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A B S T R A C T

The neurobiology of bilingualism is hotly debated. The present study examines whether normalized cortical
measurements can be used to reliably classify monolinguals versus bilinguals in a structural MRI dataset of Farsi-
English bilinguals and English monolinguals. A decision tree classifier classified bilinguals with an average
correct classification rate of 85%, and monolinguals with a rate of 71.4%. The most relevant regions for clas-
sification were the right supramarginal gyrus, left inferior temporal gyrus and left inferior frontal gyrus. Larger
studies with carefully matched monolingual and bilingual samples are needed to confirm that features of these
regions can reliably categorize monolingual and bilingual brains. Nonetheless, the present findings suggest that a
single structural MRI scan, analyzed with measures readily available using default procedures in a free open-
access software (Freesurfer), can be used to reliably predict an individual’s language experience using a decision
tree classifier, and that Farsi-English bilingualism implicates regions identified in previous group-level studies of
bilingualism in other languages.

1. Introduction

The impact of bilingualism on the brain has been studied for over a
century, yet continues to be debated (Paap, Johnson, & Sawi, 2015;
Sebastian, Laird, & Kiran et al., 2001). A better understanding of the
neural correlates of bilingualism would not only provide insights re-
garding language acquisition and neural plasticity, but also could pro-
vide neural and cognitive targets for enhancing second language
learning. The focus of most existing second-language (L2) neuroima-
ging research has been to identify structural or functional differences in
the brains of bilinguals versus monolinguals, particularly as a function
of L2 acquisition age or L2 fluency (e.g. Ge et al., 2015; Garcia-Penton,
Perez Fernandez, Iturria-Medina, Gillion-Dowens, & Carreiras, 2014;
Kovelman, Baker, & Petitto, 2008; Klein, Mok, Chen, & Watkins et al.,
2006, Klein et al., 2014; Kim, Relkin, Lee, & Hirsch, 1997; Mahendra,
Plante, Magliore, Milman, & Trouard, 2003; Dehaene et al., 1997;
Marian, Spivey & Hirsch, 2003). In one of the first neuroimaging studies
to examine bilingualism, Kim et al. (1997) compared functional MRI
results within left inferior frontal and left posterior superior temporal
regions of interest during listening to L1 versus L2 in ten subjects, half

late and half early bilinguals representing several L1 and L2 languages,
including English, German, Spanish, French, Turkish, Korean, Chinese
and Hebrew. These first fMRI case studies of bilingualism demonstrated
that classic frontal and temporal left hemisphere L1 language regions
were also engaged by L2, with the overlap between L1 and L2′s acti-
vations greater for early bilinguals than late bilinguals. Subsequent
group studies corroborated Kim et al.’s overall conclusions that re-
gardless of the exact two languages spoken or age of L2 acquisition, L2
generally engages frontal and temporal regions activated by L1, with
the degree of spatial separation or amplitude difference in L1 vs. L2
activations correlating with age of L2 acquisition and/or L2 proficiency
(Perani & Abutalebi, 2005; Perani et al., 1998; Sakai, Miura, Narafu, &
Muraishi, 2004; Wartenburger et al., 2003). However, findings from
whole brain analyses also suggest that bilingualism versus mono-
lingualism is associated with structural and functional differences in
subcortical regions (Burgaleta, Sanjuan, Ventura-Campos, Sebastian-
Galles, & Avila, 2016; Stocco & Prat, 2014), supplemental and pre-
supplemental motor areas (Luk, Green, Abutalebi, & Grady, 2011;
Rodriguez-Fornells et al., 2005), frontal-parietal cortex (Mechelli et al.,
2004; Reiterer et al., 2011; Yokoyama et al., 2006), the cerebellum
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(Klein et al., 2006; Halsband, 2006), and right hemisphere regions
(Mayima, Richards, Coe, Eichler, & Kuhl, 2016; Reiterer et al., 2011;
Schlegel, Rudelson, & Tse, 2012). A wealth of electrophysiological work
has also identified neural markers of bilingualism and L2 proficiency,
including more native-like P600 and N400 responses to L2 morpho-
syntactic and grammatical violations as a function of L2 proficiency
(Frenck-Mestre, Osterhout, McLaughlin, & Foucart, 2008; Tanner,
McLaughlin, Herschensohn, & Osterhout, 2013).

It has been suggested that the structural and functional neural dif-
ferences between monolinguals and bilinguals may be related to dif-
ferences in cognition as a result of bilingualism (Stocco & Prat, 2014),
but a causative link between bilingualism and cognitive differences
remains controversial (Bialystok, Craik, & Luk, 2012; cf. Paap &
Greenberg, 2013). Nonetheless, there are several studies implicating
the basal ganglia, particularly the caudate, with bilingualism and par-
ticularly with language switching and control (Klein, Milner, Zatorre,
Meyer, & Evans, 1995; Luk et al., 2011; Price, Green, & Von Studnitz,
1999; Wang, Wang, Jiang, Wang, & Wu, 2013). Basal ganglia differ-
ences between monolinguals and bilinguals (and between low and high
proficiency bilinguals) are present during language tasks (Grogan,
Green, Ali, Crinion, & Price, 2009; Zou, Ding, Abutalebi, Shu, & Peng,
2012) as well as during some cognitive tasks requiring attentional
control (Stocco & Prat, 2014; Grundy, Anderson, & Bialystok, 2017).
Voluntary language switching in bilinguals also implicates the supple-
mentary motor area (SMA) and pre-SMA (de Bruin et al., 2014; Luk
et al., 2011), both of which also are involved in L2 fluency (Grogan
et al., 2009) as well as speech production and motor planning for
speech more broadly (Price, 2012; Segawa, Tourville, Beal, & Guenther,
2015).

Most previous studies of the neurobiology of bilingualism present
group-level averaged results or case studies (see above). It is well-es-
tablished, however, that group-level neuroimaging results alone often
do not represent an individual’s neural response to language; there is
substantial individual variability regarding the location and extent of
neural responses to language within known language areas such as
Broca’s area (Nieto-Castanon & Fedorenko, 2012; Rogalsky, Almeida,
Sprouse, & Hickok, 2015). Thus it remains unclear what neural features
would predict bilingualism in any given individual. Dehaene et al.
(1997) noted that “late second language acquisition is not necessarily
associated with a reproducible biological substrate.” For example, De-
haene et al.’s group-level fMRI results in French-English bilinguals
identified significant activations of the right hemisphere to L2, but also
demonstrated that individual subjects show a great deal of variability in
right-lateralization of responses to L2, ranging from none to right
hemisphere dominance.

In the present study we examined an existing structural MRI dataset
of Farsi-English bilinguals and English monolinguals to determine
whether volumetric and curvature differences in various brain regions
could be used to reliably classify monolinguals versus bilinguals. We
hypothesized that a decision tree (DT) classifier will be able to dis-
criminate between monolinguals and bilinguals using structural MRI
measurements. We restrict our analysis to 32 anatomically-defined
brain regions of interest that have been shown to be reliably involved in
language processes by large meta-analyses (e.g. Price, 2010, 2012). DTs
have previously been used to classify brain disease states (Aguilar et al.,
2013); the present study is the first to use this methodology to predict
cognitive-linguistic abilities from structural MRI data. We have in-
cluded both gray and white matter measurements because the relative
degree of gray versus white matter differences in the bilingual brain
remains unclear (Garcia-Penton, Fernandez Garcia, Costello, Andoni
Dunabeitia, & Carreiras, 2016), and gray and white matter measure-
ments in a given region are not always correlated (Li, Legault, &
Litcofsky, 2014). The present study also is the first to our knowledge to
investigate the neurobiology of Farsi-English bilingualism. While most
of the previous research suggests that the neurobiology of bilingualism
is independent of the particular languages acquired (Ueno et al., 2014;

Kim et al., 1997), there is recent evidence that the connectivity between
language processing regions may vary across drastically different lan-
guages (e.g. tonal vs. non-tonal) (Ge et al., 2015); however, none of
these studies have focused on Indo-Persian languages, and Farsi is not a
tonal language. To that end, we extend the previous literature in two
important ways: (1) we add to the limited existing literature regarding
structural neural predictors (versus correlates or group-level features)
of bilingualism; and (2) we investigate the neurobiology of bilingualism
in Farsi bilinguals.

2. Results & discussion

Leave-one-out cross validation is used to evaluate the feature se-
lection and classification methods. For feature selection, we use pair-
wise t-test comparisons of individual features between the monolingual
and the bilingual groups on the training data only (p < 0.1). We cor-
rect for multiple testing by controlling the false discovery rate per the
Benjamini-Hochberg method (Benjamini and Hochberg, 1995). The
cross-validation procedure results in a different set of features and a
different decision tree for each cross-validation fold; however certain
features stand out (see Table 1). In the table, we show the list of the
selected features, sorted by their selection frequency. In the right
hemisphere, three features were selected in most cross-validation folds:
the cortical volume of the supramarginal gyrus (selected 100% of the
time), the white matter volume of the supramarginal gyrus (selected
41.7% of the time), and the cortical volume of the superior temporal
gyrus (selected 85.4% of the time). In the left hemisphere, two features
were selected for most cross-validation folds: the cortical volume of the
inferior temporal gyrus (selected 100% of the time); and the mean
curvature of the pars triangularis (selected 100% of the time). All other
features were selected less than 4% of the time.

For the five features identified above, we also report the corre-
sponding statistics on all the data for completeness. As before, alpha
levels were adjusted according to the Benjamini-Hochberg method. In
the right hemisphere, the three areas were identified as significantly
larger in the bilingual group than the monolingual group: the cortical

Table 1
Frequency of Freesurfer features identified during the cross-validation
procedure (48 iterations). Only features that were identified at least
once are listed. L= left hemisphere, R= right hemisphere, GM=gray
matter, WM=white matter.

Feature Frequency

L parstriangularis mean curvature 48
L inferiortemporal GM volume 48
R supramarginal GM volume 48
R superiortemporal GM volume 41
R supramarginal WM volume 20
R inferiortemporal GM volume 4
L inferiortemporal mean curvature 3
L inferiorparietal GM volume 3
L middletemporal mean curvature 2
R middletemporal mean curvature 2
R superiortemporal mean curvature 2
L inferiorparietal WM volume 1
L inferiortemporal WM volume 1
L superiortemporal WM volume 1
R superiortemporal WM volume 1
L parstriangularis GM volume 1
R bankssts GM volume 1
L Hippocampus volume 1
LThalamus-Proper volume 1
R Hippocampus volume 1
R Pallidum volume 1
R Thalamus-Proper volume 1
R Cerebellum-Cortex volume 1
R superiorfrontal mean curvature 1
L superiorfrontal GM volume 1
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volume of the supramarginal gyrus, t(46)= 3.50, p=0.001; the white
matter volume of the supramarginal gyrus, t(46)= 2.44, p=0.007;
and the cortical volume of the superior temporal gyrus, t(46)= 2.75,
p=0.004. The two left hemisphere areas also were found to be sig-
nificantly larger in the bilingual group than the monolingual group: the
cortical volume of the inferior temporal gyrus, t(46)= 3.01, p=0.001;
and the mean curvature of the pars triangularis, t(46)= 2.90, p=0.01.
There were no regions in which the monolingual group exhibited larger
measurements, coinciding with previous literature and the assumption
that bilingual versus monolingual, not differing L1s between the two
groups, are driving these findings (there are no previous findings to
suggest structural brain differences between different native lan-
guages). The two groups are approximately balanced for gender (57%
female in monolingual group; 45% female in bilingual group); however,
to ensure that the observed differences between groups are related to
language and not gender, we conduct the same pairwise comparison for
the features by gender. There was no statistically significant difference
between the male and female groups for any of the features at a sig-
nificance level of 0.1 after correcting for multiple testing by controlling
the false discovery rate as above.

For each cross-validation fold, we trained a DT classifier to classify
between monolinguals and bilinguals and evaluated its performance on
the remaining held-out sample. Only the features selected during that
fold were used to train the classifier. This is done in an effort to reduce
the complexity of the classification scheme and to prevent overfitting
(Liu & Motoda, 2007). By iterating over all data samples, we calculate
the confusion matrix that describes the performance of the DT classi-
fication algorithm (see Table 2). As the table shows, the algorithm re-
liably classifies bilinguals with a true positive rate of 85.0% and a false
positive rate of 28.6%.

One of the benefits of the DT classifier is that it parses the selected
features into an easily-interpretable decision rule. In Fig. 1, we show
the resulting DT when using all data (48 samples) and the top features
for training. We note that this is not the tree used to generate the results
in Table 2 since different DTs are generated for each cross-validation
fold to generate those results. We simply calculate this DT for visuali-
zation. Features closer to the root of this tree are deemed to be most
important for correctly classifying between the two groups. The ana-
lysis identifies the right supramarginal cortical volume, the left pars
triangularis curvature and the left inferior temporal cortical volume as
being the three most important and non-redundant regions for classi-
fying between the monolingual and bilingual subjects. Fig. 2 contains
pairwise scatter plots of the top three features identified by the decision
tree: RH supramarginal cortical volume, the LH pars triangularis cur-
vature, and the LH inferiortemporal cortical volume. As the figure
shows, there is a visible difference between the two classes, with bi-
linguals predominately exhibiting larger cortical volume and increased
curvature. For interpretability, it is worth jointly interpreting Figs. 1
and 2. The decision tree indicates that any individual with normalized
RH Supramarginal Volume ≤0.00574 is automatically classified as
monolingual, whereas any individual with a normalized RH Supra-
marginal Volume>0.00574 and LH Parstriangularis Curvature>
0.128 is automatically classified as bilingual. These regions roughly

correspond to the bottom and top quadrant of Fig. 2(a). It is visually
clear from the plot that the decision boundaries automatically inferred
by the decision tree provide an effective rule for separating between the
two classes.

The location of the most relevant regions of interest (ROIs) identi-
fied in the present study also align with previous findings in bilingu-
alism and the neurobiology of language more generally. The gray
matter volume of the right supramarginal gyrus (SMG) ROI is the top
predictive feature identified here. The SMG has been implicated in
phonological and semantic processing (McDermott, Petersen, Watson,
& Ojemann, 2003) and the right SMG has been shown to contribute to
phonological processing independent of the left SMG’s contributions
(Hartwigsen et al., 2010). The right SMG has previously been identified
in a group-comparison study: Grogan et al.’s (2012) voxel based mor-
phometry study of bilingual and multi-lingual (speakers of 3+ lan-
guages) found greater gray matter density in the posterior portion of the
right SMG in multilinguals compared to bilinguals. It is important to
note that the Freesurfer software ROI protocol also groups a small
portion of the posterior superior temporal gyrus (pSTG) into the su-
pramarginal gyrus ROI, so it is possible that the STG contributions are
driving the involvement of the supramarginal gyrus ROI; pSTG regions
are strongly implicated in phonological and lexical processing of both
L1 and L2s, language acquisition, and auditory-motor integration of
speech (Hickok & Poeppel, 2007).

The second most relevant feature identified, the cortical volume of
the left inferior temporal gyrus (ITG), is a large functionally diverse
area of cortex, with subregions implicated in numerous aspects of
language including lexical processing and conceptual semantic knowl-
edge (Buckner, Koutstall, Schacter, & Rosen, 2000), while the more
posterior aspects are known to be engaged in complex visual perception
(Ishai, Ungerleider, Martin, Schouten, & Haxby, 1999). Abutalebi et al.
(2014)’s voxel-based morphometry study reports greater anterior ITG
volume in their bilingual participants (Cantonese-English and Canto-
nese-Mandarin speakers) compared to Italian monolinguals. The ITG
also is known to be strongly functionally connected to classic speech
perception and comprehension areas in the STG, middle temporal gyri
and the inferior frontal gyrus (Bookheimer, Zeffiro, Blaxton, Gaillard, &
Theodore, 1995). Thus our finding of left ITG involvement in bilingu-
alism suggests it may be informative for future studies to explore the
relative contributions of these semantic and visual processes in ITG to
bilingualism.

The third most relevant feature identified was the mean curvature of
the pars triangularis, i.e. the middle third of the left inferior frontal
gyrus (IFG) and the anterior half of Broca’s area. Left IFG, and Broca’s
area more specifically, has long been implicated in speech production
and verbal working memory, as well as syntactic processing, semantic
integration and cognitive control (Rogalsky & Hickok, 2011). IFG also
has been implicated in numerous group-level studies of bilingualism as
a region that has greater volume in bilinguals than monolinguals (Klein
et al., 2014; see Stein, Winkler, Kaiser, & Dierks, 2014 for a review). IFG
also exhibits different spatial and temporal activation patterns in re-
sponse to L2 as a function of L2 proficiency (Chai et al., 2016; Kim
et al., 1997; Kovelman et al., 2008; Saur et al., 2009; Stein et al., 2006).
In fact, Kovelman et al., based on their group-averaged fMRI analyses,
suggest that the response of the left IFG to L2 may be a potential “neural
signature” of bilingualism. However, the present study suggests that the
IFG is perhaps not the most reliable feature of bilingualism, although it
clearly contributes as it is the third most relevant feature. One possible
reason for the differences in the impact of IFG between the present
study and previous group-averaged studies is that Broca’s area is known
to have substantial individual variability. For example, significant fMRI
activations in Broca’s area in response to a language task identified in a
group-averaged analysis do not well represent a majority of single
subjects’ activation patterns (Nieto-Castanon & Fedorenko, 2012;
Rogalsky et al., 2015). Thus additional predictive studies, as opposed to
group-averaged comparisons, are needed to determine the relative

Table 2
Confusion matrix for DT trained using leave-one-out cross validation. This table
shows the number of correctly classified instances (in bold along the diagonal)
and the number of incorrectly classified instances (in the off-diagonal compo-
nents) for predicting an individual to be monolingual or bilingual based on
cortical volume, white matter volume, and mean curvature. Results were ob-
tained using leave-one-out cross validation.

Monolingual predicted Bilingual predicted

Monolingual 20 (71.4%) 8 (28.6%)
Bilingual 3 (15.0%) 17 (85.0%)
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predictive strength of left IFG measurements. Future studies also are
needed to determine the role of structural variations among populations
from different geographic regions of origin, as this may be contributing
to cortical structure individual variability (Isamah et al., 2010).

The top five features include three cortical volume measures, one
white matter volume measure and two mean curvature measures. Any
explanations we could include here regarding why these particular
features of these regions were the top features would mostly be post hoc

conjecture, so we resist the urge to do so. However, the fact that the top
five features include cortical volume, white matter volume and mean
curvature measures suggests that the inclusion of multiple structural
measures may be advantageous for identifying and understanding the
differences between the monolingual and bilingual brain. As mentioned
in the introduction, previous neuroimaging studies of bilingualism have
reported group-level differences in both gray and white matter volume
measurements, as well as cortical thickness and surface area, for several

Fig. 1. Example DT using all 48 samples of data and the top features for training. This DT is depicted for visualization purposes, but note that different DTs were
generated for each cross-validation fold.

Fig. 2. Pairwise scatter plots for the top three features identified by the DT depicted in Fig. 1.
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ROIs including the ones we identified in SMG, STG, Broca’s area.
Measures of local gyrification such as mean curvature have been in-
vestigated less frequently, but our results suggest that a gyrification
measure also may be advantageous in understanding brain differences
between monolinguals and bilinguals. Gyrification measures have pre-
viously been used to distinguish between controls and several neuro-
logical diseases (e.g. Prins et al., 2016; Wallace et al., 2013). There is
some debate regarding the optimal way to quantify gyrification (Schaer
et al., 2008; Van Essen & Drury, 1997; Zilles, Armstrong, Schleicher, &
Kretschmann, 1988), so future work is needed to better understand the
optimal way to measure it for comparisons between neurotypical
groups such as monolinguals and bilinguals.

The present study is meant to be an initial attempt at using decision
tree classification on neuroimaging data to predict bilingualism, and as
such there are several limitations to this study that should be con-
sidered when interpreting our findings and planning future studies. It is
likely that our monolingual and bilingual groups differ on more re-
levant factors than just language(s) acquired; for example, there was a
significant difference between groups regarding number of years living
in the United States. More detailed participant information, including
parents’ education level and reason for migration to the U.S. would be
helpful to ensure that the features identified are in fact predictive fea-
ture of bilingualism per se. However, we reduced these possibilities by
limiting our analyses to ROIs previously reliably implicated in language
processing, and our findings do largely coincide with neural correlates
of bilingualism determined by previous group-averaged studies of bi-
lingualism (Klein et al., 2014; Parker Jones et al., 2012; Sebastian et al.,
2001; Wei et al., 2015). Furthermore, only bilingual > monolingual
differences were detected, coinciding with previous structural MRI
findings (Abutalebi et al., 2014; Mechelli et al., 2004; Pliatsikas,
Johnstone & Marinis, 2014). If differences in ethnicity or environmental
factors were driving the results, one also would expect some of the
features to be larger in one group while other regions’ measurements to
be larger in the other. For example, a recent study comparing structural
brain measures of Caucasians and Han Chinese participants found the
Chinese group to have relatively larger temporal and cingulate struc-
tures, but smaller frontal and parietal cortices than the Caucasian group
(Tang et al., 2018). Previous work also has found significant positive
correlations between level of education and structural brain measures
(Steffener et al., 2016), but there was no significant difference between
our groups’ education levels. It also is likely that the bilingual group
contains substantial intra-group variability. For example, the bilingual
group was quite varied regarding self-reported English proficiency, and
subjective self-assessments of linguistic and cognitive abilities can be
unreliable (Kruger & Dunning, 1999). But variance in L2 proficiency
amongst the bilinguals does not diminish the present findings because it
would only add noise to our dataset, thereby making accurate classi-
fication more difficult. Future studies may find greater classification
accuracy if level of proficiency is controlled for and measured by ob-
jective assessments.

Despite the limitations of the present study, our findings suggest
that measurements extracted from a T1 structural MRI scan be used to
detect brain differences between monolinguals and bilinguals. We fo-
cused on three measures that are automatically computed by
Freesurfer’s standard pipeline, namely cortical volume, white matter
volume, and mean curvature of the gray/white boundary. These mea-
sures sometimes co-vary as a function of age or disease state (Bajaj,
Alkozei, Dailey, & Killgore, 2017; Lemaitre et al., 2012; cf. Li et al.,
2014), but the calculations for each are independent of one another
(unlike, for example, surface area and volume). Recent neuroimaging
work has expanded upon the typical volume and surface measurements
to quantify neural differences regarding functional and structural con-
nectivity, white matter density, and even cytoarchitectonic profiles
(e.g. Del Gaizo et al., 2017; Ohtani et al., 2017; Assaf, 2018). These
informative measures certainly can be included in decision tree classi-
fier algorithms and would likely further improve classification

accuracy, and, perhaps more importantly, provide valuable insights
into the underlying mechanisms that are driving the gray and white
matter differences in the ROIs we have identified. For example within
our data set, one could ask if the increased white matter volume in SMG
for bilinguals is related to increased connectivity to additional brain
regions compared to monolinguals, or due to increased density of white
matter connections within the same pathways? Or, what layer(s) of
SMG are mostly contributing to the increased volume? Nonetheless,
there also is merit in being able to reliably identify features of a cog-
nitive state (including bilingualism) from a single, commonly-employed
MRI protocol (T1, acquisition time less than ten minutes) using mea-
sures easily accessible via a free, readily available, automatic proces-
sing stream such as Freesurfer.

In summary, there is great consistency in the brain regions that are
identified as being important to distinguish between monolinguals and
bilinguals and those in previous group-studies comparing bilinguals and
monolinguals (i.e. IFG, STG, and SMG). This is particularly important
because different L1 and L2 languages were investigated across studies,
suggesting language-invariant predictors of L2 experience are possible.
This coincides with much previous work indicating that the same brain
regions are engaged across many different languages (Ge et al., 2015;
Ueno et al., 2014; Kuhl et al., 2016), although the functional con-
nectivity of the brain regions may vary across languages (Ge et al.,
2015). Thus, the present study is a strong step towards identifying re-
liable cortical structural predictors of bilingualism, with 85% accuracy
in a cross-sectional data set. Future studies with multiple language
combinations are needed to determine the accuracy of our DT algo-
rithm with structural MRI in predicting bilingualism and to validate the
hypothesis that there exist language-invariant neurobiological bio-
markers of bilingualism.

3. Methods

MRI data was collected as part of an unrelated research project at
the Keller Center for Imaging Innovation at Barrow Neurological
Institute (BNI) in Phoenix, AZ, on a research dedicated 3T Philips
Ingenia scanner. The resulting MRI database consisted of 28 English-
speaking monolinguals (16 female, all right-handed, ages 18–36, edu-
cation range= high school–master’s degree, median educa-
tion= 14 years of education (i.e., years living in the United States
range=3months – 33 years with a mean of 18.7 years) and 20 Farsi-
English bilinguals (9 female, L1= Farsi, L2=English, all right-handed,
ages 18–36, education range=high school– master’s degree, median
education=16 years of education, years living in the United States
range=5months – 20 years with a mean of 6 years). There was a
significant difference between the monolingual and bilingual groups
regarding years living in the United States (α < .05): the monolingual
group had spent significantly more years in the United States than the
bilingual group, t(44)= 5.1, p < .001. Education level was collected
by participants selecting one of seven categories ranging from “some
high school” to “doctoral degree.” There was no significant difference
(α < .05) between the education levels of the monolingual and bilin-
gual groups (Mann-Whitney U=257, p= .40).

All participants were asked to rate their fluency in English in three
areas (speaking, reading, and writing) on a scale of 1–7 with 1 in-
dicating “not at all fluent” and 7 indicating “very fluent.” On all three
rankings, the monolingual group’s responses ranged from 6 to 7, while
the bilingual group’s responses ranged from 4 to 7. There was a sig-
nificant difference (α < .05) between the monolingual and bilingual
groups’ self-rankings for English speaking fluency (Mann-Whitney
U=192.5, p= .008), but no significant difference regarding their self-
rankings of English reading fluency (Mann-Whitney U=255, p= .22)
or English writing fluency (Mann-Whitney U=240, p= .11).

Each subject underwent a T1-weighted gradient-echo structural MRI
protocol with the following parameters: TR= 6.75ms, TE=3.11ms,
flip angle= 90 degrees, FOV=256×256, 170 sagittal slices, in plane
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resolution=1mm×1mm, slice thickness= 1.2mm.

3.1. Data processing

The raw MRI data was pre-processed, reconstructed and segmented
using standard procedures provided by Freesurfer software (http://
surfer.nmr.mgh.harvard.edu/; Dale, Fischl, & Sereno, 1999; Fischl &
Dale, 2000). Pre-processing included removal of non-brain tissue
(Segonne et al., 2004), automated Talairach transformation, segmen-
tation of the subcortical white matter and deep gray matter structures
(2004; Fischl et al., 2002), intensity normalization (Sled, Zijdenbos, &
Evans, 1998), tessellation of the gray matter/white matter boundary,
and automated topology correction (Fischl, Liu, & Dale, 2001; Segonne,
Pacheco, & Fischl, 2007). The cerebral cortex was then automatically
parcellated into 34 anatomical regions of interest in each hemisphere
and measurements were extracted for each subject for each region using
default Freesurfer procedures (Desikan et al., 2006; Fischl et al., 2004).
Freesurfer’s automated procedure for volumetric measures also was
implemented to parcellate non-cerebral cortex brain regions into 40
regions as explained in detail in Fischl et al., 2002. For the present
study, we restrict our analysis to a set of 20 Freesurfer cortical regions
(10 in each hemisphere), 10 subcortical regions (5 in each hemisphere)
and the cerebellum (one ROI for each hemisphere), corresponding to
regions that are frequently implicated in language comprehension and/
or production (Price, 2010, 2012; Sebastian et al., 2001) and are in-
cluded in leading models of the neurobiology of language (Hickok &
Poeppel, 2007; Rauschecker & Scott, 2009). In each hemisphere the
same ten cortical regions were selected: (Freesurfer abbreviations are in
parentheses): superior temporal gyrus (superiortemporal), middle
temporal gyrus (middletemporal), inferior temporal gyrus (in-
feriortemporal), pars opercularis (parsopercularis), pars triangularis
(parstriangularis), supplemental and pre-supplemental motor areas
(superiorfrontal), supramarginal gyrus (supramarginal), inferior par-
ietal lobule (inferiorparietal), transverse temporal gyrus (transverse-
temporal), and the banks of the superior temporal sulcus (bankssts).
The five subcortical ROIs in each hemisphere were: thalamus, caudate,
putamen, pallidum, and hippocampus.

For each cortical ROI, we used Freesurfer to estimate the mean
curvature, cortical volume, and white matter volume; for the cere-
bellum and subcortical ROIs, total volume was estimated using
Freesurfer (Fischl & Dale, 2000). Mean curvature is computed as the
integral of (k1+ k2)/2 where k1 and k2 represent, respectively, the
maximum and minimum curvatures in each vertex of the white matter
surface constructed by Freesurfer (Van Essen & Drury, 1997). Freesurfer
computes cortical volume as the product of the gray matter surface area
and cortical thickness (cortical thickness is defined as the shortest Eu-
clidean distance between the white matter and pial surfaces at each
vertex in the ROI) (Fischl & Dale, 2000). White matter volume is
computed from Freesurfer’s subcortical volume segmentation proce-
dures (Fischl et al., 2002), assigning white matter to the nearest cortical
ROI label. The subcortical ROIs have a measure of gray matter volume;
they do not have mean curvature as this is a measure of cortical gyr-
ification. Subcortical ROIs also do not have white matter volume esti-
mates as the subcortical ROIs are defined such that they mostly contain
gray matter. We also included only a total volume for the cerebellum.
Future studies, utilizing specialized segmentation procedures for the
cerebellum are optimal to compute additional measures (e.g. Romero
et al., 2017; Yang et al., 2016) and are outside the scope of this study.
The volume measures, but not mean curvature, were normalized by the
total volume of each individual’s total cranial volume because previous
work has found a significant correlation between volumetric measure-
ments of many brain structures with overall head size (Sanfilipo,
Benedict, Zivadinov, & Bakshi, 2004), and there is no consensus re-
garding if or how mean curvature scales with head size (Schwarz et al.,
2016; Toro et al., 2008). This results in a set of 72 candidate features
(20 cortical ROIs, each having mean curvature, cortical volume, and

white matter volume measurements; 12 cerebellum and subcortical
ROIs each with a volume measurement).

3.2. Feature selection

We use leave-one-out cross-validation to select the features and to
train the binary decision tree classifier (Kohavi, 1995). For each cross-
validation fold we select 47 of the 48 samples for training and leave one
out for testing. Using only data from the training set, we downselect the
number of features and train a decision-tree classifier on the 47 sam-
ples. The remaining sample is used to evaluate the fully-trained deci-
sion-tree. This procedure is repeated 48 times by leaving out a different
sample each time until we generate a model prediction for each sample
in our data.

For each of the 72 candidate features, we used an independent
samples t-test on the training data to evaluate the hypothesis that there
is no difference between the means of the monolingual and bilingual
groups for that feature. We corrected for multiple tests by controlling
for the false discovery rate per the Benjamini-Hochberg method
(Benjamini and Hochberg, 1995). We identified the subset of regions
that exhibit a statistically significant difference between the two groups
at a two-tailed threshold of p < 0.1.

3.3. Classification algorithm

The statistical analysis resulted in a subset of features (from the
original set of 54) that we use to construct a binary decision tree
classifier. A classifier was trained for each cross-validation fold using
only the training data. The DT classifier was trained using the
Classification and Regression Tree (CART) algorithm in Matlab
(Breiman, Friedman, Olshen, & Stone, 1984). We report the decision
tree (DT) and the resulting confusion matrix on the test data only.
Neither the feature selection nor the classification procedures made use
of any of the held-out test data for each cross-validation fold.

Statement of significance

There is no consensus regarding how the bilingual brain differs from
a monolingual brain. This manuscript presents an approach to reliably
identify brain regions affected by bilingualism. These brain regions in
turn can be investigated to better understand the differences in the
neural mechanisms associated with bilingualism.
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