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ABSTRACT

Diversity and variation in language experiences, such as bilingualism, contribute to
heterogeneity in children’s neural organization for language and brain development. To
uncover sources of such heterogeneity in children’s neural language networks, the present
study examined the effects of bilingual proficiency on children’s neural organization for
language function. To do so, we took an innovative person-specific analytical approach

to investigate young Chinese-English and Spanish-English bilingual learners of structurally
distinct languages. Bilingual and English monolingual children (N = 152, M(SD)age =
7.71(1.32)) completed an English word recognition task during functional near-infrared
spectroscopy neuroimaging, along with language and literacy tasks in each of their languages.
Two key findings emerged. First, bilinguals” heritage language proficiency (Chinese or Spanish)
made a unique contribution to children’s language network density. Second, the findings
reveal common and unique patterns in children’s patterns of task-related functional
connectivity. Common across all participants were short-distance neural connections within
left hemisphere regions associated with semantic processes (within middle temporal and
frontal regions). Unique to more proficient language users were additional long-distance
connections between frontal, temporal, and bilateral regions within the broader language
network. The study informs neurodevelopmental theories of language by revealing the effects
of heterogeneity in language proficiency and experiences on the structure and quality of
emerging language neural networks in linguistically diverse learners.

INTRODUCTION

Early language experiences shape a child’s mind and brain while also laying foundations for
reading (Werker & Hensch, 2015). Bilingualism offers enriched linguistic experiences that add
to the heterogeneity in children’s neural organization for language and reading acquisition
(Hernandez et al., 2019). To better capture the developing neural heterogeneity for language
processing, the present study utilized a person-specific network mapping approach to
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characterize sources of heterogeneity in children’s emerging neural pathways for English and
to identify how these language neural networks are influenced by early bilingual experiences
with Spanish or Chinese.

According to the Neuroemergentist Framework, complex neurocognitive processes
develop out of interactions between an individual’s expertise and the environmental ecosys-
tem ( ). Bilingual development thus stems from dynamic com-
munications between individuals’ developing cognitive skills (e.g., attention and working
memory) as well as their bilingual experiences and contexts (e.g., linguistic and orthographic
features and contexts of use). As a result, bilinguals may form different patterns of neural orga-
nization for language processing in relation to monolinguals and/or bilinguals of different lan-
guage groups. For instance, a meta-analysis found that bilinguals speaking a language with
more predictable sound-to-print mapping (e.g., French, as compared to English) rely on
enhanced phonological networks (i.e., bilateral temporal regions). In contrast, those speaking
a language with less predictable associations between language sounds and printed form (e.g.,
Chinese, as compared to English) rely on enhanced networks for lexical integrations (i.e., left
middle/inferior frontal regions; ). Moreover, connectivity studies have found
that, due to the increased cognitive demands of bilingual coordination, compared with mono-
linguals, bilinguals form enhanced connectivity between bilateral inferior frontal regions, as
well as between the basal ganglia and the frontal cortex, which guides language perception,
comprehension, and cognitive control ( ; ).

Most prior research has approached bilingual brain development with group averages.
However, variations in bilingual experiences may yield meaningful variability in the neural
networks within groups. To advance the understanding of heterogeneity in neural mechanisms
of spoken language processing, and how they are influenced by bilingualism, we examined
the functional connectivity of cortical networks for spoken word recognition. Prior work has
shown that children’s language and reading proficiency are positively associated with
strengthened neural connectivity along key neural pathways of language processing (

; ). Moreover, these neural networks develop as a function of
language experience, including bilingualism ( ; ;

). In other words, bilingual experiences contribute to the neural network heteroge-
neity of language development ( ; ).
Using a person-specific approach, we aimed to uncover sources of individual variation in
the development of neural networks that support language and literacy development.

The Developing Neural Basis for Spoken Word Processing

Spoken words are comprised of sound (phonological units) and meaning (semantic units). Pro-
ficient adult speakers typically engage two parallel processing streams that allow them to
simultaneously consider the multifaceted nature of phonological and lexico-semantic repre-
sentations during word recognition. In the adult brain, these are commonly represented as
dorsal and ventral neural streams ( ; ). The dorsal or pho-
nological stream includes the dorsal aspect of the left inferior frontal gyrus (IFG) and superior
temporal gyrus (STG), as well as the arcuate fasciculus (AF) fiber tract that connects those
regions. The ventral or semantic stream includes the ventral aspect of the left IFG, the middle
temporal gyrus (MTG), and the inferior fronto-occipital fasciculus that connects them (

). These two parallel processing streams improve in their functionality over the course of
children’s language development, as children learn to efficiently access both lexical and sub-
lexical information. Children’s spoken language skills are linked to functional and anatomical
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strengths within and between these networks ( ; ;
; ; ).

Functional connectivity studies reveal how brain regions work together during a language
task and how these brain connections relate to developmental outcomes in language profi-
ciency ( ; ; ; ;

, ). This research generally suggests a gradual shift in the development of
inter- (between) and then intra- (within) hemisphere associations. For instance,
examined functional connectivity in 6-year-old children and adults who were
performing an auditory sentence comprehension task during functional magnetic resonance
imaging (fMRI). Findings revealed that younger children formed stronger functional connec-
tions between the left frontal regions and their right hemisphere homologs than adults. In con-
trast, adults showed stronger connectivity between the left frontotemporal regions. This and
similar findings ( ; ) exemplify the merits of
functional connectivity research in revealing changes in language development, paving the
way for more nuanced inquiries into sources of heterogeneity of such change.

Connecting Spoken Language Networks to Reading

Learning to read requires children to connect their understanding of spoken words to orthog-
raphy, or written symbols. Therefore, neural networks for spoken language are essential for
children’s behavioral outcomes such as emergent literacy ( ;

, ). For instance, examined the longitudinal effects of functional
connectivity in 4-year-old children who passively listened to words during functional near-
infrared spectroscopy (fNIRS). Findings revealed that children who exhibited stronger func-
tional connectivity during this auditory task between the left IFG and right STG regions at
age 4 years had better reading proficiency a year later. Building upon this and similar prior
findings ( ), we aimed to advance beyond the traditional functional correlation
methods that average across diverse speakers. Here we estimate individualized neural net-
works to better capture sources of heterogeneity in children’s emerging neural architecture
for language and how the neural networks speak to children’s developing language and liter-
acy skills ( ; ).

Individual Differences in the Neural Connectivity for Language in Bilingual Children

Neuroimaging research on bilingualism often finds connectivity differences between bilingual
and monolingual populations. These examinations include both anatomical connectivity as

studied through white matter tracts ( ; ) and
resting-state functional connectivity ( ; ;
). For example, in an anatomical diffusion tensor imaging study, exam-

ined the relation between bilingual proficiency and white matter tracts in Chinese-English
bilingual children raised in China. Findings revealed that children with thicker AF tracts
around left STG regions had better word reading proficiency in both English and Chinese.
The AF is a tract that connects frontal and temporal language regions and generally increases

in its thickness over the course of language development ( ). Such
neuroanatomical findings support the idea that there is a relation between bilingualism factors
and neural connections critical for language processing ( ).

Resting-state connectivity studies ask participants to stay awake while they are not engaged
in any given task to reveal a presumed default state of brain operations. A resting-state fMRI
study found that adults with early bilingual exposure (before age 5) showed stronger intrinsic
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Group iterative multiple model
estimation; a network-mapping
method that identifies connections
of variables (i.e., brain signals)
collected among multiple time points
for each individual.
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functional connectivity between the left and right IFG regions and between left IFG and pre-
frontal regions than later-exposed bilinguals (Berken et al., 2016). The findings suggest that
early bilingual exposure influences the neural organization of the frontal lobe network essen-
tial for language control (Berken et al., 2016; Bialystok et al., 2012). The advantage of resting-
state neuroimaging studies is that they can capture spontaneous signals that do not tie to a
specific mental state (i.e., a task). Nevertheless, non-task resting-state paradigms may lack
empirical benefits such as sensitivity to brain-behavior associations (Finn, 2021). To the best
of our knowledge, no prior study has examined bilingual children’s functional connectivity
networks while participants engage in a language task, which is a knowledge gap we aim
to fill in the present work.

Another important but understudied issue is how to best depict the neural networks of
language processing for bilingual children. Much current knowledge about bilingualism
stems from analytical approaches that have dichotomized bilinguals versus monolinguals or
otherwise categorized different groups of bilinguals, such as splitting by age of exposure or
proficiency (e.g., Liu & Cao, 2016; Sulpizio et al., 2020). However, bilinguals can differ in
many ways. Newly emerging research thus advocates for approaches that leverage the hetero-
geneity of bilingual profiles to better understand bilingualism (Luk & Bialystok, 2013; Marian &
Hayakawa, 2021). The present work thus adopts a person-specific approach to examine
such heterogeneity of functional connectivity for language in relation to children’s bilingual
language and reading development.

Examining Person-Specific Neural Network With GIMME

Person-specific analytical approaches, such as group iterative multiple model estimation
(GIMME; Gates & Molenaar, 2012), advance upon conventional data analysis methods that
average across heterogenous individuals by instead identifying connections among a priori
regions of interest (ROIs) that are shared across participants (group level), across a subgroup
of participants (subgroup level), as well as connections that are unique to one or some individ-
uals (individual level). In this way, GIMME networks capture both the broad homogeneity of the
group and the heterogeneity of individuals. Specifically, GIMME uses a data-driven approach to
yield person-specific directed connectivity maps; GIMME begins with a null network and then
adds connections among ROls that are meaningful (i.e., significant) for at least 75% of partic-
ipants to all participants’ networks followed by adding connections that are meaningful for a
subgroup of participants. Finally, GIMME adds connections that are meaningful just to an indi-
vidual. Connections are added until each person’s network represents their observed data well
and has person-specific weights. Simulation studies suggest that GIMME shows exceptional
robustness in modeling heterogeneous data compared to nearly 40 alternative methods, and
it has been applied to a wide range of psychological studies with neuroimaging data (Dotterer
et al., 2020; Gates & Molenaar, 2012; Goetschius et al., 2020; Lane et al., 2019; Price et al.,
2020). Altogether, as a data-driven network mapping approach, GIMME addresses the limita-
tions of traditional group-oriented approaches that rely on averages while also allowing for both
group-level inferences and accurate reflections of individual-level heterogeneity.

GIMME has been used to examine the functional connectivity of the attention networks in bilin-
gual children. Arredondo et al. (2022) used GIMME to estimate bilingual and monolingual chil-
dren’s neural connectivity with the attention network task among six pre-specified left superior,
middle frontal, as well as parietal brain channels with fNIRS. GIMME identified two subgroups,
one that consisted of almost all monolinguals (92%) and half of the bilinguals (54%), and another
that consisted of a small portion of monolinguals (8%) and the other half of bilinguals (46%).
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Language learned by its speakers at
home as children, while they are
often exposed to a different language
outside home environments.
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Notably, the bilinguals in the first group were more English-dominant (i.e., “monolingual-like”),
whereas the bilinguals in the second group had more balanced proficiency across their two lan-
guages. Importantly, the second group also had significantly higher network density (i.e., number
of connections) centered around the left frontal regions compared to the first group, which also
corresponded to higher attention task accuracy. These results suggest more complex attentional
neural networks for early bilingual children with more balanced dual language proficiency. In
sum, GIMME has been shown to be an effective approach for understanding sources of heteroge-
neity in the neural organization of cognitive functions in bilingual children, but many questions
remain unanswered, particularly regarding neural networks during a language task.

The Present Study

The current study employed GIMME analysis of fNIRS data to examine the effects of early and
systematic bilingual experiences on children’s emerging neural architecture for language pro-
cesses and their relation to literacy development. The participant groups included children
(ages 5-10 years) who were English monolinguals, Chinese-English bilinguals, or Spanish-
English bilinguals, all experiencing English-dominant education in the US. The bilinguals were
exposed to a heritage language (Chinese or Spanish) at home from birth, to English around age
2, and were capable of reading words/characters in their heritage languages. The study spe-
cifically asked participants to complete an auditory word-processing task during fNIRS neuro-
imaging. Children heard three words and were asked to identify the two words that shared a
unit of meaning (morpheme) while ignoring a phonological distractor (e.g., bedroom, class-
room, mushroom). The task probed children’s ability to analyze words’ lexico-semantic and
phonological constituents necessary for successful word processing. The ability to operate
upon words’ sound and meaning units is thought to support children’s emergent literacy
( ; ).

Functional connectivity analyses were performed with a priori brain regions of language
processing, including bilateral frontal and left temporal areas. These regions have been iden-
tified as essential to spoken word recognition by previous research ( ;

; ) as well as for the current sample (see , for the
functional activation patterns). We used GIMME to ask two experimental questions. First, we
asked: What is the relation between individual differences in functional connectivity for word
processing and children’s literacy skills in English? To answer this question, we applied
GIMME to identify potentially different groups of learners. We then examined the relationship
between children’s English proficiency and their network characteristics, focusing on network
density within the identified language regions, which is thought to reflect the quality of the
language network ( ). Second, we asked: How do bilinguals’ heritage lan-
guage skills contribute to the neural network quality of English word processing? We predicted
significant associations between children’s neural networks and behavioral profiles, and there-
fore examined the brain-behavioral associations between children’s connectivity network pat-
terns and their proficiency in English and their heritage language. Together, the goal of the
study was to inform our understanding of the effects of bilingualism and sources of heteroge-
neity in children’s emergent language networks.

MATERIALS AND METHODS

Participants

Participants were 152 children (75 girls, Myge = 7.71 years, SD,5. = 1.32, age range = 5.12—
10.19) recruited from southeast Michigan, USA. Participants were all typically developing
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without a history of developmental delays in language or literacy, deficits in hearing, or other
neurological or physical disorders. All children grew up in the United States, attended English-
only schools, and were proficient English users, as determined by standard vocabulary scores
over 85 on the Peabody Picture Vocabulary Test 5 (PPVT-5; Dunn, 2019). All three groups
were matched on age, gender, grade distribution, maternal education, and non-verbal working
memory (see Table 1). Parents and children provided appropriate informed consent or assent
and received $40 for their participation. The study was approved by the Institutional Review
Board for research with human subjects.

Participants had diverse language experiences: 35.5% were English monolinguals (N = 54),
while the remaining 64.5% were either bilingual English-Chinese (N = 48) or English-Spanish
(N = 50) speakers. According to the parental reports, the bilinguals were exposed to their
heritage language (Chinese or Spanish) from birth at home and with at least one parent

Demographics and English task performance by participant group

English monolingual N = 54

Spanish bilingual N = 50 Chinese bilingual N = 48

M(SD) or n M(SD) or n M(SD) or n P

Demographics
Age 7.66 (1.32) 7.84 (1.22) 7.63 (1.44) 0.921
Grade® K 14 6 16 0.051

1 9 18 9

2 16 7 7

3 8 12 11

4 7 5 7
Working Memoryb 7.15 (2.43) 7.36 (2.15) 7.76 (2.64) 0.443
Maternal Education® 88.9% 84.0% 95.8% -

English task performance
Vocabulary

Phonological awareness
Morphological awareness
Word reading

Reading comprehension

Sentence reading fluency

fNIRS task accuracy (%)

158.40 (26.84)
21.42 (7.79)
25.31 (11.32)
46.75 (16.79)
26.12 (9.18)
37.55 (17.68)

79.6 (9.3)

144.30 (28.14)
23.62 (7.23)
24.42 (10.01)
48.54 (15.27)
24.64 (6.88)
34.78 (18.49)

77.2 (10.2)

145.09 (32.95)
22.63 (7.48)
24.54 (11.18)
50.47 (14.36)
27.22 (8.35)
40.71 (21.39)

81.1 (9.8)

0.022
0.401
0.712
0.234
0.540
0.335

0.336

2 Grade distribution used a y? test with df = 8.

b Measured by a backward digit span task (Wechsler, 2014).

€ % bachelor’s degree or above.

Neurobiology of Language
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considering themselves to be a native speaker of the language. Bilingual children were also
systematically exposed to English before or beginning at age two (i.e., used English regularly in
contexts such as daycare or preschool). Heritage language vocabulary was used to identify
children’s heritage language proficiency. Of note is that although they provide some informa-
tion about language proficiency, both standard scores of Chinese and Spanish should be inter-
preted cautiously, as the norm of the Chinese vocabulary task was based on children growing

up in Taiwan in 1988 (PPVT—-Revised; ), and the Spanish norm was based
on children growing up in Mexico and Puerto Rico in 1986 (Test de Vocabulario en Iméagenes
Peabody [TVIP]; ). To account for the limitation from the norm and to capture

variations in the bilingual heritage speakers, no participants were excluded on account of low
heritage language vocabulary. Nonetheless, all Spanish bilingual participants had a Spanish
receptive vocabulary standard score above 70, and 93% of Chinese bilingual participants
passed this threshold in Chinese receptive vocabulary.

Measures and Procedure

All participants completed the full battery of behavioral and neuroimaging tests during a
single laboratory visit. Participants completed language and literacy measurements in each
of their languages including vocabulary, phonological awareness, word reading, reading
comprehension and fluency, and morphological awareness. Across languages, these tasks
were maximally matched by either using similar standardized assessments that are already
available (e.g., vocabulary across languages) or building measures that were maximally similar
across language assessments (e.g., an experimental elision task in Chinese to match the Span-
ish and English versions). In selecting language measures, we took into account the need to
make these measures maximally comparable and the fact that the measures need to capture
specific features of each language. We therefore acknowledge that the tests are maximally
comparable in capturing respective skills, but not identical across languages. All self-
developed tasks are openly available and can be found in
. For the current study, data and codes can be found at

Vocabulary

Vocabulary was tested with the Peabody Picture Vocabulary Test in English (PPVT-5;

); in Chinese (PPVT-Revised; ); and in Spanish (TVIP;

). Children saw four pictures, heard a word, and selected the picture that best describes
the word.

Phonological awareness

Phonological awareness was measured with a sound elision task in which children heard a
word and were asked to omit a phonetic unit from the word (e.g., “Cat without /k/ is ___.”
[at]). The English task used the Elision subtest from the Comprehensive Test of Phonological
Processing ( ), the Spanish task used the Test of Phonological Processing in
Spanish ( ), and the Chinese task was adapted from

measure with the same paradigm.

Morphological awareness

For this task, we aimed to tap into lexical morphological awareness across languages and cap-
ture morphological features of each language (i.e., compound structures in Chinese and both
compound and derivational structures in English/Spanish). In English, we used the Early
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Lexical Morphology Measure ( ), which includes compound and
derivational words. Children were asked to complete a sentence with part of a given word
(e.g., “Football. Ouch! You stepped on my ____.” [foot]; “Friendly. She is my best ___."
[friend]). A parallel task was used in Spanish ( ). In Chinese, a morpho-
logical construction measure was used (modified from ). Children were asked
to create a new word with a given word, for example, “Apple trees grow apples. What trees
might grow bread? [bread trees].”

Word/character reading

Word/Character reading was measured by presenting a list of words/characters and asking
children to read them aloud. The English task was the Letter-Word Identification subtest from

Woodcock-Johnson 1V ( ); the Spanish task was the Word Identification
subtest from Bateria 11l Woodcock-Mufioz ( ); and the Chinese task
was a self-developed measure ( ).

Sentence reading fluency

Sentence reading fluency was measured using a 3-min timed task in which children read short
sentences and indicate whether each sentence is true or false (e.g., “The sky is blue” is “True”;
“The milk is black” is “False”). English and Spanish tasks used the Sentence Reading Fluency
subtest from the Woodcock-Johnson 1V ( ) and Woodcock-Mufioz (

), respectively, and the Chinese task was a self-developed measure (

).

Passage reading comprehension

Passage reading comprehension was tested in English and Spanish. They both used the Pas-
sage Comprehension Woodcock-Johnson IV ( ) and Woodcock-Munoz
( ), respectively. Passage-level reading comprehension was not
measured in Chinese because the Chinese-speaking children were generally not able to read
and comprehend passage-long texts in Chinese.

displays children’s English task performance by bilingual group, and the three
groups were maximally matched in these tasks except for English vocabulary (Monolinguals >
Bilinguals, and the two bilingual groups did not differ). displays all children’s task per-
formance on the behavioral tasks by language. Note that the current sample included early
exposed, simultaneous dual-language learners with relatively balanced bilingual proficiency,
and it is typical for these children to show positive associations between skills of their two
languages ( ; ).

Neuroimaging Word Processing Task

The neuroimaging word processing task assessed children’s morpho-semantic word knowl-
edge using a lexical decision task. During each task item, children heard three words, one
target word followed by two words of choice. Children were asked to select the word that
shared either a root or derivational morpheme with the target word. Example items are bed-
room, classroom, mushroom (shared root morpheme -room); disagree, dishonest, distance
(shared derivational morpheme dis-). In the control condition, one of the choice words
matched the target in its entirety (whole word match: country, country, dentist). The task
followed a block design with 12 four-trial blocks (48 items in total). During each trial, partici-
pants heard three words and were instructed to select which of the last two matches the first with
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Table 2.  Behavioral and neuroimaging task performance by language (Ms and SDs)

English task Chinese task Spanish task

Score Score r Partial r° Score r Partial r°
Oral Language Measures
Vocabulary 149.6 (29.9) 54.8 (29.2) 0.15 0.03 67.7 (19.4) 0.70%** 0.46%**
Phonological awareness 22.6 (7.5) 22.0 (9.6) 0.84%** 0.79%** 13.6 (6.2) 0.80%** 0.79%**
Morphological awareness 24.2 (10.8) 13.5 (6.3) 0.52%** 0.27%*** 27.9 (13.3) 0.66%** 0.59%**
Literacy Measures
Single word reading 48.6 (15.6) 17.44 (13.8) 0.44%** 0.14 42.8 (20.1) 0.67*** 0.47***
Reading comprehension 26.0 (8.3) / / / 19.9 (7.9) 0.69%** 0.44%**
Sentence reading fluency 37.2 (18.6) 11.93 (7.7) 0.54%x* 0.36%** 26.1 (15.7) 0.76%** 0.69%**

Note. r = the English-Spanish or English-Chinese bivariate correlation of the respective language and literacy measure. © = partial correlation controlling for age.
*p < 0.05, **p < 0.01, ***p < 0.001.

a keypress. Each trial took 7.5 s and the whole task took about 7.2 min. An example item is
shownin Figure 1. All task items are available in Table ST inthe Supporting Information available
at https://doi.org/10.1162.nol_a_00092.

fNIRS Data Acquisition

fNIRS data were collected using the TechEN-CW6 system (NIRSOptix, 2018) with 690 and
830 nm wavelengths and a 50 Hz sampling frequency. The fNIRS cap had 12 near-infrared
light sources and 24 detectors that were symmetrically located on both hemispheres, yielding

“Bedroom” I:I

L
/3

Key response I:I
3s
[

Figure 1. An example trial of the fNIRS word-processing task. For each trial, participants first hear the target word (e.g., “bedroom”) and see a
white box on the top of the screen, then they hear two words of choice (e.g., “classroom,” “mushroom”) and simultaneously see a blue and a
yellow box, respectively.
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Channel  Region X y z

1 IFG -56 50 -17
2 MFG, IFG =53 49 -1
3 IFG, Precentral -62 29 -14
4 Postcentral, STG, Precentral -68 -4 -9
5 STG, Postcentral, IPL, TTG -67 -19 -6
6 MTG, STG -67 =22 -26
7 MTG, STG -63 -36 -23

Figure 2. fNIRS probe setup and GIMME ROI location. Each ROl is formed by a source-detector
pair. The 10 ROls are bilateral C1, C2, C3, and left hemisphere C4, C5, C6, C7 (orange highlights).
Red squares: light sources; blue circles: light detectors. IPL: inferior parietal lobe; TTG: transverse
temporal gyri.

46 source-detector data channels (23 per hemisphere; see Figure 2). The fNIRS channels aimed
to capture key regions of language and reading networks, including frontal, temporal, and pari-
etal regions. Of important note is that fNIRS is a surface-based neuroimaging method that may
not provide the same level of precision as fMRI. Therefore, all references to anatomical loca-
tions are approximations of the neural regions maximally overlayed by specific channels. For
the current investigation, brain region localizations captured by the fNIRS channels were co-
registered using MRI as well as surface-based registration technologies. (For more information
about the channel MNI localization, see Figure ST in the Supporting Information and Hu et al.,
2020). The depth of near-infrared light penetration was ~3 cm, thus detecting cortical activities.
fNIRS data for the current project are openly available on the Deep Blue Data repository and
can be found in the data manuscript (Sun, Zhang, Marks, Karas, et al., 2022).

To ensure consistency in fNIRS cap placements across participants, trained experimenters
follow standardized study protocols as established in fNIRS and electroencephalography fields
to take head measurements and place caps. Specifically, experimenters first located partici-
pants’ nasion, inion, Fpz, and left and right pre-auricular points, and took the head circumfer-
ences. Next, F7, F8, T3, and T4 were anchored to their respective sources or detectors on the
fNIRS cap. Experimenters then attached the fNIRS cap to participants’ scalps and inserted the
optodes to their respective source or detector positions. Finally, experimenters conducted data
quality control by checking the participant’s cardiac signal components and the signal-to-
noise ratio among key channels of interest.
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Data Analysis
fNIRS data preprocessing

fNIRS data were analyzed with the NIRS brain AnalyzIR, a MATLAB-based toolbox (
), as well as self-developed scripts. Data were first downsampled from 50 Hz to
2 Hz to fit the standard analysis protocols of GIMME (as recommended by
, and done in ). Specifically, because GIMME conducts network
mapping based on data temporal dynamics, data series with high frequency may exclusively
yield high autoregressions, making it harder to detect connections between ROlIs, which are
often of primary interest (i.e., relationships between frontal and temporal regions;

). Next, applying the modified Beer-Lambert Law, the optical density data
was converted to hemoglobin concentration data. The data analysis focused on HbO signal
as it contributes to about 76% of the fNIRS signal and the TechEN CW6 system obtains the
HbO signal more reliably than HbR ( ).

Regions of interest

We selected 10 ROIs with two steps. First, generally, ROIs should tap into key auditory word
and morpho-semantic processes according to prior literature (e.g., ;

; ). Thus, ROIs should include three main hubs, namely, frontal, superior
temporal, and middle temporal regions. Second, specifically, ROls should stay engaged when
participants are working on the current task (for specific brain activation map, see ).
The final ROIs included bilateral C1 (ventral IFG [vIFG]), bilateral C2 (middle frontal gyrus
[MFG], and IFG), bilateral C3 (VIFG), left C4, and C5 (STG), and left C6 and C7 (MTG).

GIMME model fitting

GIMME builds person-specific connectivity networks with group-level, subgroup-level, and
individual-level connections based on time-series data among a set of pre-determined ROlIs
( ). The connections can be contemporaneous, which depicts directed asso-
ciations between ROlIs at the same time points; and the connections can be lagged, which
shows directed associations from a time point to its next time point within the same ROI or

from one ROI to another ( ). For the current fNIRS data set, we focused on
contemporaneous associations to better describe the cross-ROI relationships (for similar appli-
cations, see ). fNIRS data has high autocorrelations within a channel,

which often yields lagged connections within each individual ROI and these connections typ-
ically do not provide much meaningful information but are important to model statistically
( / ).

The fNIRS HbO time-series data for each participant were extracted and submitted to the
GIMME algorithm in R ( ; ).
GIMME first estimates a null model and gradually adds group-level connections that would
significantly improve the model fit for 75% of the sample, according to Lagrange multiplier
tests (criterion supported by simulations in ; ). After
all group-level connections are added, GIMME then prunes connections that may no longer
meet the 75% criterion. Next, GIMME ide”"tifi’s subgroups using the Walktrap community
detection algorithm and adds subgroup-level connections using a 50% criterion so that iden-
tification of a subgroup connection means significantly improving model fit for 50% of the
subgroup, according to Lagrange multiplier tests (criterion supported by simulations in

). The last stage adds significant individual-level connections for a participant,
according to Lagrange multiplier tests, until the network fits well. According to
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, models with excellent fit should have at least two out of four fit indices meet the
following criteria: standardized root mean residual (SRMR) < 0.05, comparative fit index
(CFI) = 0.95, root mean squared error of approximation (RMSEA) < 0.05, and non-normed
fit index (NNFI) > 0.95.

Group and subgroup neural connectivity

Group-level connections and subgroup-level connectivity patterns were described and com-
pared by the location of the connections and connection density by subgroup. To examine
how subgroups differ from each other, we further compared participants’ in-scanner task
accuracy as well as their language and literacy task performance across subgroups with
one-way analysis of variance (ANOVA).

Person-specific neural network density

For each participant, network density was calculated by the number of connections within their
neural network ( ; ). To investigate how participants’
English language and literacy proficiency is associated with their brain networks, we ran bivar-
iate and partial correlation analyses correlating network density with task performance, includ-
ing neuroimaging task accuracy and individual standardized assessments of English (i.e.,
vocabulary, word reading, reading comprehension, sentence reading fluency, respectively),
partial correlations controlling for age. To investigate how bilingual children’s heritage lan-
guage proficiency is associated with their brain networks, for each bilingual group, we further
conducted separate multiple regression analyses using heritage language vocabulary and
word/character reading to predict children’s brain network density, controlling for age and
English proficiency. We chose these two measures as indicators of heritage oral and reading
proficiency, respectively. We excluded analyses with the sentence-level fluency reading task
because many children were not able to read and comprehend full sentences in their heritage
language (N = 15 Spanish and N = 22 Chinese children were not able to complete the task).

RESULTS

The current GIMME analysis yielded well-fitting models across participants, with an average
SRMR at 0.027, CFl at 0.962, RMSEA at 0.103, and NNFI at 0.940. We next report group-,
subgroup-, and person-specific results in greater detail.

Group-Level Neural Connections

GIMME identified two group-level connections that were shared by over 75% of participants.
One was located between two left frontal channels: left C1 (IFG) and left C2 (MFG/IFG). The
second group-level connection was located between the two left MTG channels (left C6 and
C7; see , black connections).

Subgroup Neural Connectivity

Three subgroups emerged from the data driven GIMME search. Subgroups 1, 2, and 3 had
approximately equivalent numbers of participants, N = 44, 51, and 47, respectively. Partici-
pants from the three language groups equally fell into the three subgroups, ¥*(4) = 6.91, p =
0.141. Subgroup 1 had 9 monolinguals, 23 Spanish bilinguals, and 22 Chinese bilinguals. Sub-
group 2 had 19 monolinguals, 14 Spanish bilinguals, and 17 Chinese bilinguals. Subgroup 3
had 16 monolinguals, 14 Spanish bilinguals, and 18 Chinese bilinguals (see for a pie
chart display of the subgroup composition).
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Figure 3. GIMME subgroup neural networks: The brain illustration (top row) and the map illustration (bottom row). Black lines indicate
group-level connections; green lines indicate subgroup-level connections. Each circle represents a channel. IFG: inferior frontal gyrus;
STG: superior temporal gyrus; MTG: middle temporal gyrus; d: dorsal; v: ventral.
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The subgroup-level connections are shown as green connections in Figure 4. Subgroup 1
had three subgroup-level connections: within left IFG (left C3—C1); within right IFG (right C3—
C1); and between the two left STG channels (C4-C5). Subgroup 2 had five subgroup-level
connections: within left IFG (left C1-C3); left and right contralateral IFG (bilateral C3); within
right IFG (right C3—CT1); right IFG and MFG (right C1-C2); and right IFG and contralateral left
STG (right C3—left C4). Subgroup 3 had eight subgroup-level connections: left and right
contralateral IFG (bilateral C1); left and right contralateral IFG (bilateral C3); within left IFG
(left C3—C1); within right IFG (right C1-C3); right IFG and MFG (right C1-C2); left STG and IFG
(left C5—C1); left IFG and STG (left C3—C5); the two left STG channels (left C4-C5).

In sum, for subgroup 1, the subgroup-level connections were exclusively within the same
brain hub (i.e., within IFG or left STG); for subgroup 2, there were additional cross-lateral
connections, especially among the phonological areas, such as between IFG and STG; and
subgroup 3 had additional left-lateralized connections across brain hubs, such as between left
IFG and STG. One-way ANOVA showed that the three subgroups differed significantly in their
network density (i.e., number of connections), F(149, 2) = 138.6, p < 0.001, 1> = 0.65.
Pairwise comparisons revealed that the three groups all differed from one another: subgroup
3 had the densest network compared to subgroup 2, followed by subgroup 1 (all ps < 0.001,
Tukey-corrected).

Subgroup 1 Subgroup 2 Subgroup 3

)

42%

Figure 4. GIMME subgroup composition by language group.
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Table 3. Language and reading proficiency by GIMME subgroup
ANOVA or
Age-controlled Pairwise
Subgroup 1 Subgroup 2 Subgroup 3 ANCOVA comparison
M(SD) M(SD) M(SD) p (Tukey-applied)
Age 7.35 (1.24) 7.66 (1.25) 8.04 (1.39) 0.032 G3 > G1*
fNIRS task accuracy (%) 76.43 (8.03) 79.00 (9.77) 81.91 (10.59) 0.005 G3 > G1**
Vocabulary 139.16 (27.98) 150.86 (28.85) 156.50 (30.52) <0.001 G3 > GT***
G2 > G1*
Phonological awareness 20.73 (7.29) 22.61 (7.23) 23.95 (7.82) 0.064 G3>G17
Morphological awareness 21.58 (10.94) 25.00 (10.46) 25.50 (10.96) 0.045 G3 > G1*
Single word reading 44.44 (15.91) 47.49 (15.78) 52.70 (14.32) 0.002 G3 > G1**
G3 > G2*
Reading comprehension 23.56 (8.86) 25.96 (7.99) 27.84 (7.78) 0.003 G3 > G1**
Sentence reading fluency 30.68 (16.06) 36.63 (19.50) 42.83 (18.00) <0.001 G3 > G1¥**
G3 > G2*

Note. The analysis of covariance (ANCOVA) tests were age controlled except for the Age test, which used an ANOVA. *p < 0.10, *p < 0.05, **p < 0.01,

*%p < 0.001.

Neurobiology of Language

To examine how GIMME subgroups may differ in the behavioral English tasks, we com-
pared the English behavioral task proficiency among the three groups of participants con-
trolled for age (see Table 3). Group 3 outperformed group 1 in the raw performances for all
tasks except for phonological awareness (marginal insignificance, p = 0.050).

Person-Specific Neural Network Density

Neural network density and English proficiency

Across all participants, children’s performance on all English measures, as estimated in raw
scores, was significantly associated with children’s neural network density (rs = 0.21-0.32,
ps < 0.011; Table 4). Notably, controlled for age, network density was still significantly

Table 4.

Correlation of neural network density with English language and reading proficiency

Neural network density

Bivariate r Age-controlled r p
English vocabulary 0.25 0.004 0.08 0.322
English word reading 0.21 0.011 0.01 0.875
Passage comprehension 0.23 0.005 0.04 0.632
Sentence reading fluency 0.32 <0.001 0.16 0.045
Neuroimaging task accuracy 0.28 <0.001 0.14 0.086
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Table 5.  Multiple regression predicting neural network density with Chinese/Spanish language and reading proficiency

Neural network density

Chinese bilingual Spanish bilingual
B t p R B t p R

Model 1 Vocabulary as the predictor 0.161 0.125
Age 0.67 2.95 0.005 -0.10 -0.51 0.611
English vocabulary -0.35 -1.54 0.132 0.08 0.34 0.735
Heritage language vocabulary 0.08 0.56 0.577 0.43 2.20 0.033
Model 2 Word reading as the predictor 0.183 0.030
Age 0.33 1.54 0.131 0.09 0.44 0.664
English word reading -0.20 -0.96 0.340 -0.04 -0.17 0.866
Heritage language word reading 0.36 2.30 0.026 0.28 1.36 0.181

Neurobiology of Language

associated with the score of reading fluency (r=0.16, p = 0.045); while the associations with
vocabulary, word reading, and reading comprehension did not reach significance (rs = 0.01-
0.14, ps = 0.086-0.875; ). Note that due to the highly correlated nature of the behav-
ioral tasks, it may not be appropriate to apply a multiple comparison correction. However, if
applied, the bivariate associations will generally survive multiple comparison corrections,
while age-controlled associations may not.

Neural network density and heritage language proficiency

For Chinese bilingual children, Chinese word reading was significantly associated with chil-
dren’s neural network density, controlling for age and English reading (B = 0.36, p = 0.026),
whereas Chinese vocabulary was not a significant predictor of neural network density (B =
0.08, p=0.577; ). In contrast, as for Spanish bilingual children, Spanish vocabulary
significantly predicted children’s neural network density controlling for age and English vocab-
ulary (B = 0.43, p = 0.033), whereas Spanish reading was not a significant predictor (B = 0.28,
p=0.181; ).

DISCUSSION

Children’s unique language experiences lead to heterogeneous behavioral and neural profiles
of language. Such individual variation makes it difficult to interpret group-level neuroimaging
findings in child language, literacy, and bilingual development ( ;

). To advance our understanding of such heterogeneity, we used an inno-
vative person-specific approach, GIMME, to identify variation in children’s neural networks for
spoken word processing. The findings revealed that all participants, bilingual and monolingual
children, formed short-distance neural connections within the left frontal and temporal
regions, which are traditionally associated with word meaning retrieval and processing.
Children who were older and more proficient in spoken and written English showed more
long-distance connections within the broader language network and across the two hemi-
spheres, suggesting that advancements in language skills are supported by more integrated
neural networks ( ). Among bilinguals, those with stronger bilingual
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proficiency showed greater neural network density along the key regions of language process-
ing, as a neurodevelopmental index of greater efficiency in cognitive processing (

). The findings inform theoretical perspectives aiming to link children’s cognitive
and brain development by contextualizing the effects of heterogeneity in language experi-
ences and proficiency on their emerging neural architecture for language and literacy.

Shared Effects in the Neurobiology of Word Meaning Processes

Auditory word recognition builds upon the successful recognition of word sound and meaning
constituents ( ; ). The present study employed a morpho-
semantic word processing task that required children to dissect polysyllabic words into lexical
morphemes and analyze the meanings of the morphemic units (i.e., bedroom, classroom, and
mushroom). We acknowledge that here and henceforth our discussion of the observed results
refers to maximal anatomical overlays of the fNIRS channels ( ). The findings
revealed that >75% of all participants showed common short-distance connections linking left
MTG subregions as well as IFG/MFG regions. MTG and IFG regions are commonly associated
with semantic analysis and lexical retrieval ( ; ),
whereas MFG is often associated with verbal working memory ( ;

; ). Our findings thus support the idea that short-distance connections
within left frontal and middle temporal regions play key roles in successful word processing
by supporting morpho-semantic analyses that underlie spoken and written language develop-
ment ( ; ; ). These shared connections have
implications for understanding the universality of language processing in children growing up
in diverse linguistic contexts.

Developmental Effects in Age and Proficiency Subgroups

GIMME identified three subgroups of participants with shared subgroup-level connections.
Subgroup 1 exhibited the simplest network with three additional short-distance connections:
one within right IFG, one within left IFG, and one within left STG regions. Subgroups 2 and 3
exhibited progressively more complex patterns with short- and long-distance connections.
They were located between the right frontal and left temporal or between the left frontal
and temporal regions. GIMME subgrouping was not related to children’s bilingual status, likely
due to the fact that all participants in the current study were proficient English language users
and attended English-only schools.

The subgrouping divisions correspond to children’s language and reading proficiency:
Controlling for age, Subgroup 1 had the least advanced English language and reading ability
and Subgroup 3 had the strongest competence. These findings suggest that language develop-
ment is supported by both short- and long-distance connectivity in a child’s brain (

). Moreover, long-distance connections are likely critical in integrating different
aspects of language processes such as phonological and morpho-semantic analyses (

; ). Of special note, the left frontotemporal connection only existed
in the most proficient Subgroup 3. This left vIFG-STG connection links regions of morpho-
semantic and phonological analyses, likely reflecting the lexically abstract derivational mor-
phemes in the current task (e.g., singer, dancer, and finger; ; ).
In sum, our findings suggest that children’s progress in word processing is supported by
improvements in how the language network nodes integrate to support different elements of
language subprocessing.
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Language Proficiency and Person-Specific Network Density

To understand how neural heterogeneity speaks to children’s behavioral profiles, we exam-
ined associations between neural network density and English language and reading profi-
ciency across all participants. Prior work has linked low-density levels with early-life adversity
and disease (e.g., ) whereas higher network density has been associated
with greater efficiency in cognitive tasks ( ; ).
Therefore, we had expected that children with stronger language and reading competencies
should exhibit greater network density along the key regions of language processing. This pre-
diction was generally supported by the findings, especially when we looked at children’s raw
score performance, including the in-scanner task accuracy (r=0.30, p < 0.001) as well as the
behavioral measures (rs = 0.21-0.32, ps < 0.011). This brain—behavior association remained
significant for sentence fluency controlling for age (although it should be noted that this may
not survive multiple corrections due to the highly correlated nature among the behavioral
tasks). This task requires a well-coordinated concert of word decoding, sentence comprehen-
sion, and cognitive monitoring skills, thus corresponding to a need for a more holistic neuro-

cognitive network that the current channels have covered ( ). The findings
for age-controlled scores for other tasks did not reach significance, likely due to the tightly
interrelated nature of age and raw performance ( ). Nevertheless, their validity

is supported by both the sentence fluency task and the prior findings of positive associations
between functional connectivity and language/reading proficiency ( ;

; ; ).

Bilingual Proficiency and Person-Specific Network Density

To identify potential bilingual effects in children’s emerging neural networks for language, we
examined the role of heritage language proficiency in their network density controlling for age
and English proficiency. As heritage language measures differed across the two languages, the
analyses were done for the Spanish- and Chinese-speaking groups separately. The analyses
revealed significant contributions of heritage language proficiency to bilinguals’ neural net-
work density, but in different aspects across the two bilingual groups. In Spanish bilinguals,
the network density was associated with Spanish vocabulary, whereas in Chinese bilinguals,
the network density was associated with Chinese character reading.

There are several possible explanations for these findings. Our English word processing
functional task used in this study involves recognizing multimorphemic word units and the
ability to dissect and comprehend words is critical for literacy success ( ;

); for bilingual learners, the properties of their home language may interact differ-
ently with English to influence this mechanism. The Spanish language contributes to English
morpho-semantic skills through a cross-linguistic transfer at points of shared morphemic units

including roots and affixes ( ). Prior behavioral data has shown that bilin-
guals with better Spanish vocabulary knowledge have better morphological literacy skills than
English monolinguals and bilinguals who are less proficient in Spanish ( ). Our

new neuroimaging findings suggest that children’s proficiency with Spanish vocabulary may
facilitate their neural efficiency for processing morphologically complex English words, poten-
tially via cross-linguistic transfer of shared morpho-semantic competencies.

In Chinese bilinguals, network density was positively associated with Chinese reading pro-
ficiency. Unlike Spanish-English bilingualism where speakers can enjoy the knowledge of
cross-linguistically shared morphemic units, there are very few shared words between Chinese
and English, as manifested by the null-to-small associations of vocabulary skills across the two
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languages (r=0.10 according to a meta-analysis by ). Nevertheless, a critical
element of Chinese literacy is that it is monosyllabic and Chinese characters reflect mor-
phemes at the lexical level ( ). Prior work has shown that Chinese-English

bilinguals place greater reliance on morpho-semantic literacy skills and show enhanced neu-
ral activations of semantic processing during morpho-semantic tasks in English, relative to
English monolinguals ( ; p ; ;

; ). Structural neuroimaging research
has found that Chinese-English bilinguals with better reading skills in both of their languages
also had thicker left AF white matter tracts linking left IFG and STG regions ( ).
It is therefore possible that Chinese reading proficiency contributes to children’s neural effi-
ciency for morphologically complex words in English, potentially via cross-linguistic transfer
of morpho-syllabic literacy skills that are shared across bilinguals’ two languages.

Theoretical Contributions and Inferences

Successful word recognition builds upon neurocognitive processes and integrations of word
sound and meaning constituents. Therefore, neurodevelopmental frameworks pose that
advancements in language faculty are supported by the emergence of networks that serve both
specific and integrative language functions ( ;

). Our findings advance these theoretical perspectives by demonstrating that school-
age children have developed short-range neural connections that are specific to the word
task at hand. More specifically, for our meaning-based task, most children demonstrated
short-distance functional connectivity within the left MTG regions known for their key role
in lexico-semantic processes, as well as within left IFG/MFG regions known to support
analytical and cognitive demands for lexical tasks ( ). Advancing beyond these
short-distance connections, older and more proficient language learners built long-distance
connections linking the critical regions of language functions, reflecting more integrated
neural processes ( ). In other words, our findings advance theories of
language, cognition, and brain development by revealing the neurodevelopmental differences
in language network quality and its association with literacy during elementary school years.

Language experiences differ across individuals. Bilingualism adds to the variability as chil-
dren grow up with dual language experiences. Variations in bilingual experiences have long
puzzled researchers who aim to identify core features of the elusive “bilingual brain” and its
development ( ; ). The present work
leveraged this variability to better understand how individual differences contribute to bilin-
gual language development and processing. Remarkably, the findings converged across
two linguistically different bilingual groups: Spanish-English and Chinese-English bilingual
children. Both groups showed greater network density in English in relation to their heritage
language skills. The findings demonstrate that heritage language skills, even in languages as
distinct as Spanish and Chinese, are related to children’s neural integration for language pro-
cessing, a core characteristic of efficient language processes.

Limitations

Several limitations should be considered when interpreting the current results. First, the sample
included a wide age range, making it somewhat difficult to dissect the impacts of developmen-
tal maturity and skill proficiency. However, our analysis was able to parse out age, and the
results, in general, revealed that both age and bilingual proficiency play significant roles in
children’s neural network connectivity for English word processing. Future studies could
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recruit children at similar developmental stages to better obviate the effects of age. It is likely
that for children of the same ages, those with higher language and reading proficiency also
have a higher neural density within the broad language networks. Second, although the cur-
rent study was able to recruit children with heterogeneous language experiences, the sample is
still homogenous in many other aspects. For example, children were mostly from middle-class
families and attended schools in southeast Michigan. Future studies could look to dissect neural
network variation in groups that are diverse in these aspects such as socioeconomic
backgrounds. Prior resting-state research has found that adolescents with childhood adverse
experiences had sparser neural networks within the salience and default mode networks
( ). It is therefore likely that lower-income socioeconomic backgrounds
are associated with network sparsity within the brain regions for language. Third, the two
bilingual groups were not fully equivalent in their heritage language reading proficiency, as
the Spanish bilinguals on average had higher reading skills in Spanish than the Chinese
bilinguals in Chinese. This is likely due to their English-dominant educational context,
making it easier to transfer English literacy to Spanish than to Chinese. However, both groups
were indeed competent in reading single words/characters in their heritage language, and their
spoken language environments and proficiency were maximally equivalent.

Conclusion

The study investigated sources of heterogeneity in children’s neural organization for spoken
language skills that underlie both spoken and written language development. The findings
revealed that, across participants, children’s English language proficiency was associated with
their neural network characteristics, as manifested by the connectivity density within key brain
regions of language processes. A more focal examination of the bilingual participants in the
study further revealed that children’s dual-language proficiency was associated with their
neural network characteristics, a finding that advances our understanding of the benefits of
heritage language exposure and literacy instruction for children who speak a home language
that is different from the society’s dominant languages. The findings thus highlight the impor-
tance of understanding not only group-level but also individual effects of language experience
on the neural organization for cognitive function.
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