever, 1981; Flege,
Yeni-Komshian,& Liu, 1999).However, this interpretation,henceforth“the crystallizationhypoth-
esis”, is controversial: somelate learnersof a secondlanguageapparentlybecomeperfectly�uent
speakers,andit remainsanunsettledissuewhetheror not,providedadequateenvironmentandtrain-
ing, thehumanbrainhasthe potentialto reachnative-like commandof a secondlanguage(Long,
1990;Harley & Wang,1997;MacWhinney, 1997;Birdsong,1992;Werker & Tees,1992;Strange,
1995).

Thecrystallizationhypothesispredictsthat the latera secondlanguageis learned,themore
thecortical representationsof thesecondandthe�rst languageswill differ. This prediction,how-
ever, hasreceived only mixed support. In an fMRI study of sentenceproductionin bilinguals,
consistentwith thehypothesis,thepatternsof activation elicitedby internalproductionin L1 and
L2 in Broca's areaoverlappedcompletelyin early bilinguals,but differedin late bilinguals(Kim,
Relkin, Lee,& Hirsch,1997). However, in a subsequentstudyof single-word production,highly
overlappingactivationswerefoundin earlyandlatebilinguals(Chee,Tan,& Thiel, 1999).In com-
prehensiontasks,theultimate level of pro�ciency in L2, morethanthe ageof acquisition,seems
to predictwhetherthe cortical representationsof L1 andL2 match(Dehaeneet al., 1997; Perani
et al., 1998; Cheeet al., 1999). In low-pro�ciency bilinguals, activationswhen listening to L2
vary greatly from one individual to anotherandoften differ from thoseelicited by L1 (Dehaene
et al., 1997).However, in a PETstudyof anexceptionalsubsetof latebilingualswho nevertheless
managedto becomeextremely�uent in L2, thecorticalrepresentationsof L1 andL2 wereindistin-
guishableandsimilar to thoseof native speakers(Peraniet al., 1998). The latter �ndings seemat
oddswith thecrystallizationhypothesis.However, sucha groupstudyusingPETmaynot besen-
sitive enoughto detectsubtlechangesin theorganizationof languageareas.Furthermore,it could
bearguedthat thehighly pro�cient participants,several of whomwereprofessionalsimultaneous
translators,wereexceptionalindividuals.

Another predictionof the crystallizationhypothesisis that exposureto the �rst language
shouldleave long-lastingtracesin theneuralcircuitssubservinglanguageprocessing.In thepresent
study, we explore this issueby usingfMRI to studythecerebralbasesof speechcomprehensionin
a specialgroupof subjects:childrenadoptedfrom foreigncountrieswho have ceasedto usetheir
�rst languageandspeakonly the languageof their new parents.Whentestedasadults,they are
apparently�uent in their secondlanguageandreporthaving completelyforgottentheir �rst lan-
guage(Maury, 1995).HasL2 completelyreplacedL1? Accordingto thecrystallizationhypothesis,
exposureto L1 during the�rst 3-8 yearsof life shouldhave left traces.Exposingadoptedsubjects
to sentencesin their original languageshouldelicit someremnantactivity in languageareas.If, on
theotherhand,thebraincircuitsfor languageremainplasticthenlearninganew languagemayhave
completelyoverriddenthetraceslaid down by the�rst.

To ourknowledge,this is the�rst behavioral andneuroimagingstudythatusesevidencefrom
adoptedchildrento examinetheplasticityof languageacquisitionwhenthechild's main language
suddenlyceasesto beused.
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MaterialsandMethods

Subjects

To identify adoptedsubjects,we contactedseveral organismsin charge of foreignadoption
in France,and sentmail to several hundredsof adoptedsubjectsfrom variouscountries. From
theanswerswe got back,theonly suf�ciently largegroupwasformedof peopleof Koreanorigin.
After excludingthosewho hadhadcontactswith Koreansincetheir arrival, andthosewould could
not participatein thefMRI experimentfor variousreasons,we endedup with eight individualsfor
whomwehadall goodevidenceof suddenandde�niti ve isolationfrom theinitial maternallanguage
(2 female,6 malerangingin agefrom 20 to 32, mean=26.8;theagesof adoptionswere3, 3, 5.5,
5.5,5.5, 7, 7.5 and8 years).All claimedto have completelyforgottentheir native language,asis
generallythecasefor childrenadoptedfrom foreignimmigration(Maury, 1995).Wheninterviewed
abouttheir skills in French,only one(who arrivedat 5.5) reportedsigni�cant problemsin learning
to speakFrench.Theothersreportedhaving learnedFrenchratherquickly, andhadno perceptible
foreignaccentin French.

Given their historyof adoption,a concernis theextent to which thosesubjects'initial lan-
guageacquisitionwasnormaland,in particular, whetherthey hadreceived suf�cient inputsin the
Koreanlanguage.Thoughwehave little informationontheir individualhistory, theadoptingorgan-
ismsinformedusthat, in theorphanagesthey comefrom, they hadinteractionnot only with other
childrenbut alsowith Koreanspeakingadults. Older childrenwent to Koreanschool. Thus,it is
likely thatthey receiveda normalexposureto Korean.

The control groupcomprisedeight native monolingualFrenchspeakers (2 female,6 male
rangingin agerangefrom 22 to 28,mean=23.5),who hadhadno exposureto any Asianlanguage.
All subjectswereright-handedaccordingto theEdinburgh questionnaire.

All subjectsparticipatedto two behavioral testsout of the scanner, andonetest insidethe
scanner.

Behavioral test1: Language identi�cation

Thesubjectslistenedto a totalof sixty sentences,twelve in eachof � ve languagesunfamiliar
to Frenchsubjects(Korean,Japanese,Polish,SwedishandWolof). Sentenceswerereadby three
differentfemalenative speakers.After eachsentence,thesubjecthadto provide, on a scalefrom 1
to 7, a degreeof con�dencethat thesentencewasin Koreanor not: `7' meantthathe/shewassure
thesentencewasin Korean;`1' meantthathe/shewassurethat thesentencewasnot in Korean;4
indicatedacompletelack of con�dence.

Behavioral test2: Word recognition

The experimentconsistedin a seriesof twenty-fourtrials that startedwith the displayof a
word (written in French)followedby theauditorypresentationof two Koreanwords.Thetaskwas
to decidewhichof thetwo Koreanwordswasthecorrecttranslationof theworddisplayed.Subjects
couldreplaytheKoreanwordsasoftenasthey wantedbeforeresponding.

fMRI designandacquisition

Brain imagingwasperformedusingevent-relatedfMRI while theparticipantslistenedto a
total of 128sentencesin four differentlanguages:French,Korean,JapaneseandPolish. Japanese
andPolishwerebothunknown to our subjects,andthusservedasa control for FrenchandKorean
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sentences.In addition,Japanesewasmoresimilar to KoreanthanPolish,asattestedby ourpre-test.
We wereinterestedin assessingwhetherthis differencein similarity would show upon thecortical
activations.

Sentenceswereselectedfrom recordingsby threefemalenative speakersof eachlanguage.
The sentenceswere selectedfrom a corpusof sentencesfrom various languages,all translated
from thesameoriginal Frenchsentences.All recordingsweremadein thesamesound-proofroom
(sampling-rate64Khz; low-pass20Khz; 4x undersampling). The sentences,readwith naturalin-
tonation,were16 to 21 syllableslong. They wereselectedso that the distributions of durations
weresimilar acrosslanguages(average=2.9sec).Themeanenergies(rms)of thestimuli werealso
equated.

To ensurethat thesubjectspaid attentionto thesentences,they wererequiredto performa
fragmentdetectiontask.Following eachsentence,aftera500msecdelay, a400msecfragmentwas
played.Thesubjecthadto indicate,by pressingoneof two responsebuttons,whetherthis fragment
hadappearedin thesentenceor not. Beforescanning,subjectsperformeda practicerun of 12 trials
on this task.

The auditorystimulations(playoutof onesentencefollowed with a probe)hada meandu-
rationof four secondsandoccurredevery 19.6seconds,during time-windows wherethe read-out
gradientsweredisabled,whichgreatlydecreasedthenoisein thescanner. After eachstimulation,six
whole-brainscanswereacquired(T2� -weightedecho-planarimaging,3.75x 3.75x 5 mm,22slices,
TR=2.4sec,ona Bruker 3-Teslamagnet).Thestimuli wereadministeredin four 10-minuteblocks,
eachcomprising32 trials. Languages,speakersandsideof responsewereevenlydistributedwithin
eachblock. The instruction(respond̀ present'with the right or with the left hand)wasswitched
betweenthesecondandthird block. Thesentenceswerepresentedin a differentrandomizedorder
for eachsubject. A total of 128� =768 functional imageswere acquiredfor eachsubject. High
resolutionT1 anatomicalscans(3D gradient-echoinversion-recovery sequence,TI = 700 ms,TR
= 1600ms,FOV = 192x 256 mm2,matrix = 256x128x256,slice thickness= 1.2 mm) werealso
acquired.

fMRI dataanalyses

fMRI datawereprocessedusingSPM99software,startingwith slicetiming, spatialrealign-
ment (correctionfor movements),spatialnormalizationand smoothingwith a 5 mm Gaussian-
kernel.For thestatisticalanalyses,wegeneratedalinearmodelby de�ning six categoriesof events:
French,Korean,Japaneseor Polishstimulations,andright or left motorresponses(Friston,K. J.and
Holmes,A. P. andWorsley, K. J.andPoline,J.-B.andFrith, C.D. andFrackowiak, R. S.J.,1995).
Thesecategorieswere crossedwith indicator variablesfor the four sessions,yielding a total of
twenty-fouronsetvectors,whichwereconvolvedby anidealheamodynamicimpulseresponseand
its derivative (includedto modelsmall temporalshifts). Both individual analysesandgroupanal-
yseswereperformed;the groupanalysesconsistedin t-testsusingthe individual contrastimages
smoothedat 8 mm (oneimagepersubject).Unlessotherwiseindicated,the individual andgroup
resultswereexaminedat thevoxelwisethresholdof p< 0.001uncorrectedfor multiplecomparisons
andthep< 0.05thresholdonclusters'extent.
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Results

Behavioral tests

In thesentenceidenti�cation test,thenative Koreansubjectsfailedto recognizeKoreansen-
tences.Rather, theirratingswereidenticalfor KoreanandJapanesesentences(4.09and4.04respec-
tively: t(7)=0.30,p=0.70)andwerehigherfor thoselanguagesthanfor theotherthreelanguages
presented:Polish,SwedishandWolof (t(7)=5.0,p=0.001).An analysisof varianceindicatedthat
this patternof performancedid not differ signi�cantly from that observed in the groupof native
Frenchparticipants(group� languageinteraction:F(4,56)=1.60,p=0.17;Fig. 1a). In the second
test,wheresubjectswereaskedto selectthetranslationof a written Frenchword from two spoken
Koreanwords,again,the Koreanandthe controlgroupsperformedsimilarly (56% and52% suc-
cessrespectively, t(14)=0.98,p=0.30;seeFig. 1b). Finally, in the speechsegmentdetectiontask
performedduring fMRI scanning,performancedid not differ betweenthe two groups(group �
languageinteraction:F(3,14)=1.5,p=0.22).BothKoreanandcontrolsubjectsshowedbetterperfor-
mancefor theonly languagethatthey couldunderstand(French)thanfor theotherthreelanguages
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Figure 1. Performanceof thenativeKoreanandthenative Frenchsubjectson threebehavioral tests.In the
“Koreansentenceidenti�cation” test(panela), subjectslistenedto sentencesin � ve differentlanguagesand
ratedtheir con�dencethat the sentenceswerein Korean(7= 100%sureit is Korean;4=totally unsure,1=
sureit is not Korean).In the“Word recognitiontest” (panelb), thesubjectssaw a Frenchword andhadto
selectthecorrecttranslationamongsttwo spokenKoreanwords. In the“segmentdetectiontask” (panelc),
subjectshadto decidewhetherashortsoundexcerptbelongedor not to asentencethey hadjustheard.In all
tests,theKoreans'performancedid notdiffer from thatof thecontrolgroup(errorbarsdisplay95%C.I.)
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(t(7)=6.65,p< 0.001andt(7)=6.77,p< 0.001;Fig. 1c). Inspectionof individual datain the three
testsshowed that noneof the Koreanadopteesperformedmarkedly differently from the control
group.

Brain-imaging

Our�rst analysisaimedat identifyingthenetwork of areasthataremoreresponsive to French
thanto otherunknown languages.We choosethe“Polish” conditionasa baselinethatwasneutral
for thetwo groups,anddeterminedtheareaswhereFrenchstimuli elicitedstrongeractivationsthan
Polishstimuli. Thegroupanalysesrevealeda network of areascomparableto theoneidenti�ed in
previousstudiesof sentencelistening(Mazoyer etal., 1993;Schlosser, Aoyagi, Fulbright,Gore,&
McCarthy, 1998;Dehaeneet al., 1997;Peraniet al., 1996,1998).This network comprisedtheleft
superiortemporalsulcusandneighboringportionsof thesuperiorandmiddle temporalgyrus,the
left inferior frontalgyrus(triangularissector),and,toalesserextent,thecontralateraltemporalareas
of the right hemisphere.Similar networks wereactivatedin both groupsof subjects(seeTable1,
Figure2A and3): directcomparisonof thetwo groupsyieldednosigni�cant difference(evenwhen
the thresholdwas decreasedto p< 0.01 voxelwise uncorrectedfor multiple-comparisons and the
clustersizethresholdsetto p< 0.05).Similar resultswereobtainedwhentheactivationsevokedby
Japanesesentences,ratherthanPolishsentences,wereusedasthebaseline(Figure2B).

Inspectionof the individual analysesof the French-Polishcomparison(Figure4) revealed
thatwhile theparticipantsin bothgroupsactivatedsimilar areas,thosefrom theKoreangrouphad
smallerextentsof activationsthanthecontrolgroup.Countsof voxelsabove thep< 0.001threshold
weresubmittedto ananalysisof variancewith thefactors`hemisphere'and`native language'(see
�gure 5): both factorsweresigni�cant (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 analysisfor countsof voxelsabove
p< 0.05corrected,yieldedasimilaroutcome.Importantly, nosuchgroupdifferencewasfoundwhen
we comparedtheextentsof motor cortex activationsassociatedwith left-handandright-handkey
presses(Group:F(1,14)=0.53,p=0.48).This suggeststhatthelesserextentof activationin Korean
subjectsduring languagelisteningwasnot dueto changesin anatomicalorganization,headshape,
or imagingparameters,but waspossiblyrelatedto theirpeculiarhistoryof languageacquisition.

French Group Korean Group

A. Fr> Pol

B. Fr> Jap

C. Fr> Kor

Figure 2. Brain renderingsdisplayingthe resultsin the groupanalysesof the threecontrastscomparing
Frenchstimuli vs. Polishstimuli (A), Japanesestimuli (B) andKoreanstimuli(C).
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Figure 3. Time-courseof activationsin threedifferent regionsof the left hemisphere(1=Heschelgyrus,
2=posteriorSTS,3=inferior frontal gyrus).The% changesin signalareshown asa functionof thescanpo-
sition following sentencepresentation(time betwenscans=2.4sec).Thefour differentline-typescorrespond
to eachof the langagesin which thestimuli werespoken(French,Korean,JapaneseandPolish). For each
group,themaximumpeakin theregionof interestwasselected.

Next we examinedthe presenceof activationsspeci�c to Koreansentences,againrelative
to Polish sentences.In the Koreangroup, no signi�cant differencewas found (at p< 0.01 or at
p< 0.001voxelwiseuncorrectedfor multiplecomparisons,andp< 0.05correctedfor clusterextent).
Furthermore,in the individual analyses,noneof the native Koreansubjectshowed any Korean-
speci�c activations(p< .001uncorrected).In thegroupanalysesof nativeFrenchspeakers,however,
two regions were signi�cantly more activatedby Koreanthan by Polishstimuli: one in the left
cerebellum(maximumat -12 -56 -16, T(7)=7.08)andone in the right middle temporalSTS(at
44 -12 -12, T(7)=18.24). Whenthe two groupswerecompared,this right STSregion cameout
signi�cantly when the thresholdwas loweredat p< .01 (at 48 -20 -12 T(14)=5.35). However, a
clusterof activationlocatedaboutthesameregion(max.at48 -4 -8, T(14)=4.74)wasalsodetected
in the Koreangroup in the “Korean-Polish”analysisat the p< 0.01 voxel level (but this did not
approachthe p< 0.05 extent threshold). This may be relatedto differencesbetweenKoreanand
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French Ss Koreans Ss

Figure 4. Brain renderingsshowing, for eachof the16 subjects,theregionswhereactivationdueto French
sentenceswassigni�cantly stronger(p< .001)thanthatdueto Polishsentences.

Polishwhich wereperceptibleto theparticipants(see�gure 1a). Yet, similar analysescontrasting
KoreanandJapanesesentences,andJapaneseandPolishsentencesdid not reveal any signi�cant
differencebetweenthelanguagesor thetwo groups.

Finally, we directly comparedthe activations to French versusKorean sentences(Fig-
ure 2C). In the Frenchgroup, this revealedthe sameleft-hemisphericnetwork identi�ed in the
“French> Polish” contrast.If Koreansubjectshadany remnanttraceof having learnedKoreanas
the �rst languageandFrenchasthe second,thenthe FrenchversusKoreandifferenceshouldbe
attenuatedor evenreversedin thisgroup.Thiswasnot thecase.TheFrenchversusKoreancontrast
washighly signi�cant alongthe left STSandin left inferior frontal areasin theKoreangroup,just
asin theFrenchgroup.No brainareashowedany groupdifferencein the“French> Korean” nor in
the“Korean> French” contrasts.
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Figure5. Numbersof supra-threshold(p< .001)voxelsin individualSPMsfor the“French-Polishcontrast”,
split by hemispheres(eachline correspondsto onesubject).
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Table1: Areaswhereactivationsweregreaterfor “French” than for “Polish” stimuli, for the Frenchand
Koreansubjects.We reportthecoordinatesin mm andt-valuesof thelocal maximaof activationsidenti�ed
in thegroupanalyses.

FrenchSs x y z t-value
Left STSanterior -56 -8 -16 11.94

” -60 4 -24 5.28
Left STSmiddle -56 -32 -4 10.68

” -52 -24 -8 6.64
Left STSposterior -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 (parstriang.) -56 24 0 9.16

” -44 20 16 5.87
RightSTSmiddle 48 -20 -12 7.55
RightSTSanterior 52 -4 -16 6.75

KoreanSs x y z t-value
Left STSanterior -60 -12 -16 8.69

” -52 4 -24 11.78
Left STSmiddle -52 -36 -8 6.78

” -56 -20 -12 7.40
Left STSpost. -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 (parstriang.) -56 24 0 6.24

” -56 20 12 3.97
RightSTSmiddle 52 -28 -12 4.46
RightSTSanterior 52 4 -20 6.33
RightTemp.pole 48 20 -32 3.82

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

Discussion

Westudiedlanguageperceptionandcomprehensionusingbehavioral methodsandfunctional
magneticresonanceimagingin agroupof Koreanadultsadoptedin their youthby Frenchfamilies,
aswell asin a control groupof native Frenchsubjects.Threemain resultswereobserved. First,
behaviorally, theadoptedsubjectscouldnotdistinguishsentencesin theirnative languagefrom sen-
tencescomingfrom variouslanguages.Nor could they identify Koreanwordsin a forced-choice
task,or detectfragmentsfrom Koreansentencesbetterthannative Frenchcontrols. Second,the
fMRI datarevealedno differencesin brainactivationwhentheadoptedsubjectslistenedto Korean
relative to an unknown languagesuchasPolishor Japanese.Third, the cortical regions that re-
spondedmoreto theknown language,French,thanto otherforeign languagesweresimilar in the
adoptedsubjectsandin thenative Frenchcontrolgroup. However, theobserved activationsin this
comparisonhadabroaderextentin thenative Frenchsubjectsthanin theadoptedsubjects.

Thesedatado not supporta strongversionof thecrystallizationhypothesis.Indeed,this hy-
pothesisledtoexpectactivationsspeci�c toKoreanin theadoptedKoreans,andadifferentialpattern
of activatedareas,betweentheFrenchandKoreangroups,while listeningto French.Actually, the
activation patternsin theKoreanswereremarkablysimilar to thoseof thenative Frenchgroup,at
leastin termsof theregionsthatwereactivated.Slight differencesweredetectedin theextentand
amountof activation;thesearefurtherdiscussedbelow. In bothgroups,therewasa largeactivation
of left-lateralizedtemporalandinferior frontal regionswhenlisteningto Frenchsentences,but es-
sentiallynodetectableactivationof thisnetwork whenlisteningto Koreansentencesrelative to two
otherunknown languages.This providesevidencein favor of the reversibility of plasticchanges
associatedwith languageacquisitionin the �rst few yearsof life. The subjectsin our studyhad
beenadoptedbetween3 and8 yearsof age.If thebraincircuitsthatsubserve languageacquisition
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hadstartedto crystallizeduringthis time period,we would have expectedto seelargerdifferences
betweenthetwo groups.Our datarathersuggestthatwhena secondlanguageis learnedearlyon,
this acquisitiondoesnot necessarilyinvolve differentbrainsystemsthanthoseinvolved in learning
thenative language.Onthecontrary, thesecondlanguagemaybecomerepresentedin theveryareas
thatnormallyrepresentthe�rst language.Thisconclusion�ts with apreviousPETstudyof spoken
languagecomprehensionin which latebut highly �uent learnersof a secondlanguagewerefound
to have patternsof activation indistinguishablefrom thoseof native speakers(Peraniet al., 1998).
Comparedto thispreviousstudy, thepresentstudyhastheadvantagethattheadoptedsubjectswere
not selectedbecausethey wereexceptionallygifted for foreignlanguages.Our studysuggeststhat
any child, if placedin theunusualsituationof having to learnanew languagebetween3 and8 years
of life, cansucceedto a high degree,andthatthey dosousingthesamebrainareasasarerecruited
for �rst-languageacquisition.

Thebehavioral observationsthatwe collectedalsosupporttheadoptedsubjects'claim that
they have forgottentheir native language.On a Koreansentenceidenti�cation test, they did not
performany betterthannaive Frenchsubjects.This wastruealsoin thelexical testwhich involved
selectingthe appropriatemeaningfor commonwords, and in the speechsegmentdetectiontest.
Onelimitation of thesetests(exceptpossiblyof thethird) is thatthey werenot designedto testfor
subtle,implicit, remnantsof Koreanin the adoptedsubjects.Early experiencewith Koreanmay
have left implicit unconscioustracesat the level of the microcircuitry of the languageprocessing
areasthatourbehavioral andfMRI methodsdid notdetect.If they exist atall, however, suchtraces
mustbesmallandperhapstake theform of “dormant”synapticchangesthatcannotberevealedwith
classicalfMRI subtractionmethods.Suchtracesmight be revealedby usinga learningparadigm.
For example,moreextensive retrainingexperiments(whichcouldnotbeperformedin thehalf-day
visit onthepresentstudy),mightrevealfasterlearningof Koreanin subjectswhohadearlyexposure
to Koreanrelative to controlsubjects,ashasbeenobserved in bothanimalsandhumans(Knudsen,
1998;Tees& Werker, 1984;Au, Knightly, Jun,& Oh,2002).Wearein theprocessof devisingsuch
a training test,to assesswhethertheadoptedKoreanscanperceive phoneticcontraststhatexist in
Koreanbut not in Frenchbetterthannative Frenchlisteners.

Our fMRI experimentusednaturalsentencesin orderto revealpotentialtracesof Koreanin
the adoptedsubjectsat any of differentlinguistic levels, from phonologyto the lexicon, prosody,
syntaxandsemantics.To isolatesuchtraces,wesubtractedtheactivationto Koreanstimuli from the
activationto stimuli in two foreign languages,JapaneseandPolish.This procedurehaspreviously
beenshown to reveal a largenetwork of activation whenprocessinga known relative to a foreign
language(Mazoyer et al., 1993;Dehaeneet al., 1997;Schlosseret al., 1998). However, onedif�-
culty with this subtractionlogic is thatsomeareas,particularlythoseinvolved in speechdecoding
andphonologicalprocesses,may be subtractedaway becausethey may be equallywell activated
by known andunknown languages.Indeed,the absenceof differentialactivationsin the superior
temporalgyrus,which hasbeenassociatedwith speechdecoding(Hickok & Poeppel,2000), in
both the adoptedsubjectsandthe control group,might be interpretedassupportingthe ideathat
foreignstimuli engagephonologicalprocessesasmuchasdo native stimuli. Thus,thesubtractive
methodmay have beensuboptimalto identify tracesof the �rst languagein the early stagesof
speechprocessing.

Althoughthebulk of ourresultssuggestsahighdegreeof similarity betweenadoptedsubjects
andnative Frenchsubjects,we found two differencesbetweenthegroupsworth discussing.First,
when listening to Frenchrelative to foreign stimuli, althoughthe sameanatomicalregions were
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activated,theextentof activationwaslargerin thenative Frenchparticipantsrelative to theKorean
adoptedsubjects. This result speaksto the main questionthat our experimentwas designedto
address:can the secondlanguagereplacethe �rst? Resultsdiscussedabove imply that yes,but
this latter�nding suggeststhatsuchreplacementmaynotbecomplete.Theacquisitionof expertise
is known to be accompaniedby local increasesin brain activation (Poldrack& Gabrieli, 2001;
Gauthier, Tarr, Anderson,Skudlarski,& Gore,1999)andanenlargementof corticalmaps(Elbert,
Pantev, Wienbruch,Rockstroh,& Taub, 1995) concomitantwith a narrowing of cortical tuning
(Rainer& Miller, 2000). The native Frenchsubjects'greaterexperiencewith Frenchmay have
resultedin a widening of the cortical mapsfor languageprocessing,and/oran increasein their
responsivity, in comparisonto theKoreansubjects.Thoughwe have informally observed that the
adoptedKoreanshave a very good commandof French,subsequentresearchwill be neededto
assesswhetherthey might differ from native speakersin subtleways.

Alternatively, therelative differencein theextentof activationbetweengroups,couldbedue
to larger activation in the adoptedsubjectsby the foreign stimuli. Contraryto the control group,
which wascomposedof nä�ve studentsfrom the Paris area,the adoptedsubjectshadacceptedto
participatein thestudybecauseof their adoptedstatus,andwerecomingto Orsayfrom otherparts
of Francespeci�cally for this study. Giventheir naturalcuriosityfor their specialstatus,we cannot
excludethepossibility thatthey deployedgreaterattentionto theforeignlanguagestimuli thanthe
control subjects.It is alsopossiblethat their unusualhistoryof languageacquisitionhascauseda
greaterresponsivity of left-hemisphericlanguageareasto any form of linguistic input. At present,
wecannotdiscriminatebetweentheabove explanations.

A seconddifferencebetweenthe groupswas observed in the Korean-Polishsubtraction,
which revealedan activation in the right superiortemporalsulcusthat wasstrongerin the native
Frenchgroupthanin theadoptedsubjects.This unpredictedresultmaybedueto a relative inhibi-
tion in theKoreansrelative to Frenchgroup,whenlisteningto Korean.This interpretationraisesthe
issueof thepossiblerole of inhibition in unlearningthe �rst language.However, the fact that the
two groupsdid not differ in theKorean-JapaneseandFrench-Koreansubstractions,mitigatesthis
interpretation.

We closeby consideringthepossibleimplicationsof this researchfor theoriesof critical pe-
riods in languageacquisition.The original hypothesisput forward by Lenneberg (1967)stipulats
thatthecritical periodfor languageendsaroundpuberty. Giventhattheadoptedsubjectsarrivedin
Francewhenthey werelessthan8 yearsof age,our resultsarenot incompatiblewith Lenneberg's
hypothesis.However, anotherversionof thecritical periodhypothesisholdsthatthereis a gradual
lossof plasticitystartingmuchbeforepuberty. This view builds on the fact that languagepercep-
tion becomesattunedto thelinguisticenvironmentveryearlyonin life. Developmentalresearchhas
shown thatevenchildrenin their �rst yearalreadyshow thein�uenceof theirsurroundinglinguistic
environmentin both their behavior (Kuhl et al., 1992; Werker & Tees,1983; Halle et al., 1991)
andtheir brain activations(Cheouret al., 1998;Nääẗanenet al., 1997;Dehaene-Lambertz, 1997;
Dehaene-Lambertz & Dehaene,1994).This is consistentwith studiesof second-languageprocess-
ing, which indicatethat in immigrants,evena lag of a few yearsin the onsetof second-language
acquisitionis associatedwith perceptiblede�cits comparedto native subjects. Suchde�cits are
mostevident in speechproduction,wherea foreignaccentstartsto beperceptiblewhena second
languageis acquiredafter theageof four years(Oyama,1976;Flegeet al., 1995). Similar studies
on speechcomprehensionalsoreveal de�cits in syntaxin Chineseimmigrantswho arrived in the
US in their third year(Weber-Fox & Neville, 1996).
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It is oftennot realizedthatempirical�ndings suchasthosereportedabove canbesubmitted
to two radicallydifferenttheoreticalinterpretations.It is usefulto distinguishbetweeninterference
and“crystallization” accountsof thecritical periodhypothesis.Both accountsagreethat language
acquisitionstartsveryearlyon,probablyguidedby geneticallydrivenmechanismspartlydedicated
to processingspeechinputs. However, they differ in their interpretationof subjects'dif�culties in
acquiringasecondlanguage.Accordingto thecrystallizationaccount,awindow of brainplasticity
is openat birth and progressively closesas the brain networks for languagebecomestabilized,
underthe possiblein�uence of maturationaland/orexperientialfactors. In this view, plasticity is
temporallylimited andprogressively lost. Accordingto theinterferenceaccount,ontheotherhand,
thepresenceof processesandrepresentationsattunedto the�rst languageactsasa�lter thatdistorts
theway a secondlanguagecanbeacquired.In this view, thelossof plasticity in languageareas,if
it existsat all, playsonly a minor role comparedto theinterferenceimposeson themaintenanceof
a �rst languagbytheprocessingof thesecond.

Thestudyof adoptedchildrenprovidesa uniqueopportunityto addressthis theoreticaldis-
tinction. Contraryto immigrants,who usually stay in contactwith their homefamily and local
languagecommunity, adoptedchildrendo not needto maintainany representationof the �rst lan-
guage,from whichthey aresuddenlydeprived. In thissituation,ourdatatentatively suggestthatthe
native languageis, in largepart, lost andreplacedby the languageof thenew environment. Even
by 7 or 8 yearsof age,plasticityin languageareasis still suf�ciently high to promoteanessentially
completerecovery of normallanguage.This conclusion�ts with lesionstudiesthatfoundgood,if
incomplete,recovery from large left hemispherelesions,or evenfrom left hemispherectomy when
performedbeforetheageof 9 (Vargha-Khademet al., 1997). Our resultscomplementthesestud-
iesby showing that this form of plasticity is not limited to exceptionalsituationsof brain insult or
intractableepilepsy, but that it alsooccursin thenormalbrain. This view is not incompatiblewith
thenotionthatpubertyis associatedwith a biologically-determinedreductionin languagelearning
ability (Lenneberg, 1967). Indeed,previousbrain-imagingstudieshave revealedmajordifferences
in thecorticalrepresentationof the�rst andsecondlanguagesin mostlatelearners(Dehaeneetal.,
1997;Peraniet al., 1996;Kim et al., 1997). We might obtainsimilar resultsif we could studya
populationof subjectswho hadbeendelocalizedto a new countryandseveredfrom their home
languagelate in life, afterpuberty. Nor areour dataincompatiblewith developmentalevidencefor
early brain changesassociatedwith languageacquisition. Our resultsmerely indicatethat those
earlychangesarenot immediatelystabilized,but remainplasticandreversiblefor severalyears.
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