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languagesThe present study revedhe brain bases ¢fow young Chinse English

bilinguals relatesound€o meaningsn each of their languages.

e Young Chinese-English bilinguals with early and systematic exposegetootheir
languages showathtivelike competence andnguagespecific neural organization for

morpholoegicalwareness abilitieis each of their languages.

e Chinese-English bilinguals had greater activation than English monolingualdeft thid G
regionferthe English language tasks, suggesting that bilingual exposure to a language with

greater emphas on meaninde-print associations impactke functionality of this region.

Graphic Abstract

The study investigated the impact of bilingual exposure on children's languagading re
abilities. During auditory morphological awareness tasks, young Chinese-Enijlighdis

showed monolingudike competence as well as languapecific pattans of brain activation in

left inferior-frontal gyrus (IFG). This activation was greater for English than fareShiin left

IFG BA 45, but similar across languages in left IFG BA 47. Relative to English mguoals,

the bilinguals'showed greater activation in left MTG region and this activationgvafscantly
correlated with bilinguals' English literacy. The findings suggest that bilingpakere to a
language with rich lexical morphology, such as Chinese, impacts the functionalityhgtials'

left temporal regions typically associated with lexicosemantic processing and the ability to link

word meanings ttheir orthographic forms.
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Abstract
Canbilingual exposur@mpact children’sneural circuitry for learning to re&d o answer this
guestionwe investigated the brain bases of morphological awareness, one of the key spoken
language @abilitie$or learning to read in English and ChineB#ingual Chinese-English and
monolingual English children (N = 22, ages 7-12) completed morphological tasks that best
characterizeseach-of their languages: compound morphology in Chinesea&kgt;Hall =
basketball) and derivational morphology in English (eeg. do=redo).In contrast to
monolinguals,inguals showedjreater activation itheleft middle temporal regigrsuggesting
thatbilingual exposure to Chinese impacts the functionality of brain regions supportiagtsem
abilities. Similar'to monolinguals,ilinguals showedjreater activation in theft inferior frontal
region [BA 45] in English than Chinese, suggesting that young bilinguals form langpegée
neural representationshe findings offer new insights to inform bilingual and crdisgpuistic

models ofdanguage and literacy acquisition.

Keywords:bilingual, morphological awareness, phonological awareness, reading acquisition

Brain Basessof:Morphological Processinfpr Learning to Read in ChineseEnglish
Bilingual Children

Theories obilingualismsuggesthatproficientbilingualsform commoncognitiveand
neuralbaseso supportword knowledgen both oftheir languages (Hernandezld, 2007;
Kroll, 2015).Thesecommonbasesshouldallow bilingual childrento shareor “transfef
languageabilitiesto supportemergenteadingabilities (Cummins,2001).In practice thereis
substantialzariability in how speaker®f differentlanguagesnaplinguistic units ontgprint
(Seidenberg, 2011yvhich mayin turnlimit bilinguals’ability to transfertheir emergentiteracy
skills acrosghetwo language¢Bialystok,2013).For instanceresearcherénd that monolingual
speaker®f Chinese and Engligtiffer in boththe analtical strategiegPerfetti,Liu, & Tan,
2005) andbrainactivationpatterngTan,Laird, Li, & Fox, 2005)thattheyactivateduringword
readingtasks.Yet, it remainsunclearif the observedifferencesarespecificto orthography or
alsoreflectunderlying spoken languagéferencedetweerthetwo languages (Nakamuet al.,

2012) Althoughmostwordsarecomprisedof units of sound and meanirtgereis significant
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variationin how soundnteractwith meaningswvithin alexical structure(Perfettietal., 2005;
Seidenberg, 2011T.hesedifferencesjn turn,interactwith children’slearningto read(McBride-
Changetal., 2013) Herewe askhow suchcrosslinguistic variationmay affectword processing
andlearningto readin young bilingualearnersof EnglishandChineseascomparedo
monolingual Englistspeakers.

Acquisition-of natural human languages typically precedes and predicts learréagl to
(Ziegler & Gosvami, 2005). Spoken words are comprised of sounds (phonemes) and units of
grammar that carry meaning (morphemesjtildecently much focus has been on the role of
phonology:angbhonological awareness, its brain bases across langaagethe transfer of this
ability for learning to read in young bilingual children (Bialystok, 2013; Hammer et al., 2014).
Y et, newly emerging theories suggest that children’s sensitivittyeanorphological structurd o
spoken words is alsmfoundationakkill for achieving reading mastery across languages and
orthographiesrUnderstanding the brain Basfenorphological awareness, its relevafuce
learning to'readand the impact of bilingual exposure on this abilitff help us shed new light
on neural/mechanisms that support learning to read across bilingual as well as mdnolingua
speakers of different languages.

In"Chinesemorphologicabwareness especiallyymportantfor learningto read.Many
Chinese'wordarecomprisedof two or moresyllables;and,in Chinesethesesyllablesareoften

alsomeaningful morphemes. Fimstancejn Chinese, thevord “ 5 £k (basketba)l’ is a
morphologically compound word with two syllablge. [ | “basket+ [Ek | “ball”) that
arealsomeaningful root morphemékiu et al., 2010)Similarly, the word %k % (train)” is
comprised'oftwo meaningful morphemesk | “fire” and [ % | “vehicle” thatmake theword
“K % (fire-vehicle= train). This is unlike IndeEuropean languages, such as English, in which

syllables can be either meaningful morphemes or meaningless units of sewisca(morpheme
in the wordplay-er, but is a meaningless syllable in the wlioiver). This feature of spoken
Chinese is.alseeflected in Chinese orthographwhich includes direct charactes-morpheme

mappings (Siek & Fletcher, 2001). For example, adding the chardcigrs “air” + [ |
“bubbles makes thavord 4/, “air bubbles,” while adding the charactersgk ;| “water’ +
(78, “bubbles makes thewvord /Kt | "water-bubbles,” which meartblisters” Not

surprisingly, this salient morphological feature of Chinese language has been fourydato pla
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significant role in children’s literacfc.f., McBride, 2015)More specifically, in Chinese,
morphological awareness, as testethespoken language modality preschool age children,
has been shown to precede and prdiieticy success and dyslexiaearly grade$McBride-
Chang et al., 2011).

Inde-European languagéke Englishalsohave morphologicglatternseembeddedhto
wordsin thefermrof morphological compounding (e.paseballpasketball) Yetamore
definingfeatureof their lexical morphologyis derivational which meansadding derivational
prefixes (e.g.un-) and/orsuffixes(e.g., nes$ to root (e.g.kind) morphemeso makewordslike
unkindor kindnessAs testedn spoken languge, English morphologicawarenesshasbeen
foundto makeasmall butsignificantcontributionto readingability in theearlygradesafter
controllingfor phonologicaawarenessyocabulary)Q, andotherfactors(e.g.,Apel, Diehm, &
Apel, 2013).This s likely becausd=nglishoffersrelativelylow soundto-print predictabilityand
requirestsreaderdo understanéssociationbetweemmorpho-syllabianits andprint (e.g.,to
distinguishwerdslike for andfour, Ehn, 2014) andecausealerivational morphology tapsto
both the meaning argtammaticalepresentationsf language¢Deacon,2012).

Although morphologicahwareness importantfor achieving readinghasteryacross
suchtypologieally distinct languagessEnglish and Chinege€arlisle& Goodwin, 2013;
McBride=€Changet al., 2005), thestructurallinguistic differenceanay precludeeffectivetransfer
of this ability betweerbilinguals’two languaged-or instanceresearcherbave found that
bilingualsawarenessf compoundnorphologycantransferbi-directionallyto supportiteracy
in both English'an€hinesdanguagesln particular,modelspredictingbilingual literacy show
thatchildreds compouncawareness one languageakesasignificantcontributionto their
literacyacquisitionin another language (Wanig,n, & Yang,2014; ZhangMcBride-Chang,
Wagner,.& Chan, 2014Y.et, thisdoesnotseento be thecasefor derivational morphology
(Zhangetal:;2014);researcherbave found that Chinedenglishbilinguals might havéower
derivational'merphologsgkills than English monolinguals ewenSpanish-English bilinguals,
likely beeausehe derivational morphologstructureof Englishis moresimilarto Spanish than
ChinesgRamirez,Chen,Geva,& Luo, 2011).It is thereforepossiblethatto becomesuccessful
atreadingin eachof theirlanguagesyoung Chinese-Englighilingualsmustform language-
specificcognitiverepresentationfor the morphologicalegularitiesthatbestcharacterizeachof

theirrespetive languages.
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Whatmight the languagepecificandsharedcheuralbasedor morphologicabwareness
in Chinese-English bilinguals bé&?sharpcontrasto phonologicabwarenesssery little is
known about thérainbasesof morphologicabwareness either English or Chinesélhisis an
importantgapconsidering the morpho-syllabmatureof successfulord readingin both
languagegEhrin2014;McBride-Changetal., 2005).To thebestof our knowledge, onlywo
prior studiesshavexaminedhebrainbasef morphologicahwareness monolingual Chinese
children.ThefMRI study byLiu etal. (2013)revealedhattypically-developingreadershowed
differentialactivationin left middle frontal gyru§MFG BrodmanrArea[BA] 9) andleft ventral
inferior frontalregions(IFG BA 47) whenmakingsemantigudgments abouygrintedword pairs
thatvariedin their morphologicabrocessinglemandsthis effectwasreducedn childrenwith
dyslexia(Liu etal., 2013. An ERPstudy by Tongetal. (2014)alsorevealeda robust N400
response during a morphologieavarenessask whereaghe sameN400 responswas
diminishedinrehildrenwith dyslexia.Left MTG is thoughtto be one of the kesegionsthat
generate thesN400 response dulggco-semantiqrocessindFriederici,2012).1t is therefore
likely thatleft MEG, ventrallFG andMTG regions, regiongypically associateavith lexico-
semantigrocessingsupport morphologicawareness Chinesespeakingchildren

Thisfinding of left MFG (BA 9) and IFG (BA 47) activation during morphological
processing.n.Chinese is generally consistent with the neuroimaging researcraoy éitel
reading acquisition i€hinesgCao et al., 2010, 2011, Siok, Niu, Jin, Perfetti, & Tan, 2008;
Siok, Perfettidin, & Tan, 2004). Researchers often find that during word reading, Chinese
readers, relative to English readers, otBow greater activation in lefentrallFG BA 45/47
regionstypically associated with lexiesemantic analys€8ozic, Tyler, Su, Wingfield, &
MarslenrWilson, 2013). In contrast, English speakers show greater activation dots#liFG
BA 45/44 kegionsypically associated witphonological andyntactic analyse$-riederici &
Gierhan, 2013)While the crossinguistic differences are often interpreted in terms of the
orthographie*eomplexity of Chinese relative to English (especially the mapping of sound t
print), itremains possible thttesedifferenes also reflect the languagpecific characteristics
of underlying morphological word processing. To explore this hypothesispmpard
children’s brain activation during morphological awareness taskgeen young Chinese
English bilinguals and English monolinguals and between English and Chinese languages in

bilingual speakers dhe two languages.
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Morphological awareness emerges before a childdearread and interacts with
childreris subsequent reading experiences across English and Chinese (Deacon, 20id& McB
Chang et al., 2013). Knowing the shared and overlapping neural correlates of bilinguals’ two
languages for morphological processing may thereforeusdptterunderstand the extent and
the limitations'of bilingual language “transfability as well aghe mechanisms by which young
bilinguals :organize spoken language abilities that are key for achieving readitegyma each
of their languages (Bialystok, Luk, & Kwan, 2005; Ramirez et al., 2011; Zhang et al., 2014).
Thus, in the present study we asked young bilingual Chinese-English children and English
monolinguals.to complete tasks of auditory morphological awareness and a control word-
matching task during fMRI neuroimaging.

Hypotheses and Predictioridie overarching goal of this study was to investigate
whether structural and orthographic characteristitkefanguages that bilingual-speaking
children areslearningan impactheir literacy and neural architecture for learning to rdaddo
this, we considered two separate hypothedbsbilingual transferandlanguagespecific
developmenypothesesOn the one hand, we hypothesized that bilingual expdsi€ainese, a
language thaplaces geatemphasis on lexical morphology to process words in speech and print
(Perfetti et alme2005Would result inbilingual transferandimpactchildren’s literacyas well as
the neuralorganization féexico-semantigorocessing. From this hypothesis comes a number of
more specific predictions abdliteracydevelopment anthe brain bases underlying literacy in
each of thesehild’s languages.

With respect tditeracy developmentywe predicted that, when reading and performing
tasksin English bilingual Chinese-English children woudtiow stronger associations between
their lexicesemantic and word reading abilities tHamglish monolingualsVe tested this
predictionwith.correlatioral as well agegressioranalysesSecondye predicted thaduringa
morphologicalfawareness taskinglish bilingual children wouldhow greater activation in left
MTG regionand stronger associatidoetween left MTG activatioand learning to read than
monolinguals. This prediction is based on prior findings suggettaidettereaders of Chinese
showeda stronger N400 component than children with dyslexia (Tong et al., 20h#¢ left
MTG is thought to be one of the key regions that generate the N400 response during lexico-
semantic processin@riederici, 2012)Finally, we predicted better readeveuld have lower

activation in left MTG region because a recent ragtalyss suggestshat older and better
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readers show reduced activation in [@fsterior temporalegions, which mighbe an index of
improvedlanguage and readiragitomaticity (Martin et al.2015).

On the other hand, we also hypothesized that early and systematic dual language
exposureshould yieldnguagespecificdevelopmenfior each of the chileéns languagesThis
hypothesigralse, led to literacy and brain function predictions. First, we pretheteChinese-
English bilinguals=would show stronger associations between morphological and word reading
abilities ingChinese than in Englisie tested this prediction with correlatadas well as
regression.analyseSecond, we predicted that during morphological awareness tasks in each of
their languages, bilinguals would show greater activation in left ventral IFG inSghamel
greater activation in left dorsal IFG in Engligtis prediction is based on prior neuroimaging
research suggesting thahile both Chinese and English readers show activation in meaning-
associated (ventral IF@nd phonologyassociateddorsal IFG)brain regions, the relative
strength ofsaetivation in these regions during similar tasks might défieveen English and
Chinese (Fanwet al., 2005).

To(test these hypotheseg askedilingual Chinese-English and monolingual English
children to completstandardized and/or previously published measures of single-word reading,
lexico-semantie, processing (morphological awareness and vocabulary) as well aggicahol
awarengss,tasks. The participants also compéetdidorylexical morphology taskg each of
their languages during fMRI scanning. The childcempletedaderivational morphologyaskin
English (based=on Carlisle, 200@hda compound morphologiaskin Chinese (based on
McBride-Chang, Shu, Zhou, Wat, & Wagner, 2003). They also completed a word matching
control condition that required lexical access withaditional morphological manipulation
(e.g., thewordskittentkitten match andable-chairdo notmatcl). All morphological awareness
tasks (ins€anner and additional behavioral tasks) were adminisbatgdn the auditory/spoken
language modalityo ensure that the participants’ performance on those tasks was not affected by
their orthographic skills This isalsothe modality in which these abilities first emerge,
preceding and predicting learning to rebdsum, the goal of this study wasitwestigate the
impact of bilingual exposure on learning to read stwasform theories of bilingual acquisition
and to challenge more general theories explailii@gacy across orthographies and learners.

Method

Participants

This article is protected by copyright. All rights reserved
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Bilingual participants. A total of 57 (39 girls, 18 boys; medgM »od = 8.71years SD =
1.74 range =6.37 — 12.7%ears average grade =%radé bilingual childrerparticipated in a
larger study of bilingual Chinedenglish literacy Ksu, Ip, Arredondo, Tardif & Kovelman,
under review). Right-handedhitdrenwith no metal implants were invited to participanttime
neuroimaging part of the study. Unfortunately, onlychddren agree to undergo fMRI
scanning,-ofwhieh only 11 were included in the final analy@dsmalesM 5qe = 9.58 yearsSD
=1.39; range = 8.05 — 11.y8arg due to fMRI data motion artifacts (see imaging sections
below).

Thebilinguals received exposure to Mand&hinesdrom birth, andat least one of the
children’s/parents was a native speakevandarin Chinese, born and raised in a Chinese-
speaking country. All bilingual parents reported consistent use of Mandarin Chinese with their
child(ren). All bilinguak started systematic exposure to English byfage(as measureldy
time of Englishedaycare entry), and had at least 4 years of bilingual exposure testing. All
bilinguals received Mandari€@hinesditeracy instructiorat home and/an afterschool
programs. The bilingual participant selection criteria included Chinese anglengtabulary
knowledge. In Chinese, the children completed Chinese Picture Identification receptive
vocabulary task (originally created in Cantonese and adapted for Marlageung, Lee & ee,
1997; Newman, Tardif, Huang, & Shu, 2011). The task does not have a standard score and we
therefore required the children to haminimum of 65%accuracyfrom the total of 64 itemdn
English, thesehildren completed a standardized receptive vocabulary tesashaart of the
Kaufman Brief Intelligence Test of Verbal Knowledge assessment (RBKaufman &

Kaufman, 2004) and we required the children to have a minimum standard score of 85 in English
to be included in the study.

Monolingual participants. A total of 77 (36 girls, 41 boydM a¢d = 9.24years SD =
1.82 range"=6705 — 13.0)ears average grade =%radd monolingual English children
participated‘in‘the larger studiigu et al., under reviewh sample ofseventeemight-handed
monolingualchildrenwithout a history of neurodevelopmental impairmemsipleted an fMRI
sessior(detailed results published Arredondo et al. (20)% For the present investigation we
selectedlata fom elevenmonolinguds who wereage- and gendenatchedo the finalbilingual
sample(6 femalesM age = 9.67, SD = 1.50jange 758 — 12.5) so as to maximally match the

bilingual group and to maintain the same statistical threshold across theotyps ¢fable 1).
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The study was advertised throughout the community irhsast MichiganAll
participantswere recruited from the same neighborhoods and school digd@tgipantavere
typicaly developingight-handed childremvith no history ofcognitive, motorJanguage, hearing
or reading difficulties or delays; no brain injury, no current regimen of misaticaffecting
brain functioning. All children were attending regular English-only schools starting age 5. T
institutionalreview boardfor research with human participants approved the spatgnts and
children completed informed consent/assent forms and were monetarily compensated for their
time.

Measuresand.Procedure

All participants completed standardized behavioral assessmdatgyafige antiteracy
in English, and comparabriblished experimental measures of these cognitive constructs in
Chinese for bilinguals. These included single-word reattistgin English (Word ID subtest,
WoodcocksReading Mastery Te®svisedWRMT-R]; Woodcock, 1998) and Chinese (Shu,
Peng, & MeBride-Chang, 2008)he participants completed a standardized measure of
phonological awareness kEnglish (Elision subtest, Comprehensive Test of Phonological
Processing [COPP];Wagner, Torgesen, & Rashotte, 1999) and an experimental phonological
awareness measure that was comparable to the English task in ¢Niews®an, Tardif, Huang,

& Shu, 2011)..During the Elision phonological awareness task in English and in Chinese,
children heard a word and were asked to repeat this word without one of its phonological units
(e.g, say “cat™without the “k™ correct answer “at”)The participants also completpdblished
experimental measures derivational morphology in English (Carlisle, 2000), and compound
morphology in Chines@MicBride-Chang et al., 2003). During the English morphological
awareness taskhildren heard a word (e.tnelp and then a sentence withmassing word

within theSentencée.g.,Mother says I'm a good __ ). The diildren’s task was to complete
the sentence'with treupport of thearget word €.g9.,Mother says I'm a good helpein

Chinese children would hean &xample sentence.{.,Trees that grow apples are

called applettreey, followed by a target question to elicit a compound word (H@y would
you call a tree‘that grows bread“correct answerbfread+tre€). The bilinguals completed two
visits, one for English and one for Chinese behavioral testing. Only native spea&ach aif

the children’s languages administered behavioral testing, neuroimaging pradtiesia

reminders during fMRI scanningp8&cifically, monolinguahativespeakers of English and
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bilingual nativespeakers o€hinesewere preserduringall neuroimg@ing sessionwith

bilinguals, with tasks being administered by the native speakers in thelaaguage for the
language being tested. Those who participated in fMRI scaafsogcompleted a mock scanner
visit. SeeTable i for children’s performance on all tasks. Behavioral testing preceded fMRI

testing

Imaging Measures fMRI participants

Children who partook in the fMRI session completed a morphological awareness task i
English and.another in Chinedaring brain scannindgeach task was7-minutes blockdesigned
that included an experimental morphological awareness condition, a control atmiging
condition, and rest periods. During the resting baseline, participants were ask@ddbd 24s-
fixation cross in the middle of the screémall experimental tasks and conditions, there was a
total of 6 bleeks for each condition (including fixation/rest), there were four &s pea block
(24 trialswithwan equal number of “yes” and “no” randomizetswers)in which two words
were playedwithin the first 4s (average word duration: English word = 678ms; €net =
894ms), followed by a 2s question mark. Participants received an audio and visual prompt
indicating whether the upcoming condition was a “word game” (morphology condition) or a
“matching.game” (control conditionParticipants were asked to respond as quickly and as
accurately with a button preg2rior to testingchildren completed a computer version of the task
with a setof-practice stimuli outsidétbe scanner.

Morphological awareness conditionIn both English and Chinese, during each trial,
participants heard two words consecutively. The first word was a child-frierghyftaquency
real word while the second word wasarphologically derivethewword, in which the new
word either.conformed to or violated morphological structures in the languagergg.test
Participants'were asked to indicate with a bupicess whether the new word was a good
(acceptable)er bad (unacceptable) word.

TheEnglish conditiorwas the same as Arredondo et al. (2015)hich wasa
derivational morphology task modeled after the Test of Morphological Structurevtask,was
previously shown to predict reading acquisition in Endl&rlisle, 2000). During this
condition, participants heard a real word (e.g., “jump” or “cow”) and a hew morphallygic

derived word thagither conbrmed (e.g., “re-jump”) or violated (e.g., “cew”) the
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morphological structure in Engliskor instance,re-jump” is acceptable beaae similar tae-
do, theprefix re- can be applied to verlgth the meaninghatsomething was done again;
converselyRecowis unacceptable because prafxis affixed to verbs but not nouns. The
English stimuli.included morphemes typically tested during this age in conalineth both
verbs andmouns. The full list of experimental English stimuli is published in Arredonldo et a
(2015).

The Chinese conditiowas a compound morphology taskpadeled after the Chinese
Morphological.Construction task previously shown to predict reading acquisition in Chinese
(McBride-Chang et al., 2003). During this conditiparticipants heard a real wadelg., 4 A"

(sickman) or 2§ \.” (snowman) and a new wordhat resembled the first real wattthteither

—++n

confirmed-fe:gw 5 (5" (sick-flower)] or violated [e.g", 325" (catsnow)] the structural
constraints"en"morphological compounding in Mandarin Chinese. For instdiRce; (sick-
man - “JF4(L" (sick-flower) is acceptabléecause in the order that the two morphemes are
arrangedthegmorphemeyi” (sick) can modify the word{t” (flower); conversely for =& A"
(snowman)-“$#=" (catsnow) word pair; 5Z5" (catsnow) is unacceptable because the

ordering @ the.two morphemes is ungrammatical.

The study did not include compound morphology in English becaude derivational
morphology in English or compound morphology in Chinese, compounding in English is
pragmaticallyrather than structuraHgoverned. In particular, in English, the second word in the
compound'is typically the “head” of the compound, as for instance a “snowman” is a type of ma
(Jackendoff,"2002, p. 249). Our piloting of the English taskaled that unlike Chinese
speakers, English sgkers were insensitive to prototypical versus unusual morpheme orderings
within compound words (e.g., speakers judged batball vs ballarm as equally acceptable
options) therefore the English compound condition was omitted from the final experifuent.
future studieswe recommend attempting sentential rather then singld trials, so as to
provide English speakers more contexts.

ControlWord- Match condition. Participants completed a WeMatching control
condition in each language (within the same run). Similar to the experimentaiaondi

participants heard two words, and then judged if the two words were the same or ntal{ie.

— “table” = same; “muffin= “spong” = different). Within each language, the control stimuli
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were matched for sound and syllable length to the morphological awareness cowgition.
designed this contraondition to best match the processes required for completing the
experimental morphology condition, with the exception of the added effort for actively
evaluating morphological structure.

Stimuli."For each language, words in the morphological awareness and word match
control conditions'were equated for number of syllables and phonemes. The English &rerds w
matded for American English frequendytip://subtlexus.lexique.or@rysbaert & New, 2009).

In English, the words had an average of 4.5 phonemes, 1.5 syllables, and a verbal frequency of
66.5.In Chinese, the words were sampled froihgfade textbooks used in Chieeafterschool
programs in the area and had an average®phonemes and 2syllables.T-test comparisons
betweermorphology and control conditiomithin each languageéid not reveal statistical
differences for any of these parametgrs .05).

Englishewords wereecorded by a female speaker who wastiveto the Midwest
region in thesUnited States (same locale as the particip@tiislese words were recorded by a
female native speaker of Manda@hinese, born and raised in People’s Republic of Clilha.
words were then filtered and normalized to 80-dB using Adobe Audition 1.5 software. K$1e tas
werepresented.using Psychophysics Toolbox Version 3 in MATLAB (2010a, MathWorks).
While inithe fMRI, sounds were played using Pyle Home PCAWa@-Stereo Mini Power
amplifier to moderate the volume, and children wore Sensimetrics ingeinbeas model S14
and MRI nonmagnetic earmuffs Ultr83 to attenuate scanner noise and allow better quality of
audio.
Imaging Data Acquisition

Image acquisition was collecteding a 3fesla GE Signa scanner equipped with a
guadrature head coil (General Electric, Milwaukee, WI). Participants used a button box to make
responses.“The taskereprojected onto a screen and participants wore goggles with built-in
mirrors (VisuaStimXGA, Resonance Technologies) to view the dispfaam padding and a
cloth forehead restraint were used to prevent head moveMm&atoverlay with Fast Gradient
Echo Sequence 15 was conducted to obtain an anatomical image (TR = 250n&s7iTis,#lip
argle = 90°, field of view (FOV) = 24cm, 43 slices). Automatic slice prescriptiordoais
alignment of localizer scans to a migtibject atlas, was used to achieve a consistent head

position across subjects. Functional T2* BOLD images were acquired with brepaese only
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sequence. For each TR, 43 3mm slices were captured (TR = 2000ms, TE = 30ms, flip angle =
90°,FOV = 22cm, voxel size = 3.44mm x 3.44mm x 3mm).
Imaging Data Pre-Rocessing

Imaging data was processed and analyzed using SPM8 (Wellcqraetident of
Cognitive Neurelogy, London, UK) iIMATLAB . We performed the following steps in the
following oerder:sslice timing, realignment, normalisation, and smoothing. Theeeau®tal of
218 TRs per language (excluding 4 dummy scans). After image reconstruction, eactssubject
data was realigned to the first functional volume using SPM8'’s spline integuolstovement
parameters calculated by realignment were used to exclude volumes with potential artifacts. This
procedure was implemented for eachtipgrant separately. Three of the 14 bilingual
participants’ data exceeded the criteria of having artifacts in more than 1/3 of data vdloenes
remaining bilinguad did not vary significantly in the number of artifactual volumes across
English (mean== 29) and Chinese (mean @)= 1.1,p = 0.2). There were also no significant
differencestinsthe number of artifactual scans between monolinguals’ (mean = 14) and
bilinguals! English{(9) = 3.4,p = 0.08).

Sessions were then normalized using the mean functional volume into a standard EPI
anatomical space; these were then resampled to fit Montreal Neurological Institute (MNI)
stereotactic,space. Spatial smoothing wasedusing a &am full-width halfmaximum Gaussian
filter, which is a typical level for reducing noise thé&dpfinger, Bichel, Holmes and Friston,
(2000) havesfound to work best for examining data in the cortexdata was then higpass
filtered with the standard 28s.

Imaging Statistical Analyses

Each subject’s data was then analyzed using a-gfiedts model that included
morphology.and control conditions as the two factors. For each participant, BOLD respsnse w
then modeéled using the dual-gamma canonical hemodynamic response functioticabtatis
images forthefollowing contrasts were generated: control > rest, morphology cordgstl >
morpholegy, and morphology > control. Second-level analyses were performed to obtain group-
level contrast images, which were then examined usingampe t-tests for wholebrain
activationsat an uncorrectetthresholdof p < 0.01 andextent thresholdET) of >20 voxels.To
explore similarities in morphological processing across languages and greuwsedwo

conjunction analyses (morphology > control contrabtgesholded at k = 2@,< 0.05,
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uncorrected): one for English in bilinguals and monolinguals and one for English and Chinese
within bilinguals The study uses a low statistical threshold to account for low bilingual
participant numbers, which is unfortunate given thastbdy recruitment process took two

years, resultingin an initial sample®# bilinguak who fit the strict criteria of dual language
exposure and proficiency, of which only 14 families agreed tlftdsting In the end, we had

to stop the'laborious Year long recruitmerdnd screeningrocess when our imaging center
switched toa new scannef.o the best of our knowledge, this is the first fMRI study of Chinese-
English bilingual children, and one of a handful of fMRI studies of Chinese literacy with
children(Brennan et al., 2012; Cao et al., 2010, 2011; Liu et al., 2013; Siok et al., 2008, 2004),
and only ene of two developmental Chinese studies to examine morphological awareness (L
al., 2013; Tong, Chung, & McBride, 2014hdreforethe evidence is likely to make a
contribution to the field despite the relatively liberal threshiofghortantly, theresultsfor the 11
English menelinguals that were drawn to matuod bilinguals are consistent with the larger
sample thatwas analyzed at a higher statigticakhold that was possible for a larger number of
participants § <0.001, ET =35¢orrected for multiple comparisonspat 0.05(False Discovery
Rate [FDR])publishedn Arredondo et al. (2015).

ROl analyses.The few prior developmental fMRI studies of morphobadjiprocessing
suggestithatleft IFGMFG andMTG regions might be key to children’s morphological
processing in English (Arredondo, Ip, Shih Ju Hsu, Tardif, & Kovelman, 2015; Aylward et al.,
2003) and-in=Chinese (Liu et al., 2013). Thus, the study includes a closer examination of
children’s/brain activity in thesregions by analyzing regions of interest (ROTseROI
coordinates were derivdtbm the results of theonjunction analyse@norphology > control
contrastskigure 2/Tableb), yielding IFGBA 47 (x =-36y = 1& =-6), MFG (x =-52y =1&
=34), and MIG (x = -46 y = -44 z = 6) regions. Conjunction analysEsglishfor bilinguals
and monolinguals yielded the same regions, plusBR@5 (x = -46 y = 22 z = 16) region. We
used MarsBaR toolbox (Brett, Anton, Valabregue, & Poline, 2003PM8 to create-8im
spheresand extract these regions’ beta vdtoesthemorphology > rest and control > rest
contrasts for each group and langutegk During ROI extraction, the data was normalized
using a hemodynamic response function and the temporal derivativedct éxé percent signal

change of contrast images ($e#p://marsbar.sourceforge.néif more details)The ROI

analyses includedd-hocbetween group/languagedst comparisons as well as Pearson
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correlations between participants’ ROI activations and their perforntamsimgle word reading
and behaviorainorphological awareness tasks

Results
Behavioral Results

Children’s morphological awareness and reading competenc&here wereno
significantdifferences between monolinguals and bilingsiah any behavioral measure or in-
scanner task performance in Engl{pi™ 0.05). In each language, children were significantly
faster and more accurate during the control (asikd matching) than the morphgical
awarenessytask (bilinguals in Chinessponse timeRT]/accuracyt(9) = 3.41/3.06p = .01/.01,
bilingualsin English RT/accuracy(9) = 3.02/5.28p = .01k .001; monolingual English
RT/accuracyt(9) = 3.28/8.09p < .001;table 1)

The study’s first behavioral prediction was that bilingual exposure to Chivaasdd
strengthensehildren’s associatidmstween lexicesemantidmorphological awareness and
vocabulary)vand sing-word reading abilitieshilingual transfer hypothesisYhe study’s second
behavioral prediction was that early and systematic bilingual exposure shouldlaldnercto
form languagespecificrepresentations of each of their languadgsguagespecific
developmentshypothesidhese were tested witdgecontrolledpartial correlationsis well as
multipleldineartegressions using children’s lexsemantic (morphological awarenessd
vocabulary) and phonologicgbthonologicabwarenegsabilities to predict sing&ord reading in
each of therehildren’s languagd$iese analyses includ&@ monolinguals and 57 bilinguals
who successfully completed word reading, vocabulary as well as phonological and
morphological awareness tasks in Englishth@ffull bilingual sample, only 51 bilinguals
successfully completetthie samefour measures in Chinese

Aslcan.be seen in Table&jecontrolledcorrelations revealed thatarphological
awareness‘in‘all groups/languages sigsificantlyassociatedavith phonological awareness and
vocabulary*measurefhere waslsoa significant relationship between children’s sinrgierd
reading.and morphological awarenasall groups/languageFkinally, only in bilinguals
performing tasks in English walserea significant correlation between vocabulary and
phonological awarenssThere were also crodmguistic correlations in bilingualsneasures of
phonological and morphological awareness. Specifically, bilisypabnological awareness in

Englishwas associated witthonological awareness Chineseas wasnorphological
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awarenesg English and Chinesdhis is an important validation that measucéghe same
construct (morphology, phonology) correlate across bilinguals’ two languages and offers
additional evidence to support cross-linguistic transfer hypothesis.

As/canbe seen in Table 3, uttiple linear regressiomodelsrevealed that English
literacy in £nglish monolinguals was best predicted by children’s vocabulary and phoalologic
awarenesgrorbilinguals Englishliteracy was best predicted by vocidry alone.For
bilingualsgperforming tasksiChinese, literacy was best predicted by phonological awareness.
However, fease notéhe nearceiling performance for the Chinese morphology task (Table 1),
which is likely.the reason as to why morphology was not a significant predictor of €hines
literacy despite its significant correlation with literacy in Chinese
Brain Imaging Results

Children’s brain bases of morphological awareness (Morphology €ontrol). In
Chinese, bilingualshowed significant activation in left IFG (BA 47), MFG (BA 9), SFG (BA
6/8), as welllagosterior STG and MTG (BA 21/22) regions. In Englisitingualsshowed
significant activation in left frontal IFG (BA 47/45), MFG (BA 9), SFG (BA 8) and posterior
STG/MTG (BA 21/22) regions. English monolingual®owed significant activation in bilateral
ventral IFG(BA 47/45), left MFG (BA 9), SFG (BA 6), left Inferior Parietal L@lb&L; BA 40),
as well a@s.bilateral posterior STG/MTG regions (Rigrables4a and 4h

Similarities in brain bases for morphological awareness across English and Chinese were
explored usingonjunction analyses with morphologymatch ontrasts in bilinguals. These
revealed significant similarities in left hemisphere regions including the ventral IFG, MFG, SFG
and STG/MTG regions (Fig. 2, Tablg Similarly, similarities in brain bases for morphological
awareness across bilinguals anonmlinguals were explored usikegnjunction analysesith
morphology.>.match contrasts in English in bilinguals and monolinguals. These revealed
significant'similarities in left hemisphere regions including dorsal and ventral IFG, MFG, IPL
and STG/MTG'regins (Fig. 2, Table)s

ROlanalyses Differences between Languages/ConditidPairwiset-test comparisons

using morpholegy > rest contrasts for the bilingual group, revealed that bikrstnoaved

greater activation in IF@A45 during the morphology condition in English, in comparison to
Chineset(9) = 2.6,p = 0.02) There were no other significant withgroupdifferences | >

0.05). Independent samphest comparisons of English morphology > rest contrasts between
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bilinguals and monolinguatevealed that bilinguals had significantly more activation than
monolinguals in the MTG region(9) =-2.2,p < 0.05); there were no other significiatween
groupdifferencesf > 0.05). To limit the number of statisticamparisons and to avoid the
ambiguity of double-subtractions, we did not analyzewloed matchcontrol > rest or task >
control values;nevertheless the contraidiion data plotted in Figurestiggests that the
findings arereonsistent with the control condition as well.

Brain-Behavior CorrelationsTo examine the relationship between children’s brain

activation during the morphology awareness task and their literacy competernmaducted
Pearson correlations betwettre ROlbetavalues(morphology > word match contraytand
children’s/performance on word reading (word and character ID), and behavioral morgiiologic
and phonological awarenessks In English, bilinguals with better reading and morphological
abilitieshad less activation in the left MTG regi@m=-.63 and r = - .87 < 0.05, respectively)
and left IFGIBA45 regionf =-.60 andr =-.71,p < 0.05;respectively. Monolingual English
speakers anbilingualsin Chineselso showed negative correlations between reading
proficiency and,left MTG activations (Englighmonolinguals r = -.39; Chinese ifibguals r=
-.37), but these and other correlations did not regatisticalsignificane (p > 0.05).
Discussion

Bilingualismis atypical linguistic experienceyetrelativelylittle is known aboutts
impactonbrainorganizatiorfor learningto speakandto read Theaim of the presenstudywas
to examine'thempactof bilingual exposur#o Chineseon Chineseézndish bilinguals’ literacy
and neurabrganizatiorfor morphologicabwarenessacritical literacy skill thatis especially
importantfor learningto readin ChineseOur primary hypothesisvasthatbilingual exposuréo
Chinese wouldmpactchildreris lexico-semantiabilitiesfor learningto readin English
Consistentwith.this hypothesisascomparedo English monolingualghe bilinguals showed
strongerassociationbetweermorphological anditeracy competencestrongeractivationin left
MTG regontypically associateavith lexico-semantigorocessingswell assignificant
correlationdetweerMTG activity andreadingabilitiesin English Our second hypothesisas
thatearlyandsystematidilingual exposure shoulallow bilingualsto developlanguagespecific
cognitivebasedor literacy and morphologicatompetencén eachof their languagesConsistent
with this prediction, theédilingualsshowedthatliteracyin eachof their languagesvasbest

predictedby literacyskills in thatlanguageMoreover,similarto English monolinguals, the
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bilingualsshowedaswell asgreateractivationin left dorsallFG (BA 45/44) regionn English
than Chineselakentogether the findings suggebatbilingual exposuréo structurallydistinct
languagesuchas English and Chinesanboth have asignificantimpacton childrers literacy
in Englishaswell asallow young bilingualgo form languagespecificrepresentations.

In light'ef the bilingualtransferhypothese§Cumminsetal., 2011), ouffirst prediction
wasthat bilingalrexposur® Chinese, a language th@acesgreatemphasinlexical
morphologyto process words speechandprint (Perfettietal., 2005)would strengthen
children’sassaciationbetweerexico-semantiandword readingskills. Indeed Chinese
English bilinguals showed evidence of stronger meatofgint associations andeakersound-
to-print assogiationsn Englishascomparedo Englishmornolinguals.In particular,both
bilingualsandmonolinguals showesignificantcorrelationsetweerlexico-semantiabilities
(vocabulary and morphologicalvarenessandliteracy aswell asbetweerphonologicabbilities
(phonologiealawarenessandliteracy. Yet, multiple linearregressioranalysesevealedhat
vocabularywasa strongepredictorin bilinguals’ EnglisHiteracythanin monolinguals.
Moreover; phonologicawarenessasasignificantpredictorof Englishliteracyin
monolinguals onlyThesefindingswerelikely aresultof the bilingualexperiencesvith differing
word structuresaf Chinese and Englishifferenceghatmakelexico-semantianalysesan
especiallysalientfeatureof lexical processingn Chinesgseeintroduction;Perfett etal., 2005).

Our second predictiofor the bilingual transfer hypothesis was that bilingual exposure to
Chinese, allanguage that places great emphasis on lexical morphology to process words in
speech and print (Perfetti et al., 2005), would impacfuhetionality of brain regions that
process word meanings. Inde®&fI analyses revealed that during the morphological awareness
task in English the bilinguals had significantly stronger activations in lefs IvEigion typically
associated.with'sematic messing. The dysfunction of this region might relate to morphological
awarenesS'déficits in dyslexia in Chinese (Tong et al., 2014). In bilinduails activation in
left MTG andIFG (BA 45) weresignificantly related to bilinguals’ English literacy. Bilinguals
with better'English literacy showed lower activation in these regidrescorrelatioal trends
were similar forChinese in bilinguals and English in monolinguals (albeit not sign)fiead
are commensurate with prior findinges monolingualsuggesting that reduced activation in
these regions might be an index of increased automaticity in language and orthographic

processing (Hoeft et al., 2007; Martin et al., 2015). Taken together, the combined belaaoral
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neuroimaging evidence suggestattthe structural characteristics of bilingualeritage
language (Chinese) can have a significant impact on chigdiearacy and neural architecture
for learning to read ichildreris dominant language of reading instruction (English).

It.is.commonlyassumedhatchildrenwith early andsystenatic exposureo two
languagegorm languagespecificrepresentationfor eachof their language¢De Houwer,

2005. Herewe extendedhis hypothesigo testwhetherearly-exposedilingualsalsoform
languagespeeific representationfor learningto read.Consistentvith our predictions, the
behavioral.evidenceevealedhatbilinguals literacyin Englishwasbestpredictedby English
languageabilities while bilinguals literacyin Chinesewvasbestpredictedby Chinese language
abilities. Thereweresignificantcorrelatiors betweerchildreris morphological and phonological
abilitiesacrosshetwo languageshut no correlationbetweertheseabilitiesin onelanguage and
word readingabilitiesin the other languag Onecaveatvasthat phonologicabut not
morphologicalwareneswasa significant predictorof childrenris literacyin ChineseWe
believethiswasdueto the nearceiling effectsfor the Chinesemorphologicabwarenestask,an
unfortunateimitation of the present study.

Canyoungbilingualsform languagespecificpatterns obrainactivationfor
morphologicalawareness eachof their languages? Neuroimaging findingsthe presenstudy
revealedhatsimilarto English monolinguals, bilinguathowedstrongemactivationin left dorsal
IFG (BA 45/44)in Englishthanin Chineseln English,syllablescanbelexical morphemes
(lexical: baker);"syntacticmorphemegjump-ing), ormeaninglesphonologicalnits (flow-er).
Thereforejt is possiblethatgreateractivationin left dorsallFG, a regionconsideredey for
phonological andyntacticanalysegFriederici& Gierhan, 2013)reflectsthe characteristicef
morphao-phonologicanalyse®f wordsin English.Thekey finding heras that young
bilinguals-brains aresensitiveto thedifferentialcharacteristicef lexical morphologyin their
two languages.

Crosslinguistic researcltomparing monolingudlpatternsof brainactivity duringword
readinggenerallyfinds greateMFG (BA 9) and ventralFG (BA 47/45)activationin Chinese
relativeto Englishreadersandgreateractivationin dorsalleft IFG BA (45/44)in English(Tan
etal., 2003; 2005)Herewe do notfind differencesn activationin MFG andIFG (BA 47/45)
regionsbetweerthetwo languages, possiblyecaus¢hesewereauditoryratherthan visuatasks
and thegreatelleft MFG activationin Chinesas typically attributedto the verbal working
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memoryload requiredor havingto retrieveandmapanentiremorphemic unibntoa complex
characterepresentatiomAnother possible explanatiamthatwe askedthe participantgo focus
on the constituent morphenstructureof polymorphicwords,whichis a keyfeatureof Chinese
word processingn generalPerfettietal., 2005), thereby equating tlexico-semanticand
verbal workingmemorydemanddor left MFG and ventralFG regionsacrosghetwo
languageslnssumythe crosslinguistic differencesoundin thefield for word readingacross
languages coulditleastin part,reflectlanguagespecificcharacteristicef underlyingword
structureanalysegSeidenberg, 2011).

Psyeholinguistic models of bilingual languggecessingften suggesthatbilinguals
form anintegrateddual languagdexicon (Kroll etal., 2015) Theintegratecconceptualizatiomof
the bilingual lexicomevertheleskeavesroomfor languagespecificsublexicalprocesseaswell
aslanguagespecificfactorsof proficiency andhe concomitant cognitiveffortsfor working
with a lowsreficiencylanguage (van Heuven Rijkstra, 2010. Neuroimaging studies of
bilingual language organization adultsoftenconsiderthedifferencesn activationpatterns
betweerbilinguals’two languagessevidence okarly languagecquisitionand/orhigh dual
languageproficiency(Consonngetal., 2013;Perani& Abutalebi, 2005)In contrasto thisline of
reasoning aboeut bilingual language organization, we h#rxibutedthedifferencedn left IFG
(BA 45/44)brain activationbetweerthe bilingualstwo languageso thedifferencesn
derivational morphology demandasEnglish and compound morphology demamdShinese.
Neverthelesst:remainspossiblethatthesedifferencesveredueto bilinguals’ betterEnglish
than Chingse languagempetencat thetime of testingandthereforemoreefficientrecruitment
of computationatesource®f theleft IFG regionsin English.As theultimategoal of
neuroimagingvork is to inform modelsof language organization, futuresearctshould include
Chinese monoglinguasswell asmorebalancedChineseEnglishbilinguals.In combinationwith
the presentfindingsheseadditional groupsvill helpbetteradjudicatehe neuralmechanisms
thatrepresentthe neuralsignatureof language dominance and proficierf&putalebietal.,
2007)versuslanguagespecificmechanismsypical of monolinguaChinesdanguage
processing.

Onthe one hand, our findingseconsistentvith our hypothesishatearly bilingual
exposurgo Chinesea languagevith salientlexico-semantideaturesn speechandin print,

might change th&nctionality of bilinguals brainregionsfor processing meanin@n the other
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hand,alternativeexplanationgor bilinguals greatedeft MTG activationthanin monolinguals
arealsopossible Oneof thelikeliest alternativeexplanationss bilinguals greater
lexicosemantigrowthin Englishthanin Chinese, andreatetin bilinguals thann
monolingualsEar instanceyesearcHhinds thatstartingat around age 5, bilingualgocabulary
growthin thelanguageof schooling begin outpaceheir vocabulary developmeirt the
heritage language' (Sheng, 2014), possiblytduileincreasedocialandacademigressureo
catchup tothe monolingualspeaker®f their school language. Moreovegsearcherstudying
singlewordseadingin SpanishEnglishbilingualshavealsofound thain comparisorio child
bilinguals,adult'bilinguals exhibé&dgreatedeft MTG activationin English the language
which bilingual adultshadbetterreadingcompetencéhan bilinguakhildren(Hernandez\Woods
& Bradley, 2015)Yet, theseadult bilinguals did not shogreaterdeft MTG activationrelativeto
child bilingualsin Spanish, the languagewhich bilingual childrenand adults hadimilar
readingcompetencdt is thereforepossiblehatthe bilingualsin our studyalsohad geaterrates
of lexical growthin Englishthanin Chinese and stronggr bilingualsthanin monolinguals,
which hadresultedn bilinguals having significartorrelationdbetweereft MTG activationand
literacyin English,butnotin Chinese and nab monolingualslt is alsopossiblethatbilinguals’
greateractivationin left MTG regionin Englishascomparedo monolingualsvasnotdueto the
bilingualexperiencesvith Chinesgaswe had hypothesized), bratherdueto bilingual
childiren havingto makerapidacquisitiongainsin English.To betteradjudicate the language-
specificandlanguage-genereifectsof bilingual exposure, futunesearckshouldtherefore
consider inclusion afiifferentbilingual language groups.

Importantly,the presenstudy alsohasseveralsignificantcaveatsFirst, the studis
conclusionsarelimited by thesmallparticipantnumbers Second, therosslinguistic
comparisonsrelimited by thefactthatwe usedderivational morphologyasksin Englishbut
compound morphologiasksin in Chinese. Thirdywe aimedto makeinferencesabout theole of
morphologicalawarenes$or learningto readbut we only usedauditorytasksof morphological
awarenes¥inally, acrossgroupsandlanguages, the childrettsoshowedsignificantactivation
in theleft superior-frontalpre-somatosensorgortex)regiontypically associatedavith response
selection(e.g., GuoL.iu, Misra, & Kroll, 2011).It is thereforemportantto notethatthe

observedncreasesn activationduring the morphologicalwarenessonditionrelativeto the
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control conditiormay havebeendueto the morphologyasks’greatedexico-semantiacdemands

and/or thegreateroverall cognitivdoadfor the hardetask.

Conclusions
In supporiof the ideahatyoung bilingualcan“transfef languageabilitiesfor learning
to readacrosgheirtwo languagesye presentconverging behavioral and neuroimaging evidence
to suggesthatevenbilingualslearningsuchtypologically differentlanguagesuchasEnglish
and Chineseanform sharedcognitive basetr morphologicacompetencén two languages,
especiallyin regionstypically associatedvith lexicosemantigrocessing. Moreovecyoss
culturaltheoreticalperspectivesn language anliteracy suggesthatchildreris neuralnetworks
accommodatéhe pecific demand®f their linguistic system Jeadingto differencesn thebrain
networksfor languagesike EnglishandChinesgPerfetti,Cao,& Booth, 2013) Our findings
suggesthatyoung bilingual childrenvith earlyandsystematiexposureanalsoform
languagespecificcompetencandpatternsof brainactivity for morphologicabwareness
abilitiesthatbesicharacterizeeachof their languagesmportantly, the findingsoffer evidenceo
suggesthatthe bilingualstwo languageteract,with childrers heritage languaggructure
making a languagspecificimpacton childreris emergentiteracyskills and neuraarchitecture
for learningtereadin their dominant language of reading instruction.
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Table 1.

Participants’,Janguage and reading competence ansci@aaner tasks performance

Bilingual Monolingual
Imaging Sample Full Sample Imaging Sample Full Sample
Total
English Measures ’ Mean Raw Score (SD) Mean Raw Score (SD) Mean Raw Score (SL Mean Rawscore (SD)
items
Age - 9.58+ 1.39 8.71+1.75 9.6¥1.51 9.24 +1.82
Vocabulary 60 31.36 £ 7.90 30.18.73 34.36 £ 8.20 33.12 £7.99
Single Word Reading 106 72.36 £13.54 7Q:2113.54 79.09 +10.97 70.34 +18.59
Phonological awarenes
20 16.18 + 3.12 14.96 4.27 16.46 £ 2.94 15.60 +9.92
Morphelogical awareness 12 9.73+2.37 9.0%2.15 10.46 + .93 9.57 £1.97
In-Scanner Task
Accuracy (% correct)
Morphological awareness 24 77.65+ 16.17 n/a 73.11 + 13.09 n/a
Word-Match/Control 24 95.45 + 6.30 n/a 92.05 + 14.00 n/a
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Reaction Time (msec)

33

Morphological awareness 24 2534.31 + 244.87 n/a 2543.43 + 175.58 n/a
Word-Match/Control 24 2097.69 + 435.44 n/a 2326.10 + 266.19 n/a
Bilingual
Imaging Sample Full Sample
Total
Chinese Measures ’ Mean Raw Score (SD) Mean Raw Score (SD)
items
Voeabulary 64 60.36 £ 2.50 56.23%.18
Single Werd Reading 120 2490 +£11.29 2249B1.78
Phonelogical awareness 54 3750+ 497 349604
Morphological awareness 30 25.27 £+ 3.85 2454 4.70

In-S€anner Task

Accuracy (% correct)

Morpholegical awareness 24 85.58 + 14.17 n/a
Word-Mateh/Control 24 96.67 +4.30 n/a

In-ScannerRT (msec)

Morpholegical awareness 24 2422.48 + 263.86 n/a

Word-Match/Control 24 2198.58 + 330.84 n/a
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Table 2a.Partial Correlation controlling for Age between English Measures for Bnglis

Monolinguals

Variables 1 2 3 4
1 Reading (Woodcock) -

2 Phonelegical Awareness (CTOBHsion) B2%** -

3 Morphological Awareness .35%* .25* -

4 Vocabulary (KBIT) B7Hx* 12 45¥x*

Note.* p<l.05. **p<.01. ***p<.001.

Table 2b.Partial Correlation controlling for Age between Chinese and English Meabur@BineseEnglish Bilinguals

34

English Measures

Variables 1 2 3 4
1 Reading (Woodcock) -
2 Phonglogical Awareness (CTOBHsion) 33 -
3 Morphological Awareness A3FEx 3% -
4 Vocabulary (KBIT) ShFR - oxkx [ZErE
English Measures Chinese Measures
1 2 3 4 5 6 7
5 Reading (Character Recognition) A7 15 15 .06 -
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6 Phonological Awareness .18 A5**x 15 14 39%* -
7 Morphological Awareness 21 14 A2 14 .35* .35*% -
8 Vocahulary (Picture Identification) .06 A2 .20 -11 37 .20 B1x**

35

Note.* p<.05. **p< .01. ***p<.001.
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Table3. Multiple LinearRegression Analyses PredictiReadingPerformance

Monolingual Englist;  Bilingual English Bilingual Chinese

(n=75) (n=57) (n=51)
Predictors StandardizeBeta StandardizeBeta  Standardize®eta
Age 28** .20 .26%*
Vocabulary 34** A6** 24
PA A 2%** .09 .30*
MA .04 17 .07
Total R N ekl 63*** I R

Note. *p < _.05. **p < .01. ***p < .001; PA = Phonological Awareness; MA

Morphological Awareness.likely due to ceiling performance dnA task

Table4a.

Brain activations imbilingualsduring Chinese and English Morphology Awareness tasks,
relative to Maich task (control) in Chinese and in English

Regions H BA Voxels T X y z
CHINESE MORPHOLOGY > MATCH IN BILINGUALS

Frontal Lobe

Inferior frental.gyrus L 47 111 4.94 -32 16 -4

Middle frontal@yrus L 9 20 3.31 -52 16 30

L 6 28 4.09 0 38 38
Superior medial frontal gyrus L 8 a7 3.92 -8 38 52
Temporal lobe
Superior/middle temporal gyru: L 34 3.83 -40 -38 8
ENGLISH MORPHOLOGY > MATCH IN BILINGUALS
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Frontal lobe

45/4
Inferior frontal gyrus L 7 528 5.5 -36 10 20
Middle frental gyrus L 9 29 422 50 12 40
Medial frontaligyrus L 8 28 544 -12 30 44

Temporallobe
Superior/middle temporal gyru: L 22 367 536 -54 -44 -8
Subcortical Area
Cingulate.gyrus L 31 803 -12 -8 32

Note Abbreviations: H Hemisphere; BA Brodmann area. MNI coordinates are repostedl

uncorrectedET = 20.

Table4b.
Brain activations imonolinqualduring English Morphological Awareness relative to Control
task

Regions H BA Voxels T X y z

Frontal 1obe

Inferior frontal'gyrus L 47/38 1311 7.11 -42 30 30
R 47 296 3.88 54 18 -6

Middle frontal gyrus L 9 190 416 -44 12 40
L a7 333 54 26 24
R 41 4.04 38 -4 66

Superior frontal gyrus L 6 2023 7.99 -4 2 68

Postcentral gyrus L 40 70 4.02 52  -28 52

Precentral gyrus R 6 44 3.65 36 -18 70

Temporal lobe

Middle temporal gyrus L 20 42 441 -54 -40 -14

R 37 75 4.72 54 -66 -66
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Parietal lobe
Inferior parietal lobe L 40 86 3.8 -50 -36 32
Occipital lobe
Regions H BA Voxds T X Yy z

Lingual gyrus L 38 353 -18 -68 -8
R 18 179 5.13 22 54 0
R 19 37 4.33 16 -46 -46

Middle occipital gyrus L 37 31 369 -50 -62 -12

Fusiform_gyrus L 36 3.71 44 -42 16

Subcortical area

Cerebellum posterior lobe L 63 5.54 14 -66 -66
R 28 3.71 44 72 -34

Thalamus L 97 3.67 -4 -26 2

Note Abbreviations: H Hemisphere; BA Brodmann area. MNI coordinates are repostedl

uncorrectediET = 20.

Table5. Conjunction analysis the two languages of the bilinguals and English in bilinguals and

monolinguals (morphology > control contrasts).
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Bilingual Chinese and English morphological awareness

Frontal lobe

Inferior frontal gyrus
Superiorimedial frontajyrus
(pre SMA)

Middle frontal gyrus
Temporal lobe

Superior/middle temporal gyru L  21/22

L

a7

341

69
21

256

11.55

7.83
6.5

10.66

Bilingual‘and.monolingual English morphological awareness

Frontal lobe

Inferior frontal gyrus
Middle frontal gyrus
Medial frontal"gyrus
Medial frontal'gyrus
Precentral gyrus
Precentral gyrus
Superior medial frontal gyrus
(pre-SMA)

Temporal lobe
Superioritemporal gyrus
Middle temporal gyrus
Parietal lobe

Inferior parietal lobe

L
L
L
L
L
R

44/45/47 1084

9

D OO 0O O

37

40

67
27
55
30
46

58

25
69

22

19.14
12.12
6.7
11.76
10.77
5.21

13.86

4.76
9.59

5.39

18

36
18

24
14
24
16

-12

= 20.
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Figure Legends

Figure 1:Bramractivations in bilingual and monolingual participants during morphologicabaesgask(morphology > control

contrastsp.<.0.01 uncorrected).

Figure 2Conjunction analyses for bilinguals’ activations during morphological awarenesses€ and Englistevealeccommon
activations-in left ventral IFG, MFG, SFG and STG/MTégions. Conjunction analyses for English in bilinguals and monolinguals
during morphological awareness revealed common activations in left dorsal and NatidIFG, SFG, IPL and STG/MTG

(morpholegy-> control contrastg;< 05, uncorrected).

Figure3:Brain activations in bilingual and monolingual participants during waattim(control) condition relative to rest and
morpholegical awareness condition relative to rest, as reflected in pagraitchange (in beta values) for common regioins
activation in English and Chinese, including IFG BA 47, MFG, MTG, in bilingual fati¢s and the additional IFG BA 45 region

that was common to English across bilingual and monolingual participants.
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Figure 1:Brain activations in bilingual and monolingual participants during morphologicakaess conditiorelative tomatch

conditions/p < 0.01 uncorrected).

Bilingual Chinese + English Bilingual + Monolingual ..
Morphology English Morphology 10

Figure 2Conjunction analyses for bilinguals’ activations during morphological awarenebiies€ and English revealed common
activations in left ventral IFG, MFG, SFG and STG/MTG regions. Conjunctiogsasafor English in bilinguals and monolingual
during merphological awareness revealed common activations in left dorsal and NattdIFG, SFG, IPL and STG/MTG

(morphology > control contrastg;< 05, uncorrected).
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Figure 3.Brain activations in bilingual and monolingual participants during word nfateitrol) condition relative to rest and
morphological awareness condition relative to rest, as reflected in pagraltchange (in beta values) for common regimins
activation-insEnglish and Chinese, including IFG BA 47, MFG, MTG, in bilingual maatits and the additional IFG BA 45 region

that was common to English across bilingual and monolingual participants.
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