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Activity levels in the left hemisphere caudate-
fusiform circuit predict how well a second
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How second language (L2) learning is achieved in the human brain
remains one of the fundamental questions of neuroscience and
linguistics. Previous neuroimaging studies with bilinguals have
consistently shown overlapping cortical organization of the native
language (L1) and L2, leading to a prediction that a common
neurobiological marker may be responsible for the development
of the two languages. Here, by using functional MRI, we show
that later skills to read in L2 are predicted by the activity level of
the fusiform-caudate circuit in the left hemisphere, which none-
theless is not predictive of the ability to read in the native lan-
guage. We scanned 10-y-old children while they performed
a lexical decision task on L2 (and L1) stimuli. The subjects’ written
language (reading) skills were behaviorally assessed twice, the
first time just before we performed the fMRI scan (time 1 reading)
and the second time 1 y later (time 2 reading). A whole-brain
based analysis revealed that activity levels in left caudate and left
fusiform gyrus correlated with L2 literacy skills at time 1. After
controlling for the effects of time 1 reading and nonverbal 1Q, or
the effect of in-scanner lexical performance, the developmentin L2
literacy skills (time 2 reading) was also predicted by activity in left
caudate and fusiform regions that are thought to mediate lan-
guage control functions and resolve competition arising from L1
during L2 learning. Our findings suggest that the activity level of
left caudate and fusiform regions serves as an important neurobi-
ological marker for predicting accomplishment in reading skills in
a new language.

basal ganglia | biomarker | extrastriate cortex | visual system

key characteristic of a typical language user in today’s world

is his or her bilinguality (1). For people who learn to read in
a second language (L2), acquiring tens of thousands of words is an
exceptional accomplishment of their neuroanatomical systems.
Considerable evidence links the central mechanisms achieving
this remarkable feat to one general brain system subserving dif-
ferent languages in bilingual learners (2-9), yet little is known
about the neural circuit specific to nonnative language learning
and processing that is characterized by the successful monitoring
and control of the interaction and interference of the native
language (L1) that competes for representation and selection
(10-19). Hypothetically, this neural circuit may serve as important
neurobiological determinants that are associated with accom-
plishment in reading skills in a new language.

In this study, we sought to identify neurobiological markers
associated with learners’ L2 literacy skills. We adapted a lexical
decision paradigm developed to investigate reading skills and
dyslexia (20, 21) for use in a blocked functional magnetic reso-
nance imaging (fMRI) design. Twenty-six children (average
age = 10 y and 3 mo), who were Chinese native speakers and
started to learn English as L2 at age 6 and had not acquired high
level of proficiency at the time of study (Table 1), were shown
either real English words (e.g., panda) or artificial words (e.g.,
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yall). Their task was to judge whether or not a viewed stimulus
was a real English word. This paradigm is very simple, even to
beginning learners of a language, but it measures the rudimen-
tary processing of lexical items that is known to be a crucial in-
dicator of language representation quality (22, 23). In the control
task, subjects were asked to judge the direction of exposed
arrows. This task controlled for activation owing to decision
making involved in lexical judgment.

Results and Discussion

In examining the neural systems mediating the processing of
words in the second language, we contrasted brain activation
during lexical decision and arrow judgment (Fig. 1 and Table S1).
Significantly activated brain regions comprised bilateral mid-
inferior frontal gyrus, fusiform gyrus, midinferior occipital cortex,
lingual gyrus, caudate nucleus, right inferior parietal lobule, left
putamen, and left parahippocampal gyrus.

To determine whether any of the activity measures from lex-
ical judgment was related to reading performance in L2, we
constructed a second map based on a whole-brain voxel-wise
regression of the intensity of activation during lexical decision
and the reading skills measured right before fMRI scan [time 1
reading; P < 0.05 false discovery rate (FDR) corrected]. This
map revealed regions where brain activity, evoked by using the
simple lexical judgment on L2 stimuli, correlated positively with
reading performance in that language (Fig. 2). We found that the
activity level of two brain regions reliably correlated with how
well L2 reading was achieved, specifically the left caudate nu-
cleus (x = =8,y = 16, z = 8) and the left middle fusiform gyrus
(BA37,x = —46,y = =57,z = —11).

To better visualize the relationship between individual variability
in activation levels of the two regions and reading performance,
we followed a recent suggestion (24) and used nonindependent
regions of interest (ROT) analysis as a quality control step, and then
conducted correlation analyses for the ROIs. The results are
reported in Fig. S1.

Next, we examined brain regions where fMRI activations were
predictive of later L2 reading performance. We reassessed the
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Table 1. Demographic characteristics and behavioral results
Variable Result
Age, mo 123 (5.5)
Nonverbal 1Q, % 78 (9.5)
Beginning age of L2 acquisition, y 6.35 (1.13)
Self rating of fluency in L1 and L2
L1 (Chinese) speaking 4.92 (0.27)
L1 (Chinese) reading 3.77 (0.76)
L1 (Chinese) understanding 4.92 (0.27)
L2 (English) speaking 2.23 (0.43)
L2 (English) reading 2.50 (0.51)
L2 (English) understanding 2.42 (0.5)
Lexical decision accuracy in L1, % 90.5 (6.4)
Lexical decision accuracy in L2, % 58.7 (13.0)
Arrow decision accuracy, % 91.2 (4.6)
Reading scores before fMRI scanning (time 1)
L1 reading (max = 110) 76.3 (4.6)
L2 reading (max = 110) 74.6 (15.1)
Reading scores one year after fMRI scanning (time 2)
L1 (Chinese) reading (max = 400) 207.0 (18.5)
L2 (English) reading (max = 400) 78.1 (60.3)

SDs are given in parentheses.

subjects’ L2 reading skills 1 y after the fMRI scan (time 2 read-
ing), and then performed another whole-brain-based regression
analysis by correlating fMRI activation level during lexical de-
cision with time 2 reading scores (P < 0.05 FDR corrected).

We found that the activity level of the two regions associated
with time 1 reading was also significantly predictive of later reading
skills in L2 (Fig. 3). Partial correlation analyses were conducted by
extracting the average blood-oxygen-level-dependent (BOLD)
contrast estimates of the two regions for each subject and then
correlating the BOLD information with time 2 reading skills,
controlling for the effects of reading performance at time 1 and
nonverbal IQ. The partial correlation coefficient was 0.68 (P <
0.005) for the left caudate nucleus and 0.49 (P < 0.005) for the left
fusiform gyrus (Fig. S2).

Fig. 1. Brain regions with significant activity during lexical decision in sec-
ond language (L2). (A) Lateral view. (B) Axial sections. The significance
threshold is P < 0.001 FDR corrected. All of the functional maps (in color) are
overlaid_on_the corresponding T1 images (in_gray scale). Planes are axial
sections, labeled with the height (mm) relative to the bicommissural line. L,
left hemisphere; R, right hemisphere.
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A Caudate nucleus (-8, 16, 8)

B Fusiform gyrus (-46, -57, -11)

ég

%

.

Fig. 2. Brain regions showing significant correlations between brain activity
and time 1 reading skills in L2. The data are based on whole-brain multiple
regression analysis correlating contrast images of lexical decision minus arrow
judgment and time 1 reading scores. The voxelwise threshold was set at P <
0.05 FDR corrected for multiple comparisons. All of the correlational maps (in
color) are overlaid on the corresponding T1 images (in gray scale). Planes are
axial sections in A and B Left and coronal views in B Right.

These results suggest that, although many regions are recruited
during lexical decisions in L2, reflecting the multifaceted cogni-
tive processes engaged in a word reading task, activity levels in
a subset of areas correlate reliably with reading achievement.
Particularly, both time 1 and time 2 reading in L2 were associated
with the functions of the left caudate nucleus and the left fusiform
gyrus. Because the reading performance at time 1 was partialled
out in our correlation analysis, the activity level in the two brain
regions reflects reading performance gain (i.e., learning potential).

To exclude the possibility that activation in the caudate—fusiform
regions is not a reflection of learning ability but is determined by in-
scanner lexical decision performance at time 1 (which is also cor-

Caudate nucleus (-8, 16, 5)

Fusiform Gyrus (-48, -57, -9)

a

Fig. 3. Areas showing significant correlations between brain activity and
later (time 2) reading skills in L2. A whole-brain multiple regression analysis
was first conducted to examine the correlations between contrast images of
lexical decision minus arrow judgment and time 2 reading scores (P < 0.05
FDR corrected for multiple comparisons). Within each significant cluster, the
average BOLD contrast estimates were extracted for each subject, and partial
correlation analyses were performed to evaluate the predictive power of
brain activation in these regions and time 2 reading skills, controlling for the
effects of reading performance at time 1 and nonverbal IQ. Thus, the activity
levelin the two brain regions reflects reading performance gain (i.e., learning
potential), rather than lexical decision performance per se. The correlation
maps (in color) are overlaid on the corresponding T1 images (in gray scale).
Planes are axial sections in A and B Left and coronal views in B Right.
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related with L2 reading behavior at both time 1 and time 2), we
performed additional analyses correlating the BOLD information
with time 2 reading skills in L2, partialing out the effect of in-
scanner L2 lexical performance. The partial correlation coefficient
was 0.713 (P < 0.001) for left caudate and 0.578 (P < 0.005) for
left fusiform gyrus. These data provide direct evidence to date for
contributions of the left hemisphere caudate-fusiform circuit to the
growth in L2 literacy skills.

Because the reading tests used in time 1 and time 2 contained
different items, and their sensitivity was not matched, we con-
verted L2 reading ability at time 1, L2 reading ability at time 2,
and in-scanner L2 lexical-decision performance to percentages
and then conducted statistical analyses to compare how brain
activation in the caudate and fusiform regions correlated with
each of the three behavioral performances (Fig. 4). A higher
correlation between brain activation and reading skills at time 2
was seen in the caudate nucleus (r = 0.79 vs. r = 0.53) as well as
in the fusiform region (» = 0.66 vs. r = 0.53) than at time 1. Thus,
the activation in the caudate—fusiform circuit seems to indeed
reflect L2 learning ability.

How might the activation level of the left caudate and
extrastriate cortex serve as the neurobiological markers of future
L2 reading skills? One possible explanation is that effective
learning and processing of L2 requires voluntary control of
language in use (10-18) and even suppression of the production
of words in the untargeted language (i.e., the native language;
ref. 15), and the left caudate—fusiform circuit is required to serve
this important function (14, 25). As shown by previous studies,
the left caudate nucleus is heavily involved in the processing of
L2 words in French (26) and German (27). It plays a critical role
in monitoring and controlling the bilingual’s language in use
(14), and damage to the caudate causes a trilingual patient to
involuntarily switch from one language to another (28). On the
other hand, the left fusiform gyrus mediating the growth in L2
literacy in this study (coordinate: —46, —57, —11) is just anterior
to areas V4 and TEO, which are known to efficiently filter out
irrelevant information through biased competition among mul-
tiple objects competing for neural representation in selective
visual attention, as demonstrated by recent single-cell physiology
and neuroimaging studies (29-32). This competition mechanism

100 1 Caudate nucleus

7 Fusiform gyrus

r=0.53
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Fig. 4. Correlations between brain activity in the caudate nucleus and the
left fusiform gyrus and L2 reading performance at time 1 and time 2. We
converted L2 reading ability at time 1 and time 2 to percentages and then
conducted statistical analyses to illustrate how brain activation in the two
regions correlated with the results of two reading tests. Also shown is
a correlation between brain activation and L2 lexical performance, which
was converted to a percentage. A higher correlation between brain activa-
tion and reading skills at time 2 was obtained in left caudate (r = 0.79, P <
0.001 vs. r = 0.53, P < 0.005) as well as in the fusiform region (r = 0.66, P <
0.001 vs. r = 0.53, P < 0.005) than at time 1. The correlation between brain
activity and in-scanner lexical performance was 0.51 (P < 0.01) at caudate
and 0.39 (P < 0.05) at fusiform gyrus.
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is also engaged during the acquisition of knowledge of a second
language: For children who learn to become bilingual starting at
about age 6, L1 as a dominant language is interactively competing
with L2, and thus, to speak or read L2, individuals must inhibit
lexical processing in L1 (10-18). Drawing on the language-control
theory of the left caudate and the suppressive interaction theory
of the extrastriate cortex in visual attention, we infer that the
activity level of the left caudate and the left fusiform gyrus near
V4 and TEO is predictive of learning potential in L2, not L1,
reading acquisition.

To test this prediction, we performed fMRI scans when these
subjects performed a lexical decision on L1 stimuli. We also
tested the subjects’ L1 reading skills twice, as we did for the L2
reading. Although the caudate nucleus and the left extrastriate
cortex were strongly activated during lexical decision with L1
words/nonwords (Fig. S3), we found no reliable correlation be-
tween the activity level in either of the two regions and reading
scores in the native language assessed in time 1 reading (Fig. S4).
Activation in the left fusiform gyrus modestly correlated with L1
reading but failed to reach significance (r = 0.32, P = 0.11). We
also found no reliable correlation between the activity level of
the two regions and L1 reading performances measured in time 2
after time 1 reading scores and nonverbal IQ were controlled for
(r = 0.10, P = 0.63 for left caudate; »r = 0.20, P = 0.34 for left
fusiform gyrus). The lack of significant correlations was even
from statistics from a ROI analysis that inflates type 1 error (24),
rather than from whole-brain-based computation.

The results thus indicate that the fusiform—caudate circuit
functions as a critical neural determinant of L2, rather than L1,
reading achievement. Our results of L1 reading are consistent
with the findings of neuromarkers of English reading in native
speakers that indicate no predictive effects of this circuit (33, 34).

Conclusion

Reading in L2 is a complex task that entails an interaction of two
languages (35, 36). Contrary to previous clinical reports that
suggest selective impairments in one of the two languages in
bilingual patients (37-41), a number of brain-mapping studies
showed a language-universal neuroanatomical system in the bi-
lingual brain, and they have led to one critical prediction that
a common neurobiological marker may be predictive of the
growth of the literacy skills in the two languages. The results
presented here suggest a surprising conclusion: The later skills to
read in L2 are predicted by the activity level of the fusiform—
caudate circuit in the left hemisphere, which is not associated
with the ability to read in the native language. L2 literacy in the
bilingual brain appears to develop along a path differing from
that for the native language.

Materials and Methods

Subjects. We scanned 26 children (14 boys and 12 girls, average age 10y and
3 mo, range from 9y 5 mo to 11 y 5 mo) from the Beijing Yongtai Primary
School who were native Chinese speakers and spent more time studying
Chinese (L1) than English (L2) at school. They were physically healthy and free
of neurological disease, head injury, and psychiatric disorder. The study was
approved by the ethical committee of the Beijing MRI Center for Brain Re-
search, Chinese Academy of Sciences, and informed consent was obtained
from all subjects and their parents. The subjects’ demographic characteristics
are shown in Table 1. A language-experience questionnaire was used to
obtain measures of subjects’ current level of fluency in L1 and L2 as reported
by the subjects, teachers, and parents. The first section of the questionnaire
was concerned with subjects’ language history. On average, the children
participating in the study began learning L2 at age 6.35. In the second
section, the questionnaire contained three rating scales for L1 and L2 flu-
ency, one for each of the three language skills including speaking, reading,
and understanding. The endpoints of the rating scale were 1 and 5 (1 = not
fluent; 5 = very fluent). The average rating scores are reported in Table 1.
The standardized Chinese version of Raven’s Standard Progressive Ma-
trices was used as an index of nonverbal intelligence. The mean nonverbal
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Raven 1Q fell in the 78th percentile (ranged from the 50th to the 95th
percentile, SD = 9.5).

Design and Materials. The functional activation task used in this study was
a lexical decision in which subjects were instructed to decide whether or not
a visually-exposed stimulus was an English word (or a Chinese character). The
English nonwords (or noncharacters) in “no” trials were orthographically
legal but without meanings. To perform the lexical decision successfully,
subjects must rely on visuo-orthographic familiarity and semantic accessi-
bility of a viewed stimulus. All English words and Chinese characters were
selected from grade 1 textbooks of English and Chinese and, therefore, were
commonly encountered.

A blocked design was used, with six blocks of the lexical decision task
(three for each language) alternated with six blocks of the baseline task
(arrow judgment). Presentation of the L1 and L2 blocks was counterbalanced
for each subject. Each experimental block consisted of a 2-s instruction and 12
trials (24 s), whereas each baseline block consisted of a 2-s instruction and
8 trials (16 s). On each trial, a stimulus was displayed for 1,500 ms, followed by
a 500-ms blank interval. For the lexical decision tasks, subjects indicated
a positive response by pressing the key corresponding to their right (domi-
nant) hand and a negative response by pressing the key corresponding to
their left (nondominant) hand. For the arrow judgment task, they pressed the
key corresponding to their left hand if an arrow pointed upward and the key
corresponding to their right hand if an arrow pointed downward. They were
asked to perform the tasks as quickly and accurately as possible.

Before we conducted the fMRI study, subjects’ performance in L1 and L2
was assessed by a formal and regular language examination. The examina-
tion consisted of a number of questions ranging from lexical to sentence
levels, and the full mark was 110. Subjects’ language scores in L1 and L2 from
this examination are shown in Table 1. One year after the fMRI experiment,
we evaluated subjects’ reading ability in the two languages again, this time
by asking them to read aloud 400 Chinese characters and 400 English words.
These characters/words were selected from textbooks used in primary
schools in Beijing for first to sixth graders, 40 from each. The remaining 160
were selected from low-frequency characters/words in a linguistic corpus
that was not covered in primary school textbooks. Characters and words
were arranged in a sequence of increasing difficulty (as determined by grade
level and visual complexity or stroke number). Subjects were asked to read
the characters/words aloud as quickly and accurately as possible within
3 min. Their reading scores are illustrated in Table 1.

MRI Acquisition. Whole-brain imaging data were acquired on a 3 T Siemens
MRI scanner at the Beijing MRI Center for Brain Research of the Chinese
Academy of Sciences using T2*-weighted gradient-echo echo planar imaging
(EPI) sequence (echo time = 30 ms, repetition time = 2 s, flip angle = 90°, field
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of view = 22 cm). Thirty-two contiguous axial slices were acquired parallel to
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acquired using a T1-weighted, 3D gradient-echo sequence. Visual stimuli
were presented to subjects through a projector onto a translucent screen.
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Data Analysis. SPM2 and in-house software were used forimage preprocessing
and statistical analyses. The functional images were realigned and unwarped
to remove movement-by-susceptibility induced variance. They were then
spatially normalized to an EPI template based on the ICBM152 stereotactic
space, an approximation of canonical space and spatially smoothed by an
isotropic Gaussian kernel (6-mm full width at half-maximum). Individual
subject’s activation t map was generated by using the general linear model in
which time series were convolved with the canonical hemodynamic response
function and were high-pass-filtered at 128 s. Individual lexical decision ver-
sus arrow judgment contrast images were then used in a random effects
model to create a group-level statistical map, with the voxelwise threshold set
at P<0.001, FDR corrected for multiple comparisons, and an extent threshold
of 10 contiguous voxels. To identify the important neural determinants in
predicting learning achievement in L2, we performed whole-brain multiple
regression analyses correlating time 1 contrast images of lexical decision
minus arrow judgment and time 1 reading scores, controlling for the effect of
nonverbal intelligence. The voxelwise threshold was set at P < 0.05 FDR
corrected for multiple comparisons, with an extent threshold of 3 contiguous
voxels. We next conducted a whole-brain multiple regression analysis to ex-
amine the correlations between contrast images of lexical decision minus
arrow judgment and time 2 reading scores, with the voxelwise threshold set
at P < 0.05 FDR corrected for multiple comparisons and an extent threshold of
3 contiguous voxels. Within each activated region, the average BOLD contrast
estimates of the voxels were extracted for each subject, and partial correla-
tion analyses were performed to evaluate the predictive power of brain ac-
tivation in these regions for time 2 reading skills, controlling for the effects of
reading performance at time 1 and nonverbal IQ. Functional MRI data anal-
ysis for L1 followed the same procedure. Brain regions are estimated from
Talairach and Tournoux (42), after adjustments for differences between MNI
and Talairach coordinates.
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