:' frontiers ‘ Frontiers in Neuroscience

ORIGINAL RESEARCH
published: 25 April 2022
doi: 10.3389/fnins.2022.816729

OPEN ACCESS

Edited by:
Charles A. Perfetti,
University of Pittsburgh, United States

Reviewed by:

Lan Shuali,

Haskins Laboratories, United States
Jie Zhuang,

Shanghai University of Sport, China

*Correspondence:
Fan Cao
caofan3@mail.sysu.edu.cn

Specialty section:

This article was submitted to
Neurodevelopment,

a section of the journal
Frontiers in Neuroscience

Received: 17 November 2021
Accepted: 09 March 2022
Published: 25 April 2022

Citation:

Cao F, Fan Y, Yan X, Chen W,
Dodson-Garrett M, Spray GJ, Wang Z
and Deng Y (2022) Greater Similarity
Between L1 and L2’s Brain Network
in Adults Than in Children.

Front. Neurosci. 16:816729.

doi: 10.3389/fnins.2022.816729

Check for
updates

Greater Similarity Between L1 and
L2’s Brain Network in Adults Than in
Children

Fan Cao’™, Yuyu Fan’, Xin Yan?, Wuying Chen?3, Maddie Dodson-Garrett?,
Gregory J. Spray?, Zhao Wang* and Yuan Deng®

" Department of Psychology, Sun Yat-sen University, Guangzhou, China, ? Department of Communicative Sciences

and Disorders, Michigan State University, East Lansing, M, United States, ¢ School of Education Science, Jiangsu Normal
University, Xuzhou, China, * School of Chinese Language and Literature, Shaanxi Normal University, Xi’an, China, ° CAS Key
Laboratory of Behavioral Science, Institute of Psychology, Chinese Academy of Sciences, Beijing, China

It has been documented that processing L2 and L1 engages a very similar brain network
in bilingual adults. However, it is not known whether this similarity is evident in bilingual
children as well or it develops with learning from children to adults. In the current study,
we compared brain activation in Chinese-English bilingual children and adults during
L1 and L2 processing. We found greater similarity between L1 and L2 in adults than in
children, supporting the convergence hypothesis which argues that when the proficiency
of L2 increases, the L2’s brain network converges to the L1’s brain network. We also
found greater differences between adults and children in the brain for L2 processing than
L1 processing, even though there were comparable increase in proficiency from children
to adults in L1 and L2. It suggests an elongated developmental course for L2. This study
provides important insights about developmental changes in the bilingual brain.
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INTRODUCTION

There has been a consensus among researchers that brain networks involved in L1 and L2
processing are mostly overlapping in bilingual adults with subtle accommodations to the special
features of the language (Perani et al.,, 1998; Chee et al., 1999a; Klein et al., 1999; Chee et al.,
2000; Tettamanti et al., 2002; Musso et al., 2003; Sakai et al., 2004; Perani and Abutalebi, 2005).
This neuroimaging finding of great overlap between L1 and L2 is consistent with the repeated
observation from behavioral studies that L1 influences the organization of L2’s representations
(Wu and Thierry, 2010; Costa et al., 2016), suggesting an extensive transfer from L1 to L2 (Koda,
1990; Kroll et al,, 2012). The finding of similar brain activation in L1 and L2 also lines up with
the unified model proposed based on computational modeling studies, suggesting that the same
computational principles can be applied in L1 and L2 language acquisition (MacWhinney, 2012).
A recent study further suggests that higher L2 proficiency is related to greater similarity between
L1 and L2 in brain activation in Chinese-English late bilingual adults (Cao et al., 2013a). Similarly,
another study found that higher proficiency is associated with greater overlap between L1 and L2
in Italian-English bilinguals (Perani et al., 1998). The proficiency effect found in the previous two
studies is supportive of the convergence hypothesis proposed by Green (2003), which argues that
differences between native speakers and L2 speakers disappear as L2 proficiency increases. This
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hypothesis has so far been supported by a number of previous
studies with a manipulation of L2 proficiency (Chee et al., 1999b;
De Bleser et al., 2003; Briellmann et al., 2004; Stein et al., 2009).
Taken together, previous studies suggest an overlapped network
in L1 and L2, with L2 proficiency being an important variable
influencing the degree of similarity (Hernandez et al., 2007).

How L1 and L2 are processed similarly or differently in
bilingual children has been studied much less than in bilingual
adults. A handful of studies have been published until today,
and they suggest an overlapped network between L1 and L2,
such as in a semantic judgment task in late Chinese-English
bilingual children (Xue et al., 2004), and in a word reading task
in simultaneous Hindi-English bilingual children (Cherodath
and Singh, 2015). These studies also suggest some activation
differences that may be due to different proficiency level. For
example, a functional near-infrared spectroscopy (fNIRS) study
found greater activation for L1 than L2 in a word repetition
task at the bilateral middle/superior temporal gyrus, angular
gyrus, supramarginal gyrus, and inferior frontal gyrus (IFG) in
6-10 years old Japanese-English bilingual children who learn
English as a foreign language (Sugiura et al., 2011), which may be
driven by greater proficiency in L1 than L2. Another study found
English-Chinese bilingual children showed similarities between
L1 and L2 in an auditory morphological task while the left IFG
was more activated for English than Chinese which may be due
to the higher proficiency in English than Chinese as well (Ip et al.,
2016). In summary, according to the current literature, bilingual
children also show an overlap between L1 and L2 brain networks.

However, what is lacking in the literature is the understanding
of the dynamic change between L1 and L2 over development.
For example, we do not know whether the brain network for L1
and L2 becomes more convergent or more differentiated with
learning and development. According to the convergence
hypothesis by Green (2003), one would expect greater
convergence between L1 and L2 in adults than in children
because the differences between the first and second language
disappear as L2 proficiency increases. However, according to
the interactive specialization model (Johnson, 2011), a specific
brain region becomes specialized to a certain type of stimuli or
calculations with learning and development. One would expect
greater differentiation between L1 and L2 in adults than in
children due to increased specialization to each language. Until
today, there has been only one study that directly examined the
developmental changes of brain activations in both L1 and L2 in
bilinguals (Hernandez et al., 2015).

In Hernandez et al’s (2015) study, it was found that during
a single word reading task, Spanish-English bilingual adults
showed greater activation in the bilateral middle temporal gyrus
in reading English than bilingual children, while only the right
middle temporal gyrus was more activated in adults than children
in reading Spanish, suggesting greater developmental changes
for L2, English than for L1, Spanish. This was explained by
the fact that adults had a higher English proficiency than
children, whereas their proficiency was comparable to children
in Spanish. In other words, this study captured the transition
from Spanish dominance in children to English dominance in
adults. Therefore, the greater developmental change for English

than Spanish in the brain is simply driven by greater proficiency
change in English than in Spanish in this study. An ideal
situation to study whether L1 and L2 are more convergent or
differentiated in the brain over development is to have a bilingual
population who have similar amount of growth in L1 and L2
across development, so that the increased/decreased language
difference in the brain cannot be driven by unequal proficiency
change in the two languages over development.

In the current study, we directly compared brain activation
of L1 and L2 in Chinese-English bilingual children and adults
who showed comparable increase in the proficiency of Chinese
and English over development. We expected to observe greater
similarity between L1 and L2 in brain activation in adults than in
children if there is increased language convergence as proficiency
increases. We expected less similarity between L1 and L2 in adults
than in children, if there is increased differentiation between L1
and L2 as proficiency increases.

MATERIALS AND METHODS

Participants

Two groups of native Chinese adults and two groups of
native Chinese children were recruited in Beijing, China. Adult
participants were undergraduate or graduate students at Beijing
Normal University, who were randomly assigned to perform a
Chinese word rhyming judgment task [i.e., the adult Chinese
(AC) group] (N = 20, mean age = 21 years), or to perform
an English pseudoword rhyming judgment task [i.e., the adult
English (AE) group] (N = 15, mean age = 22.9 years). The
Chinese children were fifth-graders recruited from eight public
elementary schools in Beijing. One group of children performed
the Chinese word rhyming judgment task [i.e., the child Chinese
(CC) group] (N = 14, mean age = 11 years) and the other group
performed the English pseudoword rhyming judgment task [i.e.,
the child English (CE) group] (N = 13, mean age = 11 years).
CE and CC were matched on age [£(25) = 0.528, p > 0.05],
performance on a Chinese character naming test [¢(25) = 0.018,
p > 0.05] and a Chinese reading fluency test [£(25) = 0.225,
p > 0.05] (Table 1).

According to the definition of late bilinguals by previous
studies (Wartenburger et al., 2003; Berken et al., 2015), which
is people who started to learn a second language at age 5 or
later, all participants in our study were late Chinese-English
bilinguals. The English proficiency of AE and CE was assessed
with a standardized test, Woodcock Johnson-III (Woodcock
et al,, 2001) that includes five subtests of Antonyms, Synonyms,
Word Identification, Word Attack, and Reading Fluency. Both
Antonym and Synonym tested participants’ vocabulary; Word
Identification tested word reading accuracy; Word Attack tested
pseudoword reading accuracy; Reading Fluency tested reading
speed and comprehension. AE was significantly higher than
CE on all five English tests [t(25) = 6.041, p < 0.001 for
antonym; #(25) = 5.146, p < 0.001 for synonym; (26) = 6.850,
p < 0.001 for Word ID; #(26) = 3.936, p < 0.01 for Word
Attack; 1(25) = 5.766, p < 0.001 for Reading Fluency] (Table 1).
Participants in both AE and CE had not lived in an English
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TABLE 1 | Demographic information and testing scores for the four groups of participants.

Mean (standard deviation) AC AE cC CE

N 20 15 14 13

Age 21.45 (2.24) years 22.86 (2.26) years 134.38 (6.05) months 138.71 (5.54) months
AOA (years) 12.25(0.62) 7.50 (2.10)
Chinese character naming (raw score) - - 124.00 (7.49)/150 124.08 (14.20)/150
Chinese reading fluency (raw score) - - 54.79 (13.49)/100 56.54 (14.54)/100

English synonym (raw score) - 11.00 (5.48)/29
English Antonym (raw score) - 15.13 (6.04)/29
43.27 (8.56)/60
21.13 (56.51)/31
46.60 (13.21)/98
0.82 (0.06)
1292 (365)

Word ID (raw score) -
Word Attack (raw score) -
English reading fluency (raw score) -
0.93 (0.05)
1224 (328)

Rhyming judgment accuracy
Rhyming judgment reaction time

0.82(0.13)
1655 (293)

2.33 (2.19)/29
4.92 (3.32)/29
20.00 (9.42)/60
11.38 (7.56)/31
21.54 (9.02)/98
0.67 (0.07)
1372 (375)

AC, adults doing the Chinese task; AE, adults doing the English task; CC, children doing the Chinese task; CE, children doing the English task.

immersion environment, and they do not use English in everyday
life outside the classroom. Therefore, the immersion level and
usage of English is comparable in AE and CE.

All participants were right-handed, free of any neurological
disease or psychiatric disorders, did not have attention deficit
hyperactivity disorder, and did not have any learning disabilities.
The Institutional Review Board at Beijing Normal University and
Michigan State University approved the consent procedures of
the proposed study.

Stimuli and Tasks
Participants performed a rhyming judgment task during
magnetic resonance imaging (MRI) scanning. For the Chinese
word rhyming judgment task, Chinese words consisted of
two characters without homophones at the word level. There
were 24 trials in each of 4 conditions, 2 rhyming and 2
non-rhyming. The 4 conditions were: (1) similar orthography
and phonology (O+P+; e.g., %#/mi2bu3/, #itt/chun2pu3/),
(2) similar orthography and different phonology (O+P-; e.g.,
#¥/fanlyid4/, ¥%#/xuan3ze2/), (3) different orthography and
similar phonology (O-P+; e.g., ¥#f&/huan2bao3/, X#/dadpao4/),
and (4) different orthography and phonology (O-P-; e.g.,
B4 /sun3huai4/, ¥#/xue2kel/). Rhyming was defined as the
same rime for the second character in each word pair.
Orthographically similar words were defined as sharing the
same phonetic radical for the second character of the word
pair. Participants were told to ignore the tone when making
the Chinese rhyming judgment. However, in order to avoid the
influence of tonal information on the rhyming judgment, in
half of the trials, the second character of the first and second
word had the same tone (e.g., ##/mi2bu3/, £ift/chun2pu3/), and
in the other half, they had different tones (e.g., #1f/dai4bu3/,
Jfalifi/xiong1pu2/). The word stimuli and the second character in
each word were matched on adult written frequency (Beijing
Language and Culture University, 1990), and number of strokes
across conditions.

For the English pseudoword rhyming judgment task, all
pseudoword stimuli were monosyllabic and there were 2
rhyming conditions: (1) similar orthographic and phonological

endings (O+P+; e.g., weat-yeat), (2), different orthographic but
similar phonological endings (O-P+; e.g., nean-leen) and equal
number of non-rhyming trials with different orthographic and
phonological endings (O-P-; e.g., wub-hafe). There were 24 trials
in each of the 2 rhyming conditions and 48 trials in the non-
rhyming condition. Only the rhyming trials were included in data
analysis for both the Chinese word rhyming judgment task and
the English pseudoword rhyming judgment task, because a non-
rhyming judgment could be made based on the whole syllable
without the need to segment the syllable to rime and onset and
then compare the rime. Pseudowords were used in the English
task, because we wanted to avoid the possibility of different levels
of familiarity to English words in children and adults.

Procedures

A pair of stimuli (either English pseudowords for the AE and
CE groups, or Chinese words for the AC and CC groups) were
sequentially presented in the visual modality and participants
were asked to respond whether the two stimuli rhymed or not as
quickly and as accurately as possible, using their right index finger
for “yes” and their right middle finger for “no.” Each stimulus was
presented for 800 ms, with a 200 ms interval between stimuli.
A red fixation cross appeared on the screen immediately after
the offset of the second word/pseudoword in the stimuli pair,
indicating the need to respond. The response interval duration
was variable (2200, 2600, or 2800 ms), such that each trial lasted
for either 4000, 4400, or 4800 ms. Perceptual trials (24) were also
included in which it required participants to determine whether
two sequentially presented visual symbol patterns were matched
or mismatched by pressing the “yes” or “no” buttons. There were
also 48 null trials included as a baseline, in which it required
participants to press the “yes” button when a fixation cross at the
center of the screen turned from black to red. The timing for the
perceptual and null trials was the same as the lexical trials.

Magnetic Resonance Imaging Data
Acquisition

All images were acquired using a 3.0 Tesla Siemens scanner
(Siemens Healthcare, Erlangen, Germany) at Beijing Normal
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University where participants lay in the MRI scanner with
their head position secured with foam padding. An optical
response box was placed in each participants right hand and
a compression alarm ball in the left hand. The head coil was
positioned over each participant’s head in a way that they
could effectively use a mirror to view the projection screen at
the rear of the scanner. Gradient echo localizer images were
acquired to determine the placement of the functional slices.
For the functional images, a susceptibility weighted single-shot
echo planar imaging (EPI) method with blood oxygenation
level-dependency (BOLD) was used with the following scan
parameters: time echo (TE) = 20ms, flip angle = 80°, matrix
size = 128 x 128, field of view = 220 x 220 mm, slice
thickness = 3 mm (0.48 gap), number of slices = 33, time
repetition (TR) = 2,000 ms. These parameters resulted in a
1.7 x 1.7 x 3 mm voxel size. 145 whole-brain volumes were
acquired each run with an interleaved bottom to top sequence,
with one complete volume collected every 2 s. A high resolution,
T1 weighted 3D image was also acquired with the following
parameters: TR = 2300 ms, TE = 3.36 ms, flip angle = 9°, matrix
size = 256 x 256, field of view = 256 mm, slice thickness = 1 mm,
number of slices = 160, resulting voxel size = 1 x 1 x 1 mm. The
acquisition of the anatomical scan took approximately 9 min.

Image Analysis

Data analysis was performed using Statistical Parameter Mapping
(SPM12)." The following steps were used for data preprocessing.
(1) Slice timing correction for interleaved acquisition using
sinc interpolation. (2) 4th degree b-splice interpolation for
realignment to the first volume. (3) Trilinear coregistration
with the anatomical image. (4) Segmentation of the anatomical
image. (5) Normalization of all functional brains to the Montreal
Neurological Institute (MNI) transforms derived from the
segmentation of the structural image. (6) 4 x 4 x 8 mm full width
half maximum Gaussian kernel smoothing.

Statistical analyses at the first level were calculated using an
event-related design with all lexical conditions, the perceptual
control condition, and the null baseline condition. A high
pass filter with a cutoff period of 128 s was applied.
Trials were modeled using a canonical hemodynamic response
function (HRF). Data from each subject were entered into a
general linear model using an event-related analysis procedure.
Group results were obtained using random-effects analysis by
combining subject-specific summary statistics across the group as
implemented in SPM12. The contrast of rhyming trials (including
O+P+ and O-P+) versus the perceptual trials was entered into
a flexible factorial design: an age (adults, children) by language
(Chinese, English) ANCOVA with task accuracy as a covariate.
Age effect, language effect and the interaction between them were
calculated and reported. All reported results were at uncorrected
p < 0.001 at the voxel level, and FDR corrected p < 0.05 at
the cluster level.

In order to examine the similarity between brain activation
of L1 and L2 within each age group, we calculated the
similarity between CE and CC, and between AE and AC using

Thttp://www.filion.ucl.ac.uk/spm

the Dice Similarity Coefficient (DSC) formula (Dice, 1945;
Craddock et al., 2012): 2| A N B|/| A| 4 |B|, where A N B is the
number of voxels activated in the overlap between A and B, and |
A| + |B| is the sum of brain voxels that were activated in A and B.
The DSC ranges between 0 (no similarity) to 1 (perfect similarity).
Therefore, the DSC is expected to inform the degree of similarity
between A and B.

In order to examine what drove the interaction of age and
language, we ran separate contrasts to examine developmental
changes within each language (i.e., English: adults > children,
and children > adults; Chinese: adults > children, and
children > adults). We also broke down the interaction by
looking at language Differences within each age group (ie.,
adults: Chinese > English, and English > Chinese; children:
Chinese > English, and English > Chinese). These contrasts
were calculated with accuracy on the task regressed out. Then
by identifying the contrasts that show common effect as the
interaction, we can explain what drove the interaction.

For regions that showed a significant interaction in the last
step, we also examined brain-behavioral correlation to examine
whether these regions are also associated with English proficiency
separately in AE and CE. The averaged accuracy on Synonym,
Antonym, Word Attack, Word ID, and Reading Fluency subtests
represented English proficiency.

RESULTS

Behavioral Results

We conducted an age (children, adults) by language (Chinese,
English) ANOVA on accuracy and reaction time of the rhyming
judgment task. We found a significant main effect of age with
adults being more accurate [F(1,58) = 47.289, p < 0.001] and
faster [F(1,58) = 8.512, p < 0.01] than children. We found a
significant main effect of language with Chinese being more
accurate [F(1,58) = 67.370, p < 0.001] than English. The
main effect of language was not significant for reaction time
[F(1,58) = 1.518, p > 0.05]. The interaction was not significant
for either accuracy [F(1,58) = 3.253, p > 0.05] or reaction time
[F(1,58) = 4.009, p > 0.05] (Table 1).

Brain Activation Results
The Main Effect of Language
We found greater activation for Chinese than English at the left
STG, bilateral lingual gyri and cuneus, bilateral putamen, and the
left IFG. We found greater activation for English than Chinese in
the right superior parietal lobule (SPL) (Table 2 and Figure 1).
When we examined language differences separately for adults
and children, we found greater activation in Chinese than in
English in the bilateral cuneus and left STG in adults, and greater
activation in bilateral lingual/MOG, bilateral STG/MTG and left
caudate in Chinese than in English for children. Neither children
nor adults showed greater activation in English than in Chinese at
the current threshold (Table 3 and Figure 2). However, when we
lowered the threshold to p < 0.005 uncorrected, Cluster = FDR
corrected P < 0.05, children showed greater activation in English
than in Chinese in the right SPL. The DSC between Chinese and
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TABLE 2 | Brain regions that showed a significant main effect of language, a
significant main effect of age, and a significant interaction effect between
language and age.

Anatomical Region H BA Voxels x y z z

Main effect of language: Chinese > English

Superior temporal gyrus L 22 126 -51 —-40 8 5.93
Lingual gyrus, cuneus L,R 17,18,19 1217 -6 —-70 -4 577
Putamen L 168 —-18 11 -4 531
Putamen 117 9 8 -1 4.31
Inferior frontal gyrus L 45 35 —48 29 8 3.99
Main effect of language: English > Chinese
Superior parietal lobule R 7 44 24  —67 44 426
Main effect of age: Adults > children
Main effect of age: Children > Adults
Fusiform gyrus R 37 106 30 -52 —13 4.64
Interaction effect
Inferior frontal gyrus, Middle R 9 31 54 17 38 4.62
frontal gyrus,
Post-central gyrus R 2 25 45 31 47 4.42
Medial frontal gyrus /R 52 —12 38 -7 4.07

H, hemisphere; L, left; R, right; BA, Brodmann area; Voxels, the number of voxels
in each cluster; x,y,z, coordinates in the MNI atlas; Z: z-value of the peak voxel
in the contrast.

English is 0.26 for adults and 0 for children at the threshold of
p < 0.001 uncorrected voxel level and 0 at the cluster level.

The Main Effect of Age
We found greater activation in children than in adults in the right
fusiform gyrus (Table 2 and Figure 3). We found that no regions
showed greater activation in adults than in children.

When we examined age effect separately in Chinese and
English, we found no age differences in Chinese. However, for

TABLE 3 | Brain regions that showed significant differences between Chinese and
English in either adults or children.

Anatomical region H BA  Voxels X y z z

Adults: Chinese > English

Cuneus /R 527 15 —91 8 5.02
Superior temporal gyrus L 22 36 —51 —40 8 5.01
Adults: English > Chinese
Children: Chinese > English
Superior temporal gyrus R 22 38 39 —-28 —7 494
Middle temporal gyrus L 22 91 -51 —-37 2 4.93
Lingual gyrus L 18 338 -6 —67 -1 4.84
Caudate L 126 -15 ihl -1 477
Middle occipital gyrus R 19 27 24 -91 2 3.90

Children: English > Chinese

English, we found greater activation in adults than in children in
bilateral medial frontal gyri, bilateral STG, and bilateral posterior
cingulate gyri. We found greater activation in children than in
adults in the right post-central gyrus, right IFG/MFG and the
right fusiform gyrus for English (Table 4 and Figure 4).

Interaction Effect

At the whole brain level, we found three regions that showed a
significant interaction effect between age and language (Table 2
and Figure 4). They are the right IFG/MFG, right post-central
gyrus, and bilateral medial frontal gyrus. Break-down of the
interaction showed that the interaction at the right IFG/MFG
and the right post-central gyrus was due to greater activation
in children than in adults in English but not Chinese, while the
interaction at the bilateral medial frontal gyrus was due to greater
activation in adults than in children in English but not in Chinese
(Table 4 and Figure 4).

activated in English than in Chinese are in blue.

FIGURE 1 | Brain activation in the main effect of language. Brain regions that were more activated in Chinese than in English are in red; brain regions that were more

R
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FIGURE 2 | First row, brain regions that showed greater activation in Chinese than in English for adults. Second row, brain regions that showed greater activation in
Chinese than in English for children. No brain regions showed greater activation in English than in Chinese for either adults or children.

3 5

Brain-Behavioral Correlation

Since the interactions were due to greater developmental
differences in English than in Chinese, we correlated brain
activation at the three regions that showed a significant
interaction effect with English proficiency separately for children
and adults. For the CE group, we calculated correlation between
English proficiency and brain activation at the ROI of the right
inferior frontal gyrus, post-central gyrus and the bilateral medial
frontal gyrus. We found a significant negative correlation at the
medial frontal gyrus (r = —0.635, p = 0.008) (Figure 5). We also
found a marginally significant positive correlation at the right
inferior frontal gyrus (r = 0.471, p = 0.066). The correlations in
the AE group were not significant (r = —0.186, p = 0.543 for
the right inferior frontal gyrus; r = 0.338, p = 0.259 for the right
post-central gyrus; r = —0.419, p = 0.154 for the bilateral medial
frontal gyrus). A direct comparison between the correlation
coefficients in AE and CE at the medial frontal gyrus revealed
a non-significant difference (z = —0.721, p = 0.47). It was not
significantly different between AE and CE either at the right
inferior frontal gyrus (z = 1.663, p = 0.09).

DISCUSSION

In this study, we examined the developmental changes in brain
regions involved in L1 and L2 processing by directly comparing
bilingual children and bilingual adults. Behaviorally, we found

no interaction between age and language, which simply suggests
that the proficiency level increased similarly in L1 and L2 from
children to adults. However, brain imaging data revealed greater
developmental changes in English than in Chinese. In terms
of comparison between L1 and L2 within each age group, we
found greater similarity between L1 and L2 in adults than in
children, which supports the convergence hypothesis. When L2
proficiency increases, the L2 network and L1 network becomes
more convergent.

Language Differences in the Brain

For the main effect of language, we found greater activation
in the left STG, IFG and bilateral lingual gyrus for Chinese
than for English, and greater activation in the right superior
parietal lobule for English than for Chinese. The differences at
the left STG and IFG should be driven by different levels of
semantic and phonological activation in Chinese and English.
The stimuli for the English task were English pseudowords
which elicit less semantic activation than Chinese words. The
left STG is involved in phonological representation and language
comprehension (Binder et al, 1997), while the left IFG is
associated with phonological processing, such as phonological
retrieval and phonological manipulation (Pugh et al., 1996; Fiez
and Petersen, 1998). Greater activation in bilateral lingual gyri
in Chinese than in English is due to more complex visuo-
orthographic configuration in Chinese than in English, which
is well documented in previous research (Bolger etal., 2005;
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adults than in children.

FIGURE 3 | Brain activation in the main effect of age. Brain regions that were more activated in children than in adults (blue). No brain regions were more activated in

\\\

N

5

Caoetal, 2010; Cao et al, 2013b). The greater activation in
the right SPL in English than in Chinese might be due
to compensation mechanisms of greater right hemispheric
involvement in less proficient performers. The right SPL is
associated with visuo-spatial processing as found in previous
studies (Suchan et al., 2002). This region has been found to be
more involved in Chinese than English (Cao et al., 2013b; Cao
et al., 2015). Therefore, our finding suggests that these bilingual
children and adults rely on visual spatial analysis important for
their L1 to an even greater degree when they process L2, English,
implicating a carry-over effect in L2 processing.

When we examined language difference in adults and
children separately, we found greater language differences
in bilingual children than bilingual adults. These additional
language differences in children included greater activation in

TABLE 4 | Brain regions that showed significant differences between adults and
children in either English or Chinese.

Anatomical region H BA  Voxels X y z z

English: Adults > Children

Medial frontal gyrus R/L 11 83 3 44  —13 4.38
Superior temporal gyrus L 22 48 -57 —-13 -1 432
Superior temporal gyrus R 41,22 76 60 —-25 5 412
Posterior cingulate gyrus L/R 23 58 -6 =58 11 4.04
English: Children > Adults

Post-central gyrus, Inferior R 40,2 201 42 =34 44 502
parietal lobule

Fusiform gyrus R 37 80 33 —-49 —-16 4.74
Inferior frontal gyrus, R 6, 45 51 48 8 11 4.24

Pre-central gyrus

Chinese: Adults > children

Chinese: Children > Adults

Chinese than in English at the right MTG and left caudate,
as well as greater activation in English than in Chinese in the
right SPL if we lowered the threshold. The DSC was 0.26 in
adults and 0 in children. This is consistent with the convergence
hypothesis that increased proficiency in L2 is associated with
greater similarity to L1 brain activation (Perani et al., 1998;
Golestani et al.,, 2006; Stein et al., 2009; Cao et al., 2013a).
A previous study found that early bilinguals showed greater
similarity between L1 and L2 at the left IFG than late bilinguals
(Kim et al, 1997), suggesting an AOA effect. In our study,
children had an earlier AOA than adults, however, we found
greater similarity of brain activation in L1 and L2 in bilingual
adults than bilingual children, suggesting a proficiency effect
rather than an AOA effect. Our study adds to the literature
that the overlap between L1 and L2 brain networks actually
develops with learning and development. It provides important
evidence from a developmental perspective for the convergence
hypothesis, which argues that the difference between L1 and L2
in the brain disappears as L2 proficiency increases.

Greater Developmental Changes in L2
Than in L1

The main effect of age was primarily driven by age differences
in English, since we found no age differences in Chinese.
For English, children had greater activation than adults in
the right post-central gyrus, right inferior frontal gyrus and
right fusiform gyrus, while adults had greater activation than
children in bilateral medial frontal gyrus, bilateral STG and
bilateral posterior cingulate gyrus. It suggests that child L2
learners who had a lower proficiency level tend to involve
more right hemisphere regions. The involvement of the right
hemisphere is common in beginning readers or low proficiency
readers, such as those with dyslexia (Waldie et al, 2013).
The involvement of the right IFG/MFG in younger normal
children declines with age during reading (Shaywitz et al., 2007),
suggesting that its importance decreases as reading develops
in the left hemisphere. It has also been suggested that the
right temporo-parietal-frontal regions are especially important
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3 5

FIGURE 4 | Brain activation in the interaction of language by age (first row), including brain activation in the positive interaction (red), and brain regions in the negative
interaction (blue). Brain activation in the comparison between adults and children in English (second row). Brain regions that were more activated in adults than in
children in English are in red; brain regions that were more activated in children than in adults are in blue. No brain regions showed age differences in Chinese (third
row). The interactions were driven by greater age differences in English than in Chinese.

3 5

for the early stage of language learning/acquisition in both
L1 and L2 (Sugiura et al, 2011). Our finding is consistent
with this pattern of shifting with learning. We found that
the right IFG and post-central gyrus were more involved in
bilingual children than bilingual adults for English, presumably
due to compensation for deficient phonological processing in
the left language network in children. Furthermore, at the right
inferior frontal gyrus, there is a marginally significant positive
correlation with English proficiency in children, suggesting that
higher skilled children tend to use this right IFG compensation
strategy to a greater degree. The right fusiform gyrus was also

more involved in bilingual children than bilingual adults for
English. This region is more involved in Chinese reading than
in alphabetic reading (Bolger et al., 2005; Tan et al.,, 2005),
presumably due to the more complex visuo-orthographic features
of Chinese. It is also more involved in higher skilled Chinese
readers than lower skilled readers (Cao et al., 2009; Cao et al.,
2010), suggesting its essential role in Chinese reading. Therefore,
greater activation in this region in children than in adults during
English pseudoword processing suggests a greater reliance on
the L1’s visuo-orthographic strategy when processing unfamiliar
L2’s orthography.
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FIGURE 5 | Scatter plots for the correlation between English proficiency and
brain activation level at the medial frontal gyrus and right middle frontal gyrus
in children and adults. Significant negative correlation was found in children
but not in adults at the medial frontal gyrus. The correlation difference
between children and adults is not significant. A marginally significant positive
correlation was found in the right middle frontal gyrus for children.

On the other hand, adults showed greater activation than
children in bilateral STG, bilateral medial frontal gyrus and
bilateral posterior cingulate gyri during the English task. Greater
activation in bilateral STG implicates greater activation level of
English phonology which should be driven by greater familiarity
to the English phonology in adults than in children. Bilateral
medial frontal gyri and bilateral posterior cingulate gyri are
critical parts of the default mode network (Raichle et al., 2001),
which are deactivated during active cognitive tasks. Greater
activation in these regions in adults than in children might be
due to reduced task difficulty for adults than for children. We
found a negative correlation with English proficiency in children
in the bilateral medial frontal gyrus, suggesting that higher skilled
children tend to deactivate this region to a greater degree.

Limitations

One limitation of the current study is the cross-sectional
between-subject design. It would be ideal to study developmental
changes in the brain with language learning in a longitudinal
design, however, due to obvious constraints, most studies
conducted in the field of cognitive developmental neuroscience
are cross-sectional. Even though it cannot provide strong causal
inferences of brain development, the current study showed

differences in the brain between adults and children during
language processing, implicating age and proficiency influence
in the brain. More importantly, the main finding of the study
is the interaction between age and language; specifically, the age
effect in L1 and L2 is different. Therefore, even if we employed a
within-subject design, the key finding is still a between- subject
comparison. Another limitation of the current study is the
unmatched AOA in adults and children. If the AOA was matched,
the proficiency effect would be even greater in the current
study, because earlier AOA was associated with greater similarity
between L1 and L2 (Kim et al., 1997), and adults had a later
AOA but greater similarity than children in the current study.
However, it is impossible to match AOA in Chinese bilingual
children and adults due to national policy change. Future research
should match AOA while examining age and proficiency effect.

CONCLUSION

We examined the developmental change of the dynamics
between L1 and L2 in the brain in Chinese-English late bilingual
children and adults. We found greater similarity between L1
and L2 in adults than in children, supporting the convergence
hypothesis, which argues that the difference between L1 and
L2 disappears as L2 proficiency increases. Moreover, we found
greater differences between children and adults in the L2’s brain
network than in the L1’s brain network. Our study, for the
first time, demonstrated that there might be different brain
mechanisms underlying L1 and L2 development.
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