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Neuroanatomical profiles of bilingual children:

Pilar Archila-Suertel, Elizabeth A. Woods?, Christine Chiarello?, and Arturo E. Hernandez!
1Department of Psychology, University of Houston, Houston, Texas, USA

2Department of Psychology, University of California Riverside, Riverside, California, USA

Abstract

The goal of the present study was to examine differences in cortical thickness, cortical surface
area, and subcortical volume between bilingual children who are highly proficient in two
languages (i.e., English and Spanish) and bilingual children who are mainly proficient in one of
the languages (i.e., Spanish). All children (M= 49) learned Spanish as a native language (L1) at
home and English as a second language (L2) at school. Proficiency of both languages was
assessed using the standardized Woodcock Language Proficiency Battery. Five-minute high-
resolution anatomical scans were acquired with a 3-Tesla scanner. The degree of discrepancy
between L1 and L2 proficiency was used to classify the children into two groups: children with
balanced proficiency and children with unbalanced proficiency. The groups were comparable on
language history, parental education, and other variables except English proficiency. Values of
cortical thickness and surface area of the transverse STG, IFG-pars opercularis, and MFG, as well
as subcortical volume of the caudate and putamen, were extracted from FreeSurfer. Results
showed that children with balanced bilingualism had thinner cortices of the left STG, left IFG, left
MFG and a larger bilateral putamen, whereas unbalanced bilinguals showed thicker cortices of the
same regions and a smaller putamen. Additionally, unbalanced bilinguals with stronger foreign
accents in the L2 showed reduced surface areas of the MFG and STS bilaterally. The results
suggest that balanced/unbalanced bilingualism is reflected in different neuroanatomical
characteristics that arise from biological and/or environmental factors.

1| INTRODUCTION

Relative to adults, children usually attain better command of a second language (L2) and
often reach native-like status (Patkowski, 1980). This initial observation has led some
researchers to incorrectly conclude that aptitude does not play a significant role in the L2
proficiency of young learners (Harley & Hart, 1997). More recent studies have reported
differences in L2 aptitude scores in children (Abrahamsson & Hyltenstam, 2008), in some
cases explaining over 20% of the variance (Kiss & Nikolov, 2005). These findings thus show
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that language aptitude can significantly predict children’s L2 proficiency (Paradis, 2011).
Because early bilingual children have about the same amount of experience with both
languages, this creates a scenario where bilingual language experience is naturally held
constant but aptitude continues to vary across children. In this experimentally ecological
context, researchers can study discrepancies in the degree of bilingualism that may be
attributed to aptitude and not experience. The study of aptitude in L2 learning has
overlooked children and instead focused on adults with exceptional linguistic abilities who
appear to have the capacity to overcome maturational effects (Bongaerts, Mennen, & van der
Slik, 2000; Piller, 2002; White & Genesee, 1996). To bridge this gap of knowledge, the
current investigation studied a sample of bilingual children and measured their language
proficiency in the first and second language and classified them as having “balanced” or
“unbalanced” bilingualism given the degree of discrepancy between language proficiencies,
with the goal of examining the brain anatomy of these children in relation to their bilingual
classification. To the extent that language proficiency in children depends on aptitude, the
current study can provide indirect evidence regarding the role of aptitude in the
neuroanatomy of bilingualism.

On the whole, language-learning aptitude is defined as an innate, relatively fixed talent for
learning languages (Neufeld, 1979). However, this definition is largely outdated given the
epigenetic and neuroscientific evidence gathered in the last few years. Numerous studies
now suggest that biological factors initially deemed fixed, are actually dynamic and in
continuous interaction with many levels of the environment (Beer, 1995; Chiel & Beer,
1997; Elman et al., 1996; Via & Lande, 1985). Thus, biological factors such as aptitude
interrelate with experiential factors like second language (L2) age of acquisition (AoA), time
spent using the L2, quality of input in the L2, and socioeconomic status. These constructs,
among others, together contribute to the ultimate attainment of L2 proficiency (Doérnyei &
Skehan, 2003; Novoa, Fein, & Obler, 1988; Ross, Yoshinaga, & Sasaki, 2002; Skehan,
1991). Given the potential confusability between aptitude and proficiency, it is worth
clarifying that while these concepts are related, they are distinct. Aptitude refers to the
ability to develop a skill, whereas proficiency refers to the degree of competence acquired
after deliberate training of that skill. But again, as mentioned, the concepts are related;
therefore, it would not be unusual to find individuals with high levels of proficiency in the
L2 who also score high on language aptitude tests.

In a recent fMRI study conducted by Archila-Suerte, Munson, and Hernandez (2015),
bilingual children were classified as balanced or unbalancedbased on the degree of
discrepancy between L1 and L2 proficiency. Although this study did not measure aptitude
using traditional metacognitive tasks such as phonological working memory or analytical
reasoning (Kiss & Nikolov, 2005; Paradis, 2011), the study did use standardized language
assessments to measure receptive and expressive knowledge of the L1 and L2—uwhich relate
to the aforementioned metacognitive skills (Hummel, 2009; Kormos & Safar, 2008). An
additional measure of foreign accent in the L2 enabled the researchers to strengthen the
validity of children’s classification as balanced or unbalanced. Despite balanced and
unbalanced bilingual children being comparable in age, AoA, years of education, parental
education, L1 and L2 use, and L1 proficiency, they were significantly different in L2
proficiency. That is, while balanced bilinguals were highly proficient in both languages,
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unbalanced bilinguals were only proficient in the L1 but significantly less proficient in the
L2. A classification of bilinguals as balanced or unbalanced according to the degree of
discrepancy between L1 and L2 proficiencies demonstrates individual differences related to
L2 learning in children. Thus, despite similarities across experiential variables, some
children readily advance in the L2 and other children lag behind.

The results of the passive listening fMRI task employed by Archila-Suerte et al. (2015)
revealed that unbalanced bilinguals have increased activity in the bilateral middle frontal
gyrus relative to the balanced group, whereas balanced bilinguals have increased activity in
the right middle temporal gyrus relative to the unbalanced group, when listening to L2
speech sounds. These brain regions are respectively associated with working memory or
cognitive control (Derrfuss, Brass, & Yves von Cramon, 2004; Luk, Green, Abutalebi, &
Grady, 2011; Roth, Serences, & Courtney, 2006) and sound processing (Mouloumanos,
Kiehl, Werker, & Liddle, 2001). Therefore, it appears that balanced and unbalanced
bilingual children rely on different neural mechanisms to process L2 speech sounds;
unbalanced children, in particular, may recruit regions involved in executive function to
facilitate the perception of L2 sounds. Although the findings from Archila-Suerte et al.
(2015) prompted the analysis of brain anatomy in the bilingual children, the primary aim of
the current study was to investigate neuroanatomical markers of differences in children’s
degree of bilingualism (i.e., balanced or unbalanced), which we hypothesize derive from
either structural changes due to learning or neurobiological predispositions. Here, we
assessed two morphological indices of the cortex (i.e., thickness and surface area) and one
index of the subcortex (i.e., volume) in regions known to be involved in language processing
and cognitive control in bilinguals. Specifically, the transverse superior temporal gyrus
(STG), inferior frontal gyrus—pars opercularis (IFG), middle frontal gyrus (MFG), and the
dorsal striatum of the basal ganglia (i.e. the caudate and putamen)—were examined
bilaterally.

Neuroanatomical changes related to bilingualism have been well documented, especially in
bilingual adults (Garcia-Pentén, Fernandez Garcia, Costello, Dufiabeitia, & Carreiras, 2016;
Li, Legault, & Litcofsky, 2014). For example, bilingual adults have more gray matter density
in the left inferior parietal lobule (IPL) (Abutalebi, Canini, Della Rosa, Green, & Weekes,
2015; Mechelli et al., 2004), and in bilateral STG than monolingual adults (Abutalebi et al.,
2014; Ressel et al., 2012). Bilinguals also exhibit greater thickness in the left IFG (Klein,
Mok, Chen, & Watkins, 2014; Stein, Winkler, Kaiser, & Dierks, 2014), right anterior
cingulate (Felton et al., 2017) and larger subcortical volume of the left putamen relative to
monolinguals (Abutalebi et al., 2013). In addition, successful learners of L2 speech sounds
have greater white matter density bilaterally (Golestani, Molko, Dehaene, LeBihan, &
Pallier, 2007; Golestani, Paus, & Zatorre, 2002) and larger STGs in the left hemisphere
(Wong et al., 2008). Poor perceivers of L2 speech contrasts have also been found to have
more white matter density in the right IFG opercularis/insular region than good perceivers
(Felton et al., 2017; Sebastian-Gallés et al., 2012). On the other hand, the anatomical
characteristics of bilingual children’s brains are remarkably understudied. To our
knowledge, only two studies have compared the anatomical microstructure of bilingual and
monolingual children. Mohades (Mohades et al., 2012; Mohades et al., 2015) investigated 8—
11-year-olds and found that the white matter tract connecting anterior regions of the frontal
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lobe with posterior regions of the temporo-occipital lobe in the left hemisphere (i.e., inferior
occipitofrontal fasciculus, IFOF) had a higher fractional anisotropy (FA) value in
simultaneous bilinguals relative to sequential bilinguals and monolinguals, suggesting that
simultaneous bilingual children have more organized IFOF tracts that assist with faster
processing of semantic information. Despite the dearth of studies investigating the
neuroanatomy of bilingual children, findings from adult studies can suggest some initial
predictions about younger populations. For example, the literature in adult second language
learning would suggest that bilingual children should also have larger volume of the IPL
when compared to monolingual children. However, it is also important to keep in mind that
the effects of language experience may have different effects on the child and adult brains
based on their developmental state.

Changes in cortical thickness, specifically, have been found in relation to age and language
proficiency. Age-related cortical thinning has been observed in healthy participants from 8 to
30 years (Tamnes et al., 2010) and 18 to 93 years (Salat et al., 2004). A study conducted by
Fjell et al. (2009) examined multiple samples of participants to assess the consistency of age
effects on cortical thickness. Their results showed that the STG, IFG, and MFG steadily
diminish in thickness over time, while other regions like the inferior temporal lobe (ITL) and
anterior cingulate cortices (ACC) appear to be less affected by age. In relation to language
proficiency, Martensson et al. (Martensson et al., 2012) found that highly proficient
bilinguals have thicker cortices in the left MFG, IFG, and STG relative to low proficient
bilinguals. When examining the group of highly proficient individuals exclusively, the study
found that the individuals experiencing more difficulty mastering the new language had
greater gray matter density2 in the MFG. Other studies have found that L2 proficiency
correlates with increased gray matter density in the IPL bilaterally (Abutalebi et al., 2014;
Mechelli et al., 2004) Much less has been investigated in relation to cortical surface area and
subcortical volume in bilinguals. A recent study found a negative correlation between
surface area of the left precuneus and performance on a lexical decision task in bilingual
adults (Burgaleta, Baus, Diaz, & Sebastian-Galles, 2014), and another study found that
bilinguals have greater gray matter density of the left caudate nucleus relative to
monolinguals (Zou, Ding, Abutalebi, Shu, & Peng, 2012). Given that cortical thickness and
cortical surface area are genetically and phenotypically independent (Panizzon et al., 2009;
Wierenga, Langen, Oranje, & Durston, 2014; Winkler et al., 2010), researchers have
recommended considering each measure separately. Subcortical volume is also independent
from any measure obtained in the cortex. Therefore, as cortical thickness, cortical surface,
and subcortical volume are independent measures of brain morphology, the present study
examined these anatomical characteristics in three separate MANCOVA models.

The cortical regions selected for analysis in the current study are two regions around the
Sylvian fissure of the left hemisphere classically known to be involved in language
processing: the STG and the IFG. The left STG is associated with early auditory processing
of speech sounds (Hickok & Poeppel, 2007; Joanisse, Robertson, & Newman, 2007; Zevin
& McCandliss, 2005), and the left IFG is associated with speech production/verbal fluency,

2Caortical thickness and gray matter density are different morphological measures but are related.
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and semantic processing (Friederici, Rueschemeyer, Hahne, & Fiebach, 2003; Poldrack et
al., 1999). An additional area, the middle frontal gyrus (MFG), was included as a region of
interest (ROI) due to its highlighted importance in studies of cognitive control in
bilingualism research (Derrfuss et al., 2004; Guo, Liu, Misra, & Kroll, 2011; Luk et al.,
2011) and the findings of Archila-Suerte et al. (2015). The subcortical regions, the bilateral
caudate and putamen, were also selected based on findings that suggest the involvement of
the basal ganglia in the cognitive control abilities of bilinguals (Abutalebi et al., 2013; Price,
Green, & von Studnitz, 1999). In addition, it was necessary to investigate analogous regions
in the right hemisphere to have a thorough understanding of the different structural profiles
that characterize the brains of balanced and unbalanced bilingual children, since language
experience has been shown to differentially affect thickness in each hemisphere (Felton et
al., 2017).

The present study examined two different groups of bilingual children. One group comprised
children who were highly proficient in both languages (i.e., balanced bilinguals), whereas
the other group comprised children who were proficient in one of the languages but not the
other (i.e., unbalanced bilinguals). For both groups of bilinguals, the L2 was learned in
natural settings through immersion in the dominant language culture. Despite shared
characteristics in age, years of education in the L2, parental education, and L1 proficiency
across groups, group differences existed in L2 proficiency. Our main goal was to investigate
differences between children with balanced vs. unbalanced bilingualism in various
characteristics of brain anatomy (i.e., cortical thickness, cortical surface area, and
subcortical volume). Based on the literature reviewed here, we hypothesized that successful/
less successful learning of an L2 would be reflected in different brain morphology for these
two bilingual groups. We expect that examining the relation between neuroanatomy and
proficiency discrepancy across languages will help us identify the neural correlates of L2
learning success in emerging bilingual children.

2 | METHOD

2.1 | Participants

A total of 50 Spanish-English bilingual children between 6 and 13 years of age participated
in this study (M= 9.26, SD = 1.74). All children began to learn Spanish from birth and
English around 5 years of age. On average, children had 4 years of education in the L2 (M=
3.63, SD=2.20) and reported speaking Spanish 50.32% and English 49.67% of the time at
the time of testing. The large majority of children came from families whose parents had
only completed an elementary education—on a scale of 1 to 6 (1 = some or less than
elementary education, 6 = advanced degree)—M = 1.92, SD = 1.33. Sixty-seven percent of
the children were born in the US and 29 percent arrived in the US before starting elementary
school. Two families did not report the birthplace of their children. The children born
outside the US came from a variety of Central and South American countries and had
resided in the US an average of 6.7 years (SD = 2.44) at the time of testing.3 Children were
not asked sociolinguistic or attitudinal questions about their experiences learning a second

3Length of US residency analysis was only conducted with participants from the Archila-Suerte et al. (2015) study (N = 9), as such
data were not collected for additional participants from Hernandez et al. (2015).
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language. Children attended different types of schools with different approaches to second
language learning. For the most part, however, children attended transitional bilingual
programs where they are gradually shifted from Spanish to English instruction.

In the analyses, bilingual children were classified as having balanced or unbalanced
bilingualism based on the degree of discrepancy between English and Spanish proficiency
(described below). The mean discrepancy for balanced bilinguals was 5.14 (SD = 3.54) and
the mean discrepancy for unbalanced bilinguals was 20.34 (SD = 7.13). Additional details
regarding the classification of bilinguals are found in the results section. The sample of
children used here include the same (38) children studied in Archila-Suerte et al. (2015),
plus (12) additional participants with similar demographics, taken from the sample of
Hernandez, Woods, and Bradley (2015). Two institutional review boards approved the
present study. None of the parents reported cognitive impairments, language disabilities, or
speech impediments for their children. (See Table 1 for participant characteristics.)

2.2 | Standardized measures of language proficiency

2.2.1 | Woodcock-Johnson Language Proficiency Battery-Revised, English
version (Woodcock, 1991)—The subtest of picture vocabulary assessed expressive word
knowledge. This test required participants to overtly name pictures of objects or actions. The
total number of items in the picture vocabulary subtest was 58. The subtest of /istening
comprehension assessed receptive knowledge of the language and it required orally
completing incomplete sentences. The total number of items in the listening comprehension
subtest was 38. The level of difficulty of each subtest gradually increased item by item.

2.2.2 | Woodcock-Mufioz Language Proficiency Battery-Revised, Spanish
version (Woodcock & Mufioz-Sandoval, 1995)—The subtests of Vocabulario Sobre
Dibujos and Comprension de Lectura were analogous to the English subtests described
above, thus aligning with the English version to assess expressive and receptive knowledge,
respectively. The total number of items in the picture vocabulary subtest was 58 and the total
number of items in the listening comprehension subtest was 35. None of the items in the
Spanish version were direct translations or cognates of the English version. All items were
unique and gradually increased in difficulty.

2.3 | Procedure

Participants completed two sessions. The first session took place in a private room in the
laboratory. After a verbal description of the goals and risks of the study, parents and children
signed the consent forms in the language of their choice. Parents proceeded to complete a
questionnaire describing their child’s demographic information including birthplace,
ethnicity, and health, as well as rating their own parental education. Parents then completed a
language history questionnaire reporting their child’s L2 AoA, total number of years of
education, years of instruction in L2, and amount of daily language use. Finally, a trained
research assistant assessed children’s language proficiency in Spanish and English using the
standardized measures of the Woodcock battery in counterbalanced order.

Dev Sci. Author manuscript; available in PMC 2018 September 05.
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A subset of (37) children read 144 English words that contained various English vowels
(e.g., a, 0, u). Their productions were recorded using an external tabletop microphone
(Omnidirectional Condenser, MX391/0). After the recordings, four English monolingual
judges rated the degree of foreign accent in English using a 9-point scale (1 = native-like
accent, 9 = strong non-native accent). Recordings were presented in random order to prevent
bias.

The second session took place at the Human Neuroimaging Laboratory of Baylor College of
Medicine in the Texas Medical Center.# Once children were found to be clear of metal in
their bodies, they were escorted to the scanner and instructed to remain as still as possible.

2.4 | Whole-brain MRI acquisition

High spatial resolution 3D T1-weighted images were acquired with a 3-Tesla magnetom
TIM Trio scanner (Siemens AG, Germany) and a 12-channel head coil. A Magnetization
Prepared Rapid Gradient Echo (MPRAGE) sequence was implemented (TR = 1.2s, TE =
2.66 ms, 256 x 224 matrix, 1 mm3 isotropic voxel size). To prevent motion, children were
provided with extra padding to hold their heads in place. Anatomical scans lasted
approximately 5 minutes.

2.5 | Cortical parcellation and subcortical segmentation

FreeSurfer 5.3.0 software (http://surfer.nmr.mgh.harvard.edu/, Center for Biomedical
Imaging, Charlestown, MA) was used to measure cortical thickness, cortical surface area,
and subcortical volume. FreeSurfer automated processing stream corrects for motion and
strips the skull of each T1-weighted image using a hybrid watershed/surface deformation
procedure (Seégonne et al., 2004), transforms images into Talairach space, and segments
cortical and subcortical tissue into cerebrospinal fluid (CSF), gray matter/subcortical nuclei,
and white matter based on intensity gradients. During subcortical processing and
segmentation, FreeSurfer yields an automatic labeling of subcortical structures. The cortex is
displayed as a surface model with a mesh of triangles (i.e., vertices). After reconstruction,
deformable procedures such as surface inflation are smoothed with a full-width-half-
maximum Gaussian kernel of 30 mm and averaged across participants using a non-rigid
high-dimensional spherical averaging method to align cortical folding patterns (Fischl &
Dale, 2000; Fischl, Sereno, Tootell, & Dale, 1999). This is followed by the parcellation of
the cerebral cortex into respective gyral and sulcal structure (Desikan et al., 2006; Fischl et
al., 2004), along with the generation of curvature and sulcal maps. Intensity and continuity
information is used from the entire 3D MR volume in segmentation and deformation
procedures to produce representations of cortical thickness, calculated as the closest distance
from the gray/white matter boundary to the gray/CSF boundary at each vertex on the
tessellated surface (Fischl & Dale, 2000). The default FreeSurfer template was used for the
processing of our data because participants were above 5 years of age. Several child studies
with similar participant age groups have also opted for using the standard FreeSurfer
template and obtained valid results. See Almeida et al. (2010), Kirk et al. (2009) and

4The Human Neuroimaging Laboratory is now known as the Core for Advanced Magnetic Resonance Imaging (CAMRI).
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Wolosin, Richardson, Hennessey, Denckla, and Mostofsky (2009) as example child studies
with a similar data processing approach.

After automatic reconstruction of MR images, participants’ brain images were visually
checked in 2D using Freeview 1.0. Each of the volume’s slices was scrolled through on the
coronal, sagittal, and horizontal planes to ensure correct surface extraction and labeling of
the white matter, pial surface, and subcortical regions. In case of defective labels, images
were manually corrected and examined after a second reconstruction. Nine participants were
dropped from data analysis due to excessive banding in the images produced by head motion
(original AVwas 59 children).

2.6 | Statistical analyses

Cortical thickness, cortical surface area, and subcortical volume values obtained from the
Destrieux and Aseg atlases in FreeSurfer were imported into SPSS v.22. All cortical regions
(i.e., STG, IFG, and MFG) and subcortical nuclei (caudate and putamen) were selected a
priori based on published literature suggesting the involvement of these areas in language
processing and cognitive control. The specific parcellations examined from each of the
cortical regions were the transverse STG, IFG pars opercularis, and MFG (not further sub-
divided). See Destrieux, Fischl, Dale, and Halgren (2010) for details regarding parcellation
and anatomical nomenclature. Two multivariate analyses of covariance (MANCOVA), one
per hemisphere, were conducted to test differences in cortical thickness between children
with balanced or unbalanced bilingualism. Similarly, two MANCOVAs were conducted to
test differences in cortical surface area. And finally, two separate MANCOVAS were
conducted to test differences in subcortical volume between the bilingual groups. Age and
Intracranial Volume (ICV) were included as covariates of interest to remove any lingering
effect that could explain the differences in thickness, surface area, or subcortical volume
between balanced and unbalanced bilinguals. Left vs. right and cortical thickness vs. cortical
surface vs. subcortical volume analyses were conducted separately because the dependent
variables must be correlated in order to meet one of the MANCOVA’s assumptions. As
stated in the literature review, these morphological measures have been demonstrated to be
independent (Wierenga et al., 2014; Winkler et al., 2010). The statistical assumptions of
normality, independence of observations, homogeneity of variances, univariate and
multivariate outliers, multicollinearity, equality of covariance between the groups, and the
relationship between the independent variable and covariates needed for proper examination
of the data using MANCOVA were checked. Additional correlational analyses between brain
morphology measures (thickness, surface area, subcortical volume) and foreign accent rating
were conducted on the subset of bilingual children that had speech recordings available.

3 | RESULTS

3.1 | Language proficiency

Raw scores from picture vocabulary and listening comprehension subtests in English and
Spanish were converted to percent correct scores prior to conducting all analyses. To
calculate proficiency, we first examined the correlation between picture vocabulary and
listening comprehension within each language. The assessments of picture vocabulary and
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listening comprehension were significantly correlated within the English language (r= .83, p
<.001) and within the Spanish language (r= .87, p<.001). Hence, the percent correct
scores from each subtest were averaged within each language to obtain a global measure of
proficiency for each language. To calculate the discrepancy between English and Spanish
proficiency and thus determine which children were more balanced or unbalanced across
languages, we subtracted the global score of English proficiency from the global score of
Spanish proficiency and used the absolute value. Based on the mean discrepancy between
languages (M= 11.97, SD = 9.34), children with larger discrepancy scores between English
and Spanish proficiency (i.e., above the mean) were classified as unbalanced (= 22) and
children with smaller discrepancy scores (i.e., below the mean) were classified as balanced
(n=2T7). Note that the current study does not strictly examine language dominance. That is,
participant classification was not based on proficiency of one language versus the other.
Children were classified based on their overall degree of bilingualism. Generally, children in
the balanced group were considered to be more bilingual than children in the unbalanced
group. However, being classified as a balanced bilingual did not inevitably indicate high
proficiency in both languages. Some balanced bilinguals had low proficiency in both
languages; therefore, while the discrepancy between Spanish and English scores was
minimal, overall language proficiency was still below average. To be exact, our sample
contained 17 balanced bilinguals who were highly proficient in both languages and eight
balanced bilinguals who were low proficient in both languages (7= 8).

Significance tests showed that, on average, balanced bilingual children were highly
proficient in both English and Spanish (426 = =1.39, p= .17), whereas unbalanced children
were more proficient in Spanish than in English (f21) = -5.20, p<.001). (See Figure 1.) A
one-way ANOVA revealed that balanced and unbalanced bilinguals were not significantly
different in sex, age, AoA, parent-rated amount of language use, years of education in the
L2, Spanish proficiency, parental education, or ICV. The groups only significantly differed
in English proficiency (A1, 47) = 23.23, p < .0001). (See Table 1.) A frequency table
reporting the number of children in each age group and bilingualism group has also been
provided. (See Table 2.)

Bilingual children born outside the US had higher proficiency in Spanish than children born
in the US (A1, 45) = 8.82, p<.005). English proficiency did not differ between children born
inside or outside the country (A, 45) = 1.51, p=.22). Frequency analyses revealed
approximately equal distributions for children born outside the US [balanced (n7= 6) and
unbalanced (/7= 8)] and children born in the US [balanced (n7=19) and unbalanced (7=
14)].5 Thus, birthplace did not appear to bias classification, as children born inside or
outside the US were evenly distributed between groups of balanced and unbalanced
bilinguals. (See Table 1.) Plus, a 2 x 2 ANOVA examining birthplace x classification for
English and Spanish proficiency revealed no interactions between birthplace and
classification (English A, 43) = .04, p= .84 and Spanish Ay, 43) = .165, p=.68).

Finally, even though children’s proficiency in English and Spanish increased with age
(English r=.59, p<.001; Spanish r=.71, p< .001), age did not positively correlate with the

Sparental report regarding birthplace was missing for two participants.
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proficiency classification of balanced/unbalanced bilinguals (r=.109, p = .45). Moreover, a
2 x 2 ANOVA examining birthplace x age for English and Spanish proficiency revealed no
interactions between the independent variables (English s 35 = 1.96, p=.10 and Spanish
Fs,35) = 1.22, p=.31). Therefore, akin to birthplace, age did not impact classification of
children as balanced or unbalanced bilinguals.

For the subset of 37 bilingual children® with speech recordings, there was a significant
negative correlation between foreign accent and L2 proficiency (r=-.62 p< .001); thus,
children with higher proficiency in English had diminished foreign accents in the language.

3.2 | Multivariate analysis of covariance (MANCOVA)

To ensure a homogeneous dataset of comparably sized brains, one child with an ICV of 2
standard deviations above the mean was excluded from analyses (new NV/=49, ICV M=
1420768.82).

In the first pair of MANCOVA models, cortical thickness of the transverse STG, IFG-pars
opercularis and MFG were included as dependent variables, proficiency classification
(balanced/unbalanced) as the independent variable, and age and ICV as covariates.” There
was an interaction between the independent variable (i.e., balanced/unbalanced proficiency)
and the covariate age in the right hemisphere (Fg, 7g) = 2.61, p=.02). This interaction
violated one of MANCOVA'’s assumptions; therefore, no multivariate or between-subject
effects of cortical thickness were scrutinized in the right hemisphere. On the other hand,
multivariate tests showed a significant effect of proficiency classification in the left
hemisphere (£, 42) = 3.37, p=.02, Wilk’s Lambda (A) = .80, partial eta square (77) = .19,
observed power = .72). Approximately 19% of the multivariate variance in cortical thickness
in the left hemisphere ROIs was associated with proficiency classification. Between-subject
effects showed that the groups significantly differed in thickness of transverse STG (A, 44)
=5.58, p=.02), IFG-pars opercularis (A1, 44) = 9.55, p=.003), and MFG (A, 44) = 6.51, p
=.01), with balanced bilinguals having thinner cortices than unbalanced bilinguals in all of
these regions. (See Figure 2.)

In the second pair of MANCOVA models, cortical surface area of the transverse STG, IFG-
pars opercularis and MFG were included as dependent variables, proficiency classification
(balanced/unbalanced) as the independent variable, and age and ICV as covariates. Overall
multivariate tests were not significant in the right (A3 43) = .86, p = .46, Wilk’s Lambda (A)
=.94) or left hemispheres (£3 43) = .71, p=.54, Wilk’s Lambda (A) = .95). Therefore,
between-subject effects were not scrutinized further.

In the third pair of MANCOVAS, subcortical volumes of the caudate and putamen were
included as dependent variables, proficiency classification (balanced/unbalanced) as the
independent variable, and age and ICV as covariates. Multivariate tests showed a significant
effect of proficiency classification in the right (A2, 44) = 3.34, p= .04, Wilk’s Lambda (A)
= .86, partial eta square (7%) = .13, observed power = .60) and left hemispheres (F2, 44) =

6The subsample of 37 children was selected from the overall pool of participants. No additional details are provided about this group
because their characteristics are virtually identical to that of the entire sample.
Additional analysis included sex as a covariate. This did not add or change the core of our results.
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3.48, p= .03, Wilk’s Lambda (A) = .86, partial eta square (77) = .13, observed power = .62).
Therefore, approximately 13% of the multivariate variance in volume of subcortical regions
in each hemisphere is associated with proficiency classification. Between-subject effects
specifically showed that the groups only significantly differed in the volume of the putamen
(right: A1, 45)=6.79, p=.01 and left: /1, 45)=7.03, p=.01), with balanced bilinguals
having larger volumes than unbalanced bilinguals in this region. (See Figure 3.) There were
no significant differences in the caudate.

3.3 | Bivariate correlations

We were additionally interested in the relationship between several morphological measures
(thickness, surface area, and subcortical volume) and accent in the L2 for the subgroup of 37
bilingual children whose accent in the L2 was rated. Here we found that unbalanced
bilinguals showed significant negative correlations between cortical surface area of the
bilateral MFG and foreign accent (right: r=-.59, p=.01 and left: r=-.59, p=.01) and
between cortical surface area of bilateral superior temporal sulcus (STS) and foreign accent
(right: r=-.67, p=.006 and left: r=-.61, p=.01). (See Figure 4.) Those with greater
foreign accent had reduced surface areas in these regions. There were no significant
correlations between thickness or subcortical volume and foreign accent in unbalanced
bilinguals. Furthermore, no significant correlations were found between thickness, surface
area, or subcortical volume of any of the brain regions of interest (transverse STG, IFG-pars
opercularis, MFG, caudate, or putamen) and foreign accent in balanced bilinguals. The fact
that the correlations differed across groups suggests that these are more tenuous than other
effects reported. These are intriguing, yet secondary, results that need to be investigated in
depth in the future.

4 | DISCUSSION

The present study identified neuroanatomical differences between children with balanced vs.
unbalanced bilingualism. Specifically, balanced bilinguals had thinner cortices of the left
transverse STG, IFG-pars opercularis, and MFG compared to unbalanced bilinguals.
Balanced bilinguals also showed a larger bilateral putamen than unbalanced bilinguals.
There were no significant differences in cortical surface area between the two groups.
However, for children with unbalanced bilingualism, a thicker foreign accent in the L2
negatively correlated with cortical surface area of the MFG and STS. That is, those with
stronger accents had smaller surface areas of the MFG and STS. In summary, children with
balanced bilingualism showed thinner cortices of the left STG, left IFG, left MFG, and a
larger bilateral putamen; unbalanced bilinguals showed thicker cortices of the same regions
and a smaller putamen. Furthermore, unbalanced bilinguals with heavier accents in the L2
showed reduced surface areas of the MFG and STS bilaterally.

As demonstrated by our results, being born inside or outside the US was unrelated to
classification of children as balanced or unbalanced bilinguals. More importantly, cortical
thickness was significantly different between the groups after controlling for age. Therefore,
cortical thinning of the transverse STG, IFG-pars opercularis, and MFG in balanced
bilinguals does not appear to be related to the maturational processes of aging but rather is
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related to increased proficiency in both languages. This could suggest that bilingualism is
influencing brain development. Contrary to previous studies that show thickening of the
STG, IFG, and MFG with higher L2 proficiency (Méartensson et al., 2012), our results show
the opposite relationship in these same regions. Two variables that may help explain such
different results are that Martensson et al. (2012) collected a small sample of adult bilinguals
highly trained as interpreters and examined L2 proficiency alone, whereas our sample
included young children with less developed language skills and examined overall
proficiency within each language. However, Martensson et al. (2012) did find that
individuals who had more difficulty mastering the L2 had thicker cortices in these regions,
which matches our findings of children with unbalanced bilingualism having thicker
transverse STG, IFG-pars opercularis, and MFG. More importantly, the brain morphology
results presented here align with the fMRI results presented in Archila-Suerte et al. (2015),
as children with unbalanced bilingualism demonstrated thicker MFG and also increased
neural activity in this region in response to listening to L2 speech sounds.

Our results did not find differences in cortical surface area between our two groups of
bilingual children. We did find, however, a negative relationship between cortical surface
area and foreign accent in unbalanced bilingual children. Unbalanced bilinguals with
stronger accents in English showed smaller surface areas of the MFG and STS bilaterally.
These results show that only one aspect of proficiency (i.e., degree of accent) is associated
with surface area. This is intriguing to us because while accent may not be completely
independent of proficiency, accent appears to play a unique role in some aspects of brain
anatomy. In light of previous findings that have demonstrated that variations in cortical
thickness and surface area of the STG are linked to sound perception ability in both speech
(Wong et al., 2008) and music domains (Wengenroth et al., 2014), and that such
morphological variability is partially heritable (Cai et al., 2014; Thompson et al., 2001),
these results could suggest that a biological predisposition may be influencing the degree of
success with which children acquire the phonology of the L2. The results related to surface
area and foreign accent must be taken with caution, however, due to the much smaller
sample analyzed. These are secondary results that need to be investigated further in future
studies.

The results of subcortical volume, showing that children with unbalanced bilingualism have
smaller bilateral putamen, parallel functional imaging findings from various language tasks.
For example, increased activity in the left putamen has been reported in multilinguals when
reading or producing words in the rnon-proficient language (Abutalebi et al., 2013;
Meschyan & Hernandez, 2006). Neural activity has also been reported in the left putamen in
response to degraded speech (Meyer, Steinhauer, Alter, Friederici, & von Cramon, 2004) and
in late talkers (Preston et al., 2010). Moreover, left putaminal damage has been associated
with foreign accent syndrome (Berthier et al., 2015). And finally, a recent study found that
children with poor phonological skills in the L1 and L2 have less gray matter density in the
putamen, bilaterally (Cherodah, Rao, Midha, & Sumathi, 2016). All this evidence points to
the putamen as an area necessary for optimal language processing. A small bilateral
putamen in unbalanced bilinguals may partly explain why these children have difficulties
learning the L2, although deficient language skills may also result in lesser development of
the putamen. Overall, the morphological differences observed in the neuroanatomical
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profiles of children with balanced vs. unbalanced bilingualism are sensible given the
involvement of these structures (STG, IFG, MFG, putamen) in cognitive control and
language processing.

While the correspondence between brain structure and function may not be exact,
researchers generally agree that there is a strong coupling between structural and functional
networks (Das et al., 2014; Misi¢ et al., 2016; Wang, Dai, Gong, Zhou, & He, 2015; Zhou,
Zemanova, Zamora-Lopez, Hilgetag, & Kurths, 2007). Accordingly, the anatomical results
presented here may help us to broadly hypothesize about the brain function of balanced and
unbalanced bilingual children. Thicker cortex of the STG, IFG, MFG, a smaller bilateral
putamen, and reduced cortical surface area of the MFG and STS related to a strong foreign
accent in unbalanced bilinguals might suggest that their cognitive system is dealing with a
laborious task that requires increased mental effort to improve performance. Learning an L2
may be more taxing and demanding for children who do not have the skills or experience to
process new linguistic information. In line with our interpretation, thickening of the cortex
has been reported in bilinguals who have more difficulty in the L2 (Martensson et al., 2012);
reduced cortical surface area has been reported in children with dyslexia, ADHD, and autism
(Frye et al., 2010; Raznahan et al., 2010; Shaw et al. 2012; Wolosin et al., 2009), and
subcortical volume reductions have been noted in children with language disorders
(Badcock, Bishop, Hardiman, Barry, & Watkins, 2012; Mayes, Reilly, & Morgan, 2015). A
thicker cortex in children with unbalanced bilingualism might also relate to difficulties in
language switching, especially as the brain regions examined in this study (IFG, MFG, STG)
have been found in studies of bilinguals switching between their respective languages
(Hernandez, 2009; Kovelman, Shalinsky, Berens, & Petitto, 2008; Kovelman et al., 2009).
Future studies should investigate how degree of bilingualism relates to language switching
abilities.

Functions of the basal ganglia have been associated with habit formation and implicit
learning (Packard & Knowlton, 2002; Seger, 2006). Based on the literature mentioned above
related to putaminal function, it is possible that an atypical development of subcortical
structures in children with unbalanced bilingualism may result in more use of an alternative
route for L2 learning—one that requires cortical areas to be involved. If subcortical regions
are not efficiently managing information from the L2 in unbalanced bilinguals, then another
mechanism involving explicit sub-articulation and cognitive control may be necessary to
assist in L2 learning. While unbalanced bilinguals may still learn various aspects of the L2
implicitly, the function of subcortical regions could be potentially constrained by the
suboptimal anatomical characteristics described in children with unbalanced bilingualism
(i.e., small putamen). Several studies have proposed two pathways in L2 learning, one in
which individuals use an implicit system and another one in which individuals use an
explicit system to learn the L2 (Chandrasekaran, Yi, & Maddox, 2014; DeKeyser, 2008;
Ellis, 1994; Hernandez & Li, 2007; Ullman, 2001); thus, allowing the possibility that more
or less successful acquisition of the L2 is associated with the extent to which individuals
engage in implicit or explicit learning. In the present study, our results seem to suggest that
unbalanced bilinguals who may have reduced subcortical/ implicit systems readily available
for the acquisition of an L2 draw on cortical/explicit systems as an alternative way to learn
an L2.
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The results of this study support our hypothesis that bilingual language outcomes (balanced
vs. unbalanced) are differentially reflected in brain morphology in bilingual children. An
enduring debate in psychology and many other sciences is whether developmental changes
are due to nature vs. nurture. While the results of this study cannot ascertain whether
anatomical changes were caused by linguistic experiences or whether anatomical differences
were originally present in these children at birth, they do take us a step closer to unraveling
the complexities of L2 learning. It is important to remember that children are continuing to
develop their linguistic proficiency in both languages, and other sociolinguistic and
pedagogical variables not examined here may also play a role in children’s neuroanatomy. In
all, we expect that understanding the morphology and function of the brain and its impact on
language learning can help parents and educators make informed decisions regarding
bilingualism.

4.1 | Limitations and future directions

Due to the lack of a Spanish monolingual group, we can only conjecture that our participants
were highly proficient in L1. A group of English monolingual children (not included here)
had significantly higher English proficiency than the unbalanced bilingual group, but not the
balanced bilingual group. However, we cannot extrapolate that a similar pattern of
proficiency would be found if bilingual children were compared to a Spanish monolingual
group because the groups of bilinguals assessed in this study do not live in a Spanish-
speaking country. More likely, the bilingual children studied here have lower Spanish
proficiency than Spanish monolingual children. An additional related limitation is that the
language assessments employed here are somewhat dated and normed on monolingual
populations. Future studies should assess language proficiency in bilinguals considering
monolingual norms in each language and bilingual norms.

It is important to note that the MANCOVAs controlled for age only. Sex differences have
also been found to relate to cortical thickness (Sowell et al., 2007). It is thus possible that
taking the additional variable of sex into account could either increase or decrease the
statistical significance of the results. Future studies ought to examine sex differences in
groups of balanced and unbalanced bilinguals in depth. Finally, we acknowledge that while
the two bilingual groups were comparable in age, years of education in the L2, and SES,
they may not have been comparable in other aspects. For example, language input quality,
personality, and genetic makeup were not assessed so it is possible that some of the
differences in L2 learning between groups may be explained by these variables.

It is also important to highlight that the data gathered for this study only addressed
information pertinent to the child at the time of testing. Children were not assessed
longitudinally and there were not enough participants in each age group for a cross-sectional
approach. However, the demonstration of neurostructural differences related to childhood
bilingual language experience provides a foundational step towards future explorations
within a broader developmental context. Studying L2 proficiency in children is particularly
difficult as they are in the midst of an ongoing trajectory of cognitive and linguistic
development. Given the tight coupling between aptitude and experience that becomes ever
more entrenched throughout human development, it would be ideal to conduct a prospective
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longitudinal study of brain morphology and L2 learning whereby monolingual children of
varying aptitude levels are tracked as they become bilingual to attempt to disentangle
aptitude from experience.

5 | CONCLUSIONS

Different neuroanatomical profiles characterize children with balanced vs. unbalanced
bilingualism. Balanced bilinguals had thinner cortices of the STG, IFG, MFG, and a larger
bilateral putamen, whereas unbalanced bilinguals had thicker cortices and a smaller
putamen. In addition, unbalanced bilinguals with stronger foreign accents in English had
less cortical surface area in the MFG and STS. These results suggest that brain anatomy,
which may have been shaped by experience, is related to language function and may play a
role in how well children learn an L2. It is possible that children with unbalanced
bilingualism are using alternative mechanisms to manage input in the L2. The findings
presented here contribute, not only to the field of bilingualism, but also to the wider
literature on experience-based plasticity.
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RESEARCH HIGHLIGHTS
This study examined the brain anatomy of bilingual children.

Spanish-English bilingual children of comparable age, L2 AoA, parental
education, years of education, and L1 proficiency were classified as balanced
or unbalanced bilinguals. Children only differed in L2 proficiency.

Three measures of brain morphology were studied: cortical thickness, cortical
surface area, and subcortical volume.

Results showed significantly different neuroanatomical profiles for children
with balanced and unbalanced bilingualism.
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FIGURE 1.

Mean language proficiency in English and Spanish in groups of balanced and unbalanced
bilingual children. Error bars represent standard error
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FIGURE 2.
Differences in cortical thickness in the left transverse STG, IFG-pars opercularis, and MFG

between groups of balanced and unbalanced bilingual children. Balanced bilinguals show
reduced thickness in these regions relative to unbalanced bilinguals
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Subcortical volume
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FIGURE 3.
Differences in subcortical volume in the bilateral putamen between groups of balanced and

unbalanced bilingual children. Balanced bilinguals show a significantly larger volume of the
putamen compared to unbalanced bilinguals
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FIGURE 4.
Correlations between foreign accent and cortical surface area of the bilateral MFG and STS

in unbalanced bilingual children. Unbalanced bilinguals with stronger foreign accents have
smaller cortical surfaces of the MFG and STS bilaterally. There are no significant
correlations between cortical surface area and accent in balanced bilingual children
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TABLE 2

Age group frequency
Overall
frequency Balanced Unbalanced
Total N 49 27 22
6-year-olds 5 1 4
7-year-olds 4 3 1
8-year-olds 6 4 2
9-year-olds 11 6 5
10-year-olds 16 9 7
11-year-olds 1 0 1
12-year-olds 5 3
13-year-olds 1 1 0

Dev Sci. Author manuscript; available in PMC 2018 September 05.

Page 26



	Abstract
	1 | INTRODUCTION
	2 | METHOD
	2.1 | Participants
	2.2 | Standardized measures of language proficiency
	2.2.1 | Woodcock-Johnson Language Proficiency Battery-Revised, English version (Woodcock, 1991)
	2.2.2 | Woodcock-Muñoz Language Proficiency Battery-Revised, Spanish version (Woodcock & Muñoz-Sandoval, 1995)

	2.3 | Procedure
	2.4 | Whole-brain MRI acquisition
	2.5 | Cortical parcellation and subcortical segmentation
	2.6 | Statistical analyses

	3 | RESULTS
	3.1 | Language proficiency
	3.2 | Multivariate analysis of covariance (MANCOVA)
	3.3 | Bivariate correlations

	4 | DISCUSSION
	4.1 | Limitations and future directions

	5 | CONCLUSIONS
	References
	FIGURE 1
	FIGURE 2
	FIGURE 3
	FIGURE 4
	TABLE 1
	TABLE 2



