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Research Highlights:

e Theoriges of bilingual development suggest that dual-language expaswaféect children’s
attentiopabilities. The pesent study is the first to offewidence that bilingualism impacts

the funetionality of cortical brain regions for attentional contraihiidren

e During a/non-verbal attention task, Spanish-Endihgual children showed greater left
frontaldlebegctivation relative t&nglish monolingual children, while monolinguals showed

greaterrightrontal lobeactivation tlan bilinguals.

e The findings suggest that bilingualism interacts with early cognitive devetapgmgield
changes in‘the functionality of left prefrontal cortex for children’s non-vetbahtional

control.
Abstract

Bilingualism.is.aypical linguistic experience, yterelatively little is known about its impact on
children’s €ognitive and brain development. Theories of bilingualism suggbstiaal-

language acquisitiocanimprove children’s cognitive abilitiespecifically those relying on
frontal lobe functioningWhile behavioral findings present much conflicting evidetittks is
known abeuits effects on children’s frontal lobe development. Using functional Néeared
SpectroscopyfNIRS), the findings suggeshat SpanistEnglish bilingual children (n = 13, ages
7-13) had-greater activation in left prefrontal cortex during avevhal attentional control task
relative to.agematched English monolinguals. In contrast, monoling(rats 14) showedgreater
right prefrontalactivation than bilinguals. The gsent findings suggest early bilingualism yields
significant changes to the functional organization of ciig prefrontal cortex for attentional
controland carry implications for understanding how early life experiences impactioagamd

brain development.
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Bilingualism Alters Children’s Frontal Lobe Functioning for Attentional Control

Children's cognitive and neural development arises partly from their everydaindea
experiences, including language acquisition. Over the course of language acquisitiogr chil
encountermultiple linguistic and socio-linguistic contexts that require someftypaflict
resolution’(e.g.; adjudicatbe meanings for similar sounding words like&dnd “ey€; Mazuka
Jincho, &Oishi, 2009). Theories of bilingual cognitive development further suggest that the
doubling ofithese conflicting contextsat aretypical ofbilingual language acquisition (e.g.,
increasingthemnumber of possible homophones), and the unique need to selectively attend to one
language whileisuppressing the other may alter bilinguals’ attentional contivhmsos
(Bialystok, Craik, & Luk, 2012; Green & Abutalebi, 2013; Dong & Li, 2015; Krblissias,
Bice, & Perrotti,2015. Yet,inconsistent findings across diverse bilingual populations continue
to fuel the.debate on whether bilingual experiences do (Kroll & Bialystok, 2013) or deaag (
& Greenberg,»2013) yield benefitsr attentional control (Hilchey & Klein, 2011; Valian, 2015).
Hence, researchers have suggested that the traditional approach of measuring and comparing
children’s-accuracy or reaction time during attention tasks is insufficergveaing the full
extent to which language acquisition and brain development processes interage tpos ey
bilinguals*cognitive development (Kroll, 2015). In the present study, we assedsed tas
performanee and brain activation in the prefrontal cortex using functional heared
Spectroscopy«(fNIRS) in early exposed and proficient Spanish-English bilinguahghshE
monolinguyal children.

Attentional control is the ability to focumnd shift attention selective(fPosner, 2012).
For instance, during a commarord-picturematching task, participantake longer to select a
picturewhen they simultaneously see pictures of similar initial sounds (sudaab ‘and
“cart,” versus€tard” and ‘lion” ; Marian & Spivey, 2008 During this task, participants
experiencdinguistic interferencehat requires them to ignethe competing distractor.
Importantly, both withinand cross-language distractors can impact bilingual participants’
performance in this task (Marian & Spivey, 2003). Such findings exemplify not only the
attentioral demand# the context of language processing, but also the general notion that
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bilinguals’ languages am&ten relatively ceactive(Van Hell & Dijkstra, 2002Hernandez, L,
MacWinney, 2005; Kroll, 20155uchpersistent ceactivation of bilingualstwo languages is
thought tocreate an increadalemand for attentional control across various contexts of bilingual
language usdtom word recognition to discourg&roll et al, 2015). Thus, theories of bilingual
development:have suggested that childhood bilingual exposure during periods of rapid brain
development may yield early-emerging and lifel@ahgnges to childrenattentional control
abilities"Kroll"& Bialystok, 2013).

Indeed; several studies now point to better performance on attentional tasksoin
bilingual infants (Kovacs & Mehler, 2009; Singh et al., 2015), children (Bialystok, 1998p8a
& Meltzoff#2008; Yang, Yang, & Lust, 2011; Tran, Arredondo, & Yoshida, 2015), and adults
(Bialystok, Craik, Klein, & Viswanathan, 200Bjalystok Craik, & Freedman, 2007; Costa,
Hernandez, & Sebasti&hallés,2008) relative to monolinguals. However, both the hypothesis of
better attentional control in bilinguals and subsequent findings continue to be cpoksfimst, it
is possiblesthat the fimags are unrelated to language or bilingual experiences per se, but rather
are drivendoysthe concurrent circumstancesridraand varied multicultural upbringing (Morton
& Harper, 2009). Second, a growing body of research offers evidence to refute the hymdthesi
better attentional control by bilinguals (Hilchey & Klein, 2011; Paap & Gregned.3; Anton
et al., 2014;"De Bruin, Treccani, & Della Salra, 2015).

Conflicting evidence has especially emerged using the Attentional Network Task (ANT;
Fan, McCandliss, Sommer, Raz, & Posi#802), which is a non-verbal visgpatial attention
task that builds,upon a cue alerting and orienting scheme along with a flanker tasteqiNes
participantsstesSelectively attend to the directionality of a target arrow in the center of the screen,
while ignaring the directionality of surrounding flanker arrows (Fan et al., 2002). Theranke
point in thesame direction as the targeof@ruentrials: >->->->->), or in the opposing
direction (ncongruentrials: >-> <->->). The participants’ task is to indicate the direction of
the target,as.quickly and as accurately as possible by pressing buttons. A study bydKapa a
Colombo (2013) using the ANT demonstrated that children (average age 9) with earlyabilingu
exposure (before age 3, %) had faster reaction timdgan monolingual peers (n = 22).
However, a recent larggample study with about 200 children per group failed to find any
evidene of better attentional control in bilingual children relative to monolinguals using the

same task (Anton et al., 2014).
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Nevertheless, the bilingual attentional control hypothesis suggests thatluldeen
(approximately age 6 and oldemd young adtd, who are in their peak performance years,
might generally perform well at a variety of standard experimental measures of reaction time and
thus may not necessarily show any evidenadiftérences omgroup performance (Bialystok et
al., 2012). The prese impact of bilingualism on attentional control might still be in pta
easier tadetect.through traditional measurements of accuracy and reactioim ymenger
children’(before age 6) or older adult populations, as these groups tend to showrranoe va
their speed of'‘cognitive processing (Bialystok et al., 2012). Neuroimaging offers anradditi
method for gatheringvidenceon mental operationgshen assessingroup differences that may
or may notsmanifest as behavioral differences in experimental task perfergkaot, 2015).

Thus; researchuggestshatbilingual experiences during the developmental periods of
rapid brain development should yield changes in children’s degrievelopment (Kroll et al.,
2015). If such interaction exists, one should be able to detegihg neuroimaging methods.
Green and,Abutalebi (2013) have put forth the Adaptive Control hypothesis proposing that
individuals»cognitive system arttieir neural networks dynamically adapteachindividuals’
daily demands<for working with competing verbal or nonverbal representations. Specific t
bilingual'individualsis thephenomenon afo-activation of the two linguistic systems (see
description-of the example by Marian and Spivey, 2003 above) and hemaeth® selectively
increase activation for one language while reducing the interference froontipetng
language (RodrigueEerrells, Rotte, Heinze, Nosselt, & Munter, 2002). Such demand for
language selection all incur a set of changeshilinguals’ cognitive processes and their neural
representations, such as change in a brain region’s efficiency through the tuningpnéheur
populations or alteration to the responsiveness of neuronal populations of a regegn&Gre
Abutalebi, 2013; see also Green, 2011). Importantly, such changes should emerge early in
development,.given that developmental evidence suggests thgeartd bilinguals already
selectively, modulate the use of their language starting with the first word milestone (Petitto &
Kovelman.2003).

Left'prefrontal cortex might be one possible set of loci that is altered as a function of
bilingual experience(Green & Abutalebi, 2013). Language research with monolinguals suggests
that the maturing left prefrontal cortex supports children’s improvement in the attentional
demands associated with early language acquisition (Novick, Trueswell, & Toiw8phill,
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2005, 201D Language research with bilinguals suggeststhiegtrefrontal cortex activates
bilaterallyduring language switching relative to newitching trials (Luk, Green, Abutalebi, &
Grady, 2012; see also Abutalebi & Green, 2088)ally, researchers find thiailingual adults
show greater left prefrontal activation, relative to monolinguals, during aertyal cognitive
control task.requiring attention mechanisms (Garbin et al., 2010). While it has besllgene
hypothesized that early bilingual development may change the functionality of pretanés|
it remains“unknown when this neural alteration occurs and whether it is giresgyin young
children

Tolthe best of our knowledge, only one study has investigated the brain bases of attention
in bilingual.children. Krizman and colleagues (2012) used electroencephalografihyt(EE
show that bilingual adolescents exhibited a more rapid and pronounced subcortical response
target auditory stimuli relative to monolinguassiggestinghat topdown atentional control
processes Influenced bilingual adolescents’ subcortical-stam responses (Krizman et al.,
2012). We.employ fNIRS to test whether young Spanish-English bilingual and English
monolingualgehildren (ages I3) differ in their cortical prebntal lobe activation during the
flanker paradigm of thANT child-version (Fan et al., 2002; Rueda et al., 2004). The goal of the
study is tesimprove our understanding of how childhood bilingualism, which is one of the most
widespreadvariations in langualgarning experiences, impacts cognition and the developing
brain.

Method

Participants

Twentyseven righthanded neurotypical children participated: 14 English monolinguals
(8 females; age range = %3.3.6 years, mean age {jd = 9.7 years, standard deviation [SD] =
1.7) and 13 SpanisBnglish speaking bilinguals (6 females; age range =8.38.3 years, M=
10.3 years, SD.= 1.5), all raised and educated in a Midwestern town in the UniésdSt&t).
At the time of testing, bilingual children were receiving daily exposure to both lgagua
(Spanish_insthe home and English outside the honmiebillkgualswere first exposed to Spanish
at birth andto,English between birth and the age of 8esenbilingual children were born in
the U.S., and six of them were born in a Spanish-speaking country (of tbie#drén: two were
first exposed to English at the age of 1, two at the age of 3 and two at the age of 4). Ak mother
and most fathers (except two) were native Spanish speakers and reported consistent use of
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Spanish at home with their child(ren). Seven bilingual children were also attending a local
Spanish heritage language-learning school once a week. For monolingual children, English was
the only language spoken at homAd.children attendedEnglish-instruction schools.|Afamilies
were recruited from the same neighborhoods and were of similaresmmmomic status (SES).
The children.did not differ in English language proficiencgagnitive abilities p > .05); see
Table 1 for,more details about the language groups. The study was reviewed and approved by
institutional'review boards. Families receivadnetary compensation and a small toy.

Muech"efthe prior behavioral and neuroimaging studies on bilingual cognition included
between 10-20 participants (e.g. Garbin et al., 2010; Krizman et al., 2012). Aiming to have a
similar samplessize, we initially imed 25 right-handed, neurotypical bilingual children with
early duallanguage exposure and high levels of proficiency; of those invited, 22 bilinguals
completed the fNIRS imaging portion of the study. Similarly, we invited 28 right-handed,
neurotypical maolingual children; of those invited, 27 completed the fNIRS imaging
portion.Ofithese childrethat completed fNIRS imagind8 bilingual and 17 monolingual
childrenwererelosely matched in age, SES, and weoé&cient inEnglish with a vocabulary
standard seore‘above,&sassessed using tkaufman Brief Intelligence Test (KBFR) Verbal
Knowledge.subtest (Kaufman & Kaufman, 2003@j these matched children, the imaging data
for 13 bilingtial and 14nonolingual children passed the data artifact rejaqiimcedure (see
below for more details); this final set of participants was included in daligsasdor the present
study.
Procedure

Participants first underwent fNIRS brain imaging and then comptatetehavioral
assessments outlined below. All paiiants completed one experimental session in English, and
bilingual participantalsocompleted a Spanish session one month later. During the English
session, participants completed the ANT flanker neuroimaging paradigm with Esygiaking
experimenters,as well as two unrelated measures of English morpho-syntax.
Measures.of'Language,teracy, and Cognitive Development

Parents completed a detailed Language Background and Use quési(iriBe;
Kovelman et al., 2008) about their child’s cognitive, language and motor development, plus any
family history of learning impairments. Parentscatompleted questions on their educational
level and household income from the John D. and Catherine T. MacArthur FoundatiarcRese
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Network on Socioeconomic Status and Health questionnaire (retrieved

from: www.meacses.ucsf.edu

English Vocabulary was assessed using tBIT-2 Verbal Knowledge subtest
(Kaufman_& Kaufman, 2004). During testing, the experimenter presented the dhild matrix
of 6 images,and a word, the participant then pointed tmtagethat best represented the word.
Basal and ceiling levels were established; standard scores were used for analyses (M = 100, SD =
15).

Spanish*Vocabularywas assessed using fReceptive On&Vord Picture Vocabulary
Test Spanish Bilingual Edition (ROWPWA; Brownell, 2000, which is a standardized
assessment nermed with Sparighglish bilinguals. Similar to the English Vocabulary
assessment, the experimenter preseatedhild with a matrix of 4 images and a word, then the
participant pointed to thienagethat best represented the wdBésal and ceiling levels were
established; standard scores were used for analyses (M = 100, SD = 15).

English Phonologywas assessed using tiemprehensive Test of Phonological
Processing«(€TOPMlision subtes(Wagner, Torgesen, & Rashotte, 1999). During testing, the
experimenterasked the child to say a word, and then to repeat it without sayingtp&xrof
example;"Say winteynow say winter without saying,/tthe correct responseould be
“winner.” Rarticipantsearned 1 point for correct itenSpractice items and 20 testing items
were presented. Testing stopped when ceiling level was reached (3 consecutive errors).
Percentage scores are reported and used for analyses

Spanish,Phonologywas assessagsing the Test of Phonological Processing in Spanish
(TOPPS) Elision subtest (Francis et al., 2001). The assessment follows the same format as the
English Phonology measure, however it is not a standardized asse$&amigripants earned 1
point for correct.items practice items and 20 testing items were preseRexdentage scores
are reported.and uséar analyses

English.and Spanish Syntaxvere assessagsing theClinical Evaluation of Language
Fundamental§CELF4) Word Structure subtess¢mel, Wiig, & &cord, 2003, 2006 The
assessments.measure participants’ ability to apply morphology rules and aterpmmnouns.
Participants earned 1 point for correct items; a total of 32 testing items were presented for

English, and 29 items for Spanistercentagscores are reported and used for analyses
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Readingwas assessed using the Wditdsubtests oWoodcock Reading Mastery for
English (Woodcock, 1998), and &ateria Il WoodcockMufioz Pruebas de Aprovechamiento
for Spanish (Mufioz-Sandoval, Woodcock, McGrew, & Mather, 2005). During testing, the
experimenter presented the child with a word to read aloud. Basal and ceiling levels were
established;.standard scores were used for analyses (M = 100, SD = 15).

Non-verbal Intelligencewas assessed usingeKBIT-2 Matrices subtest (Kaufmah
Kaufman,2004), which measures the ability to find spatial and abstracimehapis among a set
of imagesand patterns by finding the best option out of 4. Basal and ceiling levels were
established; standard scores eeported and used for analyses (M = 100, SD = 15).

Naming:Speedwas assessed usitige Rapid Automatized Naming (RANNumbers
subtes{Wolf &Denckla, 2005)This task is thought to predict reading fluency, resemble
executive function abilities, antsiperformance may be associated to processing speed (Norton
& Wolf, 2012). During testing, children were asked to name 50 numbers on a card as fast as
possible; the numbers included: 2, 6, 9, 4, and 7. Standard scores (M = 100, SD = 15) and
amount ofdimerfor completion (seconds® reported and were used during analyses. A direct
translation'was’'used during Spanish testing.

Executive Function was assessed using the HdasKneesShoulders task (HTKS;
Ponitz, MeClelland, Matthews, & Morrison, 2009). The task includes three portiotiee first
part (10 trials), the child is asked to touch their head when the experimentefsagis {our
toes,” andto touch their toés “Touch your head.” During the second part (10 trials), the child
receives addional trials that includa reverse sequencetofiching their knees and shoulders.
During the'last'portion (10 trials), the instructions are randomized againaiopée, instead of
touching their toes during “touch your head,” the child must touch khees. Participants
received scores, that range between 0 to 2 for each trial: O for touching theahbory part, 1
for making,a.motion towards an incorrect body part but then touching the correct bo@yngart
2 for touching.the correct body parthd sum of the scores for 30 triale presented and
analyzed
AttentionalfControNeuroimaging Measure

Child participants completed the flanker paradigm of the Attentional Network Test
(child-version ANT, executive attention network; Fan et al., 2002; Rueda et al., 2004).

Participants were presented trials in 3 conditions: New@ahgruent, and Incongruent. The task
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requires participants to monitor their attention and solve trials with camgjiahd non-
conflicting information. Children were instructed to feed a target “hungry fish” ingh&er of
the screen by pressing buttons as quickly as possible; buttoegrassby the directionality of
the target fishThe experimental paradigm included two control conditidieitraltrials
presented aingle fish with no flankers#® or €), and Congruerttials presented target fish in
the middleof the screen along with two flanker fish on each side that faced the same dmsction
the targe(=>=>=>->-> or &< << < <). The experimental conditiomas compriseof
Incongruentrials in which participants resolgdevisuo-spatial conflicting informatioasthe
target middle fish faakthe opposite direction of flanker fisR> &<>> or &£ &> < €).

While €engruent trials are an appropriate control conditiom,use ofNeural trialsis
relatively standard to developmental reseasio ensure appropriate levelse{perimental
control for children (Rueda et al., 2004; Mezzacappa, 2004; Yang et al., 2011; Kapa & Colombo,
2013; Tran et al., 2015)herefore, having an equal distribution of all condition types allows for
the optimal assessment of attentional contralevelopmen(Costa Hernandez, Costaaidella,
& SebastiarGalles,2009; Davidson, Amso, Anderson, & Diamond, 2006) and allows us to
validate our findings with previous imaging work using the flameeadigmwith monolingual
children"(Neutratl Bunge, Dudukovic, Thomason, Vaidya, & Gabrieli, 2002; Congruent: Konrad
et al., 2005):

The taskhadarandomized rapid evemelated design with totalof 75 trials, 25 trials
per condition (randomized using OptSeq2; Dale, 19B8. entire task contain&b% Neutral
trials, 25%Congruentrials, 25%Incongruentrials, and 25% jittered Rest period96 seconds
randomly distributed during the run)e& periodsvere jittered and presented after each trial as a
fixation paint in the center of the scre&ach trial was displayed for 2deconds and followed
by 1.5seconds of feedback. If the partiai did not respond within the first 2s&conds of the
trial display,.the, trial was deemed incorrechildren received visual and auditory feedbdok:
correct responses, the target fish blew bubbles and a "Woohoo!" sound played; fectncorr
responsesnevisual feedback was provided and a "Huh!" buzz sound played. Performance was
assessed by accuracy and response Tilveetask lasted ~7 minutes and was presented using E
Prime 2 (Psychology Software Tools, Inc.) on a 23-inch Philips 230E Wide LCD screen
connected to a Dell Optiplex 780 desktop computer; auditory feedback played via tweeCrea
Inspire T12 2.0 multimedia speakers.
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Functional NIRS Recordings, Data Processing and Analysis

The study used a TechEN-CW6 system with 690 and 830 nm wavelenigghsetup
included 4 emitters of near-infrared light (sources) and 12 detectors spaced apartm
yielding 14 data channels sampled atH2¢7 channels per hemisphere; Figure 1). Sensors were
mounted onte,a custom-built head cap constructed frayegter cloth with grommettached
to hold the sources and detectorplaceduring data collection. We examined brain activation in
bilateral'prefrontal cortex regions, including: inferior (IFG), middle (MFG) and superior frontal
gyri (SFG). The probicalization was established and applied consistently for each participant
using the international 10-10 transcranial system positioning (Jurcak, TsuzZD&n &007); Fz,
Cz and preauricular were measured for each participant and the two lower sources were
anchored at'F7 and F8.

In order to visualize and estimate the brain regions maximally covered by tiveelsha
we estimated approximate MNI brain coordinates using the geometric structure of ou
measurement setting for the 16 optodes (emitters and detectors). We used reference points (F7
and F8) tosequally distribute 1000 voxel points along the distaineach channel (between each
source and detector paifhe voxel points were the distance partitioned to Kaafions for a
distanceof2.7 cm of channels on a 3D image brain template provided by
https://irc.eehmc.org/software/pedbrain.php. Then, the corresponding brain ragions a
Brodmann areas (BA) were estimated using xjView in MATLAB
(http://www.alivelearn.net/xjview)l'he brain areas covereg the 1000 points distributed along
each channelare recognized as the brain areas covered by that channel. If a channel covered
more than‘ene‘area, the area indices were arranged in sequence according to the proportion of the
1000 points falling within the given regionse€Figure 1).

Data preprocessing was completed using Homer2, a MATha&:d software (Huppert,
Diamond, Franceschini, & Boas, 2009) and several custorM2dd_AB scripts(Hu, Hong,
Ge, & Jeong,,2010). We performed the following preprocessing steps in the following order:
optical density change data conversion, data examination for all channels (includimg mot
artifact detection), filtering, and concentration change data conversiontigrsaw time course
datawereconverted into uné of optical density chang&A()D ). Then, th€@D data went
through three quality control steps for integrity and presence of signal (and moifacjsart

Participantswho did not completéhe entire task owveremissing data channels (e.g., due to
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system ewr) were excluded from analysis (3 bilingualsheTremaining participants with a
signalto-noise ratio of less than 70 dB for more than 70% of the data (combined across
channels) in the 690 nm wavelengths were excluded (1 monolingual, 1 bilingual).

Theremaining data were analyzed using a one-sided Dixonést)p < 0.05) for each
channel, whieh is an additional sigriatnhoise ratio analysis thatentifies participants with
extremely high/or low activation valuasjlikely to stem from physiologicehangegDean &

Dixon, 1951;"Rorabacher, 1991). The Dixon’s Q method is consigezkkguitedfor detecting
outliers within'small samples (Rorabacher, 198pkecifically,this method estimates the range

of signal change for each channel across the dintiseseries and whether it varies for any given
participantingelation to the mean of that specific channel across all participants. The output
variables were‘rankrdered across channels awloss participantsind the Dixon’s Qest was
applied to regctithe outliersParticipants with more than 35% of the data (combined across
channels) identified asutliers were exclude®(monolinguals and 1 bilingual did not pass the
Dixon’s Q'threshold criterion). Our final sample included 14 monolinguals and 13 bilinguals (out
of the 17 and*18 children respectively matched) retained for data analysis.

Theremaining participants' datereprocessed using botlata corrected bghe wavelet
artifact correction method (recently deemed one of the most effectivedsdtrdNIRS signal
processingrand now included in the HOmER software; Brigadoi et al., 2014) and the uedorrect
data. As the use of either wavetetrrectedor unalterediata resulted in the same overall final
pattern of'group results, we opted to report the results based on the more conssrpadiaeh
of unaltered*datd:inally, a bandpass filter with cutoff frequency at 0.01-0.8 Hz was applied to
the AOD data‘and the hemoglobin concentration changendagcalculated using the
modified Beertambert aw, which yielded HbO (oxygenated hemoglobin) and HbR
(deoxygenated hemoglobin) values.

Each patrticipant’s hemoglobin concentration data was analyzed using a multiple
regression.approach with a fixeffects general linear model (GLM), which assumed the-dual
gamma canenical hemodynamic response function (Friston, Ashburner, Kiebel sN&hol
Penny, 2006;.Hu et al., 2010.). The fixeffiects GLM includedncongruent, Congruent,

Neutral andrest (jittered fixation period) conditions as factors. The GLM estimated beta values,
which constitute raw scores corresporgito unstandardized difference scores between

experimental condition$or all contrasts. Given that behavioral results revealed that each group
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performed at above 90% accuracy for each of the ANT conditions, no individual trialasssoc
with occasional incorrect responses were removed from the analyses.

For parsimony, the group analyses are only presented and discussed for the HbO signal.
Neverthelesso ensure that the results were accurate with respect to both the resting baseline as
well as the HbR values (which should decrease when HbO increases), we coadidtekon
signed-rank nomarametrid-tests that includeHbO and HbR values for the chann@lsvhich
children"showed significantly greater activatoiuring each ANT conditionrNeutral Congruent,
Incongruenkrelative to resting baselin€hese signal quéy analysesesults revealed that in the
channels in which participants showed significantly greater HbO than restinigpdaggnal (see
the list of these, Task baseline channels listed in Supplementary Table 1), the children also
showed significantly greater HbO (M = 1.56, SD = 1.52) than HbR signal (M =-1.06, SD = 2.38;
Wilcoxon test Z= 3.89 < .001). Moreover, Supplementary Figurexemplifies data qualit
with a canonical HbO signal increase and HbR signal decrease factimgruent condition
(both groups) and Congruent condition (monolinguals ¢aly)s consistent with the group
analysesgeeSupplementary Table 1)

Groupievel analyses were condadtusing statistical parametric mapping procedures
(Friston, et.al., 2006). The key question of the study was whethelathgglage experiences can
impact children’s brain bases for attentional control, as typically umedby the difference
betweenncongruentelative to @ntrol conditions. Thus, the first step is to estimate Incongruent
> Congruent and IncongruentNeutralcomparisons for each group separately through one-
samplet-tests(kFigure 2a). The second st analyzehe outcome of these mparisons
between theitwo groups via independsautapleg-tests (Figure 2b). In the event that we find
group differences at the second step, we will follow-up with comparisons for Incongrle:st
and Congruerw Rest contrasts between the two groups (indepersenpled-tests, Figure 2c).

For_each within- and between-group comparison, the statistical analysesvaluated
at a False Discovery Rate (FDR) threshold correctign<00.05 (see Benjamini &ochberg,

1995), whichris welkuited for fNIRS analyses (see Llefdx et al., 2014). To carry out this
method, wewrank-ordered the channels by their unadjpstatiie. Then, we estimated the FDR
adjusted significance level based on the following eqnafg/m) x 8, where | is the rankorder
that the given channel holds,is the number of channels in the contrast(14), and o is the
unadjusteg@-value (6 = 0.05; for more details see Benjamini & Hochberg, 1995; Singh & Dan,
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2006). Finally, we used obrain template with interpolated optodes and the “patch” function in
MATLAB to generate 3D images to display the results.

To explore the relationship between participants’ age, cognition, and languagenstatus
alsoconducted Pearson correlatidoetween participants’ brain activation (as measured with
beta values for ingtidual conditions, relative todst) in the channels that showed significant
modulation.for.théncongruent > Control conditions to participants’ age, ANT performance, and
language competence in English. The correlations were done on the same channels, but
separately‘across the two groups.

Results

T-test gemparisons between bilingual and monolingual children’s performance on
language, literacy, 1Q, and HTKS executive functis@asurements did not reveal any
significant differences (Table 1). Bilinguals performed faster in the Naming Speet{2&83k=(
2.13,p = 0.043), but only hadharginallybetter ageadjustedstandardized score§Z5) = 1.78p
= 0.089). Comparisons betwebilingual children’s English and Spanish language piexiicy
revealed that-bilinguals had comparable vocabulary, phonological, and naming speesl iabilitie
both languages, bbetter syntaxt(12) = 3.25p = 0.007 and reading abilitieg(L2) = 6.82p <
0.001) in“English.

Analyses of children’s ANT accuracy using a mixed 2 (language group: monolingual,
bilingual) x 3 (conditionNeutra] Congruent, IncongruenANOVA did not reveal significant
main effects of language groupamndition, there washowevera marginallysignificant
interaction(F(23,50) = 2.98p = 0.06,n; = .11). The independesampled-tests suggested that
the interaction’'stemmed from bilinguals’ better accuracy than monolihguaisg the
Incongruent conditiort(25) = 2.49p = 0.02.

A similarmixed 2 x 3 ANOVA for response time (RT) revealed a significant main effect
of conditions&(2, 50) = 25.16p < 0.001,7; = .50), as participants respondgdwerduring the
Incongruentrelative to theNeutral (t(26) = 6.01p < 0.001) and Congruetrals (t(26) = 6.05p
< 0.001)..Fhe ANOVA did not reveal a main effect of language group, or an interaction between
language group, and condition. There were no significant group differences in RT for eitleer of th
individual conditions, or for the difference in RT between IncongraedControltrials (which
is another standd measure of ANT performance; see Tal)le 1
Functional NIRS Data Results
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Incongruent vs. Congruent, Within -Group Comparisons.Our first step was to
examinechildren’s brain response during the ANT task separately across gsegpSigures 2a
and 3aThe withingroup comparison for the Incongruen€ongruentontrast revealed that
monolinguals showed trend towardgreater activation itwo right channels (CH 5 and 7) and
significant aetivation irone left channel (CH 3) durirte Incongruentelative tothe Congruent
condition. Bilinguals showed greater activation during Incongrnegative toCongruentrials in
six out ofseven-left channels (CHY, 7) and one right channel (CH 3). The reverse contrast
(Congruentincongruent) revealed that during the Congruent condition, monolinguals showed
greater activation in four left channels (CH Brelative to théncongruent condition. In contrast,
bilinguals showed greater activation durthg Congruentelative to thdncongruent condition
only in onewright channel (CH 7). These witlgreup results were similar for tthecongruent
Neutralcortrasticomparisons (see Figure &1d anatomical correspondences in Figure 1).

Incongruent vs.Congruent, BetweenGroup Comparisons.The second step was a
direct comparison between bilingual and monolingual children’s activation for the Ineongr
condition relative to Control conditionsee Figures 2b and 3bhe betweesgroup comparison
for the Incongrdent Congruentontrast revealed thatonolinguals had greater activation in
three rightthemisphere channels (CH-&)5%elative to bilingualsin contrast, bilinguals showed
greater aetivation in six left hemisphere channels (€+14-7) and one right hemisphere
channel (CH 2) relative to monolingualhese betweegroup results were similar for the
Incongruent> Neutralcontrast comparisor(seeFigure 2b).

Incongruent vs. Rest, BetweeiGroup Comparison. Given the significant group
differencessferthéncongruent Congruent contrast and to better understand the source of the
groupvariance we then conducted between-group comparisons for the Incongrékast and
Congruent> Rest contrasts. The results for the betwgup comparison for the Incongruent
Rest contrast.were similar to thecongruent- Congruent group results reported above:
monolinguals. had greater activation in right hemisphere channels 3 and 6, whiledtslingd
greater activation in left hemisphere channels 2, 4, 5 and 7, as well as rigsplen@ichannel 2
(seeFigure2g.

Congruent vs. Rest, BetweerGroup Comparison. A different pattern of results

emerged for the betweeagmoup comparison during the CongruerfRest contrast. Monolinguals
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showed greater activation lieft hemisphere channelsahd 4-7 as well as right hemisphere
channel 2. iere were no greater activations in bilinguals relative to monolinguals (Figure 2c).

Brain-Behavior Correlations. Pearson correlation analyses revealed only one
significant result: bilinguals whbad greater competenceknglish syntax also had reduced
activation InJdeft hemisphere channel 7 overlaying left MFG/SFG reg(@2)(=-0.62,p =
0.023), as masured with thencongruent Rest contrast. There were no other significant
correlations'with age, ANT, and other English competence measureighier group’s brain
activity.

Discussion

Thesgoal of the study was to examine the consequences of bilingualism on children’s
non-verbalattentional controand its functionabrganization in bilateral prefrontal cortex
specifically when conflict resation is requiredResearch suggests thdtngualscommonly
accesdoth languages, even when they are speaking or hearing only one of theme{M&n H
Dijkstra, 2002; Kroll et al., 2015). Thus, we hypothesieat the increased demand for selective
attentiontowards competing linguistioformation might have an impact on bilingual children’s
trajectoryof brain developmengspeially with regard to attentional control (Bialystok et al.,
2012; Green & Abutalebi, 2013). Indeelliring the Incongruerttials (trials that required
greater attention to conflict resolution relative to control triaiigual children showed greater
left frontal activationwhile monolinguals showed greater right hemisphere activaiibese
novel developmental findings are consistent with those previously reportetlfob#inguals
(Garbin etal;*2010), suggesting that early bilingual experiences may influendbéoth
developmental’course and thietcomesf the brain’s functionaspecialization for selective
attention.The findings thereforeffer newinsight forbetter understandirfgow earlylife
experiences can impachildren’s functional brain organization in development.

The study’s participants were matched on multiple variablesrtiggat impact attentional
control abilities; including age, parental education, English language proficamtyQ
(Morton & Harper, 2009; Bialystokt al., 2008). Although both groups perfeed at ceilingthe
bilingual children showed a trend towards better accuracy during the Incongrueitibooof
the ANT flanker task (a marginally significant task by group interaction) and fastgnga
speed during theapid namingask (significant difference for secondst only marginally
significant for standard score$revious research haaggested that an equal distribution
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betweenCongruent and Incongruent conditions is best for identifying behavioral differences
betweerbilinguals and monolinguakssthe distribution of the conditions may affect target
monitoring and thuparticipants’ performancgCosta et al., 2009).HE present study included a
Neutralcontrol condition with an equal distribution amddgutral] Congruent and Incongruent
conditions,.as.is in line with developmental methodology (e.g., Rueda et al. \2@fzgcappa,
2004; Yang.etal., 2011; Kapa & Colombo, 2013; Tran et al., 2015), but possibly thus
undermining‘the likelihood of finding stronger group differencegethe small effect sizes,
small sample'sizes, and ceiling ANT performariee presenbehavioral findings should be
treated with caution

We hypethesized that early bilingual experiences may change the develgpment
bilingual children’s prefrontal cortefor nonverbalattentional control, especially within theft
hemispherassaciated with normatitanguage processirandbilingual language switching
(Green & Abutalebi, 2013; Green, 2011)h@# consideringon-verbakttentional control as
typically measured by thdifference in activation betweéncongruent versus Congruent
conditionss«(Konrad et al., 2005), the key findings sugtiedtbilinguals had greater activation in
left prefrontal'eortexvhile monolinguals had greater activation in right homologous regions.
This was also the case for thlieongruent versulleutraland Incongruentersus resting baseline
group comparisons.

Moreover, bilingual children’s left hemisphere activation (channel 7, MFG) during
Incongruent trials negatively correlated with language competence in English. Giidepos
interpretationis that children with greater English competence might be peresi#mnglish-
dominanthence eliciting more Englisbnly socialinteradions and reducing bilingual
experiences (Bedore et al., 2012). Another possibility is that the correlatiectsefinerging
left hemisphere_selectivity of function in bilinguals. Specifically, the reducgdide in
channel Tmay.reflect thenarrowingspatial extent of activation within this region in young
bilinguals, withbrain activity becomingorefocal with better English proficiencfsee Durston
et al., 2006)«Finally, this correlation should be treated with great cautibwas obtainedrom
a small number of children for one experimental taskr@language measure.

In summary, the primary findinggethat bilinguals showed greater activatauring the
Incongruent conditiomscompared to all other control conditionistdifferencewas especially
pronounced in the left hemisphdfagure 2a) Importantly, thebilinguals showed greatésft
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and lower right hemisphere activation during the Incongruent conddiative tomonolinguals
(Figure 2b, 2% In contrast, monolinguals showed greater left hemisphere activation during the
Congruent than the Incongruertndition (Figure @) and this activation was stronger in
monolinguals thaffor bilinguals (Figure 2b, 2c¢). Wdiscuss thedindings belowin terms of
neurodevelopmental theoretical perspectives on bilingualism and selective attention.
Theoretical. Implications for Frontal Lobe Development in Bilinguals and Monolinguals

Théeneural “interactive specialization” hypothesis suggests that early ilopeent,a
vast numberofpoorly organized neural networks are simultaneously active and in competiti
with eachiother over various cognitigeocesseslhe outcome of such competition is the
emergence ofneural networks that are most efficient or “specialized” for specific cognitive
abilities (Johnson, 2001, 2011). For instance, when learning to read, young readers often show
bilateral activation othe occipito-temporal regions when viewing both words and Wied-
symbols. In contrast, as childr&ecome better readetisis activation becomdstt lateralized,
restricted tdocal regions of the fusiform gyrus, amabreactivefor lettersrelative tosymbols
(Dehaened&sCohen, 2011)ifespan developmeakpeaspectivessiew this neural specificitas
integral toboth=child cognitive developmeras well ashealthy aging and maintenance of
cognitiverabllities in old agéPark Hebrank, Polk, & Park, 2012).

Within this theoretical framework, we suggest that bilingual experiences may alter the
developmental course of neural specialization for selective attention. Previous research suggests
that adult monolinguals typically show overall greater activation in right frontal regnamsleft
contralateralregions, during nmerbal visuospatial &ks of attention (Fan, McCandliss,

Fossella, Flembaum, & Posner, 2005; Konrad et al., 2005; Wager et al., 2005; Nee, Wager, &
Jonides, 2007). Developmental studies suggest two key differences between chddadnles:
First, children appear to have & lateralized or a more bilateral response (Bunge et al., 2002;
Durston et.al.,.2002). This is typically explained in terms of the left hemisplegfieisncy at
extracting.and revaluating the rules of a given task, which is especially pertinent early in
development(Bunge & Zelazo, 2006; Zelazo, Carlson, & Kesek, 2008; Moriguchi, Sakata,
Ishibashi, &ilshikawa, 20)5Second, children tend to have a more similar response across
conditions or even a reverse pattern of greater activation to Congruent than Inebngrue
conditions. This is typically seen as an index of poorly developed neural specificitgsowa
attentional control (Konrad et al., 2005).
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An important validation of the present findings is that monolinguals displayed both of
these developmeritaends, including bilateral activation for the two experimental conditions
and greater activation towards the Congruent than Incongruent stimuli in thertefiphere. It
is therefore possible that between the agesi#, monolingual children are still completing the
switch from.leftto-right in frontal lobe for visuo-spatial attention processing and that they do not
yet have adultike specialization for Incongruent versus Congruent conditibmsight be that
for monelinguals, the harder condition is only beginning to gain footing with improved visuo-
spatial strategies afforded by right frontal regions, while the left froeggdms continue to
support the easier condition, possibly through verbalization and rehearsgietrate

In contrast, thdilingual childrenshowed adultike patterns of greaténcongruent than
Congruengctivations, albeit in the left ratherath the right hemisphere. iBHinding converges
with those previously found for bilingual adults who adé@wed greater left andkesser right
prefrontal activation relativeo monolingual adultsyith both groups showing age-appropriate
greater activation foincongruent than Congruent conditiqi@arbin et al., 2010). The Adaptive
Control hypethesisuggests thahe demands of duanguage acquisition should optimize the
computationalcapabilities of bilinguals’ left prefrontal cortex towardk ketbal and non-
verbal tasks, of attentiohis is possibly aided by both the internal computational capabilities of
the prefrontatortex as well as its strongghanin-monolinguals interconnections with parietal
and possiblyanterior cingulate regiorthatalsosupport attentioal capabilitie{Green &
Abutalebi, 2013). It is therefore possible that bilingual exposure accelératesiergence of
adultdike neural specialization for attentional contirobilingual children (yielding greater
Incongruent=than-Congruent patterns of activatibn} within the left rather #m the right
hemisphere due to both functional and structural reorganizatigihnefuals’ left hemisphere
attentional networKThe findings are thus consistent with the perspectivedilmatg the
childhood, periods of rapid brain development, an interaction between bilingual expeaedce
cognitive development may yield changes in children’s neurodeveloprnrapatory(Kroll &
Bialystok _2013).

Conclusion

In the contexts of increased migration and growth of multilingual communitsesnah-
based models of bilingual developmangvital to addressg the needs of young bilingual
learners. Research has shown that even bilingual irdantsffectivelymodulate the use of their
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two languages (Petitto & Kovelman, 2003), and this in turn might improve yalinguals’
attentional control abilitie(Gvacs & Mehler, 2009). The present findings go further to suggest
thatearly bilingual exposure may change the functionality of children’s left prefrooisx
The study_is limited by small sample size, measurements restricted to frontgldol¢he
inclusion of.enly one bilingual groupVhile further crossultural and longitudinal research i
warrantedthe present findingsre neverthelesonsistent with previous child behavioral and
adult neureimaging evidencef (Kroll & Bialystok, 2013) Thepresent resultsontribute novel
insights to'inform models of frontal lobe development for attentional comthile also
shedding light on the variability in child brain development as a function of the incrgasingl
common childhood experience of bilingualism.

Acknowledgments
The authors thank the University of Michigan Departments of Psychology, Romance Language
and Literatures, and Center for Human Growth and Development. The authors also th&nk the “
Nuestra Lengual iteracy and Culture Program, participating families, Lourdes M. Delgado
Reyes, KasllpyErica Seifert, Jaime Mufoz Velazquez, Paola V&osfanie Younce, and
Melanie Armstrong, for their assistance with data collectiteria Arredondo thanks the
National 'Seience Foundation (NSF) Graduate Research Fellowship (GrabGiol125626)
and louliasKovelman thanks the Harrington Fellowship by the University of Texas, Austin. Any
opinions, conclusions or recommendations expressed in this material aref tth@sauthor(s)

and do not.necessarily reflect the views of NSF.

References

Abutalebi,J.,.& Green, A. W. (2008). Control mechanisms in bilingual language production:
Neural evidence from language switching studiesiguage and Cognitive Processes,
23,557-582.

Anton, E., Dufiabitia, J. A., Estévez, A., Hernandez, J. A., Castillo, A., ... Carreiras, M. (2014).
Is there a bilingual advantage in the ANT task? Evidence from childrentiers in
Psychology, 5:398o0i: 10.3389/fpsyg.2014.00398

Bedore, L. M., Pena, E. D., Summers, C. L., Boerger, K. M., Resendiz, M. D., Greene, K., ... &

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 21

Gillam, R. B. (2012). The measure matters: Language dominance profiles across
measures in Spanisknglish bilingual childrerBilingualism: Language and
Cognition 15, 616-629.

Benjamini, Y., & Hochberg, Y. (1995). Controlling the false discovery rate: A praetizhl
powerful approach to multiple testingpurnal of the Royal Statistical Society, 389
300.

Bialystok,"E-(2999). Cognitive complexity and attentional control in the bilingual mind.
Child"Development, 7G36-644.

Bialystok, E., Craik, F. I. M., & Freedman, M. (2007). Bilingualism as a protection a¢fagnst
onset ofisymptoms of dementideuropsychologia, 43159-464.

Bialystok, E-, Craik, F. I. M., & Luk, G. (2012). Bilingualism: consequences for mind and brain.
Trends in Cognitive Sciences, 280-250.

Bialystok, E., Craik, F. I. M., Klein, R., & Viswanathan, M. (2004). Bilingualism, aging, and
cognitive control: evidence from the simon taBkyclology and Aging, 1290-303.

Brigadoi, Ssyp€eccherini, L., Cutini, S., Scarpa, F., Scatturin, P., Selb, J. ... (2014). Motion
artifacts‘in functional neanfrared spectroscopy: a comparison of motion correction
technigues applied to real cognitive déaurolmage, 85181-191.

Brownell R (2000). Receptive OMWgord Picture Vocabulary Test (ROWPVT) Spanish
Bilingual Edition. Novato, CA: Academic Therapy Publications.

Bunge, S."A., Dudukovic, N. M., Thomason, M. E., Vaidya, C. J., & Gabrieli, J. D. E. (2002).
Immature frontal lobe contributions to cognitive control in children: evideioce fMRI.
Neuren; 33301-311.

Bunge, SIA., & Zelazo, P. D. (2006). A brain-based account of the development of rule use in
childhood.Current Directions in Psychological Science, 158-121.

Carlson, S..M.,.& Meltzoff, A. N. (2008). Bilingual experience and executive functioning i
young.childrenDevelopmental Science, 1282-298.

Costa, A., Hernandez, M., & Sebastian-Gallés, N. (2008). Bilingualism aids coesidtition:
evidence from the ANT taskognition, 10659-86.

Costa, A., Hernandez, M., Codtaidella, J., & SebastidBallés, N. (2009). On the bilingual
advantage in conflict processing: now you see it, now you doagnition, 113135-
149.

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 22

Dale, A. M. (1999). Optimal experimental design for ewvetated fMRI.Human Brain
Mapping, 8,109-114.

Davidson, M. C., Amso, D., Anderson, L. C., & Diamond, A. (2006). Development of cognitive
control and executive functions from 4 to 13 years: evidence from manipulations of
memaery, inhibition, and task switchingeuropsychologia, 42037-2078.

De Bruin, A., Treccani, B., & Della Sala, S. (2015). Cognitive advantage in bilisguan
example of publication biag?sychological Science, 289-107.

Dean, R. B.;"&Dixon, W. J. (1951). Simplified statistics for small numbers of obsgrsat
Analytical Chemistry, 2336-638.

Dehaene, S.#& Cohen, L. (2011). The unique role of the visual word form area in reading.
Trendsin Cognitive Sciengdsb, 254-262.

Dong, Y., & Li, P. (2015). The cognition science of bilingualitanguage and Linguistics
Compass, 91-13.

Durston, S., Davidson, M. C., Tottenham, N., Galvan, A., Spicer, J., Fossella, J. A., & Casey, B.
J. (2006). A shift from diffuse to focal cortical activity with developmB&atvelopmental
Science; 91-20.

Durston,Ss;, Thomas, K., Yang, Y., Ulug, A., Zimmerman, R., Casey, B. J. (2002). A neural
basisfor development of inhibitory contrblevelopmental Science, %,16.

Fan, J., McCandliss, B. D., Fossella, J., Flombaum, J. ., & Posner, M. . (2005). Theoectivat
of attentional networkNeurolmage, 26471-479.

Fan, J., MeCandliss, B. D., Sommer, T., Raz, A., & Posner, M. |. (2002). Testing theneificie
andindependence of attentional netwodirnal of Cognitive Neuroscience, B#0-

347.

Francis, D., Carlo, M., August, D., Kenyon, D., Malabonga, V., ... Louguit, M. (2001). Test of
Phonological Processing in Spanish (TOPPS). Washington, DC: Center for Applied
Linguistics.

Friston, K. d5"Ashburner, J. T., Kiebel, S. J., Nichols, T. E., & Penny, W. D. (ZB@@xstical
Parametric Mapping: The Analysis of Functional Brain Image&smdon: Academic
Press.

Garbin, G., Sanjuan, A., Forn, C., Bustamante, J. C., Rodriguez-Pujadas, A., ... & Avila, C.
(2010). Bridging language and attention: Brain basis of the impact of bilingualism on

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 23

cognitive controlNeurolmage, 531272-1278.

Green, D. W. (2011). Language control in different contexts: The behavioral ecologynghili
speakerskrontiers in Psghology, 2:103doi: 10.3389/fpsyg.2011.00103

Green, D. W., & Abutalebi, J. (2013). Language control in bilinguals: the adaptive control
hypothesisJournal of Cognitive Psychology, Z515-530.

Hernandez, A.;Li, P., & MacWhinney, B. (2005). The emergence of competing modules in
bilingualism.Trends in Cognitive Sciences,220-225.

Hilchey, M.'D>"& Klein, R. M. (2011). Are there bilingual advantages on nonlinguistic
interference tasks? Implications for the plasticity of executive control processes.
Psyehenomic Bulletin Review, 125 658.

Hu, X. S., Hong, K. S., Ge, S. S., & Jeong, M. Y. (2010). Kalman estinatdrgeneral linear
modelbased odine brain activation mapping by near-infrared spectrosddmmedical
Engineering Online, Doi: 10.1186/1475-925X-9-82.

Huppert, T. J., Diamond, S. G., Franceschini, M. A., & Boas, D. A. (2009). HomER: A review of
timesseries analysis methods for né@frared spectroscopy of the brafpplied Optics,
48,D280-298.

Johnson;"M. H. (2001). Functional brain development in huniatsre Reviews:
Neuroscience, 2475-483.

Johnson, M. H. (2011). Interactive specialization: a domain-general framework fanhum
functional brain developmeni®evelopmental Cognitive Neuroseee, 1,7-21.

Jurcak, V.gFsuzuki, D., & Dan, 1. (2007). 10/20, 10/10, and 10/5 systems revisited: their validity
as relative headurfacebased positioning systenmiseurolmage, 341600-1611.

Kapa, L. L., & Colombo, J. (2013). Attentional control in early and later bilingual emildr
Cognitive Development, 2833-246.

Kaufman, A.,.& Kaufman, N. (2004). Kaufman Brief Intelligence Test Second EditiofiT(KB
2). Minneapolis, MN: Pearson.

Konrad, K.Neufang, S., Thiel, C. M., Specht, K., Hanisch, C., ... Fink, G. R. (2005).
Development of attentional networks: An fMRI study with children and adults.
Neurolmage, 28429-439.

Kovacs, A. M., & Mehler, J. (2009). Cognitive gains imonthold bilingual infantsPNAS,
106,6556-6560.

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 24

Kovelman, |., Baker, S. A., & Petitto, L. A. (2008). Age of bilingual language exposure as a
new window into bilingual reading developmeBilingualism: Language & Cognition,
11,203-223.

Krizman, J., Marian, V., Shook, A., Skoe, E., & Kraus, N. (2012). Subcortical encoding of sound
is enhanced in bilinguals and relates to executive function advanfagesedings of the
National' Academy of Sciences, 10877-7881.

Kroll, J*F(2015). On the consequences of bilingualism: we need language and the brain to
understand cognitioBilingualism: Language and Cognition, 1&2-34.

Kroll, J. F,, & Bialystok, E. (2013). Understanding the consequences of bilingualism for
language processing and cognitidaurnal of Cognitive Psychology, 287-514.

Kroll, J. F.;*Dussias, P. E., Bice, K., & Perrotti, L. (2015). Bilingualism, mind, and.#&anual
Review of Linguistics, B77-394.

Lloyd-Fox, S., Papademetriou, M., Darboe, M. K., Everdell, N. L., Wegmuller, R., Prentice, A.
M. .. Elwell, C. E. (2014). Functiat nearinfrared spectroscopy (fNIRS) to assess
cognitive function in infants in rural AfricdNature Scientific Reports, 4740. Doi:
10.1038/srep04740.

Luk, G., Green, D. W., Abutalebi, J., & Grady, C. (2012). Cognitive control for language
switehing inbilinguals: a quantitative metnalysis of functional neuroimaging studies.
Language and Cognitive Processes, P479-1488.

Marian, V., & Spivey, M. (2003). Bilingual and monolingual processing of competing lexical
items Applied Linguistics, 24173-193.

Mazuka, Ruadincho, N., & Oishi, H. (2009). Development of executive control and language
processingLanguage and Linguistics Compass59;89.

Mezzacappa, E. (2004). Alerting, orienting, and executive attention: developmentalipsopert
and.sociodemographic correlates in an epidemiological sample of young, urban children.
Child Development, 73,373-1386.

Moriguchi,. Y& " Sakata, Y., Ishibashi, M., & Ishikawa, Y. (2015). Teaching othersisale-
improves executive function and prefrontal activations in young chilérentiers in
Psychology, 6:894D0i: 10.3389/fpsyg.2015.00894

Morton, J. B., & Harper, S. N. (2009). Bilinguals show an advantage in cognitive control—the
guestion is whyDevelopmental Science, 15)2-503.

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 25

Mufioz-Sandoval, A. F., Woodcock, R. W., McGrew, K. S., & Mather, N. (2005). Bateria Il
Woodcock-Muiioz: Pruebas de Aprovechamiento. Rolling Meadows, IL: Riverside
Publishing.

Nee, D. E., Wager, T. D., & Jonides, J. (2007). Interference resolution: insights ifneta-a
analysis of neuroimaging taskSognitive, Affective, & Behavioral Neurosciencel-2,7.

Norton, E;'S., & Wolf, M. (2012). Rapid automatized naming (RAN) and reading fluency:
implications for understanding and treatment of reading disabiltiesual Reiew of
Psychology, 63427-452.

Novick, J. M., Trueswell, J. C., Thompson-Schill, S. L. (2005). Cognitive control and parsing:
reexamining the role of Broca’s area in sentence comprehe@agnitive, Affective, &
Behavioral Neuroscience, 863-281.

Novick, J. M., Trueswell, J. C., Thompson-Schill, S. L. (2010). Broca’s area and language
processing: Evidence for the cognitive control connectianguage and Linguistics
Compass, 4/1®06-924.

Paap, K. Rm&Greenberg, Z. I. (2013). There is no coherent evidence for a bilingual gelvanta
in executive processin@.ognitive Psychology, 6832-258.

Park, J.,"Hebrank, A., Polk, T. A., & Park, D. C. (2012). Neural dissociation of number from
letter‘'recognition and its relationship to parietal numerical gsoeg.Journal of
Cognitive Neuroscieng@4, 39-50.

Petitto, L.'A., & Kovelman, I. (2003). The bilingual paradox: how sigréipgaking bilingual
childremyhelp us resolve it and teach us about the brain’s mechanisms underlying all
language acquisitio.earning Languages, $:-18.

Posner, M. [. (2012Attention in a Social WorldJK: Oxford University Press.

Ponitz, C..C., McClelland, M. M., Matthews, J. S., &Morrison, F. J. (2009). Touch your knees!
Using.a.direct observation of behavioral regulation to predict math, literacy, and
vocabulary achievement in kindergarten. Developmental Psychology, 45, 605-619.

Rodriguez-Fornells, A., Rotte, M., Heinze, H-J., Nosselt, T. M., & Munte, T. F. (2002). Brain
potential and functional MRI evidence for how to handle two languages with one brain.
Nature, 4151026-1029.

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 26

Rorabacher, D. B. (1991). Statistical treatment for rejection of deviant values: critical values of
Dixon Q parameter and related subrange ratios at the 95 percent confidence level.
Analytical Chemistry, 63,39-146.

Rueda, M. R., Fan, J., McCandliss, B. D., Halparin, J. D., Gruber, D. B., ... Posner, M. |. (2004).
Development of attentional networks in childhobéuropsychologia, 42,029-1040.

Semel, E.;\Wiig, E. H., & Secord, W. A. (2003). Clinical Evaluation of Language Fundamentals
FourthEdition (CELF-4). Bloomington, MN: Pearson.

Semel, E.;7Wiig, E. H., & Secord, W. A. (2006). Clinical Evaluation of Language Fundamentals
Fourth Spanish Edition (CELF-4). Bloomington, MN: Pearson.

Singh, L., Fug€. S. L., Rahman, A. A., Hameed, W. B., Sanmugam, S., Agarwal, P. ... (2015).
Back'torbasics: a bilingual advantage in infant visual habituafibild Development, 86,
294-302:

Singh, A. K., & Dan, I. (2006). Exploring the false discovery rate in multichannel NIRS.
Neurolmage, 33%42-549.

Tran, C. DspArredondo, M. M., & Yoshida, H. (2015). Differential effects of bilingualism and
culturewon early attention: a longitudinal study in the U.S., Argentina, and Vietnam
Frontiers in Psychology,,&95. Doi: 10.3389/fpsyg.2015.00795

Valian, V«(2015). Bilingualism and cognitioBilingualism: Language and Cognition, 18.24.

Van Hell, J., & Dijkstra, T. (2002). Foreign language knowledge can influence native d@ngua
performance in exclusively native conteX@sychonomic Bulletin & Review, B80-789.

Wager, T. D5 "Sylvester, C-Y. C., Lacey, S. C., Nee, D. E., Franklin, M., & Jonides, J. (2005).
Common and unique components of response inhibition revealed by RdRiolmage,
27,323-340.

Wagner, R. K., Torgesen, J. K., & Rashotte, C. A. (1999). Comprehensive Test of Phonological
Processing (CTOPP). Austin, TX: PEmk

Wolf, M., & Denckla, M. (2005). The Rapid Automatized Naming and Rapid Alternating
Stimulus Tests (RAN/RAS). Austin, TX: Ried.

Woodcock"R:, W. (1998). Woodcock Reading Mastery Te&swised Normative Update.
Minneapolis, MN: Pearson Assessments.

Yang, S., Yang, H., & Lust, B. (2011). Early childhood bilingualism leads to advances in

executive attention: dissociating culture and languBdiegualism: Language and

This article is protected by copyright. All rights reserved



BILINGUALS' FRONTAL FUNCTION OFATTENTION 27

Cognition, 14412-422.
Zelazo, P. D., Carlson, S. M., & Kesek, A. (2008). The development of executive function in

childhood. In C. A. Nelson & M. Luciana (Eddjandbook of Developmental Cognitive

Neuroscience," Edition (pp. 553-574). Cambridge, MA: MIT Press

Table 1

Participants®mean (and standard deviation) demographics and performancdoscores

language, literacy, and cognition tasks.

Measures Monolingual Bilingual Bilingual T-values  T-values
English English Spanish Between  Within
N=14(8F) N=13(6F) N=13(6 F) Groups (Bilinguals)
Age 9.67 (1.67) 10.31 (1.52) - 1.04 -
IQ 114.43 (16.34)  115.15 (13.15) - 0.13 -
Demographicsa
Income 7.54 (1.76) 7.92 (1.78) - 0.53 -
Mother’s education 6.14(1.41) 6.27 .15 -- 0.18 --
Father's education 5.86(1.23) 5.91(2.21) -- 0.08 --
Language & Literacy
Vocabulary 121.43 (15.86)  114.23 (12.39) 107.85 (19.87) 1.31 1.10
Phonology(%)° 81.79 (15.8) 86.15 .99 87.31 (17.2y 0.89 0.33
Syntax(%)° 92.41 6.0J) 94.95 8.42) 76.39 (20.25) 0.96 3.25%*
Reading 113.11 (13.01)  116.19 (9.83) 97.04 (14.26) 0.69 6.82%**
Attention & Cognition
Naming Speefl 99.18 (12.72) 107.46 (11.51) - 1.78 -
Naming Speefl 31.97 (11.76) 24.26 (5.91) 29.50 (14.66) 2.13* 1.41
(seconds)
HTKS® 50.93 (5.15) 54.0 (5.03) - 1.57 -
ANT Accuracy (%)
Neutral 98.21 (3.19) 99.38 (1.50) - 1.20 -
Congruent 98.86 (1.87) 98.38 (2.14) -- 0.61 --
Incongruent 97.14 (2.91) 99.38 (1.50) -- 2.49* --
ANT Reaction Time (ms;,
Neutral 733.71 (96.66)  739.04 (140.82) - 0.12 -
Congruent 74853 (90.60)  736.85 (117.86) - 0.29 -
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Incongruent 800.75 (97.19)  789.87 (146.81) - 0.23
Attentional Control (subtractions betweenlncongruent and control conditions)
- Congruent 52.22 (44.94) 53.03 (47.31) -- 0.05
- Neutral 67.05 (40.02) 50.83 (61.73) - 0.82

Note.* p <.0.05*p < 0.01 ***p < 0.001

#Options fomdemographic responses on yearly household income were the following (1) les
than $5,000; (2) $5,000 - $11,999; (3) $12,000 - $15,999; (4) $16FWN399; (5) $25,000
$34,999; (6) $35,000$49,999; (7) 50,000$74,999; (8) $75,000 - $99,999; (9) $100,000 and
greater. Options for responses on education were the following: (1) primary scheom@)
secondary schaol, (3) High schaiploma or equivalent (GED), (4) some college, (5)
Associate’s degree, (6) Bachelor's degree, (7) Master’s degree, (8) Doctorate degree [Ph.D],
Professional degree [MD, DD, DDS, etc].

b Percentage s¢ores are preseniteeito disproportionate total iterimsthe tasks

¢ Assessed via theapid Automatic Naming (RAN) Numbessibtest, standard scores based on a
mean of 100 (SD = 15) are presented first. Below the averaged (and standardnjeoiat

time takent@'eomplete the naming speed task as medsused¢onds are also presented for each
group.

9HTKS raw.score is presented: 30 items, each item’s score ranges between 0 as incorrect

responsey 1 as seibrrection, and 2 as correct response.

Figurel.
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@ Octector [ Source 1-7 Channels‘
("8 Chanel Region BA

1 IFG 45,44, 47

2 IFG 47

3 MFG 46

4 MFG/IFG 46, 44

5 MFG/SFG 46, 10

6 MFG/SFG 9, 46, 10

7 MFG/SFG 9, 8,46

Figure 1 Functional NIRS probe configuratio®)(Dots correspond to optode placemextta
distance of 2.7 cm,over an average brain template (blue = sources of light; green = detectors;
black= approximate area of the brain covered by the fNIRS measureif@rerobeset and
channel configuration for right and left hemispheres, respectii@)yBrain regions maximally
overlaid by.the probe arrangement in the order of greatest probability for each ch@nnel (B
BrodmannArea).

Figure 2.
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Figure 2.(A)-Participants’ activation during tHacongruent condition relative to the Congruent
andNeutralcontrol conditions. (B) Comparison between bilinguals and monolinguals’ brain
activationtduring théncongruent condition relative to control conditions. C@nparison

between bilinguals and monolinguals’ brain activation during the Incongruent and Congruent

conditions econdition relative to resting baseline.
*p < 0.05, FDR corrected’; p < 0.05, uncorrected.

Figure 3.
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Incongruent > Congruent

Monolinguals B Monolinguals > Bilinguals

Figure 3.(A) T-values mapedfor comparison of braiactivation in prefrontal cortefor
monolinguals (top row) and bilinguals (bottom row). Higher values on the scale engreater
brain activity=during théncongruent condition, relative to Congruénls. (B) T-value magor
comparison.of brain activation in prefrontal cortex in bilinguals versus monolinglo@lsdlor

bar reflects-values).
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