Brain white matter structure and COMT gene are
linked to second-language learning in adults
Ping C. Mamiyaa, Todd L. Richardsb, Bradley P. Coec, Evan E. Eichlerc,d, and Patricia K. Kuhla,1
a

Institute for Learning & Brain Sciences, University of Washington, Seattle, WA 98195; bDepartment of Radiology, University of Washington, Seattle, WA
98195; cDepartment of Genome Sciences, University of Washington, Seattle, WA 98195; and dHoward Hughes Medical Institute, University of Washington,
Seattle, WA 98195
Contributed by Patricia K. Kuhl, May 7, 2016 (sent for review September 29, 2015; reviewed by Daniel H. Geschwind and Tomáš Paus)

genetic variation

| short-term plasticity | dopamine

reflects water diffusion in a direction perpendicular to the fiber
tracts. Increased FA and decreased RD values were associated with
improved reading skills in children (11, 13). A recent study showed
that a polymorphism in the catechol-O-methyltransferase (COMT)
gene is related to FA values in children and adolescents (14). Taken
together, these observations led us to explore the relationship
between FA values and college students’ participation in an English
immersion class. We further explored whether COMT polymorphisms can change the observed relationships.
COMT encodes an enzyme that degrades catecholamines (for a
review, see ref. 15) and the protein of COMT is present in neuron
and glial cells, including oligodendrocyte cells that produce myelin
(16). COMT activity is also found in the cerebromicrovascular endothelial and smooth muscle walls, as well as in the capillary walls in
brains (17, 18). A common polymorphism of COMT affects enzyme
activity (19–21): the Methionine (Met) variant at position 158 in
COMT leads to lower thermostability than the Valine (Val) variant.
COMT-deficient mice showed increased dopamine or dopamine
metabolite (3,4-Dihydroxyphenylacetic acid, DOPAC), but not
norepinephrine, in the cortex compared with the heterozygotes and
wild-type littermates (22, 23). Using family data, COMT activity was
first shown to be recessive (24) and later confirmed to be the two
codominant alleles at the same locus (25), suggesting three potential phenotypes corresponding to three genotypes. Consistent with this idea, COMT activity measured in whole-blood
samples were shown to be highest in individuals with the Val/Val
genotype, the intermediate level for Val/Met genotype, and the
lowest for the Met/Met genotype (26). Studies using functional
imaging techniques have suggested that the COMT genotype may
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econd-language learning in adulthood is becoming increasingly prevalent as globalization advances. Previous studies
show that gray matter volume and density are related to foreign
language speech learning (1, 2), and that the degree of volumetric change in an individual predicts the level of foreign language proficiency achieved by that person (3, 4). Recent studies
using diffusion tensor imaging (DTI) techniques further show
that diffusion properties of brain white matter structure are
correlated with foreign language learning (5–7). One of these
studies demonstrated that the changes in diffusion properties
predicted students’ second-language proficiency at the end of a
language immersion program (7). These findings suggest that the
properties of brain structure change with the acquisition of a new
language, and that the adult human brain is capable of tissue
reorganization in response to intense use of a new language after
the putative “critical period.”
What remains unknown is whether and how genetic factors are
related to brain white matter fiber-tract properties as learning ensues.
Cumulative evidence using DTI analysis has suggested that brain
white matter fiber-tract properties are related to skill learning
(for a review, see ref. 8). A DTI index, fractional anisotropy
(FA), which reflects the degree of water diffusion’s directional
dependency, shows increased FA values as various skills are
learned (5–7, 9–12). Another DTI index, radial diffusivity (RD),
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Second-language learning in adulthood is a topic of wide interest
given globalization, and levels of proficiency are highly variable
among individuals. Here we demonstrate a significant correlation
between individuals’ white matter fiber-tract properties in language areas and participation in an English language immersion
program. Moreover, we found that this relationship was influenced
by genetic variation (catechol-O-methyltransferase gene). Individuals with the Methionine (Met)/Valine (Val) or Val/Val genotype,
but not the Met/Met genotype, showed higher fractional anisotropy and lower radial diffusivity during immersion. Values of brain
measurements reversed after the immersion ended. These results
suggest that second-language learning is influenced by an interaction between brain white matter structure and genetic factors.
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Adult human brains retain the capacity to undergo tissue reorganization during second-language learning. Brain-imaging studies show a
relationship between neuroanatomical properties and learning for
adults exposed to a second language. However, the role of genetic
factors in this relationship has not been investigated. The goal of the
current study was twofold: (i) to characterize the relationship between
brain white matter fiber-tract properties and second-language immersion using diffusion tensor imaging, and (ii) to determine whether
polymorphisms in the catechol-O-methyltransferase (COMT)
gene affect the relationship. We recruited incoming Chinese students enrolled in the University of Washington and scanned their
brains one time. We measured the diffusion properties of the
white matter fiber tracts and correlated them with the number
of days each student had been in the immersion program at the
time of the brain scan. We found that higher numbers of days in
the English immersion program correlated with higher fractional
anisotropy and lower radial diffusivity in the right superior longitudinal fasciculus. We show that fractional anisotropy declined
once the subjects finished the immersion program. The relationship between brain white matter fiber-tract properties and immersion varied in subjects with different COMT genotypes. Subjects
with the Methionine (Met)/Valine (Val) and Val/Val genotypes
showed higher fractional anisotropy and lower radial diffusivity
during immersion, which reversed immediately after immersion
ended, whereas those with the Met/Met genotype did not show
these relationships. Statistical modeling revealed that subjects’
grades in the language immersion program were best predicted
by fractional anisotropy and COMT genotype.

have effects on brain activation responses (for a review, see ref. 27).
For example, subjects with the Met/Met genotype showed lower
prefrontal activation responses than the subjects with the Met/Val
and Val/Val genotypes (28) or Val/Val genotype alone (29). One
additional study also showed a different relationship between the
midbrain dopamine synthesis and prefrontal activity compared
with subjects with the Met/Val and Val/Val genotypes (30).
In this study, we: (i) characterize whether diffusion properties
of white matter fiber tracts are related to subjects’ participation
in a short-term English immersion program; (ii) examine whether
diffusion properties of white matter fiber tracts vary between
subjects with different COMT genotypes; and finally, (iii) predict
subjects’ class grades in the immersion program based on individuals’
brain diffusion properties of white matter and their COMT genotype.
We recruited Chinese freshmen students who enrolled in an intensive English immersion program at the University of Washington
to prepare for college-level instruction (n = 44). These were the
experimental subjects. The program consisted of 16 training lessons,
each of 3.5-h duration. Thus, students experienced a total of 56 h of
immersion by the time they completed the program. The program
focused on advanced skills in English comprehension and writing.
In addition, we recruited Chinese students at the University of
Washington who arrived in the United States at the same time but
did not enroll in the immersion program (n = 35). These were the
control subjects. The experimental (E) and control (C) student
participants were matched for their prior exposure to English,
including their age of first exposure to English, their parental/sibling
English proficiency levels, and the amount of time they lived outside
of China (see Materials and Methods for details).
We performed brain scans during a 14-d period, beginning 7 d
after students entered the United States (11 d after the short-term
immersion program began for students enrolled in the immersion
program). All subjects had one brain scan. All brain scans were
completed 8 d after the immersion program ended.
Our preliminary DTI analyses on E subjects revealed that FA/RD
measures varied depending on whether the brain scan occurred
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brain scan before the end of immersion program as a function of the
number of days they had participated in the immersion program at
the time of brain scan (E-ND1, n = 32). Results from whole-brain
tract-based spatial statistics showed a cluster of brain voxels located
in the right superior longitudinal fasciculus (SLF) (Fig. 1A) in which
the FA values were significantly positively correlated with ND1, after
we controlled for age (partial correlation coefficient = 0.431, P <
2.71 × 10−4) (Fig. 1B). For E subjects who underwent brain scans
after finishing the class, we examined FA values in the SLF as a
function of the number of days after completion of the immersion
program (E-ND2, n = 12). The results showed a marginally negative
correlation (Fig. 1C) (Pearson’s r = −0.55085, P < 0.063). We also
examined the FA values in a homologous area in the left hemisphere, and found a marginally significant relationship between the
FA values and ND1 (Fig. S1) (Pearson’s r = 0.2114, P < 0.081),
suggesting that SLF in the left hemisphere may also be involved
during immersion.
Using the same SLF voxels, and as expected, we found that
RD values significantly negatively correlated with ND1 (Fig. 1D)
(Pearson’s r = −0.4089, P < 4 × 10−4), and that RD and FA values
were significantly negatively correlated (Fig. S2).
We compared the mean FA and RD values in the following three
groups of subjects: E-ND1 and E-ND2 groups and the C subjects
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Results
Brain White Matter Fiber Tracts. We examined E subjects who had a
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while the immersion experience was still ongoing, versus after the
immersion experience ended. Taking this into account, we separated
subjects’ FA and RD data based on when the brain scans occurred.
For E subjects who had been in the immersion program at the time
of the scan, we examined FA and RD values as a function of the
number of days (ND1) they had been in class. For subjects who had
already finished the immersion class at the time of the scan, we
examined the FA and RD values as a function of the number of days
after the immersion program ended (ND2). We expected different
trends to be observed in ND1 and ND2 data.
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Fig. 1. Relationship between immersion experience and FA values in the SLF. (A) Cluster of voxels in the SLF, with coordinates of peak voxels: x = 32, y = 3, z = 26. Size
of cluster = 57 voxels. Voxels are overlaid on the mean FA image from all subjects. (B) Significant positive correlation between the FA values and number of days each
subject had been in the class at the time of brain scan (ND1) (P < 2.71 × 10−4). C subjects not enrolled in immersion are represented as 0 d. C subjects are shown in black
and E subjects scanned before the end of the immersion are shown in red. (C) Negative correlation between the FA values and number of days after the class ended
(ND2) (P < 0.063). (D) Significant negative correlation between the RD values and ND1 (P < 4 × 10−4). (E) Significant difference in mean FA values between C subjects
and E-ND1, and between E-ND1 and E-ND2 subjects (P < 2.96 × 10−5). (F) Significant difference in the mean RD values between C and E-ND1 subjects (P < 0.0067).
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who did not enroll in the immersion program. We found a significant
main effect of group on the FA values [F(2, 76) = 11.976, P < 2.96 ×
10−5]. Post hoc analysis revealed significant differences in the FA
values between the C and E-ND1, and between the E-ND1 and
E-ND2 groups, but no significant difference between the C and
E-ND2 groups (Fig. 1E). Similarly, we found a significant main
effect of group on the RD values [F(2, 76) = 5.3424, P < 0.0067]. Post
hoc analysis revealed a significant difference in the RD values between the C and E-ND1 groups (Fig. 1F).
To test whether the observed FA differences in E subjects
were attributable to the immersion experience and not simply to
living in the United States, we examined the relationship between
the number of days that the C subjects (n = 35) had resided in
the United States at the time of their brain scans and their FA
values. We did not observe a significant relationship (Pearson’s
r = −0.0922, P < 0.4082) (Fig. S3).
Influence of COMT on Brain–Behavior Relationships. We next investigated whether the Val158Met polymorphisms in COMT were
related to white matter fiber-tract properties for students participating in the immersion program. Using linear regression (figure 3 in
ref. 31), we entered the E-ND1 and COMT genotype (categorical
variable) to investigate whether the relationships between the FA
values and E-ND1 differ among subjects with different COMT
genotypes. We found significant effects of COMT on the positive
correlation between FA and E-ND1 (R2 = 0.35, P < 3.32 × 10−6).
Subjects with the Met/Val and Val/Val genotypes showed a significantly positive correlation between the FA values and E-ND1,
whereas the subjects with the Met/Met genotype did not (Fig. 2A)
(Pearson’s r = −0.059, P < 0.872 for Met/Met genotype; r = 0.6,
P < 1.95 × 10−3 for Met/Val genotype; and r = 0.62, P < 7 × 19−5
for Val/Val genotype). The same method was used to examine
the effect of COMT on the negative correlation between RD
and ND1. We found a significant effect of COMT genotype on
the negative correlation between the RD values and ND1 (Fig.
2B) (R2 = 0.253, P < 2.13 × 10−3). Subjects with the Met/Val
and Val/Val genotypes showed a significant negative relationship
between the RD values and ND1, whereas the subjects with the
Met/Met genotype did not (Pearson’s r = −0.0992, P < 0.7849 for
Met/Met genotype; r = −0.4332, P < 3.45 × 10−2 for Met/Val
genotype; and r = −0.5223, P < 1.28 × 10−3 for Val/Val genotype).
We also tested whether the relationships between the E-ND2 and
FA or RD values in the SLF varied between subjects with different
COMT genotypes. Subjects with the Met/Val and Val/Val genotypes
showed a significant negative correlation between FA values in the
SLF and E-ND2 (Pearson’s r = −0.6826, P < 0.0298) (Fig. 2C). We
did not see a significant effect of COMT genotype on the relationship

0.50

B

r = -0.0992 p < 0.7849
r = -0.4332 p < 3.45 x 10-2*
r = -0.5223 p < 1.28 x 10-3*

5.4

0.45

0.40

4.2

0.35

0.35

3.8

0.30

0

4

8

12

number of days (ND1) in class

16

r = -0.6826 p < 0.0298*

0.55

0.45

4.6

0.40

C
0.50

5.0

radial diffusivity (X 10-4)

fractional anisotropy

r = -0.059 p < 0.87
r = 0.6000 p < 1.95 x 10-3 *
r = 0.6200 p < 7.00 x 10-5 *

0

4

8

12

number of days (ND1) in class

16

0.30

0

2

4

6

8

number of days (ND2) after class ended

Fig. 2. Relationship between immersion and white matter brain structure differed with COMT genotype. (A) Subjects with Met/Val and Val/Val genotypes
showed a significant positive correlation between the FA values in the SLF and number of days each subject had been in the class at the time of brain scan
(ND1), whereas Met/Met subjects did not (P < 0.872 for Met/Met genotype; P < 1.95 × 10−3 for Met/Val genotype; and P < 7 × 10−5 for Val/Val genotype).
(B) Subjects with Met/Val and Val/Val genotypes showed a significant negative relationship between the RD values in the SLF and ND1 (P < 0.7849 for Met/Met
genotype; P < 3.45 × 10−2 for Met/Val genotype; and P < 1.28 × 10−3 for Val/Val genotype). (C) Subjects with the Met/Val and Val/Val genotypes showed a
significant negative relationship in FA values in the SLF with number of days after the class ended (ND2) (P < 0.0298).
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Discussion
The present study sought to determine the relationship between
genetic variation, brain white matter fiber-tract properties, and second-language learning. We focused on adult Chinese students, who
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between the RD values in the SLF and ND2 (Pearson’s r = 0.2836,
P < 0.3718).
We performed two additional statistical tests to confirm the observed difference in the relationship between the FA values and
E-ND1 in subjects with different COMT genotypes. First, we used a
permutation test with 1 × 106 iterations to test whether the observed
R2 value of 0.35 representing the significant interaction between the
COMT genotype and ND1 (Fig. 2A) is statistically significant. The
probability of obtaining the observed R2 value would be random if
caused by a statistical artifact. The permutation test suggests that
obtaining an R2 value of 0.35 or greater is unlikely to be due to
chance (P = 0.03723) (Fig. S4).
Next, we investigated whether the relationship between the FA
values and E-ND1 within each COMT genotype was influenced by
potential outliers. We performed three independent bootstrap tests
with 1 × 104 iterations for each genotype. These tests showed
that the observed Pearson’s correlation coefficients for Met/Met,
Met/Val, and Val/Val groups were within the confidence intervals for each respective genotype distribution (Fig. S5). These
results suggest that the observed correlation coefficients of three
COMT genotypes shown in Fig. 2A were not driven by outliers.
To assess whether the COMT genotype had an effect on the
difference in the mean FA values shown in Fig. 1E, we added
COMT genotype as an additional factor in the ANOVA analysis.
We found a significant Group × COMT interaction (Table S1)
[F(4, 70) = 4.2166, P < 4.1 ×10−3], indicating that the mean FA values
shown in control, E-ND1, and E-ND2 groups depend on the
COMT genotype.
We confirmed that there was no significant difference in either
FA or RD values among COMT genotype groups in the C subjects
(Fig. S6), indicating that the higher FA and lower RD values
observed in the experimental subjects were likely associated with the
immersion experience.
Finally, we created a statistical model that incorporates students’
FA values in the SLF and their COMT genotype. We obtained the
class grades from 25 student participants who enrolled in the immersion program, and we tested the FA values in the SLF, adjusting
for ND1, as a predictor of class grades, and confirmed a significant
relationship (Fig. S7) (R2 = 0.186, P < 0.0315). Adding the COMT
genotype as an additional predictor increased the total variance
explained by more than 100%, from 18.6% to 46.2% (R2 = 0.462,
P < 0.027). We did not observe a significant interaction between the
COMT genotype and FA (P < 0.1741).

enrolled in an intensive short-term English immersion program as
preparation for entering the university as freshmen, and matched
controls. Our results provided two new findings. First, the data illustrate the relationship between the diffusion properties of brain
white matter and immersion: higher FA values and lower RD values
were observed across students as a function of the amount of time
each one had spent in the immersion program. Moreover, in students scanned after the immersion experience ended, we observed
lower FA values across individual students as a function of the
number of days since immersion ended. These findings occurred in a
fiber tract known to be important to language processing, the SLF
(for a review, see ref. 32), which forms a major connection between
the prefrontal cortex and language areas (33, 34). Second, we
showed, to our knowledge for the first time, that polymorphisms of
the COMT gene are significantly related to the FA and RD values in
the SLF during immersion.
What possible cellular events could explain the variations we
observed in white matter fiber tracks as a function of an immersion experience with a new language, and their relationship
with the COMT gene? We propose three possible explanations,
explained below.

Although we did not directly measure dopamine release while
subjects were participating in the short-term immersion, we speculate that the subjects with the Met/Met genotype would have higher
dopamine levels in the cortex. Previous studies have shown that
transcranial and direct electrical stimulation in the prefrontal cortex
can trigger dopamine release in other cortical regions in human and
rat brains (50, 51). Thus, we argue that an increased dopamine efflux
could be attributable to language experience during the intense
immersion program, which in turn contributed to brain myelination
in the SLF.
Our findings are consistent with a previous study in which subjects
showed increased FA values in their brain white matter structure
following 15-h training on juggling over a 6-wk period (52). Our
student participants had 56 h of immersion experiences at the
completion of the program. Their immersion experience may contribute to higher FA values in the SLF. However, another study
using a 2-h training program showed changes in the mean diffusivity
in the brains of healthy volunteers, which may not be attributable to
myelination. Taking these data together, it remains to be determined
whether brain myelination is contributing to the variation of FA
values in subjects’ brains after a 1-wk foreign language immersion.

Higher FA May Be Related to Increased Brain Myelination. First, increased myelination may result in higher FA and lower RD values in
the cortex, as previously shown in rodents (35, 36). It is possible that
the subjects in our study increased myelination in the SLF, as it was
previously suggested that increases in myelination are associated
with learning (11, 13, 37). This hypothesis is also consistent with
the difference in the FA values we observed between the E-ND1
and E-ND2 groups. Previous studies have suggested that the
myelination process is dynamic and dependent on neural activity
(38–46). It is thought that signals released from strongly active
axons can trigger myelin production (41), and that the increased
myelination facilitates signal transduction along the axonal fibers,
allowing better information transfer across brain regions to accomplish the required tasks (for a review, see ref. 47). Animals
showed an increased number of myelin sheaths (44) or increased
rates of oligodendrogenesis when measured 6 h after stimulation (37).
Similar mechanisms may explain higher FA values in subjects in the
E-ND1 group. Consistent with this notion, diminished neural activity
after the immersion program ended may contribute to the lower FA
values in the E-ND2 group.
We observed a positive relationship between FA values and the
amount of immersion experience in subjects with the Met/Val and
Val/Val genotypes, but not in subjects with the Met/Met genotype. A
possible explanation may reside in dopamine-related brain myelination. Dopamine has been shown to regulate myelination. Through
the activation of dopamine D3 receptors, dopamine inhibits oligodendrocyte precursor cells as well as immature oligodendrocytes (48)
from maturing into oligodendrocytes that can produce myelin
sheaths around axonal fibers in the central nervous system (for a
review, see ref. 49). In the present study, we used a common variant
in the COMT gene that allows us to infer brain dopamine levels in
student subjects. It was previously shown that COMT-deficient mice
show elevated levels of dopamine at steady state in the frontal cortex
(23), or increased dopamine metabolite (DOPAC), when administered with L-dopa and carbidopa compared with wild-type controls
and the heterozygotes (22, 23). Individuals with the Met/Met genotype, compared with those with the Met/Val and Val/Val genotypes,
would be expected to have elevated brain dopamine during immersion as a result of reduced COMT activity (27). We argue that the
elevated brain dopamine during immersion may have prevented
subjects with the Met/Met genotype from undergoing axonal myelination in the SLF. Interestingly, we did not observe statistically significant differences in FA values in the control subjects with different
COMT genotypes, suggesting that COMT only affects the FA values
of the brain voxels in the SLF during acute experience and is not a
result of basal state differences.

Higher FA May Be Related to Axonal Branching/Growth. Second, it is
also possible that higher FA values reflect axonal branching/
growth. In human and nonhuman primate brains, axonal growth
during development is correlated with increased FA values in the
association fibers (53, 54). Neural activity has been shown to result
in the growth and branching of axonal fibers (55–60). This type of
activity-dependent axonal growth may have occurred in subjects
during immersion, which may contribute to higher FA values.
According to this explanation, the effect of the COMT genotype
could be a result of different brain activity levels in the prefrontal
cortex in subjects with different COMT genotypes. It is generally
agreed that stronger brain activity suggests higher neural activity
measured by functional MRI (for a review, see ref. 61). Previous
studies have shown that subjects with the Met/Met genotype had
the least prefrontal activity at rest compared with subjects with the
Val/Val genotype (62). Subjects with the Met/Met genotype also
showed reduced prefrontal brain responses, or a different relationship between midbrain dopamine synthesis and prefrontal activity
compared with subjects with the Met/Val and Val/Val genotype
during cognitive tasks (28, 30). In other words, it is possible that
subjects’ prefrontal activity during immersion depends on their
COMT genotype. Increased prefrontal activity during immersion
would have resulted in increased axonal growth, as suggested by
these previous studies. If so, higher FA values shown in the subjects with the Met/Val and Val/Val genotype during immersion
relative to the subjects with the same genotypes but without immersion experience may be related to the increased prefrontal
activity. Similarly, higher FA values shown in the subjects with the
Met/Val and Val/Val genotypes may be related to the increased
prefrontal activity during immersion compared with the subjects
with the Met/Met genotype.
COMT-dependent frontal activity has also been shown to interact
with another polymorphism in the dopamine transporter gene
(DAT). Individuals with the Val/Val genotype in COMT and
9-repeat alleles in the DAT show the highest prefrontal activity
compared with individuals with the Met/Met genotype in the
COMT and the 10-repeat alleles in the DAT (63). Future studies
examining multiple genes involved in regulating dopamine levels
in the cortex will be necessary before we can fully understand how
brain white matter fiber-tract properties are influenced by cortical
dopamine during learning.
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Higher FA May Be Related to Reduced Volume of the Extracellular
Space. The third possible explanation is that the higher FA values we

observed may be related to reduced volume in the extracellular
space. Reduced volume in the extracellular space can result from
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The results of the present study demonstrate an interaction between genes, brain, and behavior, interactions that are likely to underlie much of human learning. Future studies integrating molecular,
genetic, and behavioral assays may uncover other factors that affect
brain white matter fiber-tract properties during learning. Our findings suggest that second-language learning in adults is accompanied
by diffusion properties in white matter in an area of the brain known
to be important for language learning, and that these properties
during immersion are significantly influenced by the COMT gene.
Materials and Methods
Selection Criteria. All participants were new full-time students enrolled at the
University of Washington. Experimental procedures were approved by the Institute Review Board of the University of Washington, and written informed
consent was obtained from each participant. We matched experimental and
control participants on sex, age of exposure to English, and environmental factors
that influence English learning. Using screening questionnaires, subjects reported
their family members’ proficiency in English speaking and listening. All subjects
except for four (two E and two C) reported English exposure after the age of 6 y;
four were first exposed at the age of 4 or 5 y old. Statistical comparisons for age
of exposure to English for E and C subjects were nonsignificant (P > 0.05). In
addition, there was no statistical difference in the fathers’, mothers’, or siblings’
English proficiency between E and C subjects (P > 0.05). We eliminated participants based on any previous residence outside of China before moving to the
United States; previous participation in a student-exchange programs outside of
China; both mother and father not of Chinese origin; past use of serotonin- or
dopamine-related agents; a medical history of Axis I disorders, epilepsy, or brain
injury; problems with normal vision or hearing; or left-handedness as assessed by
the Edinburgh handedness test. For MRI safety, individuals with metallic or cardiac
implants or tattoos were additionally excluded from the study.
Study Design. Participants (n = 193) were Chinese students enrolled at the
University of Washington. Genotyping was performed on all recruited subjects to evaluate the COMT genotype. This was done to ensure a sufficient
representation of the Met/Met genotype in the analysis, which is present in
less than 13% of Chinese Han individuals (International HapMap Project).
Based on these genotype measures, we invited 44 students enrolled in the
16-d English language immersion class and 35 students not enrolled in an
English language learning class (mean age = 20.02, SD = 3.35, 17 females) to
participate in the brain-imaging component of this study (see Table S2 for
the genotype distribution of subjects who were assessed with brain imaging). Brain-imaging data collection began 2 wk after recruitment. We began
the brain scanning on the 11th day of the class. All brain-imaging data acquisition was completed within 8 d after the last day of the immersion class.
English Language Immersion Program. The English language immersion class
(course title: English 108, offered by the Department of English at the University of
Washington) was comprised of a total of 16 d, 3.5-h sessions, which were held 4 d a
week (Monday through Thursday). Student participants had a total of 56-h immersion by the completion of the program. The class began 1 d after the orientation event and ended 3.5 wk later.
Data Analysis. Detailed information about the DNA extraction, brain-imaging
processing, and genetic, brain, and behavioral analysis is provided in the SI Materials and Methods.
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swelling in nerve fibers and blood vessel dilation (for a review, see
ref. 64). It has been shown that electrical stimulation can result in
swelling in nerve fibers and tissue in vitro (for a review, see ref. 65).
Such an event may reduce the volume in the extracellular space and
restrict water movement in vivo. It is possible that our subjects may
have experienced swelling in the SLF during the intensive immersion
experience. However, whether restricted water movement will increase FA values in the SLF as observed remains to be determined.
Increased neural activity can also result in an increase in blood
flow in a highly restricted region (for a review, see ref. 66). Signals
released from strongly active neurons can cause the dilation of
microvessels and it can be observed within seconds following stimulation (67). This type of dilation may have happened in the
microvessels adjacent to the SLF during the intensive immersion
experience. Interestingly, COMT activity is present in the cerebromicrovascular endothelial and smooth muscle walls, as well as in
the capillary walls (17, 18). Low COMT activity in the cerebral cortex
was found in rats with hypertension compared with normal controls
(68), suggesting that COMT activity may regulate blood flow in
the cortex. In line with this idea, a recent population study shows
that subjects with the Met/Met genotype have significantly higher
incidences of cardiovascular disease than subjects with the Val/Val
genotype (69). In the present study, subjects with the Met/Met
genotype who have lower COMT activity may have experienced less
blood vessel dilation during immersion compared with the subjects
with the Val/Val genotype. Reduced blood vessel dilation may have
resulted in less shrinkage of extracellular volume, which reflects
lower FA values.
These three explanations are not mutually exclusive. Further advancements in MR technology will be necessary before we can
characterize in more detail the dynamic interactions among neurons,
glial cells, and blood vessels during learning.
Anatomically, we observed higher FA coupled with lower RD in
the SLF during immersion. The SLF constitutes a major portion of
the dorsal pathway connecting the frontal cortex to language areas
(for a review, see ref. 70). The SLF is known for its role in processing
complex syntactic structure (for a review, see ref. 32). This type of
processing is critical for our subjects because the English immersion
program focused on advanced English comprehension and writing
skills. Other studies have also reported higher FA values in the SLF
or higher gray matter density in brain regions associated with the
SLF in adults who regularly use their second language as opposed to
those who use it less (12, 71, 72). These results suggest that intensive
second-language learning and use in adults is associated with functional connectivity between the prefrontal cortex and language area
through the SLF.
What is the functional significance of brain white matter fibertract properties and genetic factors for success in second-language
learning? A statistical model incorporating individuals’ FA values
and their COMT genotype highlighted the role of genes on brain
white matter fiber-tract properties related to experience and
reflecting learning. Using the class grades we obtained from 25
participants (11 Val/Val, 11 Met/Val, and 3 Met/Met) in the immersion program, we found that our model showed that although
students’ class grades were significantly correlated with their FA
values in language areas of the brain, the association accounted for
only 18% of the total variance. However, COMT genotype and the
FA values jointly accounted for 46.2% of the total variance. We did
not observe a significant interaction between COMT genotype and
FA values in our model. It is possible that a higher number of
subjects is needed to observe differences in the relationships.
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SI Materials and Methods
Genotyping.
DNA extraction. Study participants provided saliva samples at an

initial screening appointment. DNA was extracted from these
samples using the Oragene DNA kit, following instructions
provided by the manufacturer (DNA Genotek). All participants
refrained from eating, chewing gum, drinking, or smoking 30 min
before saliva collection.
TaqMan genotyping assay. The TaqMan Drug Metabolism Genotyping Assay (Life Technologies) was used to genotype single
nucleotide polymorphisms in the rs4680 region. The probes used
to discriminate the alleles consisted of an oligonucleotide with a
5′-reporter dye and a 3′-quencher dye. The probe covalently
linked to the VIC dye had the sequence CCA-GCG-GAT-GGTGGA-TTT-CGC-TGG-C, and those covalently linked to the
FAM dye had the sequence TGA-AGG-ACA-AGG-TGT-GCATGC-CTG-A. A LightCycler 480 InstrumentLightCycler 480
(Roche Diagnostics) was used for amplification and melting
analysis. PCR was performed using a 25-μL solution that included 1 μg of genomic DNA, and a premix that contained
primers and probes (18 μM of each primer and 4 μM of the
probes). Thermal cycling was set for 1 min at 95 °C, followed by
45 cycles of 15 s at 92 °C and 1 min at 60 °C. We ran PCR on a
96-well plate that also contained two negative and two positive
control wells. An algorithm provided by the manufacturer was
used to discriminate the alleles.
DTI Acquisition. DTI 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 = 8,986 ms, TE = 77 ms, acquisition matrix size 136 × 133 × 76,
acquisition voxel size 1.76 × 1.8 × 1.8 mm3, reconstructed voxel size
1.5 × 1.5 × 1.8 mm3, EPI 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 min × 2 for both TOPUP and TOPDOWN.
DTI Analysis. The FMRIB Software Library (FSL) 5.0.5 Diffusion
Toolbox (FDT, fsl.fmrib.ox.ac.uk/fsl/fslwiki/fdt/) was used to
process the DTI data. We used a multiple-step procedure recommended by FSL (73) that includes: (i) correcting for the
motion artifact and eddy current with the “eddy” and “topup”
toolbox, (ii) removing skull and nonbrain tissue from the image
using the Brain Extraction toolbox, and (iii) voxel-by-voxel calculation of the diffusion tensors. FA and RD maps were generated using the DTIFit tool.
All DTI data were examined before and after preprocessing to
evaluate image quality. Tract-based spatial statistics (TBSS),
available in FSL (73), was used to perform voxel-wise statistical
analysis. To acquire group templates accurately reflecting the
effects of short-term immersion program on white matter
structure, subjects who were scanned before the end of the immersion program were used in one TBSS analysis to generate its
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group template, and subjects who were scanned after the end of
the immersion program were used in a separate TBSS analysis to
generate another group template. TBSS analysis is comprised of
the following steps: (i) nonlinear alignment of each subject’s FA
volume to a 1 × 1 × 1 standard space; (ii) selection of a typical
image to use as a group template; (iii) nonlinear transformation
of image volumes previously aligned to the group template to
the 1 × 1 × 1 Montreal Neurological Institute (MNI152) space;
(iv) creation of a mean FA skeleton that represents the center of
all tracts common to all subjects; and (v) 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 RD map for each study participant. We used the
FEAT toolbox to identify areas where FA values were correlated
with the number of days (ND1) the subjects had been in the class
at the time of brain scan. In this analysis, ND1 was an exploratory
variable and FA was the dependent variable. All subjects’ ND1
was demeaned to have a zero group mean. We used Randomize,
which uses permutation-based nonparametric inferences, to perform statistical analysis on the FA matrix and ND1 (fsl.fmrib.ox.
ac.uk/fsl/fslwiki/randomise/) (n = 1,000). We set the statistical
threshold at 0.05 using the threshold-free cluster enhancement
(TFCE) for the correction for multiple comparisons. The cluster
of significant FA values was then used to isolate the voxels in the
RD map of all subjects.
We used in-house–developed software to extract voxels from
the resulting statistical images, and we obtained cluster size,
peak coordinate, and FA values that exceeded the threshold (P <
0.05). We mapped the clusters to the Johns Hopkins University
ICBM-DTI-81 white matter labels atlas and the Johns Hopkins
University white matter tractography atlas provided by FSL to
identify their anatomical location. We calculated the mean of FA
of each subject by summing the FA values within the cluster and
divided the number of voxels within the cluster. We used the
identical method to calculate the mean of RD of each subject.
The peak coordinates of the cluster are shown in Fig. 1A.
Statistical Analysis. Multiple regression analysis using the Statistical Toolbox in MATLAB was used for assessing relationships
between the mean FA and RD values, the behavioral data, and
the genetic data. ANOVA analysis (unequal N) using the Statistical Toolbox in MATLAB was used to assess the mean differences in the FA and RD values between groups. Post hoc
analysis identified pairs of means that differed significantly. All P
values were corrected for multiple comparisons. Grades were
obtained for 25 of the 44 subjects enrolled in class. To estimate
the FA values as if measured at the end of the immersion program, we used the coefficient estimates from the linear regression function in MATLAB. Permutation and bootstraps tests
were performed using the Statistical Toolbox in MATLAB.
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Fig. S1. The relationship between the FA values in the left SLF and ND1.

Fig. S2. In the SLF, RD values were significantly negatively correlated with FA values. Black dots represent control subjects and red dots represent E-ND1
subjects.

Mamiya et al. www.pnas.org/cgi/content/short/1606602113

2 of 6

Fig. S3. The FA values in the SLF for control subjects.
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Table S1. ANOVA results
Factors
Group
COMT genotype
Group × COMT genotype

DOF

Mean sq

F stats

P value

2
2
4

0.0057
0.0022
0.0061

3.9454
1.5373
4.2166

0.0238*
0.2221
0.0041*

COMT genotype and group assignment were entered as factors in a twoway ANOVA analysis. It yielded a significant effect of Group, and a significant interaction between Group and COMT genotype on the FA values in the
SLF. DOF, degree of freedom; Mean sq, mean square error; P < .05 corrected
for multiple comparisons.
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Table S2. Distribution of COMT genotype
Variable
n
Age (y) (mean ± SEM)
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Met/Met

Met/Val

Val/Val

13 (female = 8)
21.5 ± 0.7

29 (female = 11)
20.4 ± 0.9

37 (female = 17)
20.4 ± 0.6
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