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Abstract  
 
Lifelong bilingualism is associated with the delayed diagnosis of dementia, suggesting bilingual 

experience is relevant to brain health in aging. While the effects of bilingualism on cognitive functions 

across the lifespan are well documented, less is known about the neural substrates underlying 

differential behavior. It is clear that bilingualism affects brain regions that mediate language abilities and 

that these regions are at least partially overlapping with those that exhibit age-related decline. 

Moreover, the behavioural advantages observed in bilingualism are generally found in executive 

function performance, suggesting that the frontal lobes may also be sensitive to bilingualism, which 

exhibit volume reductions with age. The current study investigated structural differences in the brain of 

lifelong bilingual older adults (n = 14, mean age = 70.4) compared with older monolinguals (n = 14, 

mean age= 70.6). We employed two analytic approaches: 1) we examined global differences in grey 

and white matter volumes; and, 2) we examined local differences in volume and cortical thickness of 

specific regions of interest previously implicated in bilingual/monolingual comparisons (temporal pole) 

or in aging (entorhinal cortex and hippocampus). We expected bilinguals would exhibit greater volume 

of the frontal lobe and temporal lobe (grey and white matter), given the importance of these regions in 

executive and language functions, respectively. We further hypothesized that regions in the medial 

temporal lobe, which demonstrate early changes in aging and exhibit neural pathology in dementia, 

would be more preserved in the bilingual group. As predicted, bilinguals exhibit greater frontal lobe 

white matter compared with monolinguals. Moreover, increasing age was related to decreasing 

temporal pole cortical thickness in the monolingual group, but no such relationship was observed for 

bilinguals. Finally, Stroop task performance was positively correlated with frontal lobe white matter, 

emphasizing the importance of preserved white matter in maintaining executive function in aging. 

These results underscore previous findings implicating an association between bilingualism and 

preserved frontal and temporal lobe function in aging.  

 
Key words: bilingual, cognitive reserve, MRI, volumetric, aging, hippocampus  
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I. Introduction 
 
Aging is associated with significant reductions in both global and regional brain volumes. In grey matter, 

the trajectory of these age-related changes is variable across the brain such that more rapid decline is 

observed in regions of the frontal and parietal lobes than in the temporal and occipital lobes (Fjell et al., 

2013; Kennedy & Raz, 2009; Raz et al., 2004, 2005; Resnick et al., 2000; Resnick et al., 2003; 

Walhovd et al., 2005, 2011). In white matter, some studies have reported a more diffuse pattern of 

volumetric reductions across the brain with age (Fjell et al., 2013; Resnick et al., 2000, 2003; Salat et 

al., 2009; Walhovd et al., 2005, 2011), whereas others have reported greater reduction in frontal lobe 

white matter compared to other regions (Brickman et al., 2006; Ferreira et al., 2014; Head et al., 2004). 

In addition to neocortical changes, it is well documented that the hippocampus decreases in volume 

with increasing age (Jack et al., 1998; Mueller et al., 1998; Resnick et al., 2003; Walhovd et al., 2005). 

These structural differences in the frontal lobes and hippocampus are associated with corresponding 

changes in behavioural functions, with significant age-related differences observed for executive and 

memory functions (Brickman et al., 2006; Cardenas et al., 2011; Kennedy & Raz, 2009; Petersen et al., 

2000).  

 

Longitudinal analyses of age-related decline in brain volume have revealed large heterogeneity in the 

magnitude of tissue reductions amongst healthy older adults (Harada, Natelson Love, & Triebel, 2013; 

Resnick et al., 2003), suggesting that environmental factors and/or genetics may alter the trajectory of 

change in the brains of older adults. Indeed, lifestyle factors such as engagement in exercise (Erickson 

et al., 2011; Kramer & Erickson, 2007), playing a musical instrument (Hanna-Pladdy & MacKay, 2011; 

Schlaug et al., 1995; Wan & Schlaug, 2010), and speaking a second language (Bialystok et al., 2004; 

Bialystok, Craik, & Ryan, 2006; Salvatierra & Rosselli, 2010) appear to stave off age-related declines in 

cognitive functions, especially those requiring executive control (e.g., working memory, inhibition, task-

switching, etc.). In addition, corresponding increases in brain volume due to engagement in aerobic 

exercise (Ahlskog, Geda, Graff-Radford, & Petersen, 2011; Colcombe et al., 2006; Erickson et al., 



BILINGUALISM AND BRAIN STRUCTURE 
 

4 

2011) and playing a musical instrument (Gaser & Schlaug, 2003; Zatorre, Fields, & Johansen-Berg, 

2012) have been reported. There is an emerging literature that has examined structural differences in 

the brain with respect to learning a second language (e.g., Mårtensson et al., 2012; Mechelli et al., 

2004; Schlegel, Rudelson, & Tse, 2012; Stein et al., 2012). For example, following immersion in a 

second language, young adults demonstrated increases in grey matter in the inferior frontal gyrus and 

anterior temporal lobe (Stein et al., 2012). Similarly, immersive language training resulted in greater 

thickness in the regions of the frontal lobe and superior temporal gyrus, and larger volume in the 

hippocampus (Mårtensson et al., 2012). However, much less is known about how lifelong bilingualism 

(as opposed to short-term language training) affects grey and white matter brain structure (Gold et al., 

2013a; see Stein et al., 2014, for a review).  

  

The behavioural consequences associated with lifelong bilingualism have been extensively reported 

(Bialystok et al., 2009; Bialystok, Craik, & Luk, 2012). Specifically, bilinguals outperform monolinguals 

on tasks that rely on various aspects of frontally-mediated executive functions (Bialystok et al., 2004; 

Bialystok et al., 2006; Bialystok et al., 2014; Salvatierra and Rosselli 2010; Schroeder and Marian 2012; 

Gold et al. 2013b) and language control mediated by the coordination of frontal and temporal lobes 

(Luk et al., 2012); this bilingual advantage is especially pronounced in older participants. Such cognitive 

benefits are thought to have profound and long-lasting consequences on brain health, as evidenced by 

a delay in the onset of Alzheimer's-type dementia in older bilingual adults relative to monolinguals of the 

same age (Alladi et al., 2013; Bialystok et al., 2014; Bialystok, Craik, & Freedman, 2007; Wilson, et al., 

in press). Yet, little is known about the effect of lifelong bilingualism, as a natural life experience, on 

brain structure, particularly in older adults (Luk, Bialystok, Craik, & Grady, 2011; see Bialystok, Craik, & 

Luk, 2012 for a review). Recently, Abutalebi and colleagues (2014) found greater grey matter volumes 

in the left anterior temporal pole, a region known for its role in semantic processing (Bonner & Price, 

2013) and the retrieval of proper names (Ross et al., 2010) in older bilinguals relative to monolinguals. 

This same study also demonstrated significant group differences in the relationship between temporal 
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pole grey matter and age, suggesting that bilingualism may protect this region from age-related 

structural decline.  

 

In a previous study we used diffusion tensor imaging to investigate differences in white matter 

microstructure in the same sample as the present study. We found that compared to older 

monolinguals, older bilinguals exhibited greater fractional anisotropy, a measure of anisotropic water 

diffusion, in the corpus callosum, as well as the superior and inferior longitudinal fascicule (Luk et al. 

2011). Volumetric measurements of white matter (reported here) and DTI (reported previously) can be 

thought of as complementary neuroimaging techniques, both approaches have strengths and 

weaknesses (Jones et al., 2013). Volumetric measurements of grey and white matter volume and 

cortical thickness have been examined extensively across the lifespan (Walhovd et al., 2005; Fjell et 

al., 2009; Giedd and Rapoport, 2010), have been demonstrated to be powerful neurodevelopmental 

phenotypes (Lenroot et al., 2007, 2009), and are influenced strongly by age and environment and 

lifestyle factors (Nyberg et al., 2012).   

 

T1-weighted structural MRI is optimized for the segmentation of different tissue types (grey matter, 

white matter, and cerebral spinal fluid), and as such is ideal for volumetric assessments of both grey 

matter and white matter brain structures. Therefore, in the current study, we used T1-weighted MRI to 

estimate volumetric differences between lifelong older bilinguals (n = 14, M age = 70.6 years, SD = 3 

years) and monolinguals of the same age (n = 14; M age = 70.4 years, SD = 3.7 years). In addition to 

group-level differences (i.e., group main effects), we also examined if lifelong bilinguals exhibited a 

different relationship between structure and age than monolinguals (i.e., Age x Group interactions). The 

latter analysis was used to investigate whether certain brain regions demonstrated a pattern consistent 

with differential age-related atrophy in the two groups. We quantitatively assessed grey and white 

matter brain structure in older adults using two analytic approaches: 1) we examined global differences 

in grey and white matter lobar volumes (frontal, parietal, temporal, and occipital); and, 2) we examined 
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local differences in specific regions of interest (ROIs) within the temporal lobe. We focused on the 

structures within the temporal lobe that are especially affected by aging and dementia (entorhinal cortex 

and hippocampus) as well as a region which is involved in language processing and was previously 

implicated in bilingual/monolingual comparisons within a similarly aged cohort (temporal pole; Abutalebi 

et al., 2014). For the ROI analysis, we examined the volume of the entorhinal cortex, hippocampus, and 

temporal pole. We also examined cortical thickness for the entorhinal cortex and the temporal pole; it is 

not common practice to compute thickness for the hippocampus using automated procedures on 

standard resolution (1x1x1mm voxel size) structural MRI data. The combined use of these two 

approaches allowed for the examination of more distributed or global differences in brain structure at 

the level of lobar differences in grey and white matter as well as a targeted examination of temporal 

lobe ROIs in which we expected to observe group differences. The temporal pole is a region of 

particular interest given that is affected by normal aging as well as semantic dementia, and is thought to 

play a critical role in lexical retrieval (Tranel, 2009). Given the benefit of bilingualism on behavioural 

functions, we predicted that compared to monolinguals, lifelong bilinguals would exhibit greater volume 

and/or reduced age-related differences in brain regions that support executive function and language 

processing, such as the frontal and temporal lobes. We also predicted that lifelong bilingualism would 

be associated with greater volume and/or reduced age-related differences in the medial temporal lobe, 

a region that has structural sensitivity to aging.  

 

 

2. Results 
 
2.1 Volumetric analysis of neocortical structures 
 
2.1.1 Total intracranial volume 

Intracranial volume (ICV) was calculated for each participant and was used to correct for differences in 

head size (i.e., left frontal white matter volumenorm= left frontal white matter / ICV). As such, it was first 

critical to establish that there were no group differences in ICV in order to determine that using this 
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measurement to normalize the neocortical and hippocampal volumes, as presented below, did not 

introduce group biases absent from the raw data. As expected, ICV was equivalent across groups (t = 

0.05, p > 0.05).  

 

2.1.2 Grey matter volume  

To investigate the effect of lifelong bilingualism on grey and white matter brain volume, repeated 

measures ANOVA was conducted with lobe (frontal, temporal, parietal, occipital) and hemisphere (left, 

right) entered as within-subject factors and language group (monolingual, bilingual) entered as a 

between-subject factor. The first analysis focused on the effect of language group on grey matter 

volume within the four major lobes of the brain. This analysis revealed no significant effect of language 

group on grey matter volumenorm overall (F = 0.24, p > 0.05) and this between-subjects factor did not 

interact with lobe or hemisphere (ps > 0.05 for all).  

 

We next examined whether different relationships between overall lobar grey matter volume and age 

existed across the two groups. The age-based regression coefficients for each grey matter lobar region 

were compared between monolinguals and bilingual groups. Because group by hemisphere 

interactions were not observed in the main analysis above, we collapsed left and right hemispheres. No 

group differences in the age-related slopes were observed for any grey matter lobar region for frontal, 

parietal, temporal, and occipital (Fs < 1.1, ps > 0.05 for all). 

 

2.1.3 White matter volume 

The second analysis examined the effects of language experience on white matter volume within the 

four major lobes of the brain. As described above, repeated measures ANOVA was conducted with 

lobe and hemisphere entered as within-subject factors and language group (monolingual, bilingual) was 

entered as a between-subject factor. The results from this analysis revealed no significant effect of 

language experience on white matter volumenorm across the entire brain (no main effect when analyzed 
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collapsed across lobes, F = 1.47, p > 0.05); however, a significant language group by lobe interaction 

was observed (F = 2.84, p = 0.04).  

 

The significant interaction between language group and lobe indicated that the magnitude of the 

difference between monolinguals and bilinguals in white matter volumenorm depended on lobar region 

(Figure 1; Table 2). To investigate this interaction, follow-up comparisons were conducted by assessing 

volumetric differences across the two groups for each lobe separately. Because hemisphere did not 

interact significantly with group, white matter volumes from the two hemispheres were added into a 

single measure and then normalized by ICV. These comparisons revealed that white matter volumenorm 

differed significantly between language groups (bilinguals > monolinguals) in the frontal lobe (t = 1.67, p 

= 0.05), marginally differed in the temporal lobe, p = 0.09); but did not differ within the parietal (p > 0.10) 

or occipital lobes (p > 0.10).  

 

To investigate if different age-related trajectories were found across the two groups, we examined the 

regression coefficients for each white matter lobar region. No significant group differences in the age-

related slopes were observed among the white matter lobar regions (F = 1.73, 0.92, 2.86, 0.01 for 

frontal, parietal, temporal, and occipital, p > 0.05 for all).  

 

2.2 Regional analysis of the hippocampus, entorhinal cortex, and temporal pole 

No mean group differences were observed for the volume of the hippocampus (Figure 2), entorhinal 

cortex, or temporal pole (F = 0.67, 0.04, 0.56, respectively, p > 0.05 for all). Similarly, no mean group 

differences were observed for cortical thickness of the entorhinal cortex or temporal pole (F = 0.06 and 

0.84, respectively, ps > 0.05).  

 

We next investigated if the two groups differed with respect to age-related trajectories in these regions 

of interest (i.e., Group x Age interaction). No differences in the age-related slopes were observed for 
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the volume of the hippocampus, entorhinal cortex and temporal pole (F = 0.06, 1.26, and 1.54, 

respectively, p > 0.05 for all) or for the entorhinal thickness (F = 2.78, p > 0.05). However, a group by 

age interaction was observed for temporal pole thickness (F = 6.6, p = 0.02; Figure 3). In addition, a 

significant negative relationship between age and temporal pole thickness was observed for 

monolinguals (β = -0.018, SE = 0.007, t = -2.61, p = 0.02, R2 = 0.34), but not for bilinguals (β = 0.007, 

SE = 0.007, t = 1.03, p > 0.05, R2 = 0.10). 

 

2.3 Brain-behaviour relationships 

The relationship between brain volume and Stroop performance (which was equivalent across groups, 

see Table 1) was examined to provide supporting evidence for the involvement of frontal lobe white 

matter in resolving interference. We first observed that across the two groups, better Stroop 

performance (i.e. less interference or a smaller difference in response time between the interference 

condition and baseline performance) was associated with larger white matter volume in the frontal 

lobes (Figure 4A; r = - 0.39, p = 0.03). When this relationship was probed in each group separately, a 

significant relationship was observed in the bilingual group (Figure 4B, r = - 0.52, p = 0.03) but was not 

statistically significant in the monolingual group (r = - 0.32, p = 0.15). Fisher r-to-z transformation 

revealed that the correlation coefficients do not differ significantly across groups (z = - 0.55, p = 0.58), 

which suggests that the relationship between Stroop performance and white matter volume does not 

differ appreciably between the two groups.  

 

3. Discussion 

 
3.1 Summary 

The current study examined whether individuals with lifelong bilingual experience exhibit greater 

neocortical grey and white matter lobar volumes and grey matter structure in targeted temporal lobe 

regions than monolingual individuals. Bilinguals exhibited significantly greater frontal lobe and 

marginally greater temporal lobe white matter volumes than monolinguals of the same age and 
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comparable demographic backgrounds. These results suggest that lifelong bilingualism may result in 

enhanced neuronal connections amongst brain areas important for higher-order cognitive and language 

functions. These regions of enhanced white matter volume in bilinguals correspond to the cognitive 

functions for which bilingual advantages have been reported (e.g., executive function). Indeed, Stroop 

task interference performance, a classic assessment of response inhibition, was significantly correlated 

with frontal lobe white matter (a relationship that has also been observed in young adults, see Takeuchi 

et al., 2012). Furthermore, we observed a group difference in the relationship between cortical 

thickness and age within the temporal lobe, specifically, in the temporal pole. These data, together with 

previous findings in young and older adults, suggests that lifelong bilingualism may increase regional 

brain volume throughout the lifespan and/or attenuate age-related reductions in older adults in brain 

regions critical for language (Figure 5).  

 

3.2 Structural brain changes associated with lifelong bilingualism  

We found significant group differences in frontal white matter volume as well as a different relationship 

between age and temporal pole grey matter thickness in bilingual older adults than in monolinguals. 

With respect to the grey matter differences, our results are consistent with previous studies in young 

adults in that second language learning may affect the trajectory of grey matter structure (thickness or 

volume) in regions of the temporal lobe (Mårtensson et al., 2012; Stein et al., 2012). Such differences in 

grey matter volume of the temporal pole as a function of bilingualism have previously been reported for 

older adults (Abutalebi et al., 2014). Taken together, it appears that lifelong bilingualism may result in a 

different trajectory for grey matter development in a region known for its role in semantic processing, 

semantic retrieval, and naming. 

 

With respect to the white matter, these results are consistent with a recent study employing diffusion 

tensor imaging to assess white matter microstructure (e.g., FA); FA was greater in young adults with 

second-language training compared to controls in tracts within the frontal and temporal lobes (Schlegel 



BILINGUALISM AND BRAIN STRUCTURE 
 

11 

et al., 2012). In addition, these results supplement our previous findings in which greater FA was 

observed for the corpus callosum and tracts connecting frontal and parietal lobes (Luk et al., 2011). 

Furthermore, in a follow-up examination of resting state connectivity, we found that the frontoparietal 

control network was more strongly correlated with task-related executive function activity in bilinguals 

than in monolinguals (Grady et al., 2015). It has also been observed that bilinguals engage in a more 

distributed network of brain regions during language control tasks, relative to monolinguals consistent 

with the theoretical model proposed by Abutalebi & Green (2008) and results from a meta-analysis (Luk 

et al., 2012). The current results along with these previous studies support the notion that the structural 

maintenance of the neural connections amongst discrete frontal brain regions (as evidenced by greater 

frontal white matter and higher measures of white matter microstructure) may enable engagement of 1) 

a larger network of brain regions in lifelong bilinguals (i.e., the connections between nodes are more 

flexible or accessible via a larger number of routes); 2) the existing connections are stronger (i.e., 

greater myelination, preservation of the number of fibers, greater axonal caliber, etc.) by virtue of 

greater engagement of regions connected by these white matter pathways or 3) a combination of these 

structural changes may operate in parallel.  

 

3.3 Potential mechanisms underlying changes in brain structure 

For lifelong bilinguals, the experience of managing two languages is persistent and usually sustained 

by social circumstances, such as living in a multilingual community and maintaining connection with 

heritage and mainstream communities that do not share the same language. This experience-

dependent situation potentially shapes brain functions and structures in order to cope with the demand 

of efficiently managing multiple language systems, including phonology, semantics, syntax and 

grammar (Costa & Sebastián-Gallés, 2014; Kroll & Bialystok, 2013). The increase in frontal white 

matter observed in the current study might reflect the continuous use of executive function mechanisms 

that regulate the retrieval of context-appropriate language and/or the suppression of the irrelevant 
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language. The association between the frontal lobe white matter and Stroop task performance provides 

an interesting linkage between bilingualism, executive function, and brain health in aging.  

 

In the context of aging, it is reasonable that the prolonged experience of using two languages 

contributes to a mentally active lifestyle that facilitates the maintenance of brain functions and 

structures (Nyberg et al., 2012). Alternatively, bilingualism may contribute to cognitive reserve, or the 

ability for the brain to maximize cognitive performance in the face of age-related decline or disease 

(Stern, 2002). It is possible that both of these factors are at play: a more distributed functional and 

structural neural network may provide a “neural buffer” against regional declines associated with aging 

(brain reserve) and/or a more connected but distributed network as a result of lifelong bilingualism may 

impede or attenuate the impact of regional structural decline (compensation).  

 

3.4 Limitations and future directions 

One limitation of the current study is the relatively small sample size. It is possible that with a larger 

number of participants in each language group, the marginal difference in white matter volume 

observed in the temporal lobe would be significant. Similarly, while hippocampal volume and temporal 

pole grey matter thickness measures were numerically larger in bilinguals than in monolinguals, the 

group differences were not found to be significant as has been reported by others (Stein et al., 2012, 

Mårtensson, et al., 2012; Abutalebi et al., 2014). Furthermore, the cross-sectional nature of the study 

does not allow us to assume a causal relationship between lifelong bilingual experience and differences 

in brain structure or behavior in older adults. Follow-up longitudinal studies are necessary to determine 

the extent to which bilingual experience attenuates age-related changes in brain structure. Lastly, a 

definitive relationship between brain structure and neurocognitive function across the lifespan has yet to 

be established.  

 



BILINGUALISM AND BRAIN STRUCTURE 
 

13 

The current research extends well beyond the previous literature, in that we present data from both 

grey matter and white matter, and report data from neocortical structures and the hippocampus, 

whereas many previous papers examined either white matter properties alone (Luk et al., 2011; 

Schlegel et al., 2012) or grey matter properties in the neocortex (Stein et al., 2012, Mårtensson, et al., 

2012; Abutalebi et al., 2014). Furthermore, we have examined the link between language experience, 

executive function and brain structures, as well as the relationship between age and brain structure.  

The current manuscript focused on T1-weighted images, which contain complementary information to 

diffusion-weighted images. We note that there is increasing evidence to suggest that differences in 

cortical thickness may also be related to underlying differences in white matter connectivity (Lerch et 

al., 2006; Raznahan et al., 2011). Future research should combine complementary, multimodal 

structural (e.g. volumetrics, cortical thickness, DTI) and functional imaging modalities as well as 

sensitive, age-appropriate behavioural assessments of cognitive function to fully understand the effects 

of lifelong bilingual experience.  

 
4. Experimental procedure 
 
4.1 Participants 

Twenty-eight right-handed healthy older adults participated in the study. Fourteen participants were 

monolingual speakers of English (7 males and 7 females, M age = 70.6 years, SD = 3 years) and 14 

had lifelong bilingual experience (6 males and 8 females; M age = 70.4 years, SD = 3.7 years). 

Participants provided informed consent and underwent a behavioural and a scanning session. The two 

groups had comparable demographic backgrounds and neuropsychological performance but different 

language experience (see Table 1). Two additional monolingual males were excluded from the 

analyses due to incidental findings on their MRIs. All the procedures were approved by the Research 

Ethics Board of the Baycrest Centre in Toronto, Canada. Monolingual older adults reported English to 

be their only communicating language, whereas the bilingual older adults reported that they had used 

both English and another alphabetic language regularly since childhood (before age 11). The 

monolingual and bilingual groups were not significantly different in terms of age and gender. All 
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participants were active community members, reported no known psychiatric or health issues that may 

affect neurological health, no experience of concussion, and no contraindication with MR scanning. 

Two-tailed t tests showed no statistical significant difference between the monolinguals and bilinguals in 

age, years of education, and weekly hours spent using a computer (t < 2, p > 0.05). An earlier 

neuroimaging investigation using this identical cohort was reported in Luk et al. (2011).  

 

4.2 Neuropsychological tasks 

Prior to MRI scanning session, participants underwent a 1 hour behavioural testing session consisting 

of a battery of neuropsychological tasks, including: Mini-Mental State Examination (short form, Folstein, 

Folstein, & McHugh, 1975), Shipley Institute of Living Scale—Vocabulary test (Zachary & Shipley, 

1986), Verbal fluency test, the design fluency task from the Delis–Kaplan Executive Functions System 

(Delis, Kaplan, & Kramer, 2001), the Stroop task (Stroop, 1935), and Trail-making task (Reitan, 1958).  

 

4.3 MRI acquisition 

Approximately 2 weeks after the behavioural testing session, participants returned for the MRI scanning 

session. Anatomical (T1-weighted) data were acquired on a 3.0 tesla Siemens Trio scanner with a 12-

channel head coil with the following parameters: 160 1-mm-thick oblique axial slices of 3D MPRAGE T1 

images with TR = 2 s, TE = 2.63 ms, and FOV = 256 mm.  

 

4.4 Volumetric analysis neocortical lobar volumes 

The Minc Tool Kit (Montreal Neurological Institute, www.bic.mni.mcgill.ca/software/minc) was used for 

the structural analysis of the T1-weighted images based on a modified version of the ANIMAL algorithm 

(Collins, Holmes, Peters, & Evans, 1995). First, images were corrected for intensity inhomogeneities 

due to radio frequency (RF) field uniformity (Sled, Zijdenbos, & Evans, 1998) and slice-wise intensity 

normalization using the median of slice-wise intensity ratios (Zijdenbos, Forghani, & Evans, 2002). 

Next, spatial normalization was performed; the images underwent linear and nonlinear registration 
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(using the ANTs algorithm (Avants, Epstein, Grossman, & Gee, 2008)) to the ICBM-152 Atlas. Tissue 

classification priors predefined on this template were then projected back to the native space of each 

participant to enable a neural network-based classification of grey and white matter and cerebrospinal 

fluid (Tohka, Zijdenbos, & Evans, 2004). Similarly, a maximum probability atlas defining all of the major 

lobes of the brain (both grey and white matter) (Collins et al., 1995) was warped to match each 

participant and the intersection of this atlas with grey and white matter classifications to yield a lobe-

wise segmentation mask (see Figure 1). The subject-specific whole brain segmentation mask, which 

was used for the creation of the lobar masks, was visually-inspected and hand-edited for all participants 

while blinded to language group status during this step. To ensure reliability of these hand edits, brain 

segmentation masks from seven randomly selected participants were hand-edited by a second rater, 

who was also blinded to group status, and the dice coefficient was computed, which produces an 

overlap measure between 0 and 1, where 0 signifies no overlap and 1 is a perfect match (Dice, 1945). 

The mean dice coefficient was found to be 0.97, which indicates that the hand-edits were reliable. This 

whole brain mask was then used to compute the volume for each lobar compartment (e.g., intracranial 

volume, left frontal grey matter volume, left frontal white matter volume, etc.). Lobar estimates were 

corrected/normalized by dividing each value by the corresponding intracranial volume (ICV) for each 

participant to account for differences in head size. ICV corresponds to the volume within the skull, 

containing brain and the surrounding tissues. All of the comparisons reported below were performed on 

the head-size normalized values (e.g., left frontal white matter volumenorm= left frontal white matter / 

ICV, frontal white matter volumenorm = left frontal white matter + right frontal white / ICV).  

 

4.5 Temporal lobe region of interest analysis  

Cortical reconstruction and volumetric segmentation of the T1-weighted images was also performed 

with the FreeSurfer image analysis suite (Version 5; http://surfer.nmr.mgh.harvard.edu/). The technical 

details of these procedures are described in prior publications (Dale, Fischl, & Sereno, 1999; Dale & 

Sereno, 1993; Fischl & Dale, 2000; Fischl, Sereno, & Dale, 1999; Fischl, Sereno, Tootell, & Dale, 1999; 
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Fischl et al., 2002; Fischl, Salat, et al., 2004; Fischl, Liu, & Dale, 2001; Han et al., 2006; Jovicich et al., 

2006; F Ségonne et al., 2004). Briefly, this processing involves the removal of non-brain tissue using a 

hybrid watershed/surface deformation procedure (Segonne et al., 2004), automated Talairach 

transformation, segmentation of the subcortical white matter and deep grey matter volumetric structures 

(including hippocampus, amygdala, caudate, putamen, and ventricles; Fischl et al., 2002; Fischl et al., 

2004a) intensity normalization (Sled, Zijdenbos, & Evans, 1998), tessellation of the grey matter white 

matter boundary, automated topology correction (Fischl et al., 2001; Florent Ségonne, Pacheco, & 

Fischl, 2007), and surface deformation following intensity gradients to optimally place the grey/white 

and grey/cerebrospinal fluid borders at the location where the greatest shift in intensity defines the 

transition to the other tissue class (Dale et al., 1999; Dale and Sereno, 1993; Fischl and Dale, 2000). 

Once the cortical models were complete, a number of deformable procedures were performed for 

further data processing and analysis including surface inflation (Fischl et al., 1999a), registration to a 

spherical atlas, which utilized individual cortical folding patterns to match cortical geometry across 

subjects (Fischl et al., 1999b), parcellation of the cerebral cortex into units based on gyral and sulcal 

structure (Desikan et al., 2006; Fischl, van der Kouwe, et al., 2004), and creation of surface based data 

including maps of curvature. This method uses both intensity and continuity information from the entire 

three dimensional MR volume in segmentation and deformation procedures to produce representations 

of cortical thickness, calculated as the closest distance from the grey/white boundary to the grey/CSF 

boundary at each vertex on the tessellated surface (Fischl and Dale, 2000). All images were visually 

inspected prior to inclusion in the statistical analysis; no hand-edits were made to the FreeSurfer 

segmentations. 

 

FreeSurfer provides volumetric measures for subcortical regions and both volumetric and cortical 

thickness measurements for neocortical regions. A region of interest approach, as opposed to a vertex-

wise whole brain analysis, was used in order to maximize power to detect group differences in the 

current sample (Pardoe et al., 2013). Pardoe and colleagues have examined statistical power and 
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corrections for multiple comparisons of cortical thickness in a comparably aged sample. This research 

indicates that the current study is sufficiently powered for cortical thickness analyses of specific ROIs, 

but may be under-powered if strict multiple comparison correction for the large number of vertices 

included in whole-brain cortical thickness analyses (e.g., FDR corrections) are applied. We focused on 

the structures within the medial temporal lobe that are especially affected by aging and dementia 

(entorhinal cortex and hippocampus) as well as a region which is involved in language processing and 

was previously implicated in bilingual/monolingual comparisons within a similarly aged cohort (temporal 

pole; Abutalebi et al., 2014). The complex folding pattern of the hippocampus makes it difficult to 

accurately “unfold” or “flatten” this structure using currently available automated methods. Automated 

methods, such as FreeSurfer, typically unfold or flatten the cortex before computing the distance 

between the grey/white matter border and the grey/CSF border (Fischl and Dale, 2000; see Ekstrom et 

al., 2009 for a desciption of unfolding methods using high-resolution MRI). Instead, the most commonly 

used metric to assess structural differences in the hippocampus, at least based on standard resolution 

structural MRI (1x1x1mm voxel size), is volume. For this reason, we computed the volume and 

thickness of the entorhinal cortex and temporal pole, but only the volume of the hippocampus. The 

hippocampal volume of the oldest participant in our sample, a bilingual, was greater than 2.5 standard 

deviations below the group mean. We performed the volumetric analyses with and without this 

participant and the results were similar; the results reported above excluded this participant. As with the 

lobar volumes, temporal lobe regional volumes were divided by ICV to account for differences in head 

size. Cortical thickness was normalized using a global cortical thickness measure for each participant.  

 

4.6 Statistical analysis 

Statistical testing was performed using IBM SPSS Statistics (version 20) and SAS (version 9.3). 

Repeated measures ANOVAs were used to investigate potential differences in neocortical and 

hippocampal volumes as a function of language experience. Post-hoc comparisons were used to 

investigate effects underlying significant group, Group x Lobe or Group x Hemisphere interactions. 
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One-tailed tests were used for post-hoc comparisons as we predicted bilinguals would exhibit greater 

brain volumes than monolinguals. To compare the differences in the age-related trajectory between the 

two groups, mixed model regressions were run with group, age, and age by group interaction factors for 

each brain region. The significance of the age-related slopes for each group was assessed only in the 

presence of a significant Age x Group interaction. 
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Table 1. 
Demographic information and neuropsychological performance 
Measure Monolingual (n=14) Bilingual (n=13) 
Age 70.6 (3.1) 69.9 (3.3) 
MMSE – short form (out of 17) 16.9 (0.4) 16.9 (0.3) 
Years of education 16.0 (2.8) 17.8 (2.0) 
Shipley (English vocabulary) 89% (8%) 86% (13%) 
Verbal fluency   

Letter fluency 13.6 (4.0) 15.4 (5.7) 
Category fluency 18.4 (3.3) 20.1 (3.1) 
Design fluency   
Baseline 10.9 (3.0) 10.8 (4.4) 
Empty dots only 11.4 (2.6) 10.6 (3.2) 
Switching 7.2 (3.0) 8.1 (2.6) 

Stroop response time   
Baseline 23.7 (5.6) 23.6 (4.1) 
Interference 37.8 (10.2) 36.4 (8.3) 
Negative Priming 38.1 (13.2) 34.8 (6.8) 
Habituation 30.3 (8.3) 30.7 (6.6) 

Trail-making response time   
Numbers only 29.2 (10.8) 29.0 (10.4) 
Letters only 30.0 (8.2) 28.3 (12.2) 
Switching 70.9 (21.8) 65.7 (22.4) 

Note. Abbreviations: MMSE = Mini-mental state examination 
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Table 2.  
White matter volumes 
 Bilinguals Monolinguals Effect of group Age x Group 

interaction 
 M SD M SD t p F p 

Frontal 
White 
Matter 

0.071 0.007 0.066 0.008 1.67 0.05 1.73 0.20 

Temporal 
White 
Matter 

0.045 0.005 0.046 0.004 1.37 0.09 2.86 0.10 

Parietal 
White 
Matter 

0.044 0.005 0.043 0.005 0.63 0.27 0.92 0.35 

Occipital 
White 
Matter 

0.021 0.002 0.021 0.003 -0.22 0.41 0.01 0.91 

Note. Mean white matter volumenorm and standard deviation are listed along with statistics associated 
with group comparisons.  
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 Figure legends 

Figure 1.  

(A) T1-weighted image for a representative participant (upper) and T1-weighted images with the lobar 

masks overlaid (lower). Colour guide: Turquoise = Left frontal grey matter; light purple = left frontal 

white matter; red = right frontal grey matter; green = right frontal white matter; beige = left parietal grey 

matter; brown = left parietal white matter; dark blue = right parietal grey matter; light blue = right parietal 

white matter; dark brown = left temporal grey matter; olive = left temporal white matter; fuchsia = right 

temporal white matter; yellow = right temporal white matter; dark purple = right occipital grey matter; 

pink = right occipital white matter; light green = right cerebellar grey matter (not shown: left occipital 

grey and white matter, left cerebellar grey and white matter, and right cerebellar white matter). (B) 

White matter volumenorm for the frontal, temporal, parietal, and occipital lobes, plotted separately for the 

two groups. Error bars represent the standard error.  

 

Figure 2.  

(A) T1-weighted image for a representative participant with left and right hippocampal ROIs overlaid in 

red. (B) Hippocampal volumenorm for the left and right hippocampus, plotted separately for the two 

groups. Error bars represent the standard error.  

 

Figure 3.  

(A) Surface model created using FreeSurfer which depicts the left temporal pole region of interest 

overlaid in yellow on the template (“fsaverage”) brain. (B) Scatterplots depict the relationship between 

age and temporal pole grey matter (cortical thicknessnorm) for the monolingual (left) and bilingual (right) 

groups separately. A significant AgeXGroup interaction was observed in this region. 

 

Figure 4. 

Relationship between frontal lobe white matter and Stroop task performance (interference condition – 

baseline) collapsed across language groups (A) and plotted for each group separately (B). Negative 

relationship indicates that better performance is associated with greater white matter volume in the 

frontal lobe. 

 

Figure 5.  

Schematic illustration of grey and white matter volumes in monolinguals and bilinguals across the 

lifespan. The current study examined participants ranging from 65 to 76 years. (A) Language learning 
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has been associated with increased temporal pole grey matter in young adults (Stein et al., 2012). 

Cortical thickness/volume in the temporal pole demonstrated a significant interaction with age and 

group in the current study as well as in Abutalebi et al. (2014), suggesting that age related declines are 

more pronounced in this region in monolinguals compared to bilinguals. (B) Hypothetical white matter 

curves depicting a main effect of group on white matter volume as observed in the current sample. Little 

is known about the difference in white matter volume between groups across the lifespan.  

 

 
 
 
 
 



BILINGUALISM AND BRAIN STRUCTURE 
 

34 

 
Fig 1. 
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Fig 2. 
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Fig 3. 
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Fig 4. 
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Fig 5. 
 


