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Executive function (EF) skills enhance learning across domains, and are particularly
linked to the acquisition of a second language. Previous studies have shown that
bilingual individuals show enhanced EF skills in cognitive tasks where they attended
a targeted dimension of a stimulus while inhibiting other competing cues. Brain imaging
revealed that bilingual young adults’ performances in the Stroop color-naming task were
related to the volume of anterior cingulate cortex (ACC) and inferior frontal lobe. Subjects
who had greater white-matter in the frontal cortex showed enhanced performances in
the same task, suggesting that brain fiber pathways connecting ACC to the frontal region
may be related to the Stroop color-naming task. No studies to date have examined
the tissue properties of brain fiber pathways connecting these brain regions and their
association with subjects’ EF performances. Importantly, there are no data establishing
whether bilingual subjects exhibit different reaction times when words are presented in
their first versus second language. To study these questions, we used behavioral and
unbiased whole-brain analyses, recruiting 21 Chinese students. Using the Stroop color-
naming task, we measured subjects’ reaction times (RTs) in which color names were
displayed using fonts that matched the named color (congruent task) or mismatched
the color (incongruent task). Students performed the task twice, first in English, the
subjects’ second language, then in Chinese, the subjects’ primary language. Results
from whole-brain analysis showed that students’ RTs in both the English and Chinese
tasks were significantly correlated with the mode of anisotropy (MO) in a brain cluster
containing the forceps minor and anterior thalamic radiation in the right hemisphere.
We also found that fractional anisotropy (FA) significantly predicted students’ RTs, with
higher FA predicting shorter RT. Taken together, our findings demonstrate that right
forceps minor and anterior thalamic radiation predict EF skills, suggesting that this
brain feature may be important for young bilingual adults using their first and second
languages to direct their attention when conflicting cues are present.

Keywords: Stroop task, reaction time, tract-based spatial statistics, tensor mode, fractional anisotropy,
fasciculation
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INTRODUCTION

Executive function (EF) skills are malleable. One skill, the
ability to attend to a specific representation while inhibiting
irrelevant cues, has been shown to be enhanced through
bilingual experience (Bialystok et al., 2005, 2008) [for reviews,
see (Bialystok et al.,, 2012; Costa and Sebastian-Galles, 2014)].
Current thinking is that bilingual individuals learn to select the
intended language while inhibiting the use of the other language.
This type of switching between two languages requires bilingual
individuals’ EF skills. For example, in cognitive tasks where
bilingual individuals were required to name objects, they showed
longer times to respond when using their dominant language
following a task where they named an object using their less
dominant language. It is thought that the longer time required
to respond using their dominant language may be related to
persistent attention control carried over from the first task in
which they were required to respond using their second or less
proficient language (Costa and Santesteban, 2004; Branzi et al.,
2016).

When competing representations are present simultaneously,
bilingual individuals also show enhanced EF. For example,
bilingual individuals showed enhanced performance in
identifying the color of a printed font in the Stroop color-naming
task (Bialystok et al., 2005; Costa et al., 2008; Martin-Rhee and
Bialystok, 2008; Yang et al., 2011; Coderre and van Heuven,
2014). The Stroop color-naming task, introduced more than
80 years ago by Stroop (1935), has been commonly used to assess
subjects’ attention control skills [for reviews, see (MacLeod and
MacDonald, 2000; Grundy et al., 2017)]. Rather than using a
habitual response when naming a printed word that names a
color, subjects are required instead to direct their attention to
the color of the printed font. It has been shown that subjects
require a longer time to respond in the condition when the
color mismatches the meaning of a printed font (incongruent),
compared to the one when color and meaning match (congruent)
(MacLeod and MacDonald, 2000). Taken together, findings from
these behavioral studies demonstrate that bilingual individuals
show enhancement in their EF skills by attending to a targeted
dimension of a stimulus while suppressing competing cues in the
same stimulus.

There is evidence that bilingual individuals’ responses in
the Stroop color-naming task are related to volumes of
brain gray- and white-matter structure. Takeuchi et al. (2012)
presented English fonts to Japanese-English bilingual college
students and found that students’ responses to the fonts
printed in English, the second language of the students, were
significantly correlated with the volumes of cingulate cortex
and inferior frontal gyrus. The same study also showed that
the students’ performances were positively correlated with the
volume of white matter in the frontal lobe. These authors
suggest that the observed relationship between brain white-
and gray-matter volumes and the students’ performance in
the task may be related to increased brain fiber pathways
in the connected regions. However, no one to date has
examined whether the properties of brain fiber pathways
connecting cingulate cortex and frontal lobe are related to

bilingual individuals’ performances in the Stroop color-naming
task.

Structural properties of brain fiber pathways have been
linked to cognitive functions, including second language learning
in bilingual adults. Using the diffusion-tensor imaging (DTI)
technique, bilingual individuals who have acquired a second
language earlier in their life or have lived in a second
language immersive environment for a substantial period of time
have higher fractional anisotropy (FA) than their monolingual
counterparts (Luk et al., 2011; Mohades et al, 2012, 2015;
Pliatsikas et al., 2015). Interestingly, bilingual individuals who
have acquired a second language relatively later in life or had a
shorter length of immersive experience have lower FA compared
to monolinguals (Cummine and Boliek, 2013; Gold et al., 2013;
Kuhl et al., 2016).

Diffusion-tensor imaging has been increasingly used to
describe the structural properties of brain fiber pathways in vivo
at various ages [for example, (Tamnes et al., 2012); for a review,
see (Zatorre et al.,, 2012)]. FA reported in the above studies is a
measure of the net directionality of water diffusion, and indirectly
linked to the physical properties of axonal fibers, including
increased myelination, higher axonal branching, and reduced
volume in the extracellular space around brain fiber pathways [for
a review, see (Fields, 2008)]. Adults who showed higher FA in a
brain fiber pathway connecting the frontal region to the posterior
language area had better second language learning outcomes than
the individuals who showed lower FA in the same brain fiber
pathway (Schlegel et al., 2012; Qi et al., 2015; Mamiya et al,,
2016).

Although FA measured in this brain fiber pathway is related
to second language experience, it fluctuates in brain fiber
pathways connecting distant brain regions. It is thought that
fiber crossings in a different direction may have contributed
to this variability (Jbabdi et al, 2010). A recent study by
Douaud et al. (2011) combined FA and another DTI index,
mode of anisotropy (MO), to show an increased MO and a
co-localized FA in a region of crossing fiber in patients with
mild cognitive impairment (Douaud et al, 2011). Similarly,
patients with obsessive-impulsive disorder also show various
FA values in several long-range fiber pathways that may be
related to fiber crossing (Radua et al.,, 2014). When MO and
FA values are approximately close to 1, fiber pathways in a
given voxel are orientated in a predominant direction, which
can result in a linear shape of diffusion tensor in the DTI'.
On the other hand, a negative MO value and a reduced FA
indicate that two fiber pathways may cross each other at
a perpendicular direction. This will likely result in a planar
shape of the diffusion tensor. The results from these studies
suggest that taking into account crossing-fibers in a voxelwise
analysis is important to understanding how the structural
properties of brain fiber pathways are related to cognitive
functions.

To understand whether the properties of brain fiber pathways
are related to bilingual individuals’ performances in the Stroop

Uhttps://fsl.fmrib.ox.ac.uk/fslcourse/physics+apps/Diffusion_analysis_
interpretation.pdf
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color-naming task, we used the DTI technique and quantified
the structural properties of brain fiber pathways using FA and
MO. We hypothesized that brain fiber pathways connecting
the anterior cingulate cortex and frontal lobe are related to
performance in the Stroop color-naming task. Bilingual subjects
with higher FA and MO are expected to have enhanced
performance in the task when compared to individuals with lower
FA and MO. We also explored whether students’ performances in
the task differed depending on whether the fonts were printed
in subjects dominant language as opposed to their second
language.

To test this hypothesis, we used DTI and conducted an
unbiased whole-brain analysis examining whether brain fiber
pathways exist with tissue properties that predict bilingual
subjects’ responses in the Stroop color-naming task. The task also
allowed us to investigate whether students’ responses depend on
the language used in the task.

We recruited Chinese college students who enrolled in the
University of Washington as full-time students. We used the
Stroop color-naming task and asked subjects to name the
colors of fonts printed on the screen in two separate tasks
(Pardo et al., 1990). In the first task, the fonts presented were
printed in English, the second language of our subjects. In
the second task, the same words were printed in Chinese, the
first language of our subjects. We investigated: (a) whether
there were brain regions in which the tissue properties of brain
white matter correlated with students reaction times (RTs)
in these tasks, (b) whether the relationship identified in (a)
would differ between the tasks performed in the first versus the
second language, and (c) whether subjects’ RT in the English
Stroop task correlated with their RTs in the Chinese Stroop
task.

MATERIALS AND METHODS

Selection Criteria

All subjects were new full-time students enrolled at the University
of Washington (Nygale = 10, Nfemae = 11; mean agey,e = 21,
standard deviationy,e = 3.559; mean agefemae = 24, standard
deviationg.ae = 4.646), and they were part of a cohort that
was previously reported (Mamiya et al., 2016). All experimental
procedures were approved by the Institute Review Board of the
University of Washington, and written informed consent was
obtained from each participant. All students had similar English-
learning histories. That is, all were exposed to English in schools
in China. The mean age of acquisition was 9.9-years of age
(SE =0.07). We excluded subjects who had lived outside of China
prior to moving to the United States; previously participated in
a student-exchange program outside of China; had a mother or
father who is not of Chinese origin; used serotonin or dopamine-
related agents in the past; had a medical history of Axis I
disorders, epilepsy, or brain injury; had problems with vision
or hearing; or were left-handed as assessed by the Edinburgh
handedness test. For MRI safety, individuals with metallic or
cardiac implants or tattoos were additionally excluded from the
study.

Color-Naming Version of the Stroop Task
The experiment was conducted using the MacBook Pro with
Retina (15-inch) display. It had a screen resolution of 2880-by-
1800 at 220 pixels per inch. We used the MATLAB script to
randomly present one of the four words, BLUE, RED, GREEN,
and MAGENTA (Figure 1A) on the monitor. Students were
required to identify the color of the presented font by pressing
the corresponding key on the keyboard. The corresponding key
for red color was R, for green color was G, for magenta color
was M, and for blue color was B. The presented font remained
on the screen for 2 s unless a key was pressed. All subjects were
instructed to respond as quickly as possible. An invalid trial
was marked if there was no key press after the presentation of
a font for 2 min. The computer recorded the latency between
the time when a font was presented and the time when a key
was pressed. This latency represented a subjects RT in a single
trial. All subjects had to make 100 correct responses in order
to finish the task, and all subjects successfully completed the
task.

After subjects completed the first task, we then presented the
same words in a second task in which the words were printed in
traditional Chinese characters (Figure 2A). As described in the
first task, the corresponding key for red color shown in Chinese
character was R, green color in Chinese character was G, magenta
color in Chinese character was M, and blue color in Chinese
character was B. There were two conditions in both English
and Chinese versions of the Stroop tasks. In the first condition,
the colors of the fonts shown on the screen matched with the
color name shown (congruent task). In the second condition, the
colors of fonts were different from the color name being shown
(incongruent task). We recorded the time each subject took to
press the key after the presentation of a font on the monitor
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FIGURE 1 | Students’ RTs were significantly negatively correlated with the MO
values for: (A) words printed in a color that mismatches the color name
(incongruent trials). (B) Axial, coronal and horizontal views of a brain cluster
(shown in red) where the MO values were significantly negatively correlated
with students’ RTs. MNI Coordinates of the peak voxel were: X: 18, Y: 35, Z:
9. The total number of voxels in the cluster was 137. (C) A negative
relationship between students’ RTs in the incongruent trials and the MO values
in the brain cluster shown in (B). (D) FA values in the brain cluster shown in
(B) were used in the linear regression model to predict students’ RTs recorded
in the incongruent condition. Results from the linear regression analysis
showed that FA significantly predicted subjects’ RTs and explained 45.29% of
the total variances in students’ responses in the task (R? = 0.4529,

p = 0.0008).
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FIGURE 2 | Students’ RTs were significantly negatively correlated with the MO
values (A) when the Chinese fonts presented did not match the named color
in incongruent trials. (B) Axial, coronal and horizontal views of a brain cluster
(shown in green) where the MO values were significantly negatively correlated
with students’ RTs. MNI Coordinates of the peak voxel were: X: 18, Y: 35, Z:
9. The total number of voxels in the cluster was 335. (C) A negative
relationship between students’ RTs in the incongruent trials and the MO
values in the brain cluster shown in (B). (D) FA values of the brain cluster
identified in (B) were used in a linear regression model to predict students’
RTs recorded in the incongruent condition. Results from the linear regression
analysis showed that FA values significantly predicted students’ RTs and
explained 20.78% of the total variance in students’ responses in the task

(R% = 0.2079, p = 0.0378).

(RTs) and entered data only when subjects made the correct
response. In addition, we recorded the error responses that
subjects made as a measure of accuracy. We averaged students’
RTs from the congruent and the incongruent trials separately.
We also recorded the number of incorrect responses students’
made. Only trials with correct responses were used in the data
analysis.

DTI Acquisition

Diffusion-tensor imaging data were acquired on a Philips 3T
Achieva scanner (v3.26) using an eight-channel head coil.
An echo-planar diffusion spin-echo pulse sequence was used
with the following parameters: 64 diffusion-gradient directions,
b-value = 1,500 mm-2, TR = 8986 ms, TE = 77 ms,
acquisition matrix size 136 x 133 x 76, acquisition voxel
size: 1.76 mm X 1.8 mm X 1.8 mm, reconstructed voxel size:
1.5 mm x 1.5 mm x 1.8 mm, EPS factor 47, receiver bandwidth
2,160 Hz, sound pressure 18.46 dB, fold-over direction AP,
fat shift direction posterior (P) for TOPUP and anterior (A)
for TOPDOWN, slice thickness = 1.8, SENSE factor 3 in the
anterior—posterior direction, scan duration 12:12.7 mm x 2 for
both TOPUP and TOPDOWN.

DTI Analysis

The FMRIB Software Library (FSL) 5.0.5 Diffusion Toolbox
(FDT?) was used to process the DTT data. We used a multiple-
step procedure recommended by FSL that includes (1) correcting
for motion artifact and eddy current with “eddy” and “topup”
toolbox, (2) removing skull and non-brain tissue from the
image using the Brain Extraction toolbox, and (3) voxel-by-voxel

Zhttp://www.fmrib.ox.ac.uk/fsl/fdt/

calculation of the diffusion tensors. FA maps were generated
using the DTIFit tool.

All DTT data were examined before and after pre-processing
to evaluate image quality. Tract-based spatial statistics (TBSS),
available in FSL (Smith et al., 2006) was used to perform
voxel-wise statistical analysis. TBSS analysis is comprised of
the following steps: (1) non-linear alignment of each subject’s
FA volume to a 1 x 1 x 1 standard space, (2) selection of
a typical image to use as a group template, (3) non-linear
transformation of image volumes previously aligned to the
group template to the 1 x 1 x 1 Montreal Neurological
Institute (MNI152) space, (3) creation of a mean FA skeleton
that represents the center of all tracts common to all subjects,
and (4) projection of each subject’s aligned FA image onto
the mean FA skeleton to generate a study-specific mean
FA map (mean FA). We set the threshold at 0.2 for the
mean FA map to generate a white-matter tract skeleton that
represented the center of the tracts common to all subjects.
We then projected each subject’s FA data onto the FA skeleton
(all_FA_skeletonise) for voxel-wise statistical comparison. The
“tbss_non_FA” script was then used to obtain an MO map
for each study participant. We used the general linear model
in the FEAT toolbox with higher-level function. We entered
subjects’ RTs in the task as a predictor. All subjects’ RTs were
demeaned to have a zero group mean. We used Randomize
(Nichols and Holmes, 2002), which utilizes permutation-based
non-parametric inferences, to perform statistical analysis on the
MO matrix and subjects’ RTs calculated from the congruent,
incongruent trials, as well as the difference between the congruent
and incongruent trials® (1 = 5,000). We used the family-wise error
rate (FWR) corrected with threshold-free cluster enhancement
(TFCE) method* to determine the statistical significance at a p
level of 0.05.

We used the “Cluster” tool in the FSL to extract brain voxels
from the resulting statistical images, and obtained the cluster
size and peak coordinates. We used software developed in-house
to identify MO values that exceeded the statistical threshold
at 0.05 in individuals’ MO maps. We mapped the clusters to
the Johns Hopkins University ICBM-DTI-81 white-matter labels
atlas and Johns Hopkins University white-matter tractography
atlas provided by FSL to identify their anatomical location. We
calculated the mean of MO values of each subject by summing
the MO values within the cluster and divided the number of
voxels within the cluster.

Statistics

We used the Statistical Toolbox in the MATLAB for statistical
analysis. We used a linear regression model where FA was the
predictor and students’ RTs in the task were the dependent
variable. We used one-sample two-tailed ¢-test analysis to assess
whether students’ RTs in the incongruent trials were significantly
longer than the ones in the congruent trials. We used the
Pearson’s correlation analysis to assess whether students’ RTs in
the tasks using English versus Chinese fonts correlated with each

Shttp://www.fmrib.ox.ac.uk/fsl/randomise/
“http://www.fmrib.ox.ac.uk/analysis/research/tfce
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other. We applied Bonferroni correction to correct for multiple
comparisons.

RESULTS

Bilingual Adults Showed Comparable
Reaction Times (RTs) to Fonts Printed in

Blue, Green, Red, or Magenta

We first examined whether students’ RTs to various font colors
significantly differed from one another in the task. Using the
analysis of variance analysis (ANOVA), we found that there
was no statistical difference in subjects’ RTs in responses to
different font colors during congruent condition [F(3 gy = 0.5858,
p = 0.6263, Supplementary Figure S1A]. Similarly, we did not
find students’ RTs recorded during the incongruent condition
differ by the font colors [F(3 g0y = 0.8, p = 0.4958, Supplementary
Figure S1B). To ensure that students’ had robust responses in
the congruent and incongruent conditions, we evaluated their
correct responses in each condition. We showed that the median
of correct response was 50 for congruent condition, and 51 for
incongruent condition (Supplementary Figure S2). In order to
make sure that students’ responses were reliable in the task,
we also examined the rate of accuracy, indexed by the number
of correct response over the total number of trial. We found
that there was no statistical difference in the rate of accuracy
between congruent and incongruent conditions [£(;0) = 0.5308,
p = 0.6014]. The median of rate of accuracy was 100% for
congruent condition and 98.04% for incongruent condition
(Supplementary Figure S3). These results indicate that students’
responses in the tasks were highly reliable. Finally, the total
amount of time students’ took to make 100 correct responses in
the task ranged between 70 and 130 s, with the maximal number
of 105 trials observed in 9.5% of total students (Supplementary
Figure S4).

Higher MO Values in the Right Forceps
Minor and Anterior Thalamic Radiation
Correlated with Shorter RTs in the Stroop
Task Using English Fonts

We used an unbiased whole-brain analysis, TBSS, to investigate
whether there was any brain cluster in which MO or FA
was correlated with students’ RTs in the Stroop color-naming
task. We first investigated words in English (Figure 1A). We
found one brain cluster in the right forceps minor and anterior
thalamic radiation where the MO values were significantly
negatively correlated with students’ RTs in the incongruent trials
(Family-wise rate with TFCE correction for multiple comparison
methods, p = 0.05, Figure 1B). We found that students’ who
showed shorter RTs had larger MO values in the cluster compared
to the ones who showed longer RTs (Figure 1C). We did not
find FA correlated with students’ RTs using the same unbiased
whole-brain analysis. Anterior thalamic projection is a projecting
fiber pathway connecting the thalamus and the cingulate cortex
to the frontal region. On the other hand, forceps minor is a
commissure pathway connecting the bilateral frontal regions.

Higher MO values suggest a predominant fiber orientation in the
observed cluster, which contains both anterior thalamic radiation
and forceps minor. Because increased MO and increased FA
were shown in a region of crossing fiber, we wanted to know
whether students with high MO would have higher FA within the
cluster. We used the correlation analysis and found that that MO
values were significantly positively correlated with FA (Pearson’s
r = 0.7177, p = 0.0003). This result indicates that students with
higher FA also had higher MO, which correlated with shorter RTs,
compared to students who had lower FA and MO. This finding
supports our hypothesis that a brain fiber pathway connecting
the anterior cingulate to the frontal region, together with a brain
fiber pathway connecting bilateral frontal regions, is related to
performance in the Stroop color-naming task.

Fractional anisotropy has been shown to be important for
cognitive functions. In order to understand whether students’ RTs
were explained by FA, we performed linear regression analysis
using students’ FA values in the cluster as a predictor. The
results from the linear regression analysis showed that FA values
significantly predicted students’ RTs (R?> = 0.4529, p = 0.0008),
and 45.29% of total variance of students’ RTs in the task using
the English fonts can be explained by the FA values in this
brain region alone (Figure 1D). This result is in line with other
studies showing that higher FA values predict higher learned
skills (Johansen-Berg et al., 2007; Mandl et al., 2008; Schlegel
etal, 2012; Qi et al., 2015).

In order to confirm that the observed MO-RT relationship
did not differ by the font color, we correlated students’ RT to
individual font color with their MO values. The results showed
that significant relationships between MO and subjects’ RTs held
for all font colors that were used in the task (for MAGENTA:
r = —0.7437, p = 0.0004; for BLUE = —0.6004, p = 0.016;
for RED = —0.7772, p = 0.0001 for GREEN: r = —0.6763,
p =0.0032; all p-values were corrected for multiple comparisons;
Supplementary Figure S5).

We used a separate TBSS analysis to investigate whether there
were any brain regions where the MO or FA was correlated with
subjects’ RTs recorded during the congruent trials. We did not
find any DTT index correlated with subjects’ RTs recorded during
the congruent trials in the task.

In order to confirm whether the RTs for the incongruent trials
were longer than those for the congruent trials as previously
shown (MacLeod and MacDonald, 2000), we performed a
two-tailed one-sample ¢-test. Indeed, we found that students’
RTs recorded in the incongruent trials (mean = 1.0182,
standard deviation = 0.1949) were significantly longer than
those recorded in the congruent trials (mean = 0.8295, standard
deviation = 0.1473) [t(a0) = 3.373, p = 5.475 x 1077].

Higher MO Values in the Right Forceps
Minor and Anterior Thalamic Radiation
Correlated with Students’ RTs in the

Stroop Task Using Chinese Characters

In the second task, we presented the same words that were used
in the first task, but wrote them in Chinese characters instead
(Figure 2A). We used a separate TBSS analysis to investigate
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whether there were any brain clusters where the values of
MO or FA were correlated with students’ RTs in the Chinese
version of the task. We first examined the RTs recorded in the
incongruent trials. We found that the MO values in a brain cluster
located in the right forceps minor and anterior thalamic radiation
were significantly negatively correlated with students’ RTs in the
incongruent trials (Family-wise rate with TFCE correction for
multiple comparison method, p = 0.05, Figure 2B). Students
who had shorter RTs also had higher MO values (Figure 2C).
To examine whether students’ RTs can be predicted by FA, we
performed linear regression analysis using FA as a predictor.
We found that FA values significantly predicted students’ RTs
(R* =0.2078, p =0.0378), and explained 20.78% of total variance
in students’ RTs in the Chinese version of the task (Figure 2D).
This finding is consistent with the result shown in Figure 1D. The
brain cluster identified using Chinese characters in the Stroop
task overlapped substantially with the cluster identified using the
English version of the Stroop task.

In addition to the significant brain-behavior relationship
found in the incongruent condition, we also identified a brain
cluster where the MO values were significantly negatively
correlated with students’ RTs in the Chinese version of the
congruent trials (Family-wise rate with TFCE correction for
multiple comparison methods, p = 0.05; Figures 3A,B). This
brain cluster also overlapped substantially with the ones shown in
Figures 1B, 2B. Subjects who had higher MO values had shorter
RTs in the congruent trials (Figure 3C). We also performed a
linear regression analysis using FA as a predictor. The analysis
showed that FA values significantly predicted students’ RTs in the
trials and explained 31.07% of the total variance (R* = 0.3107,
p =0.0087, Figure 3D).
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°

o
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FA values

07 09 1 1

1 3
RTS (seconds)

FIGURE 3 | Students’ RTs were significantly negatively correlated with the MO
values (A) when the color of the fonts matched the named color in congruent
trials of the Chinese version of the Stroop task. (B) Axial, coronal and
horizontal views of a brain cluster (shown in green) where the MO values were
significantly negatively correlated with students’ RTs. MNI Coordinates of the
peak voxel were: X: 18, Y: 34, Z: 10. The total number of voxels within the
cluster was 180. (C) A negative relationship between students’ RTs in the
congruent trials and the MO values in the brain cluster shown in (B). (D) FA
values in this brain cluster shown in (B) were used in a linear regression model
to predict students’ RTs in the congruent condition. Results from the linear
regression analysis showed that FA significantly predicted students’ RTs in the
congruent conditions and explained 31.07% of the total variance in students’
responses in the task (R? = 0.3107, p = 0.0087).

We also examined whether the RTs in the incongruent trials
differed significantly from those in the congruent trials as we
observed in the English version of the Stroop task. We found
that the RTs in the incongruent trials (mean = 1.2299, standard
deviation = 0.1781) were significantly longer than those in the
congruent trials (mean = 1.1299, standard deviation = 0.1760)
[two-tailed paired t-test, t(9) = 3.3725, p = 0.003], consistent
with our finding in English version of the task and with results
reported by other researchers (MacLeod and MacDonald, 2000).

Finally, we examined whether there was a difference in
subjects’ RTs observed between the English and Chinese versions
of the Stroop task. We used the two-tailed one-sample t-test and
compared the mean of RTs in both tasks. We found that the mean
of subjects’ RTs in the Chinese version of the Stroop task was
significantly longer than the mean of RTs recorded in the English
version of the Stroop task [t(z0) = —8.8171, p = 2.51 X 1078,
Supplementary Figure S6]. This result is in line with the literature
that bilingual individuals required longer time to respond in a
task where fonts were printed in their first language following a
task where fonts were printed in their second language (Costa and
Santesteban, 2004; Branzi et al., 2016).

RTs in the Task Using English Words
Correlated with RTs in the Same Task
Using Chinese Characters

Because we observed a great degree of overlap in the brain
clusters identified using English and Chinese versions of the
task, we expected that students’ RTs recorded in these two
tasks would correlate with one another. Indeed, we found that
students’ RTs for incongruent trials of the English and Chinese
versions of the task were significantly positively correlated
(Pearson’s r = 0.8296, p = 6.17 x 107°, corrected for multiple
comparisons). Similarly, students’ RTs for the congruent trials of
the English and Chinese versions of the task were significantly
correlated (Pearson’s r = 0.4959, p = 0.04, corrected for
multiple comparisons). Students who showed longer RTs in
the English Stroop also showed longer RTs in the Chinese
Stroop (English Stroop: meanincongruent = 1.02 s, standard
deviationincongruent = 0.195; meancongruent = 0.83 s, standard
deviationcongruent = 0.147; Chinese Stroop: meanincongruent = 1.23,
standard deviationincongruent = 0.178; meancongruent = 1.13,
standard deviation = 0.176).

Taken together, these observations suggest that students’
RTs in the Stroop color-naming task may depend on the
organization of two brain fiber pathways, forceps minor and
anterior thalamic radiation, in the right frontal region. Using the
MO, a DTI index of the shape of diffusion tensor depending
on crossing fiber, we showed that young bilingual adults with
higher MO values in the right frontal region showed shorter
RTs compared to individuals with lower MO values. This result
supports our hypothesis that a brain fiber pathway connecting
the ACC and striatum to the anterior frontal region, together
with a brain fiber pathway connecting the bilateral frontal
regions, were related to bilinguals’ performances in the EF
task. Furthermore, the anterior thalamic radiation and forceps
minor conjunction at the right frontal region highlights the
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importance of fiber crossing in relation to EF skill. Importantly,
we provided a novel observation that the relationship between
the MO and students’ RTs was found not only in the task using
English words but also in the task using Chinese characters,
suggesting that this brain signature is important for the control
of attention in bilinguals using either their first or their second
language.

DISCUSSION

In the present study, we investigated whether the structural
properties of brain fiber pathways that connect ACC and
striatum to the anterior frontal region can predict bilingual
college students’ RTs in the color-naming version of the
Stroop task. We found that in Chinese-English bilingual
college students, the structural properties of right forceps
minor and anterior thalamic radiation predicted their RTs
in tasks that measured their attention-control skills. Students
with higher MO and FA values showed shorter RTs when
the fonts displayed did not match the names of colors
compared to individuals with lower MO and FA values in
the same region. Importantly, the same relationship was found
regardless of the language, English or Chinese, in which the
words were printed. Students who were better at responding
to fonts printed in their first language were also better at
responding to fonts printed in their second language. Taken
together, our findings suggest that the right forceps minor
and anterior thalamic radiation may serve as an attention
control center that enables bilinguals to direct their attention
to a targeted presentation shown in their first or second
language.

Highly Organized Right Forceps Minor
and Anterior Thalamic Radiation Can
Predict Higher Attention Control Skills

The observed relationship between the MO values in the right
forceps minor and anterior thalamic radiation and students’ RTs
suggest that students were faster and better at responding to
the printed fonts when there was a predominant fiber pathway
in the right frontal region. As previously described, a voxel
would have MO and FA values close to 1 when all fibers in that
voxel are oriented in a predominant direction. FA, a common
DTI index, has been associated with various cognitive functions.
For example, college students who show higher FA values
in fiber pathways connecting frontal and posterior language
areas had better second language learning outcomes than the
ones who had lower FA in the same region (Qi et al, 2015;
Mamiya et al., 2016). Furthermore, bilingual adults and elderly
subjects show higher FA values in the corpus callosum, SLF, and
IFOF compared to their monolingual counterparts, suggesting
bilingualism may increase FA values in these regions (Luk et al.,
2011; Pliatsikas et al., 2015). The relationship we found between
MO/FA and students’ RTs suggests that the organization of
right forceps minor and anterior thalamic radiation can affect
how fast individuals respond in tasks that require attention
control.

The forceps minor, the anterior part of the corpus callosum,
connects the homologous regions of the anterior frontal lobes
between two hemispheres [for reviews, see (Paul et al., 2007; Fame
etal., 2011; Fabri et al., 2014)]. Among the regions connected, the
frontopolar cortex has been shown to be important for cognitive
behaviors in human and non-human primates (Semendeferi
et al., 2001; Boschin et al., 2015). It has been shown that
neural activity recorded in this region corresponds to animals’
decision making during feedback learning (Tsujimoto et al.,
2010). In human patients, the forceps minor is implicated in
cognitive dysfunctions. For example, it has been shown that
patients with frontotemporal dementia have lower FA values in
the forceps minor than healthy subjects (Lillo et al., 2012). It
has also been shown that FA values in the forceps minor can be
used in a binary classification algorithm in machine learning to
predict cognitive impairments in patients (Haller et al., 2010).
Similarly, children with attention-deficit-hyperactivity disorder
(ADHD) show lower FA values in the forceps minor than healthy
individuals (Qiu et al., 2011). In healthy human subjects, the right
frontopolar cortex showed brain activity when subjects named
the font colors in the incongruent trials in the Stroop task (Bench
et al., 1993; Carter et al., 1995). Findings from these studies
using human and animals suggest that neural activity in the
anterior frontal region is involved in the control of attention.
Subjects who showed higher diffusion properties of brain fiber
pathway connecting bilateral anterior frontal regions had better
control of attention skills than individuals with lower diffusion
properties.

In addition to the forceps minor, MO in the anterior thalamic
radiation was correlated with students’ RTs in the tasks. Anterior
thalamic radiation connects the anterior and ventromedial
nuclei of thalamus to the prefrontal cortex, including anterior
cingulate and dorsolateral frontal regions (Shibata, 1993; Shibata
and Naito, 2005; Wright et al, 2013). These brain regions
are central to the attention-control network [for reviews, see
(MacLeod and MacDonald, 2000; Menon and Uddin, 2010;
Leszczynski and Staudigl, 2016)]. The anterior cingulate and
dorsolateral prefrontal cortex have long been associated with
human cognition. For examples, the anterior cingulate shows
activity when subjects name the font colors in the Stroop task
(Pardo et al., 1990; Bench et al., 1993; Carter et al., 1995; Leung
et al., 2000). Recently, the role of anterior thalamus in attention-
control has been demonstrated in rodents and humans. Wimmer
et al. (2015) showed that the feedforward information in the
thalamocortical connection affects whether sensory or auditory
input is selected and used in the task (Wimmer et al.,, 2015).
Animals with lesions in the anterior thalamus failed to attend to
the predictors specifically associated with rewards (Wright et al.,
2015), suggesting that the anterior thalamus may be associated
with working memory. Consistent with this idea, de Bourbon-
Teles et al. (2014) used functional MR imaging and revealed that
healthy human adults showed activity in the anterior thalamus
when they use predictors that have been previously learned to
guide their attention in a working memory task (de Bourbon-
Teles et al., 2014). In the present study, we observed that
higher MO and FA values in the anterior thalamic radiation
predict better attention control skills. This finding suggests that
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in subjects with better attention control skills, fiber pathways
connecting the anterior and ventromedial nuclei of thalamus to
the prefrontal cortex have tissue properties that enable better
information flow across brain regions.

The students’ FA values observed in the study are consistent
with the FA values reported in the literature (Yeatman et al.,
2012; Fabri et al., 2014). Among children and adolescents, FA
values ranged from 0.4 to 0.6 in the forceps minor and the
anterior portion of the corpus callosum. It is thought that the
variability of FA values may be related to fiber crossing. In
the present study, we identified a brain cluster that contained
forceps minor and anterior thalamic radiation. The forceps minor
is a part of the largest commissural fiber pathway connecting
bilateral anterior frontal regions (Wakana et al., 2004; Catani
and Thiebaut de Schotten, 2008). On the other hand, anterior
thalamic radiation ascends from the brainstem and connects
thalamus, striatum and ACC to the anterior frontal region.
Higher FA and MO values in the right frontal region suggest
that a predominant fiber orientation in that region is better for
bilinguals’ responses to fonts printed in their first or second
languages. It is possible that the neuroanatomical properties of
these two brain fiber pathways are related to students’ second
language learning experiences because previous studies have
shown that learning can induce structural plasticity in developing
and adult human brains [for reviews, see (Fields, 2008; Zatorre
et al,, 2012)]. When bilingual individuals choose which language
to use, and inhibit the use of the second language, anterior
frontal regions exert executive control over brain activities in the
ACC, caudate nucleus, putamen, and thalamus. The implication
is that the forceps minor may be the predominant fiber direction
allowing better executive control. Anterior thalamic radiation
may be the secondary fiber pathway crossing the forceps minor.
However, the current analysis cannot determine whether or not
the forceps minor is the predominant fiber pathway. Further
studies are required to determine how forceps minor and anterior
thalamic radiation crossing gives rise to various EF skills in
bilingual individuals.

Taken together, the observed relationship between the
MO values in the right forceps minor/anterior thalamic
radiation and students RTs in the tasks suggests that
information from the thalamus and anterior cingulate, as
well as from the anterior frontal region, jointly affect students’
abilities to attend to words printed in their first and second
languages. When bilinguals switch between two languages, the
structural connectivity between the brain cluster observed
and the posterior language areas may be strengthened.
Consistent with this hypothesis, two recent reports by Luk
et al. (2011) and Pliatsikas et al. (2015) have shown that
bilingual adults and elderly people have higher FA values
in the corpus callosum and superior longitudinal fasciculus
compared to control subjects (Luk et al., 2011; Pliatsikas et al,,
2015).

There are some limitations to this study. First, lower MO
values assume that two fiber bundles in a given voxel are
organized and oriented differently. This does not take into
account the possibility of having three or more fiber bundles
in a voxel. Furthermore, MO values may decrease when a

fiber bundle fans out. In the case of the corpus callosum, fiber
pathways are well-bundled and highly organized in a medial-
lateral direction along the mid-sagittal plane. As fiber pathways
enter the designated cortical sites, they begin to fan out, which
can lower MO. Despite this limitation, we found that the MO
values range between 0.75 and 0.98, and the FA values in the
same cluster range between 0.4 and 0.6, suggesting that a single
dominant fiber bundle is likely to be present in these voxels. In
the future, it will be interesting to use different diffusion-weighted
modeling techniques to study whether there is a relationship
between students’ RTs in the color-naming Stroop task and
fiber crossing in the right forceps minor and anterior thalamic
radiation.

The second limitation of the study is that it does not consider
genetic influences on executive-function skills. Friedman et al.
(2008) used twins to show that there are strong genetic influences
on how well subjects perform in executive function tasks.
Another study by Sakai et al. (2004) also used twins to show
that brain activity observed during second language learning
is under the influence of genetic factors. More recent studies
using gene-behavior association analysis have also identified
genetic factors that affect human cognitive functions. However,
the results from association studies are not always consistent
[for examples, (Bruder et al., 2005; Barnett et al, 2008;
Goldman et al., 2009; Wardle et al., 2013)]. One plausible
explanation may be the presence of an interaction effect
between different genetic factors, or between genetic factors
and brain structures, which can lead to different behavioral
results. Consistent with this idea, we recently demonstrated that
polymorphisms in the COMT gene can affect the relationship
between FA values and students’ learning from exposure to a
second language learning environment (Mamiya et al., 2016),
suggesting that it may be necessary to take into account
genetic factors when looking for structural correlates of cognitive
functions.

In summary, we used behavioral and whole-brain analyses to
show that (1) students’ MO values in the right forceps minor
and anterior thalamic radiation correlate with their RTs in color-
naming version of the Stroop task, (2) the same relationship
was observed when we presented fonts printed in students
first or second language, (3) higher FA values in the same
brain clusters also predicted shorter RTs in the task, and finally
(4) students who had shorter RTs in the English Stroop task
also had shorter RTs in the Chinese Stroop task. These results
suggest that the right forceps minor and anterior thalamic
radiation are involved when bilinguals direct their attention to
a specific task, such as when words are presented in two different
languages.
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