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ARTICLE INFO ABSTRACT
Article history: Bilingualism represents an interesting model of possible experience-dependent alterations
Received 11 April 2016 in brain structure. The current study examines whether interhemispheric adaptations in
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brain structure are associated with bilingualism. Corpus callosum volume and cortical
Accepted 28 October 2016

thickness asymmetry across 13 regions of interest (selected to include critical language and
bilingual cognitive control areas) were measured in a sample of Spanish-English bilinguals
and age- and gender-matched monolingual individuals (N = 39 per group). Cortical

Ié;{r‘:;ﬂ;si;m thickness asymmetry of the anterior cingulate region differed across groups, with thicker
Cortical thickness right than left cortex for bilinguals and the reverse for monolinguals. In addition, two
Corpus callosum adjacent regions of the corpus callosum (mid-anterior and central) had greater volume in
Anterior cingulate bilinguals. The findings suggest that structural indices of interhemispheric organization in
Lateralization a critical cognitive control region are sensitive to variations in language experience.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Speakers of more than one language must meet demands during language use that monolingual speakers do not face.
Determining which language to speak in a given situation, suppressing features of the unintended language, and smoothly
switching between languages when necessary requires additional resources beyond those recruited by single language users
(Green & Abutalebi, 2013). Behavioral studies have demonstrated that bilingualism is associated with some enhanced
cognitive functions (Bialystok, Craik, & Luk, 2012; but see also; Paap & Greenberg, 2013) and functional neuroimaging
research reveals recruitment of additional neural systems during bilingual language use. For example, during picture naming,
French-German bilinguals had increased activation in the left anterior cingulate and left caudate in a language switching
context relative to a single language context (Abutalebi et al., 2008). Effects of bilingualism can also be seen in a single
language context when bilinguals encounter similar words that have different meanings in their two languages (interlingual
homographs, van Heuven, Schriefers, Dijkstra, & Hagoort, 2008). Dutch-English bilinguals evidenced greater activation for
such homographs, relative to control English words, in the left inferior prefrontal cortex; response conflict engendered by the
homographs in an English-only lexical decision task additionally produced increased activation in medial prefrontal regions
(pre-supplementary motor and anterior cingulate regions). Neither effect was seen in English monolingual participants (van
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Heuven et al., 2008). A meta-analysis revealed that bilingual language switching involved activation in left inferior frontal,
middle frontal, and middle temporal gyri, right precentral and superior temporal gyri, supplementary motor regions and
bilateral caudate nuclei (Luk, Green, Abutalebi, & Grady, 2012). Hence, in addition to left hemisphere language areas, bilingual
language use involves a network of cognitive control' regions. Li (2015) and Abutalebi and Green (2007) identify the
dorsolateral prefrontal cortex, anterior cingulate, basal ganglia and inferior parietal cortex as comprising a cognitive control
network for bilingual language use.

Such functional data raise the question about whether adaptations in brain structure accompany bilingualism. In other
domains, experience-dependent alterations in regional cortical volume/density (Draganski & May 2008; Schmidt-Wilcke,
Rosengarth, Luerding, Bogdahn, & Greenlee, 2010) and thickness (Engvig et al., 2010; Metzler-Baddeley, Caeyenberghs,
Foley, & Jones, 2016; Taubert, Mehnert, Pleger, & Villringer, 2016; Wenger et al., 2012) have been found. Despite a burgeoning
functional neuroimaging literature, the issue of potential neuroanatomical correlates of bilingualism has received much less
scrutiny. A recent thorough review of such neuroanatomical correlates revealed several brain regions in which cortical
volume and/or density was greater for bilinguals than for monolinguals (Li, Legault, & Litcofsky, 2014). These regions include
the anterior cingulate cortex (Abutalebi et al., 2015), inferior parietal lobule (Della Rossa et al., 2012; Mechelli et al., 2004),
anterior temporal pole (Abutalebi et al., 2014), orbitofrontal cortex (Abutalebi et al., 2014), Heschl's gyrus (Ressel et al., 2012),
and caudate nucleus (Zou, Ding, Abutalebi, Shu, & Peng, 2012). These volumetric increases were sometimes observed
bilaterally (Abutalebi et al., 2015; Mechelli et al., 2004, 2014; Ressel et al., 2012), and in other cases only within the left
hemisphere (Della Rosa et al., 2012; Zou et al., 2012). Neurobiological interpretations of such volumetric measures are difficult
because volume estimates do not separate the contributions of cortical surface area and thickness, and these two measures
can vary independently, having different genetic underpinnings (Chen et al., 2013; Panizzon et al., 2009), developmental
trajectories (Hogstrom, Westlye, Walhovd, & Fjell, 2013; Raznahan et al., 2011), structural network features (Sanabria-Diaz
et al., 2010) and asymmetries (Meyer, Liem, Hirsiger, Jancke, & Hanggi, 2014). Thus it is unclear whether the above-
mentioned findings indicate expansion of surface area and/or cortical thickening in bilingual individuals.

One prior study compared cortical thickness in bilingual and monolingual persons (Klein, Mok, Chen, & Watkins, 2014).2
Increased cortical thickness in the left anterior inferior frontal gyrus (IFG) was observed for early and late bilinguals, relative
to monolinguals. In the homologous region of the right hemisphere reduced thickness was observed in bilinguals who ac-
quired the second language (L2) after age 3, as compared to monolinguals or early bilinguals. These data indicate that cortical
thickness can vary with bilingual language experience. Further, although asymmetry indices were not calculated, the findings
imply that the need to coordinate multiple languages may influence structural lateralization in at least one language-relevant
brain region. Such data speak to a long-standing hypothesis that functional language lateralization may be more bilateral for
bilinguals which could suggest that language experience contributes to individual differences in lateralization. Meta-analyses
of behavioral lateralization studies (divided visual field, dichotic listening), for example, indicate greater right hemisphere
involvement in language for early bilinguals, relative to monolinguals or late bilinguals (Hull & Vaid, 2006, 2007). However, to
our knowledge no prior study has directly compared structural lateralization between monolingual and bilingual partici-
pants, and this issue was not considered in a recent review of structural indices of bilingualism (Li et al., 2014).

If interhemispheric organization varies with bilingual language experience one might also expect to observe differences in
corpus callosum anatomy between monolingual and bilingual persons as the callosum is the major structural link that en-
ables interhemispheric interaction (Shulte & Miiller-Oehring, 2010). Increases in callosum size have been correlated with
alterations in structural and functional asymmetry, although the direction of the relationship varies with callosal region,
subject characteristics, and task (e.g., Gootjes et al., 2006; Josse, Seghier, Kherif, & Price, 2008; Moffat, Hampson, & Lee, 1998).
An early study reported increased cross-sectional area of the anterior midbody portion of the corpus callosum in middle-aged
bilinguals, relative to monolinguals (Coggins, Kennedy, & Armstrong, 2004). Area/volume studies of the corpus callosum have
a long history (e.g, Ardekani, Figarsky, & Sidtis, 2013; Bishop & Wabhlsten, 1997; Byne, Bleier, & Houston, 1988; Welcome et al.,
2009) but to date only Coggins et al. (2004) have considered potential impacts of bilingualism. It is important to note,
however, that greater callosal area or volume need not imply greater numbers of axons (Banich, 1995; Bloom & Hynd, 2005).
We will return to this point in the Discussion section.

More recent diffusion tensor imaging (DTI) findings of the corpus callosum have explored whether fractional anisotropy
(FA) differs with language experience. FA indexes the extent to which water diffuses in a particular direction in axon bundles
and is an indication of the number, alignment, density and myelination of fiber tracts (Beaulieu, 2009, pp. 105—126). One
study examined FA in two regions of the corpus callosum in 8—11 year old children, a frontal portion connecting orbitofrontal
cortex and the anterior callosum midbody (Mohades et al., 2012). Relative to monolinguals, bilingual children who learned
both languages simultaneously had lower FA in the orbitofrontal callosal portion, but no differences were seen in the anterior
midbody. In another study, adult sequential bilinguals (mean age = 31.9 yrs) had higher FA values in the genu, body, and
anterior splenium regions of the callosum than did bilinguals (Pliatsikas, Moschopoulou, & Saddy, 2015). Two other in-
vestigations measured callosal FA in older adults (Gold, Johnson, & Powell, 2013; Luk, Bialystok, Craik, & Grady, 2011). In one

1 Botvinick and Braver (2015, pg. 84) define cognitive control as “functions that regulate more basic attention-, memory-, language-, and action-related
faculties and coordinate their activity in the service of specific tasks.”

2 Martenssen et al. (2012) also measured cortical thickness in a 3-month language training study. The training was associated with increased cortical
thickness in portions of the left dorsal MFG, left IFG, and left STG.
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case higher FA values were observed for lifelong bilinguals for most of the corpus callosum, excepting the most anterior and
posterior portions (Luk et al., 2011, their Fig. 1a; mean age = 70.5 years), similar to the Pliatsikas et al. (2015) findings for
younger adults. However, older bilinguals matched for cognitive status to similar aged monolinguals (mean age = 64 years)
had lower FA values in the genu, anterior to midbody, and splenium of the corpus callosum (Gold et al., 2013, their Fig. 2).
Although the latter finding may be an indication of enhanced bilingual cognitive reserve, the direction and location of FA
differences in the corpus callosum are somewhat inconsistent across studies and may be age-dependent. However, both DTI
and callosal size findings suggest that variations in corpus callosum structure may be associated with differences in language
experience.

In the current investigation we examined both cortical structural asymmetry and callosal morphology in monolingual and
bilingual young adults. Group differences would be expected if the demand to coordinate multiple languages has structural
correlates in language and/or cognitive control regions across hemispheres. To examine these issues we measured asymmetry
in cortical thickness and surface area in regions of interest selected to include both perisylvian language cortex and areas
implicated in bilingual language control, and corpus callosum volume. The study had several objectives. First, surface area and
cortical thickness were assessed separately to more precisely identify any language experience differences in cortical
structure. Second, regional asymmetries in each metric were compared across groups to test whether the degree and di-
rection of asymmetry would differ between monolingual and bilingual persons. If bilingualism is associated with either
reduced (Hull & Vaid, 2006) or enhanced (Klein et al., 2014) asymmetry, then group differences in cortical structure might be
expected. Third, regional corpus callosum volume was also measured for each group to determine whether this structural
correlate of interhemispheric communication would vary with bilingual language experience. This could occur if bilingualism
or increased cognitive control demands required alterations in interhemispheric coordination. The findings will contribute to
our understanding of how language experience may sculpt brain structure.

2. Materials and methods
2.1. Participants

Participants included 39 monolingual English-speaking individuals (26 females; mean age 21.2 yrs, age range: 18—34)
from the University of California, Riverside (UCR) and 39 Spanish-English bilinguals (26 females; mean age 22.2 yrs, age
range: 18—34) from the University of Houston (UH). Consent was obtained from all participants in accord with procedures
approved by the Institutional Review Boards of the University of California, Riverside and the University of Houston. Groups
did not differ in age, t (76) < 1. All were right handed and had normal or corrected-to-normal vision. The bilingual participants
learned Spanish first (L1) and mean age of acquisition for English (L2) was 6.6 years (range: birth — 17 years). Bilinguals
reported currently using English 70.5% of the time and Spanish 29.5%, t (38) = 10.50, p < 0.001. Bilinguals rated their English
speech (6.31) higher, on average, than their Spanish (5.97), t (38) = 1.52, p > 0.05. L1 and L2 proficiency for bilingual par-
ticipants was assessed using a composite score from the reading sentence comprehension and picture vocabulary subsections
of the Woodcock-Munoz Language Survey—Revised (Woodcock, Munoz-Johnson, Ruef, & Alvarado, 2005). Although there
was some variability in English and Spanish proficiencies, on average L1 and L2 proficiencies did not differ, t < 1.

2.2. MRI acquisition

Each UCR participant was scanned twice, to increase the signal to noise ratio of the averaged image, on a 1.5-T GE Signa
scanner (3-D SPGR, 1.2 mm thick sagittal images). Imaging parameters: TR 11 ms, TE 2.2 ms, flip angle 25°, field of view 24 cm,
acquisition time 4.4 min. Each UH participant was scanned twice on a 3-T Siemens Magnetom Trio scanner (MPRAGE, 1 mm
thick transversal images) at the Center for Advanced MR Imaging (CAMRI), Baylor School of Medicine, Houston, Texas. Im-
aging parameters included the following: TR 1200 ms, TE 2.66 ms, flip angle 12°, field of view 24.5 cm, acquisition time
4.5 min.

2.3. Anatomical measurements

Cortical reconstruction and volumetric segmentation for both monolingual and bilingual samples was performed using
the Freesurfer v 5.3 analysis suite (Dale, Fischl, & Sereno, 1999; Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale,
1999), which is documented and freely available for download online (htttp://surfer.nmr.mgh.harvard.edu/). Briefly, pro-
cessing includes motion correction and coregistration of T1 weighted images, removal of non-brain tissue, automated
Talairach transformation, segmentation of deep gray and subcortical white matter volumetric structures, intensity normal-
ization, tessellation of gray and white matter boundaries, automated topology correction, and surface deformation after
intensity gradients optimally identify boundaries based on greatest intensity shifts. Manual inspection of the gray/white
segmentation for all 156 hemispheres was performed.

Once the cortical models were complete, parcellation of the cerebral cortex into units based on gyral and sulcal structure,
and a variety of surface based data including maps of cortical thickness representations were created using both intensity and
continuity information from the entire three-dimensional MR volume. Procedures for the measurement of cortical thickness
have been validated against histological analysis (Rosas et al., 2002) and manual measurements (Kuperberg et al., 2003; Salat
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et al., 2004). FreeSurfer morphometric procedures have been demonstrated to show good test—retest reliability across
scanner manufacturers and across field strengths (Han et al., 2006; Reuter, Schmansky, Rosas, & Fischl, 2012). A potential
problem with the use of different scanners is that the differing magnetic fields and acquisition parameters could have affected
the measurements. By examining asymmetry (discussed below), which is a relative measure (ratio of left-right difference
relative to total), baseline scanner-related differences should be minimized. This issue will be addressed further in light of the
results.

Cortical thickness and surface area values were automatically extracted for each hemisphere by the FreeSurfer software.
During processing, surface images were produced and mapped onto an averaged surface for each hemisphere where the
parcellations were performed. The individual surfaces were then nonlinearly warped back into individual subject space. We
examined 13 parcellations produced by FreeSurfer's automated procedure. These regions were selected to include perisylvian
language/speech areas with asymmetries in cortical surface structure and/or thickness (Chiarello, Vazquez, Felton, &
McDowell, 2016), and/or were regions identified as important for bilingual language control in fMRI studies (Garbin et al.,
2010; Hernandez, 2009): pars triangularis, pars opercularis, anterior insula, planum temporale, Heschl's gyrus, lateral su-
perior temporal gyrus (STG), posterior ramus of STG, superior temporal sulcus (STS), middle temporal gyrus (MTG), angular
gyrus, supramarginal gyrus, anterior cingulate, and inferior frontal sulcus (DLPFC). Thickness and surface area asymmetries
for each parcellation were calculated in the typical manner (see Chiarello, Vazquez, Felton, & McDowell, 2016; Zhou, Lebel,
Evans, & Beaulieu, 2013) by subtracting the right value from the left value and dividing by the average, so that the degree
of hemisphere difference is evaluated relative to each individual's mean surface area or thickness. Leftward asymmetries yield
positive coefficients.

Corpus callosum volume and segmentation was obtained from the FreeSurfer volume stream (aseg) (https://surfer.nmr.
mgh.harvard.edu/pub/docs/wiki/mri_cc.help.xmlhtml). Measurements were made for a 5 mm lateral extent centered on
the mid-sagittal plane. Callosum volume was regressed against total intracranial volume and the residuals were used to
obtain callosum volume estimates unbiased by overall brain size. FreeSurfer divides the callosum into five segments of equal
length along the primary eigendirection (long axis) of this structure: anterior, mid-anterior, central, mid-posterior, posterior
(Rosas et al., 2010). Much prior work on callosum size uses estimates based on cross-sectional area at the most medial slice
(e.g., Ardekani, Figarsky, & Sidtis, 2013; Bishop & Wahlsten, 1997; Welcome et al., 2009). This provides a reasonable metric,
but does not take into account callosal measurements at somewhat more lateral positions. A recent paper (Wade et al., 2013)
indicated that measurements that also extend past the most medial position provide a more stable metric than a single
midsaggital slice. As the FreeSurfer volume measure includes a 5 mm lateral extent it seems preferable to the earlier “single
slice” cross-sectional measure. A volumetric measure of the callosum is a natural extension of the standard cross-sectional
method that has been in use for decades.

3. Results
3.1. Asymmetry findings

The analyses reported below were conducted on both surface area and thickness asymmetries. As no group differences
were observed for any analysis of surface area those data can be found in Supplementary Materials. Mean thickness asym-
metries for each ROI are given in Table 1 for monolingual and bilingual participants.

Group comparisons of thickness asymmetry within each ROl were computed and t-values are given in Table 1, and
graphically displayed in Fig. 1A. We adopted a conservative significance cut-off of 0.003, the Bonferroni correction, to account
for the multiple t-tests. These analyses revealed that the anterior cingulate was the only region which differed reliably across
groups, t (76) = —5.31, p < 0.0001. In this area, bilinguals had significant rightward asymmetry, t (38) = —4.88, p < 0.0001 (i.e.,
right anterior cingulate thicker than left), whereas monolinguals had significant leftward asymmetry, t (38) = 2.98, p < 0.005.
The differing asymmetries appear to be mainly due to variations in right hemisphere thickness. The right anterior cingulate
was significantly thicker for bilinguals (2.94) than for monolinguals (2.83), t (76) = 3.12, p < 0.01; the left anterior cingulate
was thinner in bilinguals (2.83) than monolinguals (2.91), but this difference was not significant, t (76) = 1.9, p = 0.06.

Because the thickness asymmetry of the anterior cingulate varied with language experience, we performed a post-hoc
exploratory analysis to examine the role of L1/L2 proficiency and age of acquisition (AOA) on this asymmetry among the
bilingual participants. L1 proficiency, L2 proficiency, Age, and AOA were entered in a simultaneous multiple regression to
predict anterior cingulate thickness asymmetry. Only L1 proficiency accounted for a significant amount of variance, stan-
dardized estimate = 0.51, p < 0.02 (overall model fit R?> = 0.18). Bilinguals with greater L1 (Spanish) proficiency had less
rightward asymmetry of the anterior cingulate, r = 0.23 p = 0.05.

Table 1 suggests that the asymmetries for two frontal regions, the pars triangularis and the adjacent inferior frontal sulcus,
may differ between monolinguals and bilinguals, although these areas did not meet our stringent significance cut-off. In these
areas, rightward asymmetries were observed for monolinguals, whereas the asymmetries were more leftward for bilinguals.

3.2. Corpus callosum findings

Table 2 contains mean callosal volumes for monolingual and bilingual participants, and Fig. 1B displays the FreeSurfer
corpus callosum segmentations for two participants. All statistical analyses were conducted on the residual callosal volumes
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Table 1
Cortical thickness asymmetries (sd) for each region of interest (FreeSurfer parcellation number) and t-test of group difference in asymmetry.

Monolingual Bilingual t(76)

Anterior Cingulate Gyrus and Sulcus (6) 0.026 —0.041 —5.31, p < 0.0001
(0.054) (0.057)

Pars Triangularis (14) —0.026 0.009 2.79,p < 0.01
(0.057) (0.054)

Pars Opercularis (12) —0.020 0.006 1.89
(0.064) (0.054)

Inferior Frontal Sulcus (52) —0.016 0.014 2.48,p < 0.02
(0.050) (0.054)

Anterior Insula (18) 0.035 0.012 -1.53
(0.071) (0.056)

Heschl's Gyrus (33) —0.030 —0.044 -0.71
(0.072) (0.105)

Posterior Ramus of Lateral Sulcus (41) —0.039 —0.012 1.91
(0.074) (0.048)

Lateral Superior Temporal Gyrus (34) —0.038 —0.010 2.20,p < 0.05
(0.052) (0.062)

Planum Temporale (36) —0.033 —0.002 1.71
(0.080) (0.077)

Superior Temporal Sulcus (73) —0.035 —0.020 1.73
(0.035) (0.041)

Middle Temporal Gyrus (38) —0.032 —0.022 0.87
(0.054) (0.047)

Supramarginal Gyrus (26) —0.008 —0.008 0.07
(0.045) (0.038)

Angular Gyrus (25) —0.024 —0.011 1.02
(0.065) (0.046)

Note. Boldfaced values indicate significance at Bonferroni correction of 0.003.

531 Bilingual
More

Leftward

[
Bilingual
More
531 Rightward

anjen-}

B

. Anterior

[l Mid-Anterior
Central

[ Mid-posterior

. Posterior

Fig. 1. A. T-test of the bilingual/monolingual differences in cortical thickness asymmetry in the 13 regions of interest. Warmer colors indicate more rightward
asymmetry for bilingual participants. B. Illustration of corpus callosum segmentation for two female participants (left monolingual, right bilingual). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

after adjustment for total intracranial volume. Group differences in callosal volumes were examined for each callosal segment
and total callosum, using a Bonferroni adjusted p-value cut-off of 0.008. As indicated in Table 2, the groups did not differ in
total callosal volume, but the mid-anterior segment of the corpus callosum was significantly larger for bilinguals relative to
monolinguals. The adjacent central callosal segment was marginally larger for bilinguals than monolinguals. Because the
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Table 2
Mean corpus callosum volume (mm?) and t-test of group difference.
Monolingual Bilingual t(76)
Anterior 866.9 859.2 0.26
(131.1) (128.3)
Mid-anterior 451.7 522.8 3.32, p < 0.005
(71.5) (123.9)
Central 4553 509.6 2.65,p =0.01
(82.5) (98.7)
Mid-posterior 4274 441.2 0.93
(75.1) (81.2)
Posterior 925.5 897.3 -0.69
(116.2) (143.2)
Total corpus callosum 3126.8 3230.1 1.59
(385.2) (395.2)

Note. Boldfaced values indicate significance at Bonferroni correction of 0.008.

callosal regions demonstrating group differences were adjacent, we also summed the volumes for the mid-anterior and
central segments, and then re-computed the residual volume after adjusting for total intracranial volume. The group dif-
ference for this combined callosal region was highly reliable, t (76) = 3.24, p < 0.002.

We also performed a post-hoc exploratory analysis to examine the role of L1/L2 proficiency and age of acquisition (AOA) on
mid-anterior and central callosal volume (and the combined segments) among the bilingual participants. None of the pre-
dictors were significant.

A final analysis examined whether there was any relation between thickness asymmetry of the anterior cingulate and the
two callosal segments that demonstrated group differences. There was a weak relationship between the mid-anterior callosal
volume and anterior cingulate asymmetry, r = —0.24, p < 0.05: as callosal volume increased, the cingulate asymmetry became
increasingly rightward. A negative relationship was also observed between central callosal volume and anterior cingulate
asymmetry, but this was not significant, r = —0.19, p < 0.10. However, a significant correlation of the anterior cingulate
asymmetry with the combined mid-anterior/central callosal volume was observed, r = —0.23, p < 0.05.

4. Discussion

The current study revealed two neurostructural effects associated with differences in language experience. Relative to
monolinguals, our bilingual participants had reversed cortical thickness asymmetry in the anterior cingulate, and larger
corpus callosa in a central callosal region just posterior to the genu. These findings imply that some alteration in structural
interhemispheric organization is associated with bilingual language experience. Our results partially support and extend
prior findings on cortical structural correlates of bilingualism (Li et al., 2014).

As we noted earlier, most prior bilingualism research on cortical structure has relied on volumetric measures (Li et al.,
2014). Current tools now allow us to separately examine two independent contributors to volume: surface area and thick-
ness. In our investigation, there was no evidence for differences in surface area asymmetry in any of our regions of interest
(see Supplementary Materials). Only cortical thickness asymmetry varied between monolinguals and bilinguals. Although
many language-relevant regions are strongly asymmetrical for surface area (e.g., Chiarello, Vazquez, Felton, & McDowell,
2016), this neurobiological feature may not be sensitive to differences in language experience. Post-natal differences in
cortical surface area can be attributed to alterations in the width and spacing of cortical columns due to increased intracortical
myelination which “stretches” the cortical surface, increased synaptic density, and larger dendritic fields (Buxhoeveden,
Switala, Roy, Litaker, & Casanova, 2001; Hill et al., 2010; Hogstrom et al., 2013), whereas cortical thickness can vary due to
proliferation or pruning of neuropil across cortical layers and/or changes in myelination at the gray/white matter interface
(Sowell et al., 2004; Vandekar et al., 2015; Wu et al., 2014). Across species, variation in cortical thickness has been attributed to
differences in the number of glial cells (Carlo & Stevens, 2013). Developmentally, cortical thinning during adolescence cor-
relates both with sulci widening (perhaps attributable to a gray matter reduction) and with thickening of the underlying
white matter (implying shifts in the gray/white boundary) (Aleman-Gémez et al., 2013; but see also Wu et al., 2014). The
current data suggest that language experience can affect the complex sculpting of laminar neural features that occur post-
natally, at least within a few critical regions.

We observed robust group differences in the thickness asymmetry of the anterior cingulate, and a trend for differences in
two anterior inferior frontal regions: the pars triangularis and inferior frontal sulcus. The latter findings, although they did not
meet our strict significance criterion, are reminiscent of the prior findings of Klein et al. (2014). In that study, young adult
sequential bilinguals had greater left hemisphere thickness in the pars triangularis and orbitalis, and reduced right hemi-
sphere thickness in the pars orbitalis, relative to monolinguals. Although asymmetry indices were not calculated, the findings
imply increased leftward (or decreased rightward) asymmetry for bilinguals in anterior IFG. This parallels the asymmetry
differences we observed for anterior inferior frontal regions (rightward asymmetries for monolinguals, but leftward asym-
metries for bilinguals, see Table 1). Although we will refrain from further discussion of these findings, it is worth noting that
group differences in thickness asymmetries were observed only for regions within frontal cortex.
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The most pronounced mono/bilingual difference that we observed was for the anterior cingulate region. Here thickness
asymmetries were found for both groups, but in opposing directions. For bilinguals the right ACC was thicker than the left,
while for monolinguals the left ACC was thicker than right. Several prior studies have reported cortical thickness asymmetry
for the anterior cingulate. Luders et al. (2006) and Plessen, Hugdahl, Bansal, Hao, and Peterson (2014) found leftward
asymmetry of this region while Zhou et al. (2013) observed a rightward asymmetry. No information about the language
background of the participants was provided in these studies. Although methodological differences cannot be discounted, our
findings suggest that differential language experience may have contributed to the differing results. Since we observed ACC
asymmetry in opposite directions for monolinguals and bilinguals, discrepancies across samples with varying numbers of
mono/bilinguals might be expected. In a study comparing older bilinguals and monolinguals, Abutalebi et al. (2015) found
that the only structural difference between the groups was greater volume in bilinguals for the left and right anterior
cingulate, although no asymmetry measure was calculated. As this study reported volume, it is unclear whether differences in
thickness or surface area may have been present.

Our findings raise an important question about the genesis of the differing ACC thickness asymmetries. On the one hand,
the rightward asymmetry for bilinguals could reflect enhanced growth or reduced pruning of right cortex, relative to left
(Rosen, 1996; Rosen, Sherman, & Galaburda, 1992). On the other hand, the asymmetry could reflect greater white matter
expansion for the left cingulate, relative to right (Sowell et al., 2004; Vandekar et al., 2015). It was recently reported that the
anterior cingulate is one of the cortical regions with a negative relation between cortical thickness and FA of the underlying
superficial white matter (Wu et al., 2014). This finding was independent of age (10—18 years) and indicates that thinner cortex
in this area is associated with increased white matter integrity. Because thickness variations can be attributed to changes in
either gray or white matter (as discussed above), and we do not have measures of underlying white matter, the current data
are somewhat ambiguous. However, consideration of developmental data may be helpful. Cortical thickness increases during
early childhood, followed by a protracted period of thinning that accelerates during adolescence (Nie, Li, & Shen, 2013; Shaw
et al.,, 2008; Zhou et al., 2013, 2015). Our measurements were taken in early adulthood after considerable cortical thinning
would have occurred. In the absence of longitudinal data to document when structural development may have diverged for
our participants, suggestions about neurobiological mechanisms are speculative. Nevertheless, on the basis of the develop-
mental (Nie et al., 2013; Shaw et al., 2008; Zhou et al., 2013, 2015) and training/plasticity (Metzler-Baddeley et al., 2016;
Taubert et al., 2016; Wenger et al., 2012) literature, one can suggest that thinner cortex is more mature and perhaps more
specialized, while thicker cortex is less mature and may be somewhat more plastic. Following this logic, our findings imply
that bilingual language experience may be associated with a more mature cortical organization in the left ACC, relative to
right ACC, whereas single language experience is associated with more mature right ACC cortex. As the group differences we
observed were more reliable for the right than the left hemisphere, one possible interpretation is that bilingualism may
prolong a more “juvenile” plastic cortical organization in the right ACC. Longitudinal structural studies comparing mono-
lingual and bilingual individuals will be needed to support this conjecture.

Although no existing study has investigated changes in structure across development for bilinguals, fMRI findings are
consistent with developmental changes in ACC recruitment. Archila-Suerte, Zevin, Ramos, and Hernandez (2013) tested a
group of young children (ages 6—7), older children (ages 8—10) and young adults (ages 18—24) on a passive auditory task with
nonsense syllables. For bilinguals, increased activity was observed for the older children, relative to both young children and
adults, in cognitive control areas including the left and right ACC. This pattern of activity stood in stark contrast to that
exhibited by monolinguals where there was a trend toward greater activation in adults relative to children in areas involved in
auditory processing. Taken together these results reveal how development in sequential bilinguals may involve reliance on
cognitive control during periods of language improvement in L2. One possibility is that the use of this area may also be
associated with changes in the structure of the ACC during development.

Functional imaging research with bilingual adults presents a mixed picture of lateralization of processing in the ACC.
While some researchers have found bilateral ACC activity during language switching tasks (Abutalebi et al., 2012; Guo, Liu,
Misra, & Kroll, 2011), others report ACC activity in the left hemisphere only (Abutalebi et al., 2008; Wang, Xue, Chen, Xue,
& Dong, 2007). Abutalebi et al. (2012) compared brain activity in highly proficient bilingual and monolingual college stu-
dents during verbal and nonverbal conflict monitoring tasks and found reduced activity in bilateral dorsal ACC in bilinguals
relative to monolinguals for conflict monitoring. In addition, regression analyses demonstrated a stronger positive rela-
tionship between gray matter volume and activity during this task in bilinguals, but not in monolinguals. Given these
findings, the authors suggested that in order to resolve verbal and nonverbal conflicts, bilinguals may employ the ACC more
efficiently than monolinguals. Along the same lines, Guo et al. (2011) examined the neural correlates of conflict resolution
during a picture-naming task. They found greater activity during trial-by-trial language switching in bilateral ACC and
supplementary motor areas, and suggested that these regions had an important role in local inhibition processes. Wang et al.
(2007) examined a group of late bilinguals to investigate neurofunctional correlates of switching from a highly proficient to a
less proficient language. During object naming, switching from the more proficient to the less proficient language engendered
increased activity in the left ACC, among other areas, relative to the opposite comparison. This may reflect an increased
demand for inhibitory processes in order to suppress use of the more proficient language. Thus, when bilinguals perform
effortful cognitive tasks, both bilateral ACC and left predominant ACC activity is found. One possibility is that the distribution
of function across right and left ACC in bilinguals varies dynamically as task demands change, implying an increased need for
interhemispheric coordination. As discussed further below, our findings of greater bilingual corpus callosum volume may be
relevant to this point.
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It is currently debatable whether young adult bilinguals have enhanced cognitive control abilities relative to monolinguals
(Bialystok et al., 2012; Garcia-Penton, Fernandez Garcia, Costello, Dunabeitia, & Carreiras, 2015; Paap & Greenberg, 2013).
Nevertheless, it is notable that we observed significant cortical thickness differences between our young adult groups in the
anterior cingulate. In the absence of functional or behavioral data we cannot determine whether the differing lateral orga-
nizations would have any impact on cognitive control abilities. However, even if mono- and bilingual individuals achieve
similar performance in cognitive control tasks, this could be mediated by a different distribution of function across left and
right regions.

Our exploratory analysis indicated that variation in ACC asymmetry among bilinguals was weakly predicted by L1 pro-
ficiency, but not L2 proficiency or age of acquisition. The absence of AOA effects is not surprising given that approximately 80%
of our participants acquired L2 within a narrow age range of 3—8 years. It is interesting that individuals with higher L1
proficiency had less rightward/more leftward asymmetry of the ACC, a pattern more similar to our monolingual participants.
Our sample size does not allow us to disentangle the ways in which learning of a second language alters the structure of the
ACC. However, Green and Abutalebi (2013) have discussed the ways in which different types of language experience might
play a role in the development of cognitive control. To the extent that our ACC asymmetry findings reflect alterations in
cognitive control, varying L1 experience may moderate the distribution of control functions across hemispheres, perhaps due
to differential demand for local inhibitory processes (Guo et al., 2011).

Variations in corpus callosum volume provided the second indication of altered interhemispheric organization associated
with language experience. Bilinguals had greater volume in two adjacent regions of the corpus callosum. These regions were
just posterior to the genu and extended to include the middle portion of the corpus callosum body (see Fig. 1B), and included
the area Coggins et al. (2004) previously identified as having greater area for bilinguals in a small sample of adults (mean
age = 38 years). We note that the regions of increased bilingual callosal volume overlap substantially with areas having higher
bilingual FA values in two prior DTI studies (Luk et al., 2011; Pliatsikas et al., 2015). DTI tractography studies suggest that the
callosal regions we identified interconnect the superior frontal gyri/sulci including supplementary motor areas (Hofer &
Frahm, 2006; Park et al., 2008; Vergani et al., 2014) and the cingulate gyrus (Park et al., 2008). Although some caution is
needed to interpret tractography results due to the problem of crossing fibers, post-mortem data confirm the supplementary
motor area findings (Vergani et al., 2014). Non-human primate studies also identify interhemispheric fibers from the anterior
cingulate and supplementary motor regions crossing in post-genual to midbody sections of the corpus callosum (Pandya &
Seltzer, 1986, pp. 47—71). There are strong within-hemisphere connections between the anterior cingulate and the ante-
romedial supplementary motor area (Li et al., 2013; Vergani et al., 2014), which Li et al. (2013) suggested comprise part of a
cognitive control network. We conjecture that the callosal regions having increased volume for bilinguals may be implicated
in altered interhemispheric coordination of cognitive control functions. The association we observed between anterior
cingulate thickness asymmetry and the volume of the two critical callosal regions additionally suggests that our two major
findings are not coincidental.

It is important to note several limitations of the current study. First, the data from monolingual and bilingual participants
was obtained using different scanners and acquisition parameters. This is not ideal and may have influenced the measures we
obtained. However, we relied on a relative asymmetry measure that should adjust for overall scanner differences in the
measurement of cortical surface area and thickness. In addition, all surface area and most cortical thickness measures did not
evidence group differences, and the group differences that we did obtain occurred in regions that have been found to differ
based on language experience in other studies (Abutalebi et al., 2015; Luk et al., 2012). Hence, it is unlikely, but not impossible,
that differing acquisition parameters could have led to spurious group differences in a single brain region.

Second, we examined only sequential bilinguals, most of whom acquired the second language near school age. There is no
way to know whether simultaneous bilinguals, or those who acquire L2 as adolescents or adults, would have neurostructural
features similar to those we observed for the current sample. Third, our data were collected at only one time point in early
adulthood. Both cortical thickness and callosal structure change throughout the lifespan (Hasan et al., 2009; Hogstrom et al.,
2013; Nie et al., 2013), and longitudinal studies are critically needed to examine how and when bilingualism might affect the
trajectory of brain structure development. Also, as described above, the neurobiological basis of our cortical thickness data
must remain ambiguous in the absence of concurrent measures of the organization of underlying white matter. Fourth, we do
not have functional data or cognitive control measures for our mono/bilingual comparisons. Hence, it is unclear whether the
functional lateralization of ACC activity would parallel our structural findings, nor whether the group differences in brain
structure might be associated with any processing advantages.

Finally, our corpus callosum findings are limited to volumetric measures and should be further studied using diffusion
techniques. Variations in human corpus callosum size can reflect differences in numbers of fibers, axonal size and degree of
myelination, and/or packing density (Aboitiz et al., 1992; Highley et al., 1999). Hence it is premature to conclude that increased
callosal volume in bilinguals necessarily implies an increase in interhemispheric connectivity, as opposed to experience-
dependent variation in callosal organization. Nevertheless, the current data imply that structural features of interhemi-
spheric organization for cognitive control differ between monolinguals and some bilingual individuals.

In summary, we report several findings that suggest some alteration in interhemispheric brain structure between
monolinguals and bilinguals, both in frontal brain regions and in the corpus callosum. However, we found no structural
evidence to support a more bilateral brain organization for bilinguals (Hull & Vaid, 2006, 2007). Rather, our findings suggest
that bilingualism may alter the direction of structural asymmetry, as well as the structural conduit for interhemispheric
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communication, for critical cognitive control regions. These findings contribute to the emerging view that variations in
language experience can have profound effects on brain structure (Li et al., 2014).
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