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Abstract

Do the neuralcircuits that subsere languageacquisitionlose plasticity as they
becometunedto the maternallanguage?We testedadult subjectsbornin Korea
and adoptedby Frenchfamiliesin childhood;they have become uent in their
secondanguageandreportno consciougecollectionof their native language.In
behaioral testsassessingheir memory for Korean,we found that they do not
performbetterthana controlgroupof native Frenchsubjectsvho have never been
exposedo Korean.We alsousedevent-relatedMRI to monitorcorticalactivations
while the Koreanadopteesind native Frenchlistenedto sentencespolenin the
Korean Frenchandin otherunknavn foreignlanguagesTheadoptedsubjectdid
notshav ary speci ¢ activationsto Koreanstimuli relatve to unknavn languages.
The areasactivated more by Frenchstimuli thanby foreign stimuli were similar
in the Koreanadopteesndin the Frenchnative subjectshut with relatively larger
extentsof activationin thelattergroup. We discusghesedatain light of thecritical
periodhypothesidor languageacquisition.

Young childrenseemto have a specialgift for learninglanguage.Researcton early lan-
guageacquisitionhasrevealedthatinfantsbecomequickly attunedto the propertiesof their native
language(Kuhl, Williams, Lacerda,Stevens, & Lindblom, 1992; Werker & Tees,1984; Halle,
Boysson-Bariks, & Vihman, 1991). Moreover, seseral studieshave establishedhat the age of
acquisitionof a rst or a secondlanguageis a major determinanof ultimate pro ciency (Flege,
Munro, & MacKay 1995;0yama,1976;Newport, 1990;Mayberry& Eichen,1991):alagof even
afew yearsin rst exposureto alanguagecanresultin subtlebut signi cant de cits in the com-
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mandof its phonology morphologyor syntax(Pallier, Bosch,& Sebastian-Galk, 1997;Johnson
& Newport, 1989; WeberFox & Neville, 1996). Thesefactshave often beentaken to supportthe

existenceof a critical, or sensitve, periodfor languagdearningin humanssimilar to thatobsered

in non-humarspeciesn otherdomaing(Doupe& Kuhl, 1999).

One explanationattributesthis to a progressie lossof plasticity of the neuralcircuits that
subsere languagdearning.The changein plasticitymayresultfrom age-relatednaturationapro-
cesseglLennebey, 1967; Pen eld, 1959), or from the act of learningitself (Bever, 1981; Flege,
Yeni-Komshian& Liu, 1999).However, thisinterpretationhencefortithe crystallizationhypoth-
esis”,is controversial: somelate learnersof a secondanguageapparentlybecomeperfectly uent
speakrs,andit remainsanunsettledssuewhetheror not, providedadequatervironmentandtrain-
ing, the humanbrain hasthe potentialto reachnative-like commandof a secondanguaggLong,
1990;Harley & Wang,1997;MacWhinng, 1997;Birdsong,1992; Werker & Tees,1992;Strange,
1995).

The crystallizationhypothesigredictsthatthe later a secondanguages learnedthe more
the cortical representationsf the secondandthe rst languageswill differ. This prediction,how-
ever, hasreceved only mixed support. In an fMRI study of sentenceproductionin bilinguals,
consistentvith the hypothesisthe patternsof activation elicited by internal productionin L1 and
L2 in Brocas areaoverlappedcompletelyin early bilinguals, but differedin late bilinguals (Kim,
Relkin, Lee, & Hirsch, 1997). However, in a subsequenstudy of single-word production,highly
overlappingactivationswerefoundin earlyandlate bilinguals(Chee,Tan,& Thiel, 1999).In com-
prehensiortasks,the ultimate level of pro ciency in L2, morethanthe ageof acquisition,seems
to predictwhetherthe cortical representationsf L1 andL2 match(Dehaeneet al., 1997; Perani
et al., 1998; Cheeet al., 1999). In low-pro ciency bilinguals, actvationswhen listeningto L2
vary greatly from one individual to anotherand often differ from thoseelicited by L1 (Dehaene
etal., 1997). However, in a PET studyof anexceptionalsubsef late bilingualswho nevertheless
managedo becomeextremely uent in L2, thecorticalrepresentationsf L1 andL2 wereindistin-
guishableandsimilar to thoseof native speakrs(Peraniet al., 1998). The latter ndings seemat
oddswith the crystallizationhypothesis. However, sucha groupstudyusingPET may not be sen-
sitive enoughto detectsubtlechangesn the organizationof languageareas.Furthermoreijt could
be aguedthatthe highly pro cient participants several of whom were professionakimultaneous
translatorsyvereexceptionalindividuals.

Another prediction of the crystallizationhypothesisis that exposureto the rst language
shouldleave long-lastingtracesn theneuralcircuitssubservinganguagerocessingln thepresent
study we explorethisissueby usingfMRI to studythe cerebrabaseof speectcomprehensioim
a specialgroup of subjects:childrenadoptedrom foreign countrieswho have ceasedo usetheir
rst languageand speakonly the languageof their new parents.Whentestedasadults,they are
apparently uent in their secondanguageand reporthaving completelyforgottentheir rst lan-
guage(Maury, 1995).HasL2 completelyreplaced.1? Accordingto thecrystallizationhypothesis,
exposureto L1 duringthe rst 3-8 yearsof life shouldhave left traces.Exposingadoptedsubjects
to sentences their original languageshouldelicit someremnantactiity in languageareas If, on
theotherhand thebraincircuitsfor languagegemainplasticthenlearninganew languaganayhave
completelyoverriddenthe tracedaid down by the rst.

To ourknowledge thisis the rst behaioral andneuroimagingtudythatusesevidencefrom
adoptedchildrento examinethe plasticity of languageacquisitionwhenthe child's mainlanguage
suddenlyceaseso beused.
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MaterialsandMethods
Subjects

To identify adoptedsubjectswe contactedseveral organismsin chage of foreign adoption
in France,and sentmail to several hundredsof adoptedsubjectsfrom variouscountries. From
the answerswve got back,the only sufciently large groupwasformedof peopleof Koreanorigin.
After excludingthosewho hadhadcontactswith Koreansincetheir arrival, andthosewould could
not participatein the fMRI experimentfor variousreasonsye endedup with eightindividualsfor
whomwe hadall goodevidenceof sudderandde niti ve isolationfrom theinitial maternalanguage
(2 female,6 malerangingin agefrom 20 to 32, mean=26.8the agesof adoptionswvere 3, 3, 5.5,
5.5,5.5,7, 7.5and8 years).All claimedto have completelyforgottentheir native languageasis
generallythecasefor childrenadoptedrom foreignimmigration(Maury, 1995).Whenintervieved
abouttheir skills in French,only one(who arrivedat 5.5) reportedsigni cant problemsin learning
to speakiFrench.The othersreportedhaving learnedrFrenchratherquickly, andhadno perceptible
foreignaccentin French.

Giventheir history of adoption,a concernis the extent to which thosesubjects'initial lan-
guageacquisitionwasnormaland,in particular whetherthey hadreceved sufcient inputsin the
KoreanlanguageThoughwe have little informationontheirindividual history theadoptingorgan-
ismsinformedusthat,in the orphanagethey comefrom, they hadinteractionnot only with other
childrenbut alsowith Koreanspeakingadults. Older childrenwentto Koreanschool. Thus,it is
likely thatthey receved a normalexposureto Korean.

The control group comprisedeight natve monolingualFrenchspeakrs (2 female,6 male
rangingin agerangefrom 22 to 28, mean=23.5)who hadhadno exposureto ary Asianlanguage.
All subjectswereright-handedaccordingo the Edinburgh questionnaire.

All subjectsparticipatedto two behaioral testsout of the scannerand onetestinsidethe
scanner

Behavioal testl: Language identi cation

Thesubjectdistenedto atotal of sixty sentencegwelve in eachof velanguagesinfamiliar
to FrenchsubjectgKorean,Japanese?olish, Swedishand Wolof). Sentencesverereadby three
differentfemalenative speakrs. After eachsentencethe subjecthadto provide, on ascalefrom 1
to 7, adegreeof con dencethatthe sentencevasin Koreanor not: 7' meantthathe/shewassure
the sentencevasin Korean; 1' meantthathe/shewassurethatthe sentencevasnotin Korean;4
indicateda completelack of con dence.

Behavioal test2: Word recanition

The experimentconsistedn a seriesof twenty-fourtrials that startedwith the display of a
word (written in French)followed by the auditorypresentatiorof two Koreanwords. Thetaskwas
to decidewhich of thetwo Koreanwordswasthecorrecttranslatiorof theword displayed.Subjects
couldreplaythe Koreanwordsasoftenasthey wantedbeforeresponding.

fMRI designandacquisition

Brain imagingwas performedusing event-relatedMRI while the participantdistenedto a
total of 128 sentence four differentlanguagesfrench,Korean, JapanesandPolish. Japanese
andPolishwerebothunknavn to our subjectsandthussened asa controlfor FrenchandKorean
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sentencedn addition,Japaneswasmoresimilarto KoreanthanPolish,asattestedy our pre-test.
We wereinterestedn assessingvhetherthis differencein similarity would shav up onthecortical
activations.

Sentencesvereselectedrom recordingsby threefemalenative spealers of eachlanguage.
The sentencesvere selectedfrom a corpusof sentencegrom variouslanguagesall translated
from the sameoriginal FrenchsentencesAll recordingsveremadein the samesound-proofoom
(sampling-rate64Khz; low-pass20Khz; 4x undersampling) The sentences,eadwith naturalin-
tonation,were 16 to 21 syllableslong. They were selectedso that the distributions of durations
weresimilar acrosdanguagegaverage=2.%ec). The meanenegies(rms) of the stimuli werealso
equated.

To ensurethat the subjectspaid attentionto the sentencesthey wererequiredto performa
fragmentdetectiortask. Following eachsentenceaftera500msecdelay a400 msecfragmentwas
played.Thesubjecthadto indicate by pressingoneof two responsduttons,whetherthis fragment
hadappearedn the sentenc®r not. Beforescanningsubjectgperformeda practicerun of 12 trials
onthistask.

The auditory stimulations(playoutof one sentencdollowed with a probe)hada meandu-
ration of four secondsandoccurredevery 19.6 secondsduring time-windavs wherethe read-out
gradientaveredisabledwhichgreatlydecreasethenoisein thescannerAfter eachstimulation six
whole-brainscansvereacquired T2 -weightedecho-planaimaging,3.75x 3.75x 5mm, 22slices,
TR=2.4sec,0n aBruker 3-Teslamagnet).The stimuli wereadministeredn four 10-minuteblocks,
eachcomprising32trials. Languagesspeakrsandsideof responsavereevenly distributedwithin
eachblock. Theinstruction(respond present'with theright or with the left hand)was switched
betweerthe secondandthird block. The sentencesverepresentedn a differentrandomizedbrder
for eachsubject. A total of 128 =768 functionalimageswere acquiredfor eachsubject. High
resolutionT1 anatomicalkcans(3D gradient-echanversion-receery sequence]l = 700ms, TR
=1600ms, FOV = 192 x 256 mm2, matrix = 256x128x256slice thickness= 1.2 mm) werealso
acquired.

fMRI dataanalyses

fMRI datawereprocessedsing SPM99software, startingwith slicetiming, spatialrealign-
ment (correctionfor movements),spatial normalizationand smoothingwith a 5 mm Gaussian-
kernel.For thestatisticalanalyseswe generatec linearmodelby de ning six cateyoriesof events:
FrenchKorean Japaneser Polishstimulations andright or left motorresponsegFriston,K. J.and
Holmes,A. P. andWorsley, K. J.andPoline,J.-B. andFrith, C.D. andFraclowiak, R. S. J.,1995).
Thesecateorieswere crossedwith indicator variablesfor the four sessionsyielding a total of
twenty-fouronsetvectors,which werecornvolved by anidealheamodynami@mpulseresponsend
its derivative (includedto modelsmalltemporalshifts). Both individual analysesandgroupanal-
yseswere performed;the group analysesonsistedn t-testsusingthe individual contrastimages
smoothedat 8 mm (oneimageper subject). Unlessotherwiseindicated,the individual andgroup
resultswereexaminedatthevoxelwisethresholdof p< 0.001uncorrectedor multiple comparisons
andthe p< 0.05thresholdon clusters'extent.
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Results

Behavioal tests

In the sentencédenti cation test,the native Koreansubjectdailedto recognizeKoreansen-
tencesRathertheirratingswereidenticalfor KoreanandJapanessentence§t.09and4.04respec-
tively: t(7)=0.30,p=0.70)andwere higherfor thoselanguageshanfor the otherthreelanguages
presentedPolish, SwedishandWolof (t(7)=5.0,p=0.001). An analysisof varianceindicatedthat
this patternof performancedid not differ signi cantly from that obsered in the group of native
Frenchparticipantggroup languagéanteraction:F(4,56)=1.60p=0.17;Fig. 1a). In the second
test,wheresubjectavereasledto selectthetranslationof a written Frenchword from two spolen
Koreanwords, again,the Koreanandthe control groupsperformedsimilarly (56% and52% suc-
cessrespectirely, 1(14)=0.98,p=0.30;seeFig. 1b). Finally, in the speeclsggmentdetectiontask
performedduring fMRI scanning,performancedid not differ betweenthe two groups(group
languagenteraction:F(3,14)=1.5p=0.22).Both Koreanandcontrolsubjectshaovedbetterperfor
mancefor the only languagehatthey couldunderstandFrench)thanfor the otherthreelanguages

a. Korean sentences identification
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Figure 1. Performancef the native Koreanandthe native Frenchsubjectson threebehaioral tests.In the
“K oreansentencedenti cation” test(panela), subjectdistenedto sentences ve differentlanguagesand
ratedtheir con dencethatthe sentencesverein Korean(7= 100%sureit is Korean;4=totally unsure,1=
sureit is not Korean).In the “Word recognitiontest” (panelb), the subjectssav a Frenchword andhadto
selectthe correcttranslationamongstwo spokenKoreanwords. In the “segmentdetectiontask” (panelc),
subjectshadto decidewhetherashortsoundexcerptbelongedor notto asentencehey hadjustheard.In all
tests the Koreans'performancelid not differ from thatof thecontrolgroup(errorbarsdisplay95%cC.l.)
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(t(7)=6.65,p< 0.001andt(7)=6.77,p<0.001; Fig. 1c). Inspectionof individual datain the three
testsshaved that noneof the Koreanadopteegperformedmarkedly differently from the control

group.
Brain-imaging

Our rst analysisaimedatidentifyingthenetwork of areaghataremoreresponsie to French
thanto otherunknavn languagesWe choosehe “Polish” conditionasa baselinghatwasneutral
for thetwo groups,anddeterminedhe areasvhereFrenchstimuli elicited strongeractivationsthan
Polishstimuli. The groupanalysesevealeda network of areascomparabldo theoneidenti ed in
previous studiesof sentencdistening(Mazoyer etal., 1993;SchlosserAoyagi, Fulbright, Gore,&
McCarthy 1998;Dehaeneetal., 1997;Peranietal., 1996,1998). This network comprisedhe left
superiortemporalsulcusandneighboringportionsof the superiorandmiddle temporalgyrus,the
left inferior frontalgyrus(triangularissector) and,to alesserxtent,thecontralateralemporalareas
of the right hemisphere Similar networks were activatedin both groupsof subjects(seeTable 1,
Figure2A and3): directcomparisorof thetwo groupsyieldedno signi cant differenceg(evenwhen
the thresholdwas decreasedo p< 0.01 voxelwise uncorrectedor multiple-comprisas and the
clustersizethresholdsetto p< 0.05). Similar resultswereobtainedwhenthe activationsevoked by
JapanessentencegatherthanPolishsentencesyereusedasthe baselingFigure2B).

Inspectionof the individual analysesf the French-Polislcomparison(Figure 4) revealed
thatwhile the participantdan both groupsactivatedsimilar areasthosefrom the Koreangrouphad
smallerextentsof activationsthanthe controlgroup. Countsof voxelsabove thep< 0.001threshold
weresubmittedto ananalysisof variancewith the factors’hemisphereand "native language'(see

gure 5): bothfactorsweresigni cant (Group: F(1,14)=7.3,p=0.02;Hemisphere:F(1,14)=24.0,
p< 0.001)but did notinteract(F(1,14)=1.6p=0.23).A similar analysisfor countsof voxels above

p< 0.05correctedyieldedasimilaroutcome Importantly nosuchgroupdifferencevasfoundwhen
we comparedhe extentsof motor cortex activationsassociatedvith left-handandright-handkey

pressegGroup: F(1,14)=0.53p=0.48).This suggestshatthe lesserextent of activationin Korean
subjectsduring languagdisteningwasnot dueto changesn anatomicabrganization headshape,
or imagingparametershut waspossiblyrelatedto their peculiarhistory of languageacquisition.

French Group Korean Group

A. Fr> Pol

B. Fr>Jap

C. Fr>Kor

Figure 2. Brain renderinggdisplayingthe resultsin the group analysef the three contrastscomparing
Frenchstimuli vs. Polishstimuli (A), Japanesstimuli (B) andKoreanstimuli(C).
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Figure 3. Time-courseof activationsin threedifferentregionsof the left hemispherg1=Heschelgyrus,
2=posteriolSTS,3=inferior frontal gyrus). The % changesn signalareshovn asa function of the scanpo-
sition following sentenc@resentatiorftime betwenscans=2.4ec).Thefour differentline-typescorrespond
to eachof the langagesn which the stimuli were spoken(French,Korean,JapanesandPolish). For each
group,themaximumpeakin theregion of interestwasselected.

Next we examinedthe presenceof activationsspeci ¢ to Koreansentencesagainrelative
to Polish sentences.In the Koreangroup, no signi cant differencewas found (at p<0.01 or at
p< 0.001voxelwise uncorrectedor multiple comparisonsandp< 0.05correctedor clusterextent).
Furthermore,n the individual analysesnoneof the native Koreansubjectshaved ary Korean-
speci ¢ activations(p< .001uncorrected)In thegroupanalyse®f native Frenchspeakrs,however,
two regions were signi cantly more activated by Koreanthan by Polish stimuli: onein the left
cerebellum(maximumat -12 -56 -16, T(7)=7.08)and one in the right middle temporalSTS (at
44 -12 -12, T(7)=18.24). Whenthe two groupswere comparedhis right STSregion cameout
signi cantly whenthe thresholdwas loweredat p< .01 (at 48 -20 -12 T(14)=5.35). However, a
clusterof activationlocatedaboutthe sameregion (max. at48-4 -8, T(14)=4.74)wasalsodetected
in the Koreangroupin 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

Figure4. Brainrenderingshawing, for eachof the 16 subjectstheregionswhereactvationdueto French
sentencewassigni cantly strongern(p< .001)thanthatdueto Polishsentences.

Polishwhich were perceptibleo the participantgsee gure 1a). Yet, similar analysesontrasting
KoreanandJapanessentencesand Japanesand Polish sentenceslid not reveal ary signi cant
differencebetweerthelanguage®r thetwo groups.

Finally, we directly comparedthe activations to French versusKorean sentencegFig-
ure 2C). In the Frenchgroup, this revealedthe sameleft-hemisphericnetwork identi ed in the
“French> Polisi' contrast.If Koreansubjectshadary remnanttraceof having learnedKoreanas
the rst languageand Frenchasthe secondthenthe FrenchversusKoreandifferenceshouldbe
attenuatedr evenreversedn this group. Thiswasnotthecase.The FrenchversusKoreancontrast
washighly signi cant alongtheleft STSandin left inferior frontal areasn the Koreangroup,just
asin the Frenchgroup.No brainareashavedary groupdifferencein the “French> Koreari norin
the“K orearr Frerch” contrasts.

French subjects Korean subjects

800 800
600 600

400 400

voxel counts

(/4

200 200 §
0 0
left right left right
Hemisphere Hemisphere

Figure5. Numbersof supra-threshol@< .001)voxelsin individual SPMsfor the“French-Polistcontrast”
split by hemispheregéeachline corresponds$o onesubject).
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Table 1. Areaswhereactivationswere greaterfor “French” than for “Polish” stimuli, for the Frenchand
Koreansubjects.We reportthe coordinatesn mm andt-valuesof thelocal maximaof activationsidenti ed
in thegroupanalyses.

FrenchSs X y z t-value KoreanSs X y z t-value
Left STSanterior -56 -8 -16 11.94 Left STSanterior -60 -12 -16 8.69
" -60 4 -24 5.28 " -52 4 -24 11.78
Left STSmiddle -56 -32 -4 10.68 Left STSmiddle -52 -36 -8 6.78
i 52 -24 -8 6.64 i -56 -20 -12 7.40
Left STSposterior -52 -48 12 9.32 Left STSpost. -60 -56 8 4.68
i -44 -60 16 6.51
i 40 -48 24 5.83 Left MTG post. -64 -40 -4 4.64
Left MTG posterior -60 -44 -4 8.24 § -64 -48 -8 3.70
Left MTG middle -68 -24 -16 7.01 Left ITG post. -68 -52 -16 5.00
§ -64 -20 -12 6.96 Left Temp.Pole -48 12 -24 10.9
Left Temp.Pole 52 12 -20 5.88 Left IFG (parstriang.) -56 24 0 6.24
Left IFG (parstriang.) -56 24 0 9.16 ! -56 20 12 3.97
i -44 20 16 5.87 Right STSmiddle 52 -28 -12 4.46
Right STSmiddle 48 -20 -12 7.55 Right STSanterior 52 4 -20 6.33
Right STSanterior 52 -4 -16 6.75 Right Temp.pole 48 20 -32 3.82

Note: thresholdst; >4.8p<.001;t; >3.0p<.01

Discussion

We studiedanguageerceptiorandcomprehensionsingbehaioral methodsandfunctional
magnetiacesonancémagingin agroupof Koreanadultsadoptedn their youthby Frenchfamilies,
aswell asin a control groupof natve Frenchsubjects. Threemain resultswere obsered. First,
behaiorally, theadoptedsubjectouldnot distinguishsentencei their native languagdrom sen-
tencescomingfrom variouslanguages.Nor could they identify Koreanwordsin a forced-choice
task, or detectfragmentsfrom Koreansentencedetterthannative Frenchcontrols. Secondthe
fMRI datarevealedno differencedn brainactivationwhenthe adoptedsubjectdistenedto Korean
relative to an unknawvn languagesuchas Polish or JapaneseThird, the cortical regionsthat re-
spondedmoreto the known language French,thanto otherforeign languagesveresimilar in the
adoptedsubjectsandin the native Frenchcontrolgroup. However, the obsered activationsin this
comparisorhadabroaderextentin the native Frenchsubjectghanin theadoptedsubjects.

Thesedatado not supporta strongversionof the crystallizationhypothesisindeed this hy-
pothesidedto expectactivationsspeci c to Koreanin theadoptedKoreansandadifferentialpattern
of activatedareaspetweerthe FrenchandKoreangroups,while listeningto French.Actually, the
activation patternsin the Koreanswere remarkablysimilar to thoseof the native Frenchgroup, at
leastin termsof the regionsthatwereactivated. Slight differencesveredetectedn the extentand
amountof activation;thesearefurtherdiscussedyelown. In bothgroupstherewasalarge activation
of left-lateralizedtemporalandinferior frontal regionswhenlisteningto Frenchsentenceghut es-
sentiallyno detectablactivationof this network whenlisteningto Koreansentenceselative to two
otherunknavn languages.This provides evidencein favor of the reversibility of plasticchanges
associatedvith languageacquisitionin the rst few yearsof life. The subjectsin our study had
beenadoptedbetweerB and8 yearsof age.If thebraincircuitsthatsubsere languageacquisition
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hadstartedto crystallizeduringthis time period,we would have expectedto seelarger differences
betweenthetwo groups.Our datarathersuggesthatwhena secondanguageds learnedearly on,

this acquisitiondoesnot necessarilynvolve differentbrain systemghanthoseinvolvedin learning
thenative language Onthecontrary thesecondanguagaenaybecomeepresentedh thevery areas
thatnormallyrepresenthe rst languageThis conclusionts with aprevious PET studyof spolen

languagecomprehensiom which late but highly uent learnersof a secondanguagewverefound

to have patternsof activation indistinguishabldrom thoseof native spealkrs (Peraniet al., 1998).

Comparedo this previous study the presenstudyhastheadvantagehatthe adoptedsubjectsvere

not selectetbecausehey wereexceptionallygifted for foreignlanguagesOur studysuggestshat

ary child, if placedin theunusuakituationof having to learnanew languageetweer8 and8 years
of life, cansucceedo a high degree,andthatthey do sousingthe samebrainareasasarerecruited
for rst-languageacquisition.

The behaioral obserationsthatwe collectedalso supportthe adoptedsubjects'claim that
they have forgottentheir native language.On a Koreansentencéadenti cation test, they did not
performary betterthannaive Frenchsubjects.This wastruealsoin thelexical testwhichinvolved
selectingthe appropriatemeaningfor commonwords, andin the speechsegmentdetectiontest.
Onelimitation of thesetests(exceptpossiblyof the third) is thatthey werenot designedo testfor
subtle,implicit, remnantsof Koreanin the adoptedsubjects. Early experiencewith Koreanmay
have left implicit unconscioudracesat the level of the microcircuitry of the languageprocessing
areaghatour behaioral andfMRI methodddid notdetect.If they exist atall, however, suchtraces
mustbesmallandperhapdake theform of “dormant” synapticchangeshatcannoterevealedwith
classicafMRI subtractiormethods.Suchtracesmight be revealedby usinga learningparadigm.
For example,moreextensve retrainingexperimentgwhich could notbe performedn the half-day
visit onthe presenstudy),mightrevealfasteearningof Koreanin subjectsvho hadearlyexposure
to Koreanrelative to control subjectsashasbeenobseredin bothanimalsandhumangKnudsen,
1998;Tees& Werker, 1984;Au, Knightly, Jun,& Oh,2002).We arein the proces®of devisingsuch
atraining test,to assessvhetherthe adoptedKoreanscan perceve phoneticcontrastghatexist in
Koreanbut notin Frenchbetterthannative Frenchlisteners.

Our fMRI experimentusednaturalsentences orderto reveal potentialtracesof Koreanin
the adoptedsubjectsat ary of differentlinguistic levels, from phonologyto the lexicon, prosody
syntaxandsemanticsTo isolatesuchtraceswe subtractedheactivationto Koreanstimuli from the
activationto stimuli in two foreignlanguagesjapanesandPolish. This procedurehaspreviously
beenshavn to reveal a large network of activation whenprocessinga known relative to a foreign
languaggMazoyer etal., 1993; Dehaeneet al., 1997; Schlosseet al., 1998). However, onedif -
culty with this subtractiorlogic is that someareas particularlythoseinvolved in speechdecoding
andphonologicalprocessesnay be subtractecaway becausdhey may be equallywell activated
by knovn andunknawvn languages.Indeed,the absencef differential activationsin the superior
temporalgyrus, which hasbeenassociatedvith speechdecoding(Hickok & Poeppel,2000),in
both the adoptedsubjectsandthe control group, might be interpretedas supportingthe ideathat
foreign stimuli engagephonologicalprocessessmuchasdo native stimuli. Thus,the subtractie
methodmay have beensuboptimalto identify tracesof the rst languagein the early stagesof
speectprocessing.

Althoughthebulk of ourresultssuggestahigh degreeof similarity betweeradoptedubjects
andnative Frenchsubjectswe found two differencesbetweerthe groupsworth discussing.First,
whenlisteningto Frenchrelative to foreign stimuli, althoughthe sameanatomicalregions were
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activated,the extentof activationwaslargerin the native Frenchparticipantgelative to the Korean
adoptedsubjects. This result speaksto the main questionthat our experimentwas designedto
address:canthe secondianguagereplacethe rst? Resultsdiscussedabove imply that yes, but
thislatter nding suggestshatsuchreplacementnaynotbecomplete.Theacquisitionof expertise
is known to be accompaniedy local increasesn brain activation (Poldrack& Gabrieli, 2001;
Gauthiey Tarr, Anderson,Skudlarski,& Gore,1999)andan enlagementof cortical maps(Elbert,
Panter, Wienbruch,Rockstroh,& Taub, 1995) concomitantwith a narraving of cortical tuning
(Rainer& Miller, 2000). The native Frenchsubjects'greaterexperiencewith Frenchmay have
resultedin a widening of the cortical mapsfor languageprocessingand/oran increasein their
responsiity, in comparisorto the Koreansubjects.Thoughwe have informally obsered thatthe
adoptedKoreanshave a very good commandof French,subsequentesearchwill be neededto
assessvhetherthey mightdiffer from native spealkrsin subtleways.

Alternatively, therelative differencein the extentof activationbetweergroups,couldbedue
to larger activation in the adoptedsubjectsby the foreign stimuli. Contraryto the control group,
which was composedf nave studentsdrom the Paris area,the adoptedsubjectshad acceptedo
participatein the studybecausef their adoptedstatus andwerecomingto Orsayfrom otherparts
of Francespeci cally for this study Giventheir naturalcuriosity for their specialstatuswe cannot
excludethe possibilitythatthey deplged greaterattentionto theforeignlanguagestimuli thanthe
control subjects.lt is alsopossiblethattheir unusualhistory of languageacquisitionhascauseca
greaterresponaiity of left-hemispheridanguageareago ary form of linguistic input. At present,
we cannotdiscriminatebetweerthe above explanations.

A seconddifferencebetweenthe groupswas obsered in the Korean-Polishsubtraction,
which revealedan activation in the right superiortemporalsulcusthat was strongerin the native
Frenchgroupthanin the adoptedsubjects.This unpredictedesultmay be dueto arelative inhibi-
tion in theKoreangelative to Frenchgroup,whenlisteningto Korean.Thisinterpretatiorraiseshe
issueof the possiblerole of inhibition in unlearningthe rst language.However, the factthatthe
two groupsdid not differ in the Korean-Japarse and French-kKoreansubstractionsmitigatesthis
interpretation.

We closeby consideringhe possibleimplicationsof this researcHor theoriesof critical pe-
riodsin languageacquisition. The original hypothesigut forward by Lennebey (1967) stipulats
thatthecritical periodfor languageendsaroundpuberty Giventhatthe adoptedsubjectsarrivedin
Francewhenthey werelessthan8 yearsof age,our resultsarenotincompatiblewith Lennebeg's
hypothesis However, anotherversionof the critical periodhypothesisoldsthatthereis a gradual
lossof plasticity startingmuchbeforepuberty This view builds on the factthatlanguagepercep-
tion becomesttunedo thelinguisticervironmentvery earlyonin life. Developmentatesearctnas
shavn thatevenchildrenin their rst yearalreadyshav thein uence of their surroundindinguistic
ervironmentin both their behaior (Kuhl et al., 1992; Werker & Tees,1983; Halle et al., 1991)
andtheir brain activations(Cheouret al., 1998; Naatinenet al., 1997; Dehaene-LambertA997;
Dehaene-Lambtr & Dehaenel994). Thisis consistentvith studiesof second-languagarocess-
ing, which indicatethatin immigrants,even a lag of a few yearsin the onsetof second-languge
acquisitionis associatedvith perceptiblede cits comparedto native subjects. Suchde cits are
mostevidentin speechproduction,wherea foreign accentstartsto be perceptiblevhena second
languagés acquiredafterthe ageof four years(Oyama,1976;Flege etal., 1995). Similar studies
on speechcomprehensiomlsoreveal de cits in syntaxin Chineseimmigrantswho arrived in the
USin theirthird year(WeberFox & Neville, 1996).
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It is oftennotrealizedthatempirical ndings suchasthosereportedabore canbe submitted
to two radically differenttheoreticalinterpretationslt is usefulto distinguishbetweerinterference
and“crystallization” accountof the critical periodhypothesis Both accountsagreethatlanguage
acquisitionstartsvery early on, probablyguidedby geneticallydrivenmechanismgartly dedicated
to processingpeechinputs. However, they differ in their interpretationof subjects'dif culties in
acquiringa secondanguage Accordingto thecrystallizationaccountawindow of brainplasticity
is openat birth and progressiely closesas the brain networks for languagebecomestabilized,
underthe possiblein uence of maturationaland/orexperientialfactors. In this view, plasticity is
temporallylimited andprogressiely lost. Accordingto theinterferenceaccountontheotherhand,
thepresencef processeandrepresentationattunedo the rst languagectsasa lter thatdistorts
theway a secondanguagecanbe acquired.In this view, thelossof plasticityin languageareasijf
it existsatall, playsonly aminor role comparedo theinterferencemposeson the maintenancef
a rst languagbythe processingf the second.

The study of adoptedchildren providesa uniqueopportunityto addresshis theoreticaldis-
tinction. Contraryto immigrants,who usually stayin contactwith their homefamily andlocal
languagecommunity adoptedchildrendo not needto maintainary representationf the rst lan-
guagefrom whichthey aresuddenlydeprived. In this situation,our datatentatiely suggesthatthe
native languagss, in large part, lost andreplacedby the languageof the newv ernvironment. Even
by 7 or 8 yearsof age plasticityin languageareasds still sufciently highto promoteanessentially
completerecovery of normallanguage.This conclusionts with lesionstudiesthatfound good, if
incomplete recovery from large left hemispherdesions,or evenfrom left hemispherectognwhen
performedbeforethe ageof 9 (Vargha-Khadenet al., 1997). Our resultscomplementhesestud-
ies by shawving thatthis form of plasticityis not limited to exceptionalsituationsof braininsult or
intractableepilepsy but thatit alsooccursin thenormalbrain. This view is notincompatiblewith
the notionthatpubertyis associatedvith a biologically-déerminedreductionin languagdearning
ability (Lennebegy, 1967). Indeed previous brain-imagingstudieshave revealedmajor differences
in the corticalrepresentatioof the rst andsecondanguage#n mostlatelearner§Dehaenestal.,
1997; Peraniet al., 1996; Kim et al., 1997). We might obtainsimilar resultsif we could studya
populationof subjectswho had beendelocalizedto a new country and severedfrom their home
languagdatein life, afterpuberty Nor areour dataincompatiblewith developmentakvidencefor
early brain changesassociatedvith languageacquisition. Our resultsmerelyindicatethat those
earlychangesrenotimmediatelystabilized but remainplasticandreversiblefor severalyears.
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