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Abstract

Bilingualism across the lifespan: Neuroanatomical correlates
Lorna García Pentón
Recently, an increasing number of studies addressing the neuroanatomical bases of
bilingualism have appeared (García-Pentón et al., 2016). However, the results are variable and in
some cases conflicting, and consequently it is still a matter of debate how brain structure changes
due to bilingual experience. The present study will try to shed some light on the field by adding
fresh new evidence invetigating children and elderly high proficient Spanish-Basque bilinguals.
The proposed work will use large-scale brain-mapping techniques to explore the relationship
between structure and function, as a more holistic and realistic approach to understanding
comprehensively the neural bases of bilingualism. This integrational perspective will also
promote convergent evidence about the specialization and integration of the neural network in
bilingualism. As such, this work will study the organisation of brain networks, either due to slow
changes in brain areas and their wiring (namely, the structural plasticity), or due to fast
modulation of their interactions (namely, functional plasticity) in bilingualism. Importantly, this
thesis will employ Functional Magnetic Resonance Imaging (fMRI) during resting-state in
combination with Diffusion-Weighted Magnetic Resonance Imaging (DW-MRI) to determine
functional and structural connectivity, respectively. Both techniques will make it possible to
model the large-scale structural/functional connectivity maps by means of a high-dimensional
parcellation (90 grey matter regions) of the brain instead of limiting the analysis to specific
regions of interest, as done in previous studies. A 3D high-resolution whole-head anatomical
scan will be used in order to generate the grey matter parcellation employed in the connectivity
analysis, but also to identify regional grey matter differential structural patterns associated with
bilingualism using voxel-based and surface-based analyses. Network-based statistics (Zalesky et
al., 2010) and graph theoretical approaches (Latora & Marchiori, 2001; Rubinov and Sporns,
2010) will be employed to investigate differences between groups in connectivity patterns, by
isolating sets of regions interconnected differently between groups, and in topological properties
of the networks, by measuring global/local graph-efficiency. The main findings of this research
7

on bilingualism across different groups of age (childhood and elderly) suggested that structural
brain plasticity related to bilingualism was so small, unstable, subtle and transient that it was
very difficult to detect even in lifelong bilinguals. A fact that is consistent with the current
ambiguous picture in bilingualism studies (García-Pentón et al., 2016; see also others, Baum &
Titone, 2014; Costa, & Sebastián-Gallés, 2014; Li, Legault, & Litcofsky, 2014; Paap et al., 2015;
de Bruin et al., 2015a). However, this study suggested that even when the brain did not display
focal brain differences related to bilingualism (i.e. did not show any specialization) it could still
show differences at the global level. Specifically, the evidence draws attention that lifelong
bilingualism could pinpoint a gain toward a better neural reserve in aging due to the whole
network graph-efficiency observed in the elderly lifelong bilinguals.
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Preface
In this day and age, bilingualism is a common reality for millions of people in the
world: in the context of globalization, members of all societies are exposed to languages
other than their own, with estimates that more than half of the world’s population uses two or
more languages (Grosjean, 2010) and two thirds of the world’s children grow up in a
bilingual environment (Crystal, 1997). The familial, social, economical and theoretical
repercussions of this topic mean that studies that investigate the biological basis of a second
language are particularly desirable (Kennedy & Norman, 2005).
Although critical brain areas related to language have been extensively studied and
described (Price, 2010), less is known about the impact of bilingualism in brain structure.
Whether we need different or extra brain language regions or sub-networks to support more
than one language still remains controversial. Importantly, contemporary neuroimaging
techniques and methods provide the tools to investigate bilingualism and brain plasticity.
The Basque Country is a bilingual region in Spain where two languages coexist:
Euskara and Spanish. Approximately half of the population is bilingual and individuals learn
two languages from birth with extensive contextual presence of both. This situation must
potentially enhance any brain structural plasticity due to bilingualism. Thus, it is undoubtedly
one of the best places to carry out research on bilingualism. In this context, therefore, this
thesis will investigate brain structural and connectivity differences between monolinguals
and bilinguals linked to lifelong experience of bilingualism.
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Chapter 1: General Introduction
1.1 DEFINING BILINGUALISM
The term bilingualism has been not uniformly defined in the specialized literature.
There are restrictive definitions that demand native-like mastery of two languages (e.g.,
Bloomfield, 1935). There are others more flexible that consider a bilingual to be one who
alternates use of two languages, irrespective of proficiency (e.g., Weinreich, 1953; Mackey,
1968). In the latter category is the definition provided by Grosjean (2010), defining
bilinguals as individuals who use two or more language in their everyday lives. Obviously
this definition does not distinguish the different degrees of competency or proficiency of
bilinguals giving rise to different degrees of bilingualism that can be classified based on
multiple factors:
•

Language proficiency. The use of two languages involves a complex set of
skills that are difficult to measure exactly. However, it can be operationalized
as the use of two languages, in which the degree of proficiency varies from ‘low’

(not mastered) to ‘high’-proficiency as measured by tests (such as verbal
fluency, flexibility, vocabulary size, lexical decision, etc.) and self-reports as
indicators of linguistic or communicative competence in both languages.
•

Language competence. It is possible to distinguish between ‘balanced’
bilinguals that are those who have exactly the same degree of linguistic and
social competence in both languages, performing in each language as a
monolingual (equivalent to the restrictive definition), and ‘non-balanced’
bilinguals or ‘second language learners’ that are those who can speak two
languages but not with equal facility.

•

Age of acquisition (AoA) or the time of initial exposure to both languages.
Bilinguals could be defined then as ‘early’ or ‘late’ bilinguals. There is no
well-defined cut-off point for these sub-categories, so that the boundary
between early and late bilingualism in general has been variously set out at
17
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various ages such as at 3, 5, 7, even 12 years old (Birdsong and Molis, 2001;
Birdsong, 2005). Importantly, the AoA is usually understood as the most
influential factor in the degree of competency in the languages.
•

Order in which languages are acquired. According to this factor there are
‘simultaneous’ bilinguals who learn two languages from birth and
‘sequential’ bilinguals who acquire languages sequentially, having learned the
first language before the second begins to be acquired (Baetens Beardsmore,
1982).

•

Context of acquisition of languages. ‘Natural’ or ‘primary’ bilinguals are
bilinguals who acquire languages in a natural language-learning context. On
another hand, ‘acquired’ or ‘secondary’ bilinguals are those who have
acquired the second language in the context of formal and instructed learning
(Pap, 1982).

•

Regular use. ‘Active’ bilinguals are those who use both languages regularly.
‘Passive’ bilinguals are those who are exposed to two languages but produce
only one.

Measurement of bilingual competences has always been very controversial and
problematic. This is complicated, on the one hand, by the heterogeneity of the bilingual
population and on the other hand by the lack of standardized instruments and valid
measurements. It could be expected that studies devoted to finding neural signatures of
bilingualism would help to delineate better the concept of bilingualism, finding specific
patterns of brain structure and functioning linked to different type of bilinguals. While
plausible, however, this idea of identifying biological markers of bilingualism would seem
difficult to implement without being affected by the same problems as other measurements.

1.2 BILINGUALISM: ADVANTAGE OR DISADVANTAGE?
How bilingualism interacts with other cognitive abilities has changed in the
specialized literature from the early years of the 20th century until nowadays. The findings of
the pioneer literature pointed to the existence of a so-called ‘language handicap’ in
18
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bilinguals. In these studies, bilinguals showed ‘linguistic disadvantages’ such as deficits in
articulation, written compositions and vocabulary (see Darcy, 1953; for a review). The
interpretation was that bilingualism resulted in disadvantages for the intellectual abilities of
children. The conception of bilingualism as negatively impacting academic performance was
deeply rooted at that time and was exacerbated by the growing popularity of psychometric
tests (in the 1920s) that measured intelligence in a manner very dependent on verbal skills
(Lezak, 2004). Furthermore, those studies suffered from a wide range of methodological
problems. For instance, they did not control for demographic variables (such as
socioeconomic level, age and sex) or adequately test proficiency and fluency in both
languages of the supposed ‘bilingual’ participants. Thus, such findings are currently
considered unreliable by the scientific community (Cummins, 1976).
A paradigm shift about bilingualism began with the seminal study by Peal and
Lambert in 1962. This was the first time a study reported that bilinguals outperformed
monolinguals on verbal intelligence and nonverbal tests. It contrasted with almost all the
prior literature showing the opposite. Notably, the study controlled the sample selection in
terms of the linguistic profiles of the participants. This was the first time that a study made a
distinction between truly balanced bilinguals, who were proficient in both languages from an
early age and used both languages for communication, and pseudo-bilinguals who knew one
language much better that the other and did not use the second language in communication.
Additionally, it was also the first time that demographic variables were controlled. Although
Peal and Lambert´s study has other important limitations related to the measure they used to
evaluate language proficiency when selecting the bilingual/monolingual samples, their work
had a profound impact on the field. The conception of bilingualism as a linguistic handicap
and a social problem started to change (Hakuta & Diaz, 1985) and the way bilingualism was
studied also changed.
Since the 1960s, the number of research reports making claims for a generalized
‘advantage’ of bilinguals over monolinguals, instead of the old conception of a
‘disadvantage’, has grown. The tasks used in these studies mainly tap into attentional
resources, memory skills and executive control mechanisms (see Adesope et. al, 2010 for
review and meta-analysis). More recent years have witnessed an exponential increase in
19
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studies addressing the so-called ‘bilingual advantage’. Evidence has been accumulated
demonstrating that bilinguals outperform monolinguals mainly in executive control tasks (see
Abutalebi & Green, 2007; Bialystok, Craik, & Luk, 2012 for a review). This new perspective
continues to expand and is radically opposed to the old conception of bilingualism. It has
been posited that speaking several languages can lead to benefits that go beyond the realm of
language. With evidence showing that bilingualism even delays the onset of dementia in old
age (see Bialystok et al., 2016 for a review), bilingualism has been shown to impact on brain
structure and improve global cognitive functioning (Bialystok et al., 2012).
At present, the conception of bilingualism is changing again. The topic has recently
given rise to much more controversy and heated discussions than before. A very recent and
provocative article entitled “There is no coherent evidence for a bilingual advantage in
executive functioning” (Paap and Greenberg, 2013) has been the detonator for this new
viewpoint. In this and successive papers (Paap, Johnson, & Sawi, 2014; Paap & Sawi, 2014),
Paap calls into question the seemingly monolithic idea of a ‘bilingual advantage’ with two
main observations. The first accounts for the existence of a publication bias that gives
preference to results favouring the ‘bilingual advantage’ hypothesis. While remaining a
controversial issue (see the recent debate between Bialystok et al., 2015, and de Bruin,
Treccani, & Della Sala, 2015b), this observation highlights the fact of the inconsistency of
results across tasks and groups of participants (i.e. many do not support the advantage). The
second observation is methodological. It refers to statistical concerns about small sample
size, the high variability among language profiles of bilingual individuals and (again) how
the bilingual and monolingual groups were matched on socio-demographic factors. See
Figure 1 for a time line showing critical studies investigating bilingualism.
It seems that progress has been made, since in a 1952 textbook on child psychology
you could read: “There can be no doubt that the child reared in a bilingual environment is
handicapped in his language growth” (Thompson, 1952) while in 2012 in the New York
Times journal it was published: “Being bilingual, it turns out, makes you smarter”
(Bhattacharjee, 2012). However, the fact is that the current evidence is still incomplete and
does not give consistent answers regarding whether there is or there is not a real ‘bilingual
advantage’.
20
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Figure 1. The time line of research on bilingualism. Key studies and interpretations.

1.3 THE

DEBATE

ON

THE

BILINGUAL

ADVANTAGE

IN

EXECUTIVE FUNCTIONS
How the cognitive processes involved in the performance of complex actions,
behaviours, thoughts and cognition are controlled and coordinated? Executive functions
(EFs) are: “general-purpose control mechanisms that modulate the operation of various
cognitive sub-processes and thereby regulate the dynamics of human cognition” (Miyake et
al., 2000; Miyake et al., 2012). In other words, they are essential components in the selfcontrol ability which make people differ regulating complex verbal and non-verbal
behaviours. Miyake et al. (2000) demonstrated the unity and diversity of these functions,
showing that EFs are separable but moderately correlated (i.e. that they share some basic
commonalities). However, they demonstrated three relatively independent EFs: information
21
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‘updating’ (constant monitoring and rapid addition/deletion of working-memory contents or
representations); ‘shifting’ of mental sets (switching flexibly between tasks or mental sets);
and ‘inhibition’ of prepotent responses (deliberate overriding of dominant or prepotent
responses). Although, the EFs could be split into more fine-grain level sub-processes, it is
difficult to find tasks that can capture individual differences in such subtle sub-process. Thus,
these three EFs have been the most frequently postulated in subsequent studies that aimed to
understand the nature and organization of different EF systems.
Bilingualism is essentially a linguistic (verbal) and social experience that might
primarily impact linguistic skills, but that may also extend to non-linguistic abilities.
Managing two languages is a demanding task that could require enhanced executive control
mechanisms. The proposal that bilingualism enhances the EF system for verbal and nonverbal processing was postulated by Bialystok (2001). This hypothesis suggests that speaking
two languages every day has consequences for the higher cognitive functions, resulting more
efficiently developed, such as inhibition and attention (see Barac et al., 2014). There is much
evidence demonstrating that bilinguals outperform monolinguals in executive control tasks
(see Abutalebi & Green, 2007; Bialystok, Craik, & Luk, 2012 for a review; see also
Bialystok & Barac, 2012; Costa, Hernández, Costa-Faidella, & Sebastián-Gallés, 2009;
Costa, Hernández, & Sebastián-Gallés, 2008). At a broad level, the underlying hypothesis for
the so-called ‘bilingual advantage’ in EFs is that bilinguals are constantly dealing with
different languages and for preventing mutual interference between languages they select the
target language while inhibiting the non-target language(s). This practice provides bilinguals
with a somewhat enhanced mental flexibility, which results in augmented or improved skills
related to the management of conflicting information, as compared to monolinguals (see
Kroll & Bialystok, 2013, for a review). In other words, speaking several languages can lead
to benefits that go beyond the realm of language, impacting on global cognitive functioning
(Bialystok et al., 2012) and, more specifically, on the mechanisms responsible for selecting
one language while managing interference from the other(s).

22
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But as indicated above, the matter of the bilingual advantage 1 in the behavioural
domain is not without its complications. Some recent behavioural studies investigating the
supposed bilingual advantage tested very large numbers of simultaneous and early bilinguals
and reported no difference between bilinguals and monolingual peers in tasks such as the
verbal Stroop, number size congruency (a non-verbal version of the Stroop) (Duñabeitia et
al., 2014), attentional network test (Antón et al., 2014), card sorting test, Simon test and
metalinguistic judgments test (Gathercole et al., 2014). The recent review by Paap, Johnson
and Sawi (2015) points out that the incongruity and inconsistency of the behavioural findings
from tasks related to EFs extend to different paradigms, age ranges (i.e., from childhood to
the elderly), and types of bilinguals (e.g., early vs. late bilinguals).
One could try to account for this discrepancy by refining the theory in various ways.
For instance, the Adaptive Control Hypothesis (Green & Abutalebi, 2013) takes into account
the different interactive contexts that give rise to varying degrees and types of language
switching behaviour, and thus to different specific cognitive and linguistic demands. The way
in which a second (or subsequent) language is acquired varies significantly across and within
societies, ranging from individuals learning two languages with extensive contextual
presence of both languages from birth (the case of simultaneous bilinguals in settings such as
the Basque Country, Wales or Catalonia, among many others), to late learners of a second
language (L2, hereafter) with restricted or low contextual presence in the environment (e.g.,
learning a second language through classroom instruction without L2 natural immersion).
These varying conditions for the acquisition of more than one language clearly impose
sociolinguistic differences between bilingual individuals.
From this perspective, the specific nature of the bilingual samples from the studies
just cited above could explain the lack of differences between bilinguals and monolinguals:
these studies examine bilingual communities in which dense code-switching between highly
interchangeable languages prevails, so these bilinguals do not need to exercise mechanisms
of control between their languages in the same way that other bilinguals have to. This refined
1

For the sake of simplicity, henceforth we will use the term ‘bilingual advantage’
exclusively to refer to the differences sometimes reported for bilinguals outperforming
monolinguals in tasks tapping into EFs.
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version of the bilingual advantage hypothesis continues to assume that certain dual-language
contexts (e.g. without dense code-switching) give rise to enhanced executive control, and
there is evidence to support this hypothesis from both children and adults of different ages.
However, it should be noted that an increasing number of studies testing bilingual samples
from similar dual-language contexts (in which code-switching occurs to a lesser degree) have
failed to find differences between bilinguals and controls (Paap & Greenberg, 2013; Paap,
Johnson, & Sawi, 2014; Paap & Sawi, 2014). Thus, it remains to be seen whether some other
factor(s) can explain the lack of a bilingual advantage in these cases.
One of the main problems for these divergent results could be the scant attention paid
to the high variability among language profiles of bilingual individuals (Paap & Greenberg,
2013), which can in turn increase the variability in their ability to control for the interference
caused by the non-target language(s) (e.g. Green & Abutalebi, 2013). Another limitation of
existing behavioural studies in this regard is the non-systematic use of different tasks that
involve very different weights of the components of the executive control system (e.g.
monitoring, inhibition, shifting) (Miyake et al., 2000; Friedman et al., 2008; Miyake &
Friedman, 2012). Furthermore, as shown by Paap & Greenberg (2013), tasks typically used
to explore some of these components of executive control (e.g. inhibition) do not correlate
with each other, pointing to the multidimensional nature of the measures obtained (see also
Kroll & Bialystok, 2013). A refined unity/diversity framework of EFs have been proposed
more recently (Miyake et al., 2012), were each EF is actually a combination of what is
common for all EFs (unity) and what is specific for each EF (diversity). Under this refined
approach, the inhibition-specific factor is not longer supported because once the investigators
accounted for what is unique or shared between these EFs in the factorial analyses nothing
specific remained for the inhibition component as an individual EF (see also Friedman et al.,
2011).
Hence, despite the large number of studies on this topic, no convergence has been
reached on whether bilinguals exhibit better executive functioning than monolinguals at the
behavioural level, or in the contexts in which this difference could be observed. The
difficulty in reaching a unified theoretical account given the presence of both null and
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significant differences between bilinguals and monolinguals in tasks related to different
aspects of executive control is undeniable.

1.4 TACKLING THE NEUROANATOMY OF BILINGUALISM
The fact that language learning happens so readily –whether it be a child picking up
languages effortlessly or an adult, albeit with more effort, learning a foreign language late in
life in a natural environment or under classroom instruction– points in the direction of
neuroplasticity. Therefore the search for brain changes is almost certainly a necessary
preliminary step in this complex task of understanding the specific biological processes
underlying bilingualism. Investigating the brain mechanisms underlying these cognitive
processes may help to gain a better understanding of the putative bilingual advantage,
particularly for identifying which conditions give rise to this cognitive advantage. Thus, an
important contribution to the debate over the behavioural data on bilingualism could come
from studies that investigate these issues using neuroimaging methods.
It is well established that the brain constantly changes structurally and functionally
under many challenging situations, and this neuroplasticity plays an important role in
learning and memory. Bilingualism, like many other fields of expertise (Carreiras et al.,
2009; Draganski et al., 2004; Gaser & Schlaug, 2003; Lee et al., 2007; Maguire et al., 2000),
involves structural and functional consequences for the brain. In that sense, the biological
underpinnings of bilingualism have been approached from both functional and structural
perspectives. The guiding hypothesis underlying this approach is clear-cut: if it is the case
that bilingualism leads to enhanced language-related as well as domain-general executive
control processes, then structural/functional differences may be found in the neural regions
that underlie these processes. These regions are assumed to be “most likely found in the
executive control system that is largely based on a network of processes in the frontal cortex”
(see Kroll & Bialystok, 2013, p. 498), but there are other regions involved (see below for a
detailed description of the brain network for language control). Thus, findings suggesting that
language control and cognitive control recruit similar neural mechanisms have been taken to
support this hypothesis (see Abutalebi & Green, 2007; Luk, Green, Abutalebi & Grady 2012
for review). However, demonstrating that both language and cognitive control mechanisms
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overlap in a distributed fronto-parietal network (De Baene, Duyck, Brass & Carreiras, 2015)
does not necessarily imply a bilingual advantage.
Abutalebi & Green (2007) proposed an overall network of regions responsible for
cognitive control and bilingual language production (see Green & Abutalebi, 2013, for an
updated and better-defined version). This network is made up of the anterior cingulate cortex
(ACC), the left prefrontal cortex (including mainly inferior frontal cortex), the left basal
ganglia and the inferior parietal/supramarginal gyrus. They suggested that a single language
network mediates the representation of both languages for a bilingual and that the executive
control network modulates activation of this language network on an adaptive basis
depending on the specific characteristics of the language context and the code-switching
demands (cf. Green & Abutalebi, 2013).
Some studies have explored whether the bilingual experience alters the structure and
function of these regions (see Bialystok et al., 2012; Costa & Sebastián-Gallés, 2014; Li et
al., 2014; García-Pentón et al., 2016 for reviews). Leaving aside task-related functional
neuroimaging techniques (see Abutalebi & Green, 2007; Hernandez, 2009; Luk et al., 2012,
for a review), which could be influenced by task-related factors boosting multifaceted
assessment of the interface between language control and executive control (see Paap &
Greenberg, 2013), structural measurements seem well-suited to exploring task-independent
differences between bilinguals and monolinguals in the structure of regions involved in
language and general executive control mechanisms. Structural neuroimaging studies usually
examine the anatomical substrate of the grey and white matter. For the study of grey matter
(GM), researchers have typically used high-resolution T1-weighted magnetic resonance
imaging (T1-MRI) to obtain measures such as GM volume or density (see Appendix 1 for a
description of each measure). Measuring volume/density of the GM typically involves voxelbased morphometry (VBM) and region of interest (ROI) analysis. The thickness of the
cerebral cortex is also another measure that can be automatically extracted from the T1weighted MRI, which allows cross-subject statistical comparisons to be performed in order to
detect focal changes in the brain (Fischl & Dale, 2000). For the study of white matter (WM),
almost all the studies have employed diffusion-weighted magnetic resonance imaging (DWMRI) and tract-based spatial statistics (TBSS) (Smith et al., 2006), implemented in the
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FMRIB software library (FSL) (Jenkinson, Beckmann, Behrens, Woolrich, & Smith, 2012),
to compare images using different diffusion measures: mean diffusivity (MD), axial
diffusivity (AD), radial diffusivity (RD), and fractional anisotropy (FA). Although, some
studies have employed tract of interest (TOI) approach to compared DW-MRI measures (i.e.
similar to ROI-based approach). See Appendix 1 for descriptions of these measures and
techniques.
While functional magnetic resonance imaging (fMRI) usually analyses how different
brain areas respond to a stimulus or series of stimuli embedded in a given cognitive task
(Shen, 2015), fMRI studies during resting-state also show spontaneous fluctuations that
could reflect inter-regional neuronal activity that is coherent, synchronised and correlated
between remote brain regions that operate together (Yan and Zang, 2010). This suggests that
one would be able to map the brain without the need to design any specific task. This is
crucial in order to study both healthy and abnormal brains, particularly in children and
elderly populations unable to complete difficult cognitive tasks (Shen, 2015). In recent years,
this approach, based on the analysis of the brain networks at rest as an approximation for
understanding the functional architecture of the human neural circuitry, has become common
in cognitive neuroscience. Importantly, contrary to task-based imaging, which typically
emphasizes a single brain network associated with a particular task, resting-state fMRI
(rfMRI) allows researchers to investigate the large-scale (at the whole brain level) human
connectome. rfMRI shares this characteristic with T1-MRI and DW-MRI techniques
described above, which are very useful to associate abnormal patterns to pathologies and can
also be used to study many human conditions and abilities (e.g., bilingualism). In
combination with DW-MRI, rfMRI can be used to investigate how brain structure determines
and constrains functional networks.
In recent years, a growing body of evidence addressing structural and functional
neuroplasticity in bilingualism has begun to emerge (see Li et al., 2014; García-Pentón et al.,
2016, Pliatsikas and Luk, 2016 for a review). However, taken together, the results of these
studies demonstrating how brain changes due to bilingual experience are heterogeneous and
sometimes conflicting. While some studies have found a variety of neural regions that differ
between bilinguals and monolinguals with a degree of consistency, others have failed to
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show any bilingual-specific effects or have reported localized differences in inconsistent
brain areas. In contrast to the findings from studies exploring forms of expertise not related to
language (Maguire et al., 2000; Maguire, Woollett & Spiers, 2006; Gaser & Schlaug, 2003),
the hazy picture obtained from neuroimaging studies of bilingual-specific effects indicate
that it is still unclear where precisely the neural differences between monolingual and
bilingual populations lie.
One factor that could be limiting the reproducibility and scope of already existent
studies is the sample age selection. The majority of the studies on bilingualism structural
brain plasticity have been carried out with young adults (20-40 years old). This is an age
when general cognitive abilities are presumed reach a peak of development (Hartshorne &
Germine, 2015). Following this idea, young adults probably have a ceiling effect on some
cognitive functions (such as executive functions) that make differences between bilinguals
and monolinguals more difficult to detect (Bialystok et al., 2012; Bialystok et al., 2016). In
fact, Bialystok et al. (2005) found that the bilingual advantage was present in children,
middle-aged adults and older adults but absent in the young adults. Other behavioural studies
have also reported that the bilingual advantage is more evident in the elderly than in young
adults (Bialystok, Craik, & Luk, 2008; Bialystok, Craik, Klein, & Viswanathan, 2004;
Hernandez Costa, Fuentes, Vivas, & Sebastián-Gallés, 2010; Gold, Kim et al., 2013).
Consequently, it is possible that neural plastic changes linked to bilingualism may be
stronger in children and the elderly than in young adults. This is one of the key hypotheses
guiding the present investigation (see further in the Motivation and Aims section below).
Additionally, in the case of the elderly, there is plenty evidence about positive brain
modifiers (such as exercise, occupation, education, intelligence, socioeconomic status and
music) and also negative modifiers (hypertension, stress, hormonal depletion, etc.) that alter
the normal aging trajectory of the brain (Raz & Rodríguez, 2006). The positive modifiers
protect the brain against normal decline and the negative accelerate brain aging. This
indicates that the aging brain is highly vulnerable to changes. In fact, elderly bilinguals do
not show ceiling effects and are not at the peak of their cognitive function, they are rather
declining. Under this condition the brain is susceptible to neural compensation and neural
reserve mechanisms (Stern, 2009). Thus, any potential difference should be more clearly
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observable in this group. There is also the idea that greater benefits are expected with more
years of active bilingualism (Bialystok et al., 2016). Older adult early bilinguals with longer
life time experience of active bilingualism (i.e. higher number of years continually selecting
between two languages in any social context) might be more trained experts in language
selection mechanisms and, by extrapolation, in general cognitive executive functions, which
must boost greater brain plasticity (e.g. increased grey and white matter volume) in brain
regions related to EFs or language processing. This might result in the neural reserve (and/or
compensation) that produces the protective benefit in the brain against decline. In other
words, bilingualism might stimulate these brain areas (or the whole brain) which become
more resistant to brain atrophy and pathology. The belief in bilingualism as neural reserve is
based mainly on retrospective studies in which monolingual and bilingual patients diagnosed
with dementia are compared on age of symptom onset; showing that bilinguals display
symptoms of dementia significantly (4-5 years) later than monolinguals (Alladi et al., 2013;
Bialystok et al., 2007; Gollan et al., 2011; Woumans et al., 2015). In general, there is a strong
claim pointing to bilingualism as a cognitive reserve variable and brain-protective factor in
aging (see Experiment II in Chapter 6 for details), although there is not a direct
demonstration of that claim.
In the case of children, it is well known that brain regions and networks have an
exponential growth during childhood (see Weiss-Croft & Baldeweg, 2015 for a review). The
brain maturation curve has been described as having an asymptotic growth form; showing an
exponential growth from birth until approximately 22 years old, with most rapid maturation
between birth and 7 years old (Dosenbach et al., 2010). It has extensively suggested that
during the first year of live the brain is extremely sensitive to neuroplasticity and is when
occuring the faster pace of learning, during this time the brain is optimally predisposed to
learn and store information about the world and is specially sensitive for language (Pierce et
al., 2015). There is evidence that the infant’s brain during this period is fine-tuned to specific
sounds of their native language and neural representations for that language start to establish
(Kuhl et al., 2005; Werker & Hensch, 2015), which shapes the brain for more complex
language acquisitions later, such as vocabulary and grammar (Werker & Tees, 2005; Pierce
et al., 2014; Pierce et al., 2015). It is well known that the learning of an L2 is undeniably
affected by the age at which learning begins (Hernandez and Li, 2007), affecting directly the
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level of competence in the languages acquired. Observation of the effects of AoA on
language skills have given rise to the hypothesis of sensitive periods, where the outcomes of
the learning are optimal during a time window and after this period the ability to learn
optimally decreases (Knudsen, 2004). L2 AoA effects clearly indicate brain maturation
developmental constraints (see for example ‘The sensorimotor hypothesis’, Hernandez & Li,
2007). Furthermore, there is evidence that birth exposure to a birth language still influences
the brain later on development when that language is not present anymore (this is the case
where the birth language is discontinued) (see Pierce et al., 2015). Other neuroimaging
studies suggest that the neural circuitry that supports language processing is different in
bilingual than in monolingual children (Garcia-Sierra et al. 2011), and that it involves
different networks particularly with a greater connectivity to prefrontal areas for the former
group (Petitto et al. 2012). Considering also that the development of executive functioning
occurs critically during early childhood (see Garon et al., 2008) and that bilingualism could
improve this (Kovacs and Mehler, 2009), it is highly plausible that the early acquisition of an
L2 triggers greater brain plasticity in bilingual than monolingual children, especially in
regions related to language processing and executive cognitive abilities. The idea is that
extensive training in linguistic (and non-linguistic) skills would have a deeper impact on the
brain that is more susceptible to changes due to developing brain maturation. Thus, if there
are bilingual effects in the structure and connectivity of the brain they should be captured in
children.
In general, there seems to be a strong case for exploring bilingualism effects in
children and the elderly, as potential structural/functional brain differences between
bilinguals and monolinguals will be more clearly observable when cognitive functions are
still developing (in childhood) or already declining (in the elderly).
Next section (Chapter 2) will bring together in detail all the structural and
connectivity reports about bilingualism and will show that these results are scarce and
inconsistent across studies and exhibit a somewhat erratic pattern of differential effects in the
expected regions and differential effects in other regions outside the proposed network as
well. This section discusses cross-sectional and longitudinal structural studies in three
different groups: children, young and old adults (sections 2.1, 2.2 and 2.3, respectively). Each
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of these subsections is further divided into grey matter (GM) volume/density, cortical
thickness (CT) and white matter (WM) studies, given that these different measures can vary
independently (see Li et al., 2014). Section 2.4 is dedicated to functional and structural brain
connectivity studies conducted in this field, and it provides a brief insight into how
functional/structural connectivity may contribute to the current debate. After dealing with the
group comparisons for both GM and WM, there is also a separate subsection (2.5) looking
specifically at the evidence from correlation analyses showing different effects of AoA and
L2 proficiency on the brain. Such correlational studies offer valuable information on the
factors that may drive brain changes in the context of bilingualism and they provide
suggestive evidence on how these changes evolve across time. Nevertheless, the results
described in sections 2.1, 2.2, 2.3 and 2.4 based on group comparisons are more robust and
provide direct evidence that shows how the brain changes in bilingualism. Importantly, in
order to make the conclusions as clear as possible, this dissertation only takes into
consideration results that have been corrected for multiple comparisons, since uncorrected
results just show a tendency and cannot be generalized. The final section (section 2.6)
summarizes the most specific brain changes in bilinguals described in a review of the
literature, and it discusses the main methodological differences among the studies that may
be responsible for the inconsistencies.
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2.1 STRUCTURAL STUDIES IN CHILDREN
To our knowledge there are no structural studies investigating GM difference
between bilinguals and monolinguals children. There are only two recently diffusion tensor
imaging (DTI) studies investigating WM changes related to bilingualism in children:
Mohades et al. (2012) used a TOI approach to compare FA maps. Their method involved
first reconstructing the fiber tracts for the whole brain using a tractography algorithm. Then
manually defined ROIs were used to separate four left language-related pathways and one
bundle as a control tract: the Inferior Fronto-Occipital Fasciculus (IFOF), Superior
Longitudinal Fasciculus (SLF), the bundle from the anterior part of the corpus callosum (CC)
to orbitofrontal lobe, the fiber from anterior-midbody CC to motor cortices and right IFOF
(as the control pathway not related to language). Finally, the FA values from the voxels
included in these tracts provided a mean FA value for each tract and each individual. The
samples consisted of 15 simultaneous bilingual children who started to learn the L2 before
the age of three (mean age, 9.3) and 15 sequential bilinguals who started to learn the L2 after
the age of three (mean age, 9.7). The native language of all bilingual children was Dutch and
the L2 was variable between participants. The control group was 10 Dutch monolinguals
(mean age, 9.6). The authors obtained higher mean FA values for the bilinguals as compared
to the monolinguals in the IFOF, and lower mean FA values in the tracts going from the
anterior part of the CC to the orbitofrontal lobe (see Table 2). Mohades et al. (2015) carried
out a follow up study on the same 40 children previously tested. In the first study (time 1) the
children had a mean age of 9 years old and in this second assessment (time 2) they were two
years older. The authors used the same TOI approach described above, limiting the
investigation to those tracks. Their results revealed that simultaneous bilinguals had the
highest mean FA value in the left IFOF as compared to sequential bilinguals and
monolinguals at time 2. The lower mean FA value they observed at time 1 in bilinguals in the
anterior part of the CC was no longer evident at the later observation. More studies in
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children are needed to replicate these interesting results and so to provide greater insights
into the structural evolution that accompanies second language learning.

2.2 STRUCTURAL STUDIES IN YOUNG ADULTS
2.2.1

Grey matter volume/density studies

2.2.1.1 Using whole-brain approach
Anatomical changes for bilinguals as compared to monolinguals were reported for the
first time by Mechelli et al., (2004). They compared 25 early English-Italian bilinguals (who
started to learn their L2 before the age of 5), 33 late bilinguals (who started to learn the L2
between 10 and 15 years old), and 25 English monolinguals. All groups were comparable in
age and educational level. VBM analysis of the GM density, using the statistic parametric
mapping (SPM) software package (http://www.fil.ion.ucl.ac.uk/spm/), revealed significant
GM increases for the bilinguals in the left inferior parietal lobule (IPL) corrected for the
family-wise error (FWE, see Appendix 1 for details) at voxel-level (see Figure 2, red and
Table 1).
More recent studies have also obtained significant differences between bilinguals and
monolinguals using different methods. Pliatsikas, Johnstone & Marinis (2014) compared 17
Greek-English bilinguals (mean age, 27.5; mean L2 AoA, 7.7; mastery proficiency in the L2)
with 22 English monolinguals (mean age, 24.5). They performed a whole brain comparison
using the threshold free cluster enhancement (TFCE, see Appendix 1 for details) technique
(Smith & Nichols, 2009) implemented in the FSL software (Smith et al., 2004) to correct the
FWE. They showed a large increment of GM volume for bilinguals in the cerebellum
(Pliatsikas et al., 2014) (see Figure 2, dark-blue and Table 1). However, this result in the
cerebellum must be taken with caution. On the one hand, it is important to take into account
the location of the effect. The cerebellum may lie close to the edges of the field of view
(FOV) in the images where the FOV is not large enough, so more artifacts and typical image
deformations around the border can be expected (Morelli et al., 2011). Also, some limitations
in this area related to poorer segmentation have to be considered (Ashburner & Friston,
2000).
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Olalude et al. (2016), compared 15 young adults simultaneous English/American Sign
Language (ASL) bimodal bilinguals (CODAs) (mean age, 26.4) and 16 early SpanishEnglish unimodal bilinguals (mean age, 22.3 years, AoA L2 < 6 years old) with 15 English
monolinguals (mean age, 25.9). They performed a VBM at the whole-brain correcting the
FWE at cluster-level, using SPM. The unimodal bilinguals had greater GM volume than
monolinguals in a cluster including the right precentral covering as well the postcentral
gyrus, the inferior frontal gyrus (IFG), frontal operculum and IPL. A second cluster was
located in the right middle, medial and superior frontal gyri, and a third one in the superior
and middle temporal gyrus (MTG). In the left hemisphere they obtained the largest cluster
located in the middle and IFG, but also another one in the middle, inferior and superior
occipital lobes, extending into the cuneus and into the MTG (see Figure 2, purple and Table
1). They also obtained a third cluster in the left precentral gyrus, but very small. Contrary to
Pliatsikas et al. (2015) study, they obtained greater GM volume bilaterally in cerebellum, but
for monolinguals as compared to unimodal bilinguals. Finally, they obtained greater GM
volume in the right precentral and postcentral gyri for monolinguals as compared to bimodal
bilinguals.
Burgaleta et al. (2016) compared 42 young simultaneous Catalan-Spanish bilinguals
(mean age, 21.64) and 46 Spanish monolinguals (mean age, 21.85). They performed a whole
brain comparison using the VBM-FSL protocol and TFCE technique to correct the FWE.
They showed a large increment of GM volume for bilinguals in the right inferior temporal
gyrus, left Heschl, right IPL and bilaterally in the IFG pars orbitalis and cerebellum (see
Figure 2, light-blue and Table 1). They also performed a more subtle analysis restricted to the
subcortical structures using the FIRST protocol implemented in the FSL and showed a
bilateral expansion of putamen and thalamus for bilinguals with respect to monolinguals, as
well as of left globus pallidus and right caudate.
Despite these results, other studies also performing VBM analysis failed to find
significant differences (see Table 1) between young adult bilinguals and monolinguals
correcting for multiple comparisons across the whole brain (Grogan et al., 2012; Ressel et al.,
2012). Grogan et al. (2012) studied 31 young multilingual adults who learned English as L2
(the native and other languages varied between participants); the mean age of the group was
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30.9 years old. They compared the multilingual group with 30 young non-native English
bilingual adults (who also had different native languages); the mean age of the group was
30.6 years old. Although the L2 AoA was variable in both the multilingual and bilingual
groups, it was balanced between them. Notice that the sample profiles are very different
between these two studies and also different from the studies described above. In contrast,
the study by Ressel et al. (2012) used a more similar sample profile to the Mechelli et al.
(2004) study. Even so, this study also failed to find any significant differences at voxel-level.
They compared 22 young Catalan-Spanish bilinguals who started to learn the L2 before the
age of seven (mean age, 23.1) and 22 Spanish monolinguals (mean age, 21.5).
The above studies investigating structural brain changes related to bilingualism are
cross-sectional studies that have focused on bilinguals who have already learned and
experienced the L2 for long periods of time. Nevertheless, there is a study looking at how the
brain changes during the process of learning an L2. Hosoda et al. (2013) studied Japanese
students of English, 24 of whom received 4 months of laboratory training on vocabulary and
20 of whom did not. The mean age for both groups was 20 years old. The results of VBM on
GM segmentations showed training by group interaction effect in the pars opercularis
(IFGOp) of the inferior frontal gyrus (i.e. increased GM volume for learners as compared to
controls after training).
In summary, the studies in young adults explicitly looked at whether or not the
bilingual brain differs from that of the monolingual, correcting the FWE across the whole
brain. On the one hand, differences appear mostly in three regions: the left/right IPL
(Mechelli et al., 2004; Burgaleta et a., 2016, Olulade et al., 2016), the cerebellum (Pliatsikas
et al., 2014; Olalude et al., 2016; Burgaleta et al., 2016), the left IFG (Hosoda et al., 2013;
Olalude et al., 2016; Burgaleta et al., 2016) (Figure 2, Table 1). However, the studies used
different FWE controlling methods (i.e. random field theory (RFT) or TFCE and
permutations) and different levels of inferences (i.e. voxel-level or cluster-level), which
means different levels of sensitivity: cluster-level inferences are more powerful than voxellevel inferences but also imply less localizationist power. Importantly, with respect to the
effect in the cerebellum, while some studies found increased GM volume for bilinguals
(Pliatsikas et al., 2014; Burgaleta et al., 2016) others found decreased volume (Olalude et al.,
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2016). Consequently, more studies are needed to confirm this result. Conversely, there are
two cross-sectional studies that consistently showed negative results: no differences between
bilinguals and monolinguals (Grogan et al., 2012; Ressel et al., 2012) (Table 1).
Nevertheless, as the next section will show, when these studies limited their analysis to a
region or volume of interest, effects start to appear in expected regions. In any case, these
negative results provide interesting findings and help researchers in the field to form new
hypotheses. So far, three studies have found the bilingualism effect in expected regions: the
left IPL, cerebellum and IFG, but only the left IFG have been seen more consistently across
studies.
2.2.1.2 Using ROI-based approach
Some of the studies described in the previous section also used a ROI approach to
compare groups. For example, Ressel et al. (2012) manually extracted the mean volume from
the right and left Heschl gyri to compare between bilinguals and monolinguals, and obtained
significantly larger volumes in bilinguals, bilaterally. Although ROI analysis increases
statistical power with respect to whole-brain analysis, the use of ROIs can limit the fine-grain
spatial resolution of the effect of interest. Additionally, this type of analysis can miss true
differences as a result of the averaging if the variation in the entire ROI is not uniform
because parts with no significant difference and parts with a significant difference may be
averaged over in the same ROI. The result is that a significant effect is blurred over an entire
region. Or, conversely, such averaging may highlight differences if there is a fairly uniform
difference that is not very great, rendering a significant effect that would not be deemed
significant in a voxel-based analysis after correction for multiple comparisons.
Alternatively, some studies performing VBM used small volume corrections (SVC)
as a way of limiting the analysis to specific regions without suffering from the problems of
ROI averaging. This can be helpful as a middle point between ROI and whole-brain
approaches. Two of the previously mentioned studies used this approach after failing to find
differences when correcting across the whole brain. Grogan et al. (2012) found an effect not
on the left but in the right IPL using Mechelli et al.’s coordinates for the SVC. However, the
comparison was between multilinguals vs. bilinguals instead of bilinguals vs. monolinguals
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(see Figure 3, green and Table 1). In their VBM analysis, Ressel at al. (2012) additionally
performed SVC on the Heschl gyri and differences appeared in just the left hemisphere
(Figure 3, red and Table 1).
Two other studies have used SVC implemented in the SPM software but without
reporting whole-brain results. Abutalebi et al. (2013) studied 14 German-Italian-English
multilinguals who started to learn the L2 before the age of five and the third language (L3)
after the age of ten, comparing them with 14 Italian monolinguals. The mean age for both
groups was 23.5 years old. After SVC they obtained higher GM volume in the left putamen
for multilinguals as compared to monolinguals (Figure 3, purple and Table 1). However, this
was done using false discovery rate (FDR), which is a different correction to the FWE. In
addition, Zou et al. (2012) studied 14 bimodal Chinese/Chinese Sign Language (CSL) adult
bilinguals, (mean age, 49; mean L2 AoA, 19; 29 years of experience with CSL). They
compared the bimodal Chinese-CSL bilinguals with 13 Chinese monolinguals (mean age, 48)
and found an increased volume after SVC for bilinguals in the left caudate (Figure 3, blue
and Table 1).
Additionally, Mårtensson et al. (2012) performed a longitudinal study comparing 14
native Swedish interpreter students (mean age, 20) who took a 3-month intensive language
course focusing on vocabulary for different languages (4 Arabic, 8 Dari and 2 Russian) and
17 native Swedish non-learners (mean age, 21) as a control group. Volume measures from
left and right hippocampus (the volumetric study was restricted to these regions) revealed
larger volume on the right side for learners as compared to non-learners.
In summary, when some of the studies performing VBM in young adults limited their
analysis to the scope of certain regions of interest, effects started to appear in the Heschl gyri
(Ressel et al., 2012), the right IPL (Grogan et al., 2012), the left putamen (Abutalebi et al.,
2013) and the left caudate (Zou et al., 2012). But again, these are isolated results.
Unfortunately, there is no uniformity in the samples compared across these studies: for
example, bilinguals vs. monolinguals (Ressel et al., 2012), multilinguals vs. bilinguals
(Grogan et al., 2012), multilinguals vs. monolinguals (Abutalebi et al., 2013), bimodal
bilinguals vs. unimodal monolinguals (Zou et al., 2012). Therefore, the origin of these effects
is variable and may not represent a clear effect of bilingualism. In addition, it is striking that
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any studies investigated the same region (namely, the IPL), making it extremely difficult to
arrive at any solid conclusions from these ROI analyses. Again, differences between
bilinguals/multilinguals and monolinguals have been found in different regions in different
studies. Equally important, the quality/noise of the data is variable across these studies since
some of them used 1.5T and others 3.0T MR scanners (see table 1).
2.2.2

Cortical thickness studies
Klein et al. (2014) performed a cortical thickness study on 12 simultaneous bilinguals

(mean age, 23; AoA, below 3 years old), 25 early bilinguals (mean age, 26; L2 AoA, after 4
years old and before 7 years old; mean L2 AoA, 5 years old), and 29 late bilinguals (mean
age, 28; L2 AoA, after 8 years old and before 13 years old; mean L2 AoA, 10 years old), all
French-English bilinguals. They compared the bilingual groups with a control group of 22
English monolinguals (mean age, 25). The results showed greater cortical thickness for early
and late bilinguals as compared to monolinguals in the pars triangularis (IFGTr) and pars
orbitalis (IFGOr) of the left IFG (inferior frontal gyrus) and less cortical thickness in the right
IFGOr for late bilinguals as compared to monolinguals. Mårtensson et al. (2012) also
performed a vertex-wise CT analysis in their longitudinal study (see previous section for
details of the study). The learner group showed increased cortical thickness in left dorsal
middle frontal gyrus (MFG), IFG and superior temporal gyrus (STG). To date these are the
only studies investigating cortical thickness in young adults. Overall, these two studies show
as a target region for plastic changes the IFG. Interestingly, they replicate the results on GM
volume.
2.2.3

White matter studies
Recently, there have been an increasing number of studies investigating WM changes

related to bilingualism. The first study looking for WM differences between bilinguals and
monolinguals was Mechelli et al. (2004), who, in addition to the GM analysis, used a VBM
analysis to look for differences in WM segmentations but failed to detect any differences in
the whole brain (see Table 2). Ressel et al. (2012) also looked for WM differences using the
same approach and found no differences either (see Table 2). However, most studies looking
at WM changes have employed diffusion tensor imaging (DTI) (see Appendix 1) instead of
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T1-weighted MRI. Cummine & Boliek (2013) studied young adult Chinese-English
bilinguals (mean age, 24.2; L2 AoA before the age of five) and 11 English monolinguals
(mean age, 28.5). They obtained significant decreases of the FA for bilinguals as compared
to monolinguals in the right IFOF (see Figure 4, red and Table 2). They also obtained
decreased FA in the anterior thalamic radiation, especially in the right superior portion and
bilaterally in the inferior portion. More recently, Pliatsikas, Moschopoulou & Saddy (2015)
studied 20 sequential bilinguals (mean age, 31.85) who had highly proficient English as L2
(mean AoA, 10.15; mean immersion, 91 months; L1 varied across participants) and were
highly proficient in English. The bilinguals were compared with 25 English monolinguals
(mean age, 28.16). The authors performed a TBSS analysis, revealing higher FA values for
these sequential bilinguals bilaterally in the whole CC (genu, body and splenium), the IFOF,
the uncinate and the SLF (see Figure 4 and Table 2).
Schlegel et al. (2012) investigated WM changes during 9 months of intensive Chinese
learning without immersion. They studied a training group of 11 English monolingual
learners and a control group of 16 English monolingual non-learners. The mean age for both
groups was 20 years old. They obtained the most significant FA increase in the genu of the
CC, corrected across the whole brain. They also found increased FA and decreased RD in left
frontal language-related regions and in the counterpart regions on the right hemisphere. For
the whole-brain analysis, they used a non-parametric permutation test and TFCE to achieve
significant cluster effects. Interestingly, since they acquired (nine) monthly MR images from
participants, they were able to show that the global mean FA (extracted from all the voxels
that showed significantly increased FA in the prior whole-brain analysis) described a
significant linear increase over the nine time points for learners. They also showed that the
amount of increased FA correlated positively with the amount of language learned across
these time points. Additionally, they extracted mean FA and RD values from 111 TOIs that
showed higher connectivity between language regions and found increased FA and decreased
RD mean values for learners as compared to non-learners in 16 of these TOIs: 5 of them
terminated in the caudate nucleus and 10 of them connected together different frontal regions
of the left hemisphere or frontal regions between hemispheres (these connections passed
through the genu of CC). Even though the sample is small, this is a very germane
experimental design since it allows for variability between brains to be eliminated. If changes
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related to bilingualism are small (and this is a very plausible scenario), this strategy of
analysis is more beneficial than the cross-sectional studies described above.
Hosoda et al. (2013) longitudinal study on Japanese students of English (see section
2.2.1), also performed TBSS analysis on FA maps. They showed training by group
interaction effect in the IFGOp (i.e. increased FA values for learners as compared to controls
after training). They also traced 8 pathways known to be related to language: IFGOp-toCaudate, IFGOp-to-STG (dorsal language pathway), IFGTr of the IFG-to-MTG (ventral
language pathway) and the ILF in each hemisphere. The results showed increased
connectivity for the right IFGOp-to-caudate and IFGOp-to-STG pathways.
So far, the IFOF and CC seem to be the focus of neuroplasticity in bilingualism in
young adults. However, while one study found increased FA values in the IFOF (Pliatsikas
et al., 2015) and CC (Pliatsikas et al., 2015; Schlegel et al., 2012) other found decreased FA
values in the IFOF (Cummine & Boliek, 2013).

2.3 STRUCTURAL STUDIES IN ELDERLY
2.3.1

Grey matter volume/density studies

2.3.1.1 Using whole-brain approach
Abutalebi et al. (2014) performed a VBM study using SPM, comparing 23 older adult
bilinguals (12 Cantonese-English and 11 Cantonese-Mandarin; mean age, 62.2; mean L2
AoA, 18.87) with 23 Italian monolinguals (mean age, 61.9). This study obtained a significant
volume increase for bilinguals in the left anterior inferior temporal gyrus (aITG) (see Figure
2, yellow and Table 1) using cluster-level correction of the FWE in SPM, a different method
of inference from previous studies. Abutalebi, Guidi, Borsa, Canini, Della Rosa, Parris &
Weekes (2015) performed a VBM study using SPM, comparing 19 older adult bilinguals (11
Cantonese-English and 8 Cantonese-Mandarin; mean age, 61.68; mean L2 AoA, 12.68) with
19 Italian monolinguals (mean age, 60.93). The results showed a significant volume increase
for bilinguals in the left/right ACC (see Figure 2, green and Table 1) using FWE cluster-level
correction. However, Gold, Johnson, & Powell (2013) study also performing VBM analysis
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failed to find significant differences (see Table 1) between bilinguals and monolinguals
correcting for multiple comparisons across the whole brain. Gold et al. (2013) studied 20
older adult English native bilinguals who started to learn the L2 before the age of 5; the L2
was variable between participants and the mean age of the group was 63.9 years old. The
study compared the bilingual group with 20 English monolinguals with a mean age of 64.4
years old.
In summary, these studies explicitly looked at whether or not the bilingual brain
differs from that of the monolingual in old adults, correcting the FWE across the whole brain.
Differences appear in the left aITG (Abutalebi et al., 2014) and the ACC (Abutalebi, Guidi,
et al., 2015) (Figure 2, Table 1). Then again, there is one more study in elderly that showed
negative results: no differences between bilinguals and monolinguals (Gold et al., 2013) (see
Table 1).
2.3.1.2 Using a ROI-based approach
Using the automatic anatomical labelling atlas (AAL, Tzourio-Mazoyer et al., 2002),
in the same study, Abutalebi et al. (2014) extracted the mean volume for the right/left
temporal pole (TmP) and right/left orbito-frontal cortex (OFC), and found greater mean
volume for bilinguals as compared to monolinguals in both regions and hemispheres. In a
more recent study, Abutalebi, Canini, Della Rosa, Green & Weekes (2015) extracted GM
volume from ROIs in the left/right IPL using the coordinates reported by Mechelli et al.
(2004). This time, they studied 30 older bilinguals (mean age, 63.2; 16 Cantonese-English
bilinguals and 14 Cantonese-Mandarin bilinguals) who started to learn the L2 at a mean age
of 18.27 years, and compared them to 30 older Italian monolinguals (mean age, 61.85). They
found that the volume in the left/right IPL was significantly greater for the bilingual group.
Olsen et al. (2015) extracted and averaged the volume of the GM for the frontal,
temporal, parietal and occipital lobes for both right and left hemispheres. They investigated
structural differences in the brain of 14 older bilingual adults (mean age, 70.4) who reported
regular use of both English and another alphabetic language since before the age of 11. They
compared the bilinguals with 14 English monolinguals (mean age, 70.6) and did not obtain
any significant group effects in their GM analysis.
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In summary, when some of the studies performing VBM limited their analysis to the
scope of certain regions of interest, effects started to appear in the right/left TmP and OFC
(Abutalebi et al., 2014), and the right IPL (Abutalebi, Canini et al., 2015). With the
exception of the right IPL, these are isolated results. Besides ROI studies per se are limited in
the scope of their hypothesis, if moreover investigate different regions, then it is impossible
to reach conclusions from these analyses. Again, differences between bilinguals and
monolinguals have been found in different regions for the different studies. And there is one
more study obtaining no differences between bilinguals and monolinguals (Olsen et al.,
2015).
2.3.2

Cortical thickness studies
There is only one study about CT in elderly. In their study, Olsen et al. (2015) also

performed a CT analysis on the bilingual and monolingual samples described above. They
did not find any group differences. However, their analysis was limited to the entorhinal
cortex and temporal pole. What they observed was a significant negative correlation between
the cortical thickness of the temporal pole and age in the monolinguals but not for bilinguals.
They suggested that bilingualism preserves this region from a structural decline in aging.
2.3.3

White matter studies
Luk et al. (2011) studied 14 older adult native English bilinguals who started to learn

an L2 after the age of 11 (the L2 was variable across participants) and compared them with
14 English monolinguals. The mean age between groups was 70.5 years old. They performed
a TBSS analysis and found significantly increased FA values for bilinguals as compared to
monolinguals in parts of the CC (Figure 4, green) that extended bilaterally into SLF (Figure
4, blue) and into to the right IFOF (Figure 4, red) and Uncinate. They also obtained
significantly decreased radial diffusivity (RD) values for bilinguals in the body of the CC,
overlapping with some of the areas of increased FA (Luk et al., 2011) (see Table 2). Gold et
al. (2013) obtained a different result using the same approach to study 20 English bilinguals
(mean age, 63.9) who started to learn the L2 after the age of five (the L2 varied across
participants). They matched the bilinguals with 20 English monolinguals (mean age, 64.4).
The authors obtained a significant decrease in the FA values for bilinguals as compared to
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monolinguals in many portions of the CC (Figure 2, green) and bilaterally in the ILF, IFOF
(Figure 4, red) and fornix. They also obtained significantly increased RD values in regions of
reduced FA, particularly in IFOF and CC but also in smaller parietal and occipital tracts.
These results do not support those of Luk et al. (2011). This difference may be due to the fact
that the samples in each study were slightly different (see Table 2). In Olsen et al. (2015)
study, they also extracted the volume of the WM for the frontal, temporal, parietal and
occipital lobes in both hemispheres of their sample (described above). They found that the
WM volume in the frontal lobe was significantly higher for their older adult bilingual sample
as compared to monolinguals (see Table 2).
Overall, two fasciculi seem to be the focus of neuroplasticity in bilingualism across
the different groups of age, the CC and IFOF. However, while some studies found increased
FA values in the CC for older and younger adult bilinguals (Luk et al., 2011; Pliatsikas et al.,
2015; Schlegel et al., 2012) others found decreased FA values for older adult bilinguals
(Gold et al., 2013) and children (Mohades et al., 2012). And while some studies found
increased FA in the IFOF for older adult bilinguals (Luk et al., 2011), younger adults
(Pliatsikas et al., 2015) and children (Mohades et al., 2012), others found decreased FA
values for older (Gold et al., 2013) and younger (Cummine & Boliek, 2013) adult bilinguals.
Since almost all of the WM studies use the same methodological approach (i.e. TBSS) in the
analysis of the diffusion-derived measures, this makes them more comparable to each other
than the GM studies, and yet they show many inconsistencies and sometimes the results are
contradictory. However, there are several confounding factors among the samples, such as
the chronological mean age and the AoA of the L2. Consequently, it is possible that these
inconsistencies are due to a combination of maturation/degeneration processes and second
language acquisition processes. Previous studies have demonstrated that WM declines
linearly with age in some local areas, such as CC, internal capsule and prefrontal regions,
while other areas remain relatively preserved, such as temporal and posterior regions (Good
et al., 2001; Salat et al., 2005). As such, the two focal tracts for bilingualism (CC and IFOF)
seem to be particularly vulnerable to age effects. Thus, greater interaction with work on
changes in WM during development and aging is required to progress in this area.
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Figure 2. Cross-sectional studies showing significant differences in GM volume/density in
bilinguals as compared to monolinguals. Results from VBM studies at whole-brain analysis. The
colours represent the relative location in the brain of the results from different studies. Red: Mechelli
et al. (2004), showing significant GM density increase in left inferior parietal lobule [IPL]. Darkblue: Pliatsikas et al. (2014), showing increased GM volume in the cerebellum. Yellow: Abutalebi et
al. (2014), showing increased GM volume in left anterior inferior temporal gyrus [aITG]. Green:
Abutalebi, Guidi, et al. (2015) showing increased GM volume in right/left anterior cingulate cortex
[ACC]. Purple: Olulade et al. (2016) showing increased GM volume in bilateral frontal, temporal,
parietal and occipital regions. Light-blue: Burgaleta et al. (2016) showing increased GM volume in
the right inferior temporal gyrus, left Heschl, right IPL and bilaterally in the IFG pars orbitalis and
cerebellum. Abbreviations: R (right); L (Left); A (anterior); P (posterior).
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Figure 3. Cross-sectional studies showing significant differences in GM volume/density in
bilinguals as compared to monolinguals. Results from VBM studies using SVC, these studies also
showed higher GM volume/density in bilinguals as compared to monolinguals –with the exception of
Abutalebi et al. (2013), which compared multilinguals vs. monolinguals, and Zou et al. (2012), which
compared bimodal bilinguals vs. monolinguals. Red: Ressel et al. (2012), showing increased GM
volume in left Heschl gyrus. Blue: Zou et al., (2012) showing increased volume in the left caudate.
Green: Grogan et al. (2012), showing increased GM volume in right IPL, using Mechelli et al.’s
(2004) coordinates for the SVC. Purple: Abutalebi et al. (2013), showing increased GM volume in
left putamen. Abbreviations: VBM (voxel-based morphometry); SVC (small volume correction); R
(right); L (Left); A (anterior); P (posterior).
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Table 1: Cross-sectional GM studies related to bilingualism (ages given in years)
Authors

(Mechelli
et al.,
2004)

(Ressel et
al., 2012)

(Zou et
al., 2012)

(Gold et
al., 2013)

(Grogan et
al., 2012)

Sample

Methods

Comparison

Main results

25 English-Italian
early bilinguals
(L2 AoA < 5)
33 English-Italian late
bilinguals (10 <
L2 AoA < 15)
25 English
monolinguals.
22 Catalan-Spanish
bilinguals (L2 AoA <
7; mean age, 23.1).
22 Spanish
monolinguals (mean
age, 21.5).
Matched for gender.

VBM analysis (density)
Low-resolution method for
registration (in SPM versions
older than SPM5)

Early
bilinguals vs.
monolinguals
Late bilinguals
vs.
monolinguals

Left IPG:
all bilinguals >
monolinguals
(FWE correction at
voxel-level)

1.5T scanner, voxel size:1
mm3
VBM & ROI analysis,
Modulated images (volume),
Standard Unified
segmentation (in SPM8),
DARTEL for own template
creation, High-resolution
registration,
8 mm (FWHM), WM+GM as
covariate.
3T scanner, voxel
size:1.3x1.0x1.3 mm3
VBM analysis,
Modulated images (volume),
Optimized VBM5 protocol
(SPM5),
Low-resolution registration.
3T scanner, voxel size:1 mm3,
VBM analysis,
Modulated images (volume),
Standard unified segmentation
(SPM8),
Own template creation,
High-resolution registration,
8 mm (FWHM),
TIV as covariate.
1.5T scanner, voxel size:1
mm3,
VBM analysis,
Modulated /unmodulated
images (volume/density),
Standard unified segmentation
(SPM5),
Low-resolution registration,
8 mm (FWHM),
Age as covariate.

Early
bilinguals vs.
monolinguals

No significant
differences (FWE
correction at voxel-level)
Left Heschl:
bilinguals >
monolinguals (SVC of
the FWE)
Left/right Heschl:
bilinguals >
monolinguals (ROI
approach)
Left Caudate:
bimodal bilinguals >
monolinguals
(SVC of the FWE)

14 Chinese-CSL
bimodal bilinguals
(mean L2 AoA, 19;
mean age, 49)
13 Chinese
monolinguals (mean
age, 48).
20 Englishvariable_L2 bilinguals
(L2 AoA < 10; mean
age, 63.9)
20 English
monolinguals (mean
age, 64.4)
Matched for gender
31 multilinguals
(variable_L1,
English as L2,
variable_L3; mean
age, 26.7)
30 bilinguals
(variable_L1,
English as L2; mean
age, 26.7)
L2 AoA balanced
between groups.

bimodal
bilinguals vs.
monolinguals

bilinguals vs.
monolinguals

No significant
differences (FWE
correction at voxel-level)

multilinguals
vs. bilinguals

No significant
differences (FWE
correction at voxel-level)
Right IPL:
multilinguals >
bilinguals
(SVC of the FWE)
(just in density images)
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Table 1. (continued)
Authors

(Abutalebi
et al., 2013)

(Pliatsikas
et al., 2014)

(Abutalebi
et al., 2014)

(Klein et
al., 2014)

Sample

Methods

Comparison

Main results

14 German-ItalianEnglish multilinguals
(L2 AoA < 5; L3
AoA > 10 years)
14 Italian
monolinguals
Groups matched in
age (mean age,
23.5),
all females.
17 Greek-English
bilinguals (L2 AoA
> 6; mean L2 AoA,
7.7; mean age, 27.5).
22 English
monolinguals (mean
age, 24.5).

3T scanner, voxel size:1 mm3,
VBM analysis,
Modulated images (volume),
Optimized VBM5 protocol,
Low-resolution registration,
4 mm (FWHM),
TIV as covariate.

multilinguals
vs.
monolinguals

Left putamen:
multilinguals >
monolinguals
(SVC of the FWE).

3T scanner, voxel size:1 mm3,
VBM analysis,
Modulated images (volume),
FSL-VBM protocol,
Own template creation,
Medium-resolution
registration,
3 mm (sigma),
Age and gender as covariates.
3T scanner, voxel size:1 mm3,
VBM & ROI analysis,
Modulated images (volume),
Optimized VBM8 protocol,
Low-resolution registration,
East Asian brain ICBM
template for bilinguals,
European brain ICBM
template for monolinguals,
DARTEL for registration,
High-resolution registration,
8 mm (FWHM)
Sex/TIV/education-level/age
as covariates.

Late bilinguals
vs.
monolinguals

Right/left cerebellum:
bilinguals >
monolinguals
(TFCE correction).

Late bilinguals
vs.
monolinguals

Left aITG:
bilinguals >
monolinguals
(FDR correction at
cluster-level).
Left/right OFC, TmP:
bilinguals >
monolinguals
(ROI approach).

1.5T scanner, voxel size: 1
mm3, Cortical thickness
analysis,
Vertex-based approach,
CIVET processing pipeline.

Simultaneous
bilinguals vs.
monolinguals
Early
bilinguals vs.
monolinguals
Late bilinguals
vs.
monolinguals

Left IFGTr, left
IFGOr:
early, late bilinguals >
monolinguals
Right IFGOr:
early bilinguals <
monolinguals.
late bilinguals <
monolinguals,
simultaneous & early
bilinguals.
(FDR correction at
whole-brain).

12 CantoneseEnglish bilinguals
11 CantoneseMandarin bilinguals
(mean AoA, 18.87;
mean age, 62.17)
23 Italian
monolinguals (mean
age, 61.9).

12 simultaneous
bilinguals (L2 AoA
< 3; mean age, 23),
25 early bilinguals (4
< L2 AoA < 7; mean
age, 26),
29 late bilinguals (8
< L2 AoA < 13;
mean age, 28),
All French-English
bilinguals
22 English
monolinguals.
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Table 1. (continued)
Authors

Sample

Methods

Comparison

Main results

(Abutalebi,
Guidi, et
al., 2015)

11 CantoneseEnglish bilinguals
8 CantoneseMandarin bilinguals
(mean AoA, 12.68;
mean age, 61.68)
19 Italian
monolinguals (mean
age, 60.93).

Late bilinguals
vs.
monolinguals

Left/Right ACC:
bilinguals >
monolinguals
(FDR correction at
cluster-level).

(Abutalebi,
Canini, et
al., 2015)

16 CantoneseEnglish bilinguals
14 CantoneseMandarin bilinguals
(mean AoA, 18.27;
mean age, 63.2)
30 Italian
monolinguals (mean
age, 61.85).

3T scanner, voxel size:1 mm3,
VBM analysis,
Modulated images (volume),
Optimized VBM8 protocol,
Low-resolution registration,
East Asian brain ICBM
template for bilinguals,
European brain ICBM
template for monolinguals,
DARTEL for registration,
High-resolution registration,
8 mm (FWHM).
3T scanner, voxel size:1 mm3,
ROI analysis,
Modulated images (volume),
Optimized VBM8 protocol,
Low-resolution registration,
East Asian brain ICBM
template for bilinguals,
European brain ICBM
template for monolinguals,
DARTEL for registration,
High-resolution registration.

Late bilinguals
vs.
monolinguals

Left/Right IPL:
bilinguals >
monolinguals
(ROI approach).

3T scanner, voxel size:1 mm3,
ROI analysis,
(volume)
linear and nonlinear
registration (ANT algorithm),
Cortical thickness analysis,
ROI approach,
Freesurfer processing pipeline.

Late bilinguals
vs.
monolinguals

No significant
differences
(Explore GM volume
from temporal, parietal,
frontal and occipital
lobe).
No significant
differences
(Explore CT from
entorhinal cortex,
hippocampus and
temporal pole).

(Olsen et
al., 2015)

14 Englishvariable_L2 bilinguals
(L2 AoA < 11)
14 English
monolinguals (mean
age, 70.6).
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Table 1. (continued)
Authors

Sample

Methods

Comparison

Main results

Olalude et
al., 2016)

15 Spanish-English
unimodal bilinguals
(mean age, 22.3,
L2 AoA > 6)
16 SL-English
bimodal bilinguals
(mean age, 26.4,
CODAs: simultaneous
bimodal bilinguals)
15 English
monolinguals (mean
age, 25.9).

3T scanner, voxel size:1 mm3,
VBM analysis,
Modulated images (volume),
New Segment,
DARTEL for registration and
group-template creation,
High-resolution registration,
10 mm (FWHM),
TIV as covariate.

unimodal
bilinguals vs.
monolinguals,

42 simultaneous
Catalan-Spanish
bilinguals (mean age,
21.6)
46 Spanish
monolinguals (mean
age, 21.8).

3T scanner, voxel size:1 mm3,
VBM analysis
Modulated images (volume),
FSL-VBM & FIRST protocol,
Own template creation,
Medium-resolution
registration,
3 mm (sigma),
TIV as covariate.

bilinguals vs.
monolinguals

Extensive clusters in
bilateral frontal and
parietal regions
unimodal bilinguals >
monolinguals
bilaterally cerebellum
monolinguals >
unimodal bilinguals
No significant
differences
bimodal bilinguals >
monolinguals
right precentral and
postcentral
monolinguals > bimodal
bilinguals
(FWE correction at
cluster-level).
bilaterally IFGOr,
cerebellum, left Heschl,
right IPL and ITG and
basal ganglia
bilinguals >
monolinguals
monolinguals >
unimodal bilinguals
No significant
differences
(FWE correction at
whole-brain).

Burgaleta
et al.,
2016)

bimodal
bilinguals vs.
monolinguals

Abbreviations: aITG = anterior inferior temporal gyrus; AoA = age of acquisition; FDR
= false discovery rate; FWE = family wise error; FWHM = full-width at half-maximum; GM =
grey matter; IFGOr = pars orbitalis, inferior frontal gyrus; IFGTr = pars triangularis, inferior
frontal gyrus; IPL = inferior parietal lobule; OFC = orbito-frontal cortex; ROI = region of interest;
STG = superior temporal gyrus; SVC = small volume correction; TFCE = threshold free cluster
enhancement; TIV = total intracranial volume; TmP = temporal pole; VBM = voxel-based
morphometry; WM = white matter; ACC = anterior cingulate cortex; CT = cortical thickness.

49

Part I: Introduction

Table 2: Cross-sectional WM studies related to bilingualism (ages given in years)
Authors

(Mechelli
et al., 2004)

(Ressel et
al., 2012)

(Luk et al.,
2011)

(Mohades
et al., 2012)

(Gold et
al., 2013)

Sample

Methods

Comparison

Main results

25 English-Italian
early bilinguals
(L2 AoA < 5)
33 English-Italian late
bilinguals (10 <
L2 AoA < 15)
25 English
monolinguals.
22 Catalan-Spanish
bilinguals (L2 AoA <
7, mean age, 23.1).
22 Spanish
monolinguals (mean
age, 21.5).
Matched for gender.

VBM analysis
Unmodulated images
(density).

Early
bilinguals vs.
monolinguals
Late
bilinguals vs.
monolinguals

No significant differences
(FWE correction at voxellevel).

1.5T scanner, voxel
size:1 mm3
VBM & ROI
analysis,
Modulated images
(volume),
Standard Unified
segmentation (in
SPM8),
DARTEL for own
template creation,
High-resolution
registration,
8 mm (FWHM)
WM+GM as
covariate.
3T, 30 directions, 5
mm slice thickness,
TBSS protocol
FA, RD, AD.
Sample-specific
target image for
registration,
Medium-resolution
registration.
3T scanner, 15
directions, voxel
resolution:
1.75x1.75x2 mm3,
TOI analysis,
FA mean values.

Early
bilinguals vs.
Monolinguals

No significant differences
(FWE correction at voxellevel).

Bilinguals vs.
Monolinguals

FA in CC, SLF, Right
IFOF and uncinate:
Bilinguals > Monolinguals
RD in CC:
Monolinguals > Bilinguals.

Simultaneous
bilinguals vs.
Monolinguals
Simultaneous
vs. Sequential
bilinguals
Sequential
bilinguals vs.
Monolinguals

Mean FA in both IFOF:
Simultaneous > Sequential
bilinguals > Monolinguals
Mean FA in anterior CC
to orbitofrontal lobe
tracts:
Monolinguals >
Simultaneous bilinguals
(Bonferroni correction).

3T scanner, 36
directions, voxel
resolution:
1.75x1.5x3 mm3,
TBSS protocol
FA, RD, AD, MD
5000 permutations.

Bilinguals vs.
Monolinguals

FA in both ILF/IFOF,
fornix, CC
Monolinguals > Bilinguals
RD in IFOF, CC:
Bilinguals > Monolinguals
(TFCE correction).

14 Englishvariable_L2 bilinguals
(L2 AoA < 11yo)
14 English
monolinguals
(mean age, 70.5).

15 Dutch-variable_L2
simultaneous
bilinguals (L2 AoA <
3, mean age, 9.3)
15 Dutch-variable_L2
sequential bilinguals
(L2 AoA > 3, mean
age, 9.7)
10 Dutch monolinguals
(mean age, 9.6).
20 Englishvariable_L2 (L2 AoA
< 10; mean age, 63.9)
20 English
monolinguals (mean
age, 64.4)
Matched for gender.
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Table 2. (continued)
Authors

(Cummine
& Boliek,
2013)

(Pliatsikas
et al., 2015)

(Olsen et
al., 2015)

(Mohades
et al., 2015)

Sample

Methods

13 Chinese-English
bilinguals (L2 AoA >
5, mean age, 24.2)
11 English
monolinguals (mean
age, 28.5).
20 variable_L1English (L2 AoA <
10.15; mean age,
31.85; mean
immersion, 91 months)
20 English
monolinguals (mean
age, 28.16).
14 Englishvariable_L2 bilinguals
(L2 AoA < 11)
14 English
monolinguals (mean
age, 70.6)
(Same sample as Luk
et al., 2011).
14 Dutch- variable_L2
simultaneous
bilinguals (L2 AoA <
3, mean age, 11.4)
16 Dutch-variable L2
sequential bilinguals
(L2 AoA > 3, mean
age, 11.33)
10 Dutch monolinguals
(mean age, 11.8)
(Same sample as
Mohades et al., 2011,
but 2 years later).

Comparison

Main results

1.5T, 12 directions, 4
mm slice thickness,
TBSS protocol
FA, MD.

Bilinguals vs.
Monolinguals

Right IFOF & Anterior
Thalamic Radiation (Right
superior portion & inferior
portion bilaterally):
Monolinguals > Bilinguals.

3T, 30 directions, 2
mm slice thickness,
TBSS protocol
FA.

Sequential
late learners
vs.
monolinguals

Bilaterally CC, IFOF,
Uncinate and SLF:
Bilinguals > monolinguals.

3T scanner, voxel
size:1 mm3,

Late
bilinguals vs.
monolinguals

Mean volume in frontal
lobe:
bilinguals > monolinguals
(ROI approach).

Simultaneous
bilinguals vs.
Monolinguals
Simultaneous
vs. Sequential
bilinguals
Sequential
bilinguals vs.
Monolinguals

Mean FA in left IFOF:
Simultaneous > Sequential
bilinguals > Monolinguals
(TOI approach, Bonferroni
correction).

ROI analysis,
(volume)
linear and nonlinear
registration (ANT
algorithm).
3T scanner, 15
directions, voxel
resolution:
1.75x1.75x2 mm3,
TOI analysis,
FA mean values.

Abbreviations: AD = axial diffusivity; AoA = age of acquisition; CC = corpus callosum; FA
= fractional anisotropy; FWE = family wise error; FWHM = full-width at half-maximum; GM = grey
matter; IFOF = inferior frontal-occipital fasciculus; ILF = inferior longitudinal fascicule; MD =
mean diffusivity; RD = radial diffusivity; ROI = region of interest; SLF = superior longitudinal
fasciculi; TBSS = tract-based spatial statistic; TFCE = threshold free cluster enhancement; TOI =
tract of interest; VBM = voxel-based morphometry; WM = white matter.
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Figure 4. Regions showing significant differences in FA values between bilinguals and
monolinguals from TBSS studies. Green: corpus callosum [CC] (Luk et al., 2011; Gold et al., 2013;
Pliatsikas et al., 2015). Red: inferior frontal-occipital fasciculus [IFOF] (Luk et al., 2011; Cummine
& Boliek, 2013; Gold et al., 2013; Pliatsikas et al., 2015). Blue: superior longitudinal fasciculi
[SLF] (Luk et al., 2011; Pliatsikas et al., 2015). Abbreviations: R (right); L (Left); A (anterior); P
(posterior).

2.4 BRAIN NETWORK STUDIES IN BILINGUALISM
Studies of brain networks examine the relationship and interaction between brain
regions to provide a more complete information about the organization and configuration of
these regions and the brain as a whole. Potentially, this might offer a better understanding of
the possible mechanisms underlying the cognitive processes associated with learning and
using a second language. Although it is important to understand brain architecture and
functional integration per se, the search for neural underpinnings of any aspect of basic
neuroscience must be done in the wider context of its applicability. In this sense brain
mapping techniques that capture the structure-function relationships of complex distributed
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cognitive processes can have important implications, mostly in clinical settings, education
and healthy aging, which are crucial social concerns. Importantly, studying brain
connectivity could reveal important individual variations (Sporns, 2011). For example, could
shed light on why two patients with the same lesion could have such different symptoms and
others with different injuries have the same symptoms. Regions do not operate in isolation,
hence connectivity is an important aspect of brain functioning. Only recently has interest
been directed towards a distributed and integrated approach in bilingualism (see Li & Grant,
2016 for a review). The next two sections describe the few studies that have investigated
structural and functional relationships between GM regions in order to provide a network
perspective instead of separated regions in bilingualism.
2.4.1

Structural connectivity
Modifications in the axonal connectivity of the whole brain associated with

bilingualism are not well understood. In particular, the relationship between bilingualism and
the topological properties of the brain anatomical (structural) network are received less
attention. There are many studies modelling the human brain as a complex network (Li et al.,
2009; Basset et al., 2009; Iturria-Medina et al., 2010; Zalesky et al., 2011). From this
perspective the brain is modelled as a graph whose nodes (structural/functional brain regions)
are interconnected by edges (structural/functional connections) (Bullmore and Bassett, 2011).
Therefore, measures of network integration that characterize the ability to rapidly combine
specialized information from distributed regions by estimating the ease with which the
regions communicate can be obtained. They are commonly based on the concept of path,
which is the sequence of distinct nodes and links, representing the network’s basic
organization. One common measure of integration are the ‘global efficiency’ of the graph
brain network. But also it is possible to obtain measures of specialization that describe the
clustering hierarchy properties of all regions in the networks, identifying hub regions or
cluster of regions particularly highly connected to other parts of the networks. ‘Local
efficiency’ is one of the measures that characterize clustering properties of the graph brain
network. The topological properties of the brain graph are important for its performance and,
conversely, functional performance can impact these topological properties (Sporns et al.,
2000). The neural basis of bilingualism provides a unique window into the ability of our
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brains to both integrate and segregate information dynamically within common neural
structures.
With the aid of complex network analysis and network-based statistics, GarcíaPentón et al. (2014) examined the impact of bilingualism on the large-scale structural brain
network. This study investigated WM structural brain connectivity differences between 13
early Basque–Spanish bilinguals (mean age, 24.08; L2 AoA before 3 years old) and 13
Spanish monolinguals (mean age, 29.07). They performed an anatomical connectivity and
complex network analyses based on DW-MRI. The connection density between 90x90 pairs
of GM regions was estimated from a tractography algorithm. A network-based statistic
(Zalesky, Fornito, & Bullmore, 2010a) and graph-theory approaches were employed to
identify differences in connectivity patterns and properties of the networks between both
groups. The authors identified two different anatomical subnetworks that were more strongly
connected and graph-efficient in early bilinguals as compared to monolinguals. Sub-network
I contained left frontal and parieto-temporal brain regions, most of them previously described
in the literature as language-relevant: Insula—STG—IFGTr—SMG—IFGOp—Medial
Superior Frontal Gyrus. Sub-network II also included some brain regions that have also been
extensively related to language processing (i.e. left angular gyrus (AnG) and left superior
TmP) while the others have been implicated in other cognitive processes related to language:
left Superior Occipital gyrus—right Superior Frontal Gyrus—left SPL—left superior TmP—
left AnG. This investigation revealed that early bilingualism modifies the structural
configuration of the WM in relevant brain subnetworks. Specifically, bilingualism facilitates
the emergence of efficient, highly interconnected neural subnetworks in response to the
burden of processing two languages. Importantly though, this outcome also decreases the
efficiency of the larger brain network as a whole. Thus, the optimization of circumscribed
subnetworks impacts negatively the general configuration of the overall network hosting
these specific subnetworks. From an information processing perspective these findings
provide a striking example of coping with increasing computational and representational
demands under the pressure of limited neural resources.
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Until now, this is the only study investigating structural connectivity in bilingualism.
However, most bilingualism neuroimaging studies toward brain networks perspective have
been focused on functional connectivity, as describe the next section.
2.4.2

Functional connectivity
Task-related functional connectivity studies particularly under the brain networks

perspective investigating neural changes related to training on non-native sounds (Sheppard
et al, 2012; Veroude et al., 2010; Ventura-Campos et al., 2013) and artificial grammars
(Yang & Li, 2012) have growing fast during the last years. An extensive review of this
literature is beyond the scope of this thesis introduction, but see Li & Grant (2016) for
details. In general, those studies are suggesting that functional brain networks could predict
successful L2 learning (see also Yang et al., 2015 for a naturalistic language training).
However, functional connectivity studies are still scarce on bilingualism research.
Particularly, large-scale functional network have not been investigated. Contrary to taskbased fMRI, which typically emphasizes a single brain network associated with a particular
task, resting state fMRI allows researchers to investigate connectivity at the whole brain
level, which allows us to associate any possible spatially distributed connectivity pattern to
bilingualism.
The seminal study about resting state activity by Biswal et al. (1995) showed how
different regions of the sensorimotor system fluctuated rhythmically and in a synchronized
manner during rest. Later, was described for the first time a brain network that displayed
increased activity during rest and decreased activity when the subject is involved in a
cognitive task. This network was suggested to play an important role as a baseline of the
brain, thus being called: the default mode network (DMN, Raichle et al., 2001). In addition to
the sensorimotor and DMN, many other brain networks that are involved in vision, hearing,
and memory have been also observed at rest (Damoiseaux et al., 2006). These networks that
are not externally driven by any stimulus or task are also highly dynamic and interactive, and
can be seen modified under many conditions.
The first study about resting-state fMRI in bilingualism was performed by Luk et al.
(2011). They combined WM results from the TBSS analysis (see section 2.3.4) with resting55
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state functional connectivity measures. They performed a resting-state functional
connectivity analysis taking as seeds the regions of GM adjacent to the cluster showing
higher FA values for bilinguals in the prior TBSS analysis and which they considered
important for language switching (i.e. right/left IFG). This analysis showed stronger
functional connectivity between left IFG and posterior brain regions (i.e. with MTG, right
IPL, precuneus, middle occipital gyri and left caudate) for bilinguals as compared to
monolinguals. In contrast, monolinguals showed a different connectivity pattern, showing
higher connectivity between left IFG and other frontal regions.
Grady et al. (2015), performed a resting-state and task-based fMRI connectivity study
in 14 old monolinguals English speaker (mean age, 70.6) and 14 lifelong bilinguals (mean
age, 70.3), who speak English and another alphabetic language since before 11 years old.
They investigated functional connectivity in two brain networks that are typically engaged in
EF: the fronto parietal control (FPC) network and the salience network (SLN), but also study
the DMN. They found stronger intrinsic functional connectivity in the FPC network and
DMN in bilinguals than in monolinguals. Although they did not find group differences in
activations for the tasks-related fMRI paradigm, bilinguals showed stronger correlations than
monolinguals between the intrinsic connectivity in the FPC network and the task-related
increases of activity in prefrontal and parietal regions. Consequently, they also suggested
greater anterior-posterior functional connectivity in bilinguals.
Li et al. (2015) computed the resting state functional connectivity between two
language control regions: dorsal ACC and left caudal nucleus and crucial language
processing regions: precentral gyrus, STG, Rolandic operculum and MTG, bilaterally. In this
study, 14 mandarin-CSL bimodal bilinguals (mean age, 49.5) were compared with 15
monolinguals (mean age, 43.54). They found decreased functional connectivity between the
dorsal ACC and the left STG and left rolandic operculum for bimodal bilinguals.
Finally, Berken et al. (2016) studied the resting-state fMRI signal comparing 16
French-English simultaneous (mean age, 23.3) and 18 sequential bilinguals (mean age 25.7,
L2 AoA > 5 years). Similarly, they focused on the IFG and found greater functional
connectivity between the left and right IFG and between IFG and dorsolateral prefrontal
cortex, IPL and cerebellum. They also found that the earlier the L2 was acquired, the stronger
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the functional connectivity between the left IFG and the right IFG and IPL. In addition, they
found that the increased resting-state functional connectivity was correlated with decreased
neuronal activity in the left IFG during a speech production fMRI paradigm.
Very recently, it was suggested that resting state functional connectivity could also
predict the acquisition of the L2 in adults (Chai et al. 2016). Chai et al. collected rfMRI data
from 15 English speakers immediately before 12 weeks of intensive French immersion
training course and performed a brain connectivity analysis focused on two seed regions
related to language processing: the left frontal operculum (FO) and the visual word form area
(VWFA), obtaining maps of functional connectivity between these regions and all the voxels
in the brain (seed-voxel connectivity maps). Then, a correlation analysis was performed
between the functional connectivity maps and behavioural scores obtained from two
language tasks performed to evaluate the L2 learning: lexical retrieval and reading speed
scores. This study showed that the connectivity between left-FO-and-left-posterior-STG and
between left-FO-and-ACC positively correlated with lexical retrieval scores and connectivity
between VWFA-and-left-mid-STG correlated with the reading speed scores.
In general, both functional and structural connectivity studies consistently identified
or focus in the IFG, a region related to cognitive/language control, and showed how this
region is differently related to a more extended set of regions in bilinguals and monolinguals.
However, the brain network approach is particularly useful for studying large-scale structural
and functional connectivity plasticity associated with any cognitive functions (Guye,
Bartolomei & Ranjeva, 2008), such as language and executive functioning, a topic that still
largely unexplored on bilingualism. Until today, there is only one study investigating brain
networks as a whole in bilingualism (García-Pentón et al., 2014). The search for differences
between bilinguals and monolinguals cannot be limited to locating differences in specific
structures and/or in the patterns of connectivity of these structures. However, these new
studies put us on the right way: if there are bilingualism effects, they may be evident not just
as a change in the volume of one or more regions, but also as a change in the connections
between the different regions of a circuit.
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2.5 EFFECTS OF AGE OF ACQUISITION AND PROFICIENCY IN L2
Although this is not the main focus of this dissertation it is important to take into
account how structural changes related to bilingualism evolve across time. For that reason it
is also necessary to discuss correlational studies between AoA and L2 proficiency with brain
structural measures. Firstly, considering the brain as a non-linear dynamic system and
(individual) bilingualism as a dynamic process (Hernandez, 2013), it is relevant to consider
both the point at which bilingualism begins to influence the system (i.e. AoA) and how the
effect of bilingualism cumulatively interacts with the system (i.e. L2 proficiency and AoA).
Secondly, adaptive models of the neural underpinnings of bilingualism (e.g. Green &
Abutalebi, 2013; Abutalebi & Green, 2007) take into account the dynamic development of
the relevant brain networks over time. Therefore, this section looks at the relationship
between second language experience and brain structure.
Some of the studies mentioned above have also investigated the effect of AoA and L2
proficiency on the brain. The study by Mechelli et al. (2004) used SVC around the region
where they obtained the group effect – the left IPL – and obtained a negative correlation
between GM density and L2 AoA, which means that GM density increased as the L2 AoA
decreased. Additionally, they obtained a positive correlation between the GM density and L2
proficiency, which means that GM density increased as proficiency increased. Grogan et al.
(2012) also showed a positive correlation between GM volume and L2 proficiency in the pars
opercularis (IFGOp) of the left IFG.
Similarly, Hosoda et al. (2013) found the same positive correlation in the IFGOp and
also in FA values of WM tracts beneath the right IFGOp and inside the right ILF and Arcuate
fasciculus, two tracts that typically connect language regions. They studied 137 JapaneseEnglish bilinguals who started to learn the L2 after the age of 7 (mean age, 11). In addition,
they performed a tractography analysis and also found a positive correlation between L2
proficiency and connectivity in the right pathways connecting IFGOp to caudate, and IFGOp
to superior temporal gyrus (STG)/supramarginal gyrus (SMG).
Using a ROI analysis, Abutalebi et al. (2013) showed that the GM volume in the left
putamen increased as proficiency in the third language increased, and they reported this
effect solely for the third language because no correlation effects were obtained for either the
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native language or the L2. In a later study also using a ROI approach, Abutalebi et al. (2014)
found a positive correlation between GM volume in the left TmP and proficiency in L2 in a
group of multilingual subjects. Additionally, the Abutalebi, Canini et al. (2015) study found
no significant correlation between the L2 AoA and the IPL GM volume, but did reveal a
positive correlation between the L2 naming performance and the GM volume in the left IPL,
and between the L2 exposure time and the GM volume in the right IPL.
On the other hand, Klein et al. (2014) showed that CT correlates positively with L2
AoA in the left IFG and the left superior parietal lobule (SPL) for bilinguals, and negatively
in the right IFG. It is important to note that CT is a different measure and has a different
interpretation to that of GM volume. Differences in local GM volume can arise from
differences in CT and variation in surface area due to the folding pattern (Kanai & Rees,
2011). However, GM volume is more correlated with surface area and much less correlated
with CT (Winkler et al., 2010). There are studies (Chung, Dalton, Shen, Evans, & Davidson,
2007) showing a negative correlation between CT and GM density. Thus, although CT
results are difficult to interpret, it seems that Klein et al.’s correlation results (Klein et al.,
2014) between CT and L2 AoA are in line with correlation results in GM volume/density and
ultimately are also consistent with what would be expected for the IFG and parietal regions
(Kanai & Rees, 2011; Winkler et al., 2010). In addition, Mårtensson et al. (2012) longitudinal
study showed that the CT in left STG and volume in right hippocampus correlated positively
with proficiency in the L2.
A longitudinal study by Stein et al. (2012) described GM changes based on a
correlation analysis with behavioural measures. Specifically, they studied GM density
changes in a group of 10 English monolinguals after a brief immersion in an L2 (5 months of
learning German in Switzerland), showing a positive correlation between the increase of L2
proficiency and the increase of the density in the left IFG and also in the anterior temporal
lobe (aTL), using cluster-level correction of the FWE. Notice that this is the only VBM
longitudinal study of L2 learning within an immersion context.
In conclusion, the most consistent effect regarding AoA and L2 proficiency in the
brain is in the GM of the IFG, and the WM connecting the IFG with other GM regions, such
as caudate, STG and SMG/IPL. These results suggest that mastery of the L2 (i.e. increased
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L2 proficiency and L2 experience) is associated with higher GM volume, higher WM
connections and less CT in regions related to EFs and language control, specifically the IFG.
Abutalebi and Green’s model (Abutalebi & Green, 2007; Green & Abutalebi, 2013) predicts
that the degree of involvement or activation of these regions changes as a function of L2
proficiency. Bringing together the predictions of the model and the findings for structural
changes in the brain described here requires a link between function and structure,
particularly of how ‘involvement’ and ‘activation’ spell out in terms of structure. Very
tentatively, if (as Abutelebi and Green predict) greater L2 proficiency involves more
automatic processing of the language, greater ability in control and thus less activation of the
associated regions in the control network, these results suggest that these changes are
associated with greater GM volumes and WM connectivity in these regions. However, this is
just speculation and only further testing can shed more light on the issue.

2.6 SUMMARY

AND

METHODOLOGICAL

CONCERNS

IN

BILINGUALISM STUDIES
To summarize, a total of nine cross-sectional studies performing VBM looked for
GM differences between bilinguals and monolinguals across the whole brain. Three of them
(3/9) were cross-sectional studies that reported no significant brain differences (Gold et al.,
2013; Grogan et al., 2012; Ressel et al., 2012). In contrast, three other studies using different
techniques/measures and experimental designs consistently reported GM changes in the IFG:
Klein et al. (2014) obtained increased cortical thickness for bilinguals in the left IFG but
decreased cortical thickness in the right; Mårtensson et al. (2012) also found increased CT in
the left IFG, and Hosoda et al. (2013) obtained increased GM volume in the right IFG. These
last two studies looked at intensive L2 learning experiences longitudinally. Interestingly,
there are two very recent studies (Olulade et al., 2016; Burgaleta et al., 2016) showing also
increased GM volume in the IFG. Finally, five cross-sectional studies (6/9) performing VBM
at the whole brain level found increased density/volume in different regions: the left or right
IPL (Mechelli et al., 2004; Burgaleta et al., 2016; Olulade et al., 2016), cerebellum
(Pliatsikas et al., 2014; Burgaleta et al., 2016; Olulade et al., 2016), left aITG (Abutalebi et
al., 2014) and ACC (Abutalebi, Guidi et al., 2015). Each of the studies used different
methods for the pre-processing and analysis of the data (see table 1). Importantly, with
60

Chapter 2: Brain Changes in Bilingualism

respect to the effect in the cerebellum, while some studies found increased GM volume for
bilinguals (Pliatsikas et al., 2014; Burgaleta et al., 2016) other found decreased volume
(Olalude et al., 2016).
Eight studies performed ROI analysis, extracting mean volumes from the regions or
reducing the analysis to the scope of a volume of interest. Two studies showed increased GM
in the right IPL (Grogan et al., 2012; Abutalebi et al., 2015), and the rest showed isolated
results.
Considering WM, four cross-sectional studies looked for differences between
bilinguals and monolinguals across the whole brain using TBSS. The most consistent WM
changes were observed in CC and IFOF. However, while two studies found increased FA
values in CC for bilinguals (Luk et al., 2011; Pliatsikas et al., 2015), another found decreased
FA values (Gold et al., 2013). And some studies found increased FA values in IFOF for
bilinguals (Luk et al., 2011; Pliatsikas et al., 2015); others found decreased FA values
(Cummine & Boliek, 2013; Gold et al., 2013). On the other hand, two other studies
performing VBM reported no significant differences in WM volume (Mechelli et al., 2004;
Ressel et al., 2012). However, these last two studies used a completely different
measurement and methodology to those of the former studies. There is one more crosssectional study showing decreased and increased FA values in the CC and IFOF,
respectively, for bilinguals but using TOI approach (Mohades et al., 2012). In line with
results on cross-sectional studies, there are also three longitudinal studies: one showing
increased FA in CC for learners vs. non-learners (Schlegel et al., 2012), another one showing
increased FA of the white matter inside the right IFG (Hosoda et al., 2013) and one more
showing increased FA in the IFOF for bilingual (Mohades et al., 2015, the same children
investigated in Mohades et al., 2012).
Regarding brain network approach, there are three functional (Luk et al., 2011; Grady
et al., 2015; Li et al., 2015) and one structural (García-Pentón et al., 2014) connectivity
studies that compared bilinguals and monolinguals. Luk et al. (2011) and Grady et al. (2015)
showed greater anterior-posterior functional connectivity in bilinguals, especially between
the IFG and posterior brain regions in the temporal, parietal and occipital gyri. García-Pentón
et al. (2014) revealed that early bilinguals showed a different axonal structural configuration
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of the brain, developing more highly interconnected and efficient subnetworks to achieve the
processing of the two languages, and that these changes seem to be at the expense of
decreased graph-efficiency for the whole brain network. This is in line with previous
accounts broadly showing that bilinguals are less accurate and slower than monolinguals of
each language in linguistic tasks (e.g. picture naming, word recognition, lexical decision)
(Gollan et al., 2011; Martin et al., 2012), under the supposition that the over-developed
structural subnetworks allow bilinguals to deal with two languages but do not improve
linguistic skills per se in each language. Furthermore, Luk et al. (2011) showed stronger
functional connectivity between the left IFG and other frontal regions in monolinguals and
this pattern could be important in supporting better performance in linguistic tasks as
compared to bilinguals. On the other hand, the fact that regions and subnetworks important in
executive control mechanisms (i.e. IFG, DNM and FPC network) are involved (GarcíaPentón et al., 2014; Luk et al., 2011; Grady et al., 2015) is in line with Abutalebi and Green’s
model. Be that as it may, large-scale functional/structural connectivity studies are still needed
to complement previous findings.
Assessing these findings in the light of Abutalebi and Green’s Adaptive Control
Hypothesis (Abutalebi & Green, 2007; Green & Abutalebi, 2013), there is just one region
predicted by the model that consistently shows up across studies as a structural difference
due to bilingualism: the left/right IFG (Hosoda et al, 2013; Klein et al., 2014; Grogan et al,
2012; Luk et al., 2011; García-Pentón et al., 2014; Olalude et al., 2016; Burgaleta et al.,
2016). Some of the studies used alternatives to the traditional methods of VBM and ROIbased analysis and analysed the whole brain to reveal effects of bilingualism in the IFG
(Klein et al., 2014) and in the connections between the IFG and other regions (Luk et al.,
2011; García-Pentón et al., 2014; see also Grady et al., 2015; Berken et al., 2016).
Furthermore, others studies support these results showing that this region is also sensitive to
L2 AoA and proficiency (Grogan et al., 2012; Hosoda et al., 2013; Klein et al., 2014).
Additionally, several WM structural studies have also confirmed differences between
bilinguals and monolinguals in the tracts connecting IFG with many other regions in the
frontal lobe (including the contralateral side) and the temporal, parietal and occipital regions
in the back of the brain, specifically the CC (Luk et al., 2011; Pliatsikas et al., 2015; Gold et
al., 2013; Mohades et al., 2012) and the IFOF (Luk et al., 2011; Pliatsikas et al., 2015;
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Mohades et al., 2012, 2015; Gold et al., 2013; Cummine & Boliek, 2013). Nevertheless,
although these results identified the same WM regions, they are contradictory because some
show increases while others show decreases FA values of the WM. As stated above,
chronological age and age of acquisition of the second language are clearly confounding
factors between these studies.
In the same vein, some other regions predicted by the model have also appeared. This
is the case of the IPL, which was initially demonstrated by Mechelli et al. (2004) and then
replicated by Grogan et al. (2012) and Abutalebi, Canini et al. (2015) but using a different
methodology (namely, ROI-based rather than a whole-brain approach). However, more
recently have been replicated by Burgaleta et al. (2016) and Olulade et al. (2016) using
whole-brain approach. It is also the case of the ACC (Abutalebi, Guidi et al., 2015) but
replication to support this finding is lacking. Additionally, some regions have emerged that
are not predicted by the model: the aITG (Abutalebi et al., 2014) and cerebellum (Pliatsikas
et al., 2014; Burgaleta et al., 2016; Olulade et al., 2016). Although the Adaptive Control
Hypothesis could possibly account for the cerebellum effects in the context of dense codeswitching, the sample in the Pliatsikas et al. (2014) study did not come from this sort of
environment: the bilinguals in the study were in a relatively monolingual immersion setting,
and more critically, their mean L2 AoA was 7.7 years old.
Although current neuronal models of bilingualism, such as Abutalebi and Green’s
Adaptive Control Hypothesis, are logical and consistent with task-based fMRI data, the
current structural and connectivity evidence does not provide complete support for the
models’ postulates. While the results offer limited support for some aspects of the Adaptive
Control Hypothesis, taken as a whole they suggest that the model is incomplete and requires
adjusting for those regions that cannot be accounted for or are altogether unexpected under
its present formulation.
Critically, the current experimental evidence for plasticity changes in the brain due to
bilingual experience is relatively weak. Neuroimaging studies in this field are still very small
in number and far from being consistent enough. With the evidence currently available, it is
possible to be confident about consistent and reproducible structural changes related to
bilingualism in only a few regions, such as IFG and its connections with other areas. The
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remaining findings provide an unclear picture that makes it difficult to arrive at
generalizations or to confirm or refute current models. Therefore, the debate over the
bilingual advantage does not seem to have become clearer with current neuroimaging data.
To a great extent much of this lack of conclusive evidence is due to methodological
differences among the studies and these inconsistencies will be identified below. Against this
backdrop, the Adaptive Control Hypothesis is a good candidate for a working model in
which the integration of structural, functional and behavioural evidence would allow us to
confirm and/or fine-tune how the brain is shaped by bilingualism. For that to happen, new
studies are required in order to accumulate more stable data.
Various methodological issues have already been touched upon in the previous
sections. One of the major concerns is about the different approaches used for the preprocessing and analysis of data, which can give rise to different results (Ashburner & Friston,
2011) and thus could contribute toward explaining the inconsistencies in the field of
bilingualism. Tables 1-2 summarize the pre-processing and analysis of the studies included in
this introduction. Notice that the greatest variation exists in GM studies, particularly in
segmentation and registration procedures. Some of the studies used the unified segmentation
approach (Ashburner & Friston, 2005), others used the improved unified segmentation
approach implemented in the New Segment toolbox for SPM8 or even older segmentation
algorithms (Ashburner & Friston, 2000), and yet others used the VBM5 protocol that does
not use prior tissue information for the segmentation step (Good et al., 2001). There is also
other studies using the segmentation approach implemented in the FSL software (Zhang,
Brady, & Smith, 2001), which relies on different algorithms. The registration step also
depends on the software used for the processing of the images (see Table 1): old versions of
SPM use a low spatial resolution method for the non-linear registration; FSL uses a medium
spatial resolution method; and SPM8 uses a high spatial resolution registration method. Each
of these methods can produce different results (Radua, Canales-Rodriguez, Pomarol-Clotet,
& Salvador, 2014). The size of the filter used to smooth the images also affects results and
can be an important source of variability (Jones, Symms, Cercignani, & Howard, 2005;
Salmond et al., 2002). In this case, no variability was observed across studies, with the single
exception of the Abutalebi et al. (2013) study, which used an isotropic Gaussian kernel of 4
mm of FWHM, compared to the other studies, which used 8 mm (FWHM) or sigma of 3 mm
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(approximately equivalent to 8 mm FWHM). Additionally, although almost all of these
studies used volume (modulated images) as the GM measure, a few studies used density
(unmodulated images) as the GM measure (see Appendix 1). These different choices can
give rise to different results and require different interpretations (Radua et al., 2014). Also,
although some studies corrected images for brain size using the total intracranial volume
(TIV), WM+GM raw volumes or age, others followed different statistical procedures or did
not correct for brain size at all. Additionally, some studies used their own group template for
the registration to the standard space, using DARTEL (Ashburner, 2007), FSL or other
methods, while the rest of the studies used standard templates for registration. The former
usually improves the registration in the group. These methodological choices need to be
considered when interpreting the results and accounting for their variability.
In contrast, there is no such heterogeneity of methods in WM studies because – with
the exception of only two studies that used a TOI approach, which suffers from the same
shortcomings as the ROI approach (Furutani, Harada, Minato, Morita, & Nishitani, 2005;
Kanaan et al., 2006; Snook, Plewes, & Beaulieu, 2007; Tapp et al., 2006) – the remaining
studies follow a standardized method implemented in FSL to perform the TBSS approach on
diffusion-derived measures. However, it is important take into account that the use of data
acquired from different scanners (1.5T or 3.0T) and using different parameters for the
acquisition of the images (see tables 1 and 2 for details of the different studies reviewed here)
can produce important differences in the quality/noise of the images across studies and also
influence variability in the results.
Finally, the most important difference between studies is the approach used for the
statistical analysis of the data: ROI vs. VBM analysis, each of which answers different
questions. The former looks for differences between groups at ROI-level and the latter looks
for differences across the whole brain (i.e. voxel-level, peak-level, cluster-level inferences).
Advantages and disadvantages of both procedures have been mentioned throughout this
review, and there has been much debate about the use of voxel-based or ROI-based
approaches (Good et al., 2001). Various studies have compared both methods (Furutani et al.,
2005; Giuliani, Calhoun, Pearlson, Francis, & Buchanan, 2005; Kanaan et al., 2006; Kubicki
et al., 2002; Snook et al., 2007; Suzuki et al., 2005; Tapp et al., 2006; Testa et al., 2004),
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finding, on the whole, similar results for both methods but some advantages for voxel-based
over ROI-based analysis. Although VBM can overlook small differences (Saxe, Moran,
Scholz, & Gabrieli, 2006), the ROI approach limits the chances of coming up with new,
unexpected findings (Friston & Henson, 2006) making it difficult to expand and generalize
the body of knowledge. Ultimately, the two techniques are complementary and cannot be
used separately (Snook et al., 2007). This is important because even when there is a prior
hypothesis about particular regions, it is useful to obtain information about the whole brain,
since regions are unlikely to be working in isolation, making it crucial to perform a whole
brain analysis in the first place. Additionally, even though the ROI-based analysis increases
the sensitivity of the test with respect to the whole-brain analysis thanks to a reduction in the
amount of testing and consequently in the problem of multiple comparisons, ROIs face other
problems due to the effect of averaging discussed in section 2.2.1.
The VBM approach also has its weaknesses. The fact that different ways of
performing VBM analysis can lead to disparate results is a huge problem for the integration
of different studies. Different pre-processing steps applied to the images, such as the choice
of segmentation or registration algorithms, or even the decision to modulate images (or not)
after registration, can also lead to different results (Ridgway et al., 2008). However, ROI
analysis holds no advantage over VBM in this respect because the definition of the regions
by hand also introduces errors into the process. Usually, good segmentations are produced by
well-trained and highly experienced research staff, and the difficulty lies in finding
individuals with this kind of expertise. Furthermore, almost all the ROI studies reviewed here
suffer from the same problem of image pre-processing as the VBM studies because they
performed automatic extraction of the ROIs or they also normalized the images before the
delineation of the ROIs by hand.
As far as data analysis is concerned, in order to make studies replicable and more
generalizable, certain standards are needed (see Borgwardt, Radua, Mechelli, & Fusar-Poli,
2012; Ridgway et al., 2008, for comprehensive guidelines on good practice when reporting
VBM studies). Firstly, the various techniques of correcting for multiple comparisons require
special attention and clarification: within the different methods of controlling the FWE rate
or the FDR (described in Appendix 2), various options exist which impact on the
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interpretation of the results, and full details of the correction process should be provided.
Secondly, although reporting uncorrected results should be avoided, doing so requires
providing even more information to make the results meaningful to interpretation (see
Ridgway et al., 2008 for details of these recommendations). Thirdly, even if there is some
justification for performing ROI analysis or SVC, a prior exploratory whole-brain analysis is
needed to complement the ROI approach and even negative results must be reported
(Borgwardt et al., 2012). This is crucial to have the full picture before reaching any
conclusions.
In the same way that a correct and thoughtful methodological approach to data
acquisition and analysis is important, so is the need for an adequate characterization of the
bilingual sample being tested. Unfortunately, almost all the studies described here have small
samples and some of them provide minimal information regarding the type of bilinguals
tested, thus making it difficult to draw conclusions that could generalize to other bilingual
samples. (This may be another source of some of the above-mentioned discrepancies among
existing studies.) The concept of bilingualism is broad enough to cover a finite but wide
range of language combinations, and it might be the case that languages of different
typologies shape the human brain and its functions in different ways (Carreiras, Duñabeitia,
Vergara, de la Cruz-Pavia, & Laka, 2010; Zhu, Nie, Chang, Gao, & Niu, 2014). Hence, it
should be no surprise that different language combinations (pairs) give rise to the differing
development of the neural substrates that support language use and control. Similarly, even if
the results obtained from studies exploring the influence of L2 proficiency and L2 AoA
partially converge, there is convincing evidence that these two factors independently
contribute to language processing in bilinguals’ comprehension and production behaviour
(Dimitropoulou, Duñabeitia, & Carreiras, 2011; Dowens, Vergara, Barber, & Carreiras,
2010; Duñabeitia, Dimitropoulou, Uribe-Etxebarria, Laka, & Carreiras, 2010; Duñabeitia,
Perea, & Carreiras, 2010; Perea, Duñabeitia, & Carreiras, 2008). Thus, a thorough
description of the knowledge and use of each of the languages is essential for a precise
characterization of the samples being tested to make possible the replication and discussion
of findings in the context of the specific linguistic background of the participants (see Tables
1 and 2 for an illustration of the variability between studies). Finally, but equally important, a
precise definition of the manner in which the second language has been acquired and of the
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context in which each language is being used is critical, given numerous demonstrations of
the differential effects derived from naturalistic vs. classroom-based learning (Muñoz, 2008;
Pliatsikas & Marinis, 2013; see Stein, Winkler, Kaiser, & Dierks, 2014, for an overview), as
well as of dominance-switch effects (Basnight-Brown & Altarriba, 2007), and of the role of
immersion in language processing, and therefore, in the neural assemblies supporting
bilingualism (Baus, Costa, & Carreiras, 2013). Since bilingualism is in and of itself a
heterogeneous phenomenon, a wide range of studies taking in this variability could reduce
this methodological problem and provide better answers. Unfortunately, to date there are
insufficient studies covering and replicating this variability.
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The first motivation for this dissertation is that even though there are so many
controversies about the bilingual advantage, studies about brain plasticity in bilingualism are
still scarce. Additionally, the little existing evidence has not been replicated and very often is
conflicting. The present study will try to shed some light on the field by adding fresh new
evidence testing children and elderly high proficient early Spanish-Basque bilinguals, two
very different languages from a linguistic typology point of view. This thesis will embrace an
interdisciplinary approach to address an ambitious but clearly outlined goal: the neural
modelling of bilingualism. As such, the proposed work has the potential to illuminate a
number of core issues in the field and to use brain-mapping techniques that comprehensively
capture the structure-function relationships of systems of highly complex distributed
cognitive processing (e.g., language and executive control).
Measure the differences between bilinguals and monolinguals is difficult, mainly due
to the high degree of variability between bilingual individual linguistic profiles and also due
to the variability in language control and processing abilities from one individual to another,
from one population to another and one age group to another. However, if a pattern appears
among so much variability, presumably this will be able to be generalized. This thesis will
try to overcome some of these problems investigating age groups at either end of the
lifespan: children and the elderly. Children’s brains are in the process of development and in
a period where the brain is more sensitive to changes and in particularly to changes related to
language acquisition and executive functioning. In the elderly, on the other hand, there is
typical structural and functional decline of the brain. There is evidence showing that the brain
at this stage is sensitive to many cognitive reserve variables such as intelligence, social
status, fitness (Stern, 2009) and likely bilingualism (Bialystok et al., 2016). Therefore, in this
study, it is expected that the potential brain differences between bilinguals and monolinguals
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are most salient in both children and elderly. It is also expected that if these differences
appear, they should be more salient in seniors than in children, given the lifelong experience
of bilingualism of the elderly as compared to the children.
Additionally, the bilingual population proposed for this study (Basque-Spanish
bilinguals), is mostly simultaneous and early bilingual that is constantly exposed to both
languages and switches between their languages very often in everyday life, and indeed they
often interleave both languages in a single utterance within a conversation. According to
Green and Abutalebi’s bilingualism model (2013) this represents a dense code-switching
language interactional context. Moreover, both languages, Spanish and Basque, are very
distant lexically (Duñabeitia et al., 2010), orthographically (Casaponsa et al., 2015) and
syntactically (Carreiras et al., 2010). It is expected, therefore, that the kind of bilingual
population and context proposed here and the typological distance between languages will
also result in more brain plasticity, as it is well-known that AoA and language proficiency are
determinant factors in the neural underpinnings of bilingualism (see Laka, 2012 and Caffarra,
Molinaro, Davidson and Carreiras, 2015 for a review), and that when the difference between
properties of the two target languages differ more widely, the neural systems involved in the
processing of both languages are more differentiated (i.e. may have distinct underlying neural
correlates) (Kovelman et al., 2008; Li & Shu, 2010; Zhao & Li, 2010; Lucas et al., 2004; Zhu
et al., 2014), which could increase the possibility of finding brain differences between
bilinguals and monolinguals.
The research questions of interest in this study will be addressed by combining
different neuroimaging modalities (i.e. T1-MRI, DW-MRI and rfMRI). As each
neuroimaging modality in isolation is limited by the nature and extent of information it can
provide, this fusion enables complementary data of value in understanding brain plasticity. In
this sense, different measurements can be obtained, such as GM volume, cortical thickness,
DTI-derived measures and large-scale structural/functional connectivity maps that could
provide compelling evidence for neural changes related to the acquisition of more than one
language. With such complementary imaging results, commonalities can be arrived at,
helping to overcome previous methodological problems in the field.
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Specifically, it is expected that bilinguals will show regional increased GM volume
and decreased cortical thickness in regions important for bilinguals living in a dense codeswitching language interactional context (i.e. cerebellum, left IFG, caudate/putamen, insula,
premotor and motor cortex) and/or in regions that have previously shown increased grey
matter volume/density, and/or different functional demands in bilinguals. Local
modifications of WM structure are also expected in comparison to monolinguals; showing
increased/decreased FA values in WM tracts connecting these regions. But also
functional/structural specialized subnetworks are expected, by showing higher axonal
connection density and/or higher functional correlation between these GM regions.
Brain regions may have undergone a different configuration to increase their
processing capacity in order to fulfill the increased language demands. The relationship
between bilingualism and the topological properties of the brain functional/structural
networks will also be investigated here by modelling the human brain as a complex network
(Basset et al., 2009; Iturria-Medina et al., 2011; Li et al., 2009; Zalesky et al., 2010b). Here,
the brain is modelled as a graph whose nodes (structural/functional brain regions) are
interconnected by edges (structural/functional connections) (Bullmore and Bassett, 2011).
Global graph-efficiency (a measure of integration) and local graph-efficiency (a measure of
clustering) of the brain structural/functional networks will be estimated. It have been
demonstrated that these complex network topological properties are important for the
performance of the brain graph. On the other hand, functional performance of the brain graph
can impact these topological properties (Sporns et al., 2000). Thus, changes in topological
properties of the brain structural/functional networks in bilinguals are also expected. Taken
into account previous findings on bilingualism (García-Pentón et al., 2014), it is expected that
the bilingual brain will show higher efficient specialized subnetworks related to language as
compared to monolinguals.
Overall, the main objective of this dissertation is:
•

To better understand the neuroplasticity in bilingualism studying two different age
groups: children and elderly, and using a multimodal neuroimaging approach.
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The central research questions of this dissertation are: a) What are the effects of
bilingualism on the brain functional/structural configuration b) Whether we need different or
extra brain regions/sub-networks to deal with more than one language c) Whether the
network’s capacity for management and integration of information differs from
monolinguals. This dissertation will focus on age groups at either end of the lifespan and will
include multiple neuroimaging techniques to exhaustively investigate these questions. The
specific research questions asked are:
•

How does the bilingual experience change the structure of the brain in childhood?

•

How does lifelong bilingualism alter the structure of the brain in the elderly?

•

Are these changes more evident in the elderly than in children?

•

How are the large-scale functional/structural brain networks (i.e. at the whole-brain
level) modified by bilingualism?

•

What commonalities due to bilingualism can be detected in the brains of these two
bilingual groups?
Accordingly, in order to reach a unified neural modelling of bilingualism, we will

investigate differences between bilinguals and monolinguals using structural and functional
measures and their interrelationships. For that purpose, this dissertation will tackle these
specific objectives:
(i) To evaluate how the bilingual experience changes the GM structure in childhood and
old age by measuring and comparing the GM volume and CT between bilinguals and
monolinguals, at the whole brain level.
(ii) To explore how the WM is modified in children and elderly bilinguals as compared to
monolinguals, by measuring and comparing FA maps at the whole brain level.
(iii) To map and compare the underlying structural/functional connectivity in the
bilingual brain using a large-scale connectivity approach in children and elderly
bilinguals and monolinguals.
(iv) To perform a fully comprehensive study integrating both populations (children and
elderly) in order to determine the most outstanding differences between monolinguals
and bilinguals.
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Summarizing, this study utilises a combination of neuroimaging techniques (T1-MRI,
DW-MRI and rfMRI) to promote convergent evidence about the specialization and
integration of the neural networks in bilingualism. As such, this work expects to uncover the
neural mechanism for bilingualism by mapping the structural/functional networks in
bilinguals as compared to monolinguals. In other words, this dissertation will study the
organisation of brain networks, either due to slow changes in brain areas and their wiring
(namely, the structural plasticity), or due to fast modulation of their interactions (namely,
functional plasticity). T1-MRI (i.e. 3D high resolution whole-head anatomical scan) will be
used to identify regional grey matter differential structural patterns associated with
bilingualism using voxel-based morphometry (VBM; Ashburner and Friston, 2000)
implement in FSL (Smith et al., 2004) and surface-based analyses implement in FreeSurfer
(Dale et al., 1999; Fischl et al., 1999). Importantly, this work will bring evidence of how
brain structure constrains and determines functional connectivity. DW-MRI and rfMRI data
will be used to determine structural and functional connectivity, respectively. Both
techniques will make it possible to model the large-scale structural/functional connectivity
maps by means of a high-dimensional parcellation of the brain instead of limiting the
analysis to specific regions of interest, as done in previous studies. For that purpose the T1MRI will be also used to generate the grey matter parcellation employed in the connectivity
analysis. It is crucial to use small parcellations (e.g. 90 GM regions) in order to obtain a
better high-dimensional structural individual atlas that can then be more readily matched to
the functional regions. DW-MRI data will be pre-processed using FSL and rfMRI data will
be pre-processed using the Data Processing Assistant for Resting-State fMRI (DPARSF, Yan
and Zang 2010; Yan et al. 2016, available at http://rfmri.org/DPARSF), which is based on
SPM (http://www.fil.ion.ucl.ac.uk/spm). For the data analysis, network-based statistics
(Zalesky et al., 2010) and graph theoretical approaches (Latora & Marchiori, 2001; Rubinov
and Sporns, 2010) will be employed to investigate differences between groups in
connectivity patterns, by isolating sets of regions interconnected differently between groups,
and in topological properties of the networks, by measuring global/local graph-efficiency.
This network analysis represents a fine-grained spatial analysis of the specialisation and the
integration of the brain. In other words, the connectivity of each region separately along with
how regions interact with each other and form communities/subnetworks. This approach
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provides information about whole-brain structural/functional organization. This methodology
has been widely used before in healthy subjects and patients looking for normal and
abnormal intrinsic connectivity patterns (e.g. Zalesky et al., 2010b; Bai et al., 2012;
Verstraete et al., 201), and it has also been used in healthy populations to study bilingualism
(García-Pentón et al., 2014). The direct comparison between the monolingual and bilingual
groups will allow the extraction of subnetworks and regions that are critical for our
understanding of the neural bases of bilingualism. As a result, the detection of different
structural/functional connectivity patterns (subnetworks) in bilinguals as compared to
monolinguals is expected. On the basis of previous studies I hypothesize that the
subnetwork(s) related to bilingualism will be made up of a distributed network of regions
including the cerebellum, left IFG, caudate/putamen, insula, premotor and motor cortex, but
also other brain regions related to language processing and control that have been
previously suggested to be influenced by bilingualism. I also hypothesize that the IFG will be
a hub region in bilinguals identified by the topological analysis.
The most innovative aspect of the research agenda is the approach to understanding
the mind in terms of nested and distributed systems that establish dynamical interactions in
order to realise a given cognitive process. The mind cannot be explained simply as a
collection of segregated brain modules that are in charge of specific behaviours or processes
(Spivey, 2007). In this context, mapping the human brain is a necessary step to uncovering
the principles of the brain’s functional and structural organization. However, little has been
unambiguously mapped to date. The distributed integrational connectivity perspective of the
brain outlined highlights the difficulty in explaining the distributed neural mechanisms
underlying cognitive capacities without a multimodal neuroimaging approach. Recently, such
an approach has been followed to provide a distributed and integrated view of bilingualism in
young adulthood (see García-Pentón et al., 2014). Within this new integrational perspective,
it becomes necessary to explore the relationship between structure and function, as a more
holistic and realistic approach to understanding the comprehensive nature of bilingualism.
Additionally, using different measures to complement brain information extracted from
different healthy populations will ensure that the results obtained will lead to solid
conclusions, which ultimately will contribute to refining current models of bilingualism. The

74

Chapter 3: Motivation, Aims, Predictions and General Scheme

fact that the issues dealt with by this dissertation have not yet been widely explored means
that many interesting questions may be uncovered by this work.
Having outlined the background of this dissertation, Part II (the experimental section)
first reports and discusses the findings from 2 experiments carried out separately to examine
the effects of bilingualism on the brain in the two populations under study (chapter 4
describes Experiment I with bilingual and monolingual children and chapter 5 describes
Experiment II with elderly bilinguals and monolinguals). Finally reports and discusses the
results of a third analysis that integrates both age groups in a more exhaustive statistical
model (Chapter 6).
Part III includes Chapter 7, with the summary of the effects and general discussion of
the dissertation. This chapter summarizes the results of the experiments and discusses these
results in the light of current models of bilingualism in section 7.1. Finally, section 7.2
concludes by identifying issues that should be taken into account so that studies in this field
are more comparable and provide evidence that can be collected, processed and integrated
more easily. This chapter closes with methodological recommendations to follow in future
studies (section 7.3) with the aim of providing a methodological framework that will enable
the field to progress.
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Chapter 4: Experiment I. Structural Brain Changes in
Bilingual Children
4.1 INTRODUCTION
Language exposure during the first years of life sculpts the brain even before infants
can speak, and toddlers develop an astonishing capacity to discriminate between their native
language’s sounds and those that are not meaningful from early stages of the development
(Kuhl, 2010). While monolingual infants lose the ability of non-native phonetic
discrimination by approximately 10 months old, bilingual infants can discriminate between
their two languages (Byers-Heinlein, et al., 2010) and even can distinguish languages
different to their own for longer periods (Weikum et al., 2007; Sebastián-Gallés et al., 2012).
However, and in spite of the evidence gathered regarding the manner in which infants
discriminate among the languages of their environment, our understanding of how the
exposure to two languages from infancy shapes the brain remains far from complete.
Recent neuroimaging studies suggest that the neural circuitry that supports language
processing is different in bilingual than in monolingual children (Garcia-Sierra et al. 2011),
and that it involves different networks particularly with a greater connectivity to prefrontal
areas for the former group (Petitto et al. 2012). Furthermore, it has been suggested that a
relatively brief exposure period to a seemingly bilingual linguistic setting is sufficient to alter
the ulterior brain activation pattern and to influence cognitive abilities related to language
processing (e.g., Pierce et al., 2015).
In general terms, it is assumed that children acquire languages with greater ease than
adults (Flege, Munro & Mackay, 1995; Weber-Fox & Neville, 1996). It is well known that
the proficiency in a second language is modulated by the age at which that language was
acquired (Hernandez and Li, 2007), given the sensitive time periods related to the different
linguistic levels of processing. Due to the sensitivity of the infant’s brain to neuroplasticity
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during the first years of life, it has been proposed that this period is the best suited for
acquiring a language (Pierce et al., 2015). Hence, being infancy the best setting for language
acquisition, and considering that the toddlers’ brains bear critical developmental changes that
shape their future structural and functional architecture during this period, one may wonder
whether acquiring two languages in childhood may yield a neural configuration that is
inherently distinct from that of the children who acquire a single language. The current study
aims at shedding light on this issue by comparing the anatomical and functional brain
organization of monolingual and bilingual children.
Considering the course of development of many cognitive functions that are
necessary to efficiently use and control the language(s) spoken by a person, it has been
suggested that childhood represents a perfect test scenario to investigate the existence of
differences between bilinguals and monolinguals at multiple levels of cognitive processing.
In fact, it has been suggested that childhood sets the best test case for the so-called bilingual
advantage (e.g., Bialystok et al., 2012). According to this hypothesis, bilingual children may
develop enhanced executive functions as compared to their monolingual peers as a
consequence of their constant need to monitor the environment and to inhibit the
inappropriate language to effectively communicate (e.g., Bialystok et al., 2016). While this
conclusion has been refuted in recent years from data coming from young and older adults
(see Antón et al. 2016; Paap & Greenberg, 2013), and even from large-scale studies testing
bilingual and monolingual children (see Duñabeitia et al., 2014; Antón et al., 2014), it
remains to be fully explored whether bilingualism can shape the infant brain at a level that is
not seen in merely behavioural tasks.
In the current study the resting-state fMRI technique, in combination with DW-MRI
and T1-MRI, was used to study structural/functional brain plasticity related to bilingualism in
children. This neuroanatomical approach was followed in order to explore task-independent
differences between the bilingual and monolingual brain during childhood; leaving aside the
discrepancies at the behavioural and functional level on the existence of a bilingual
advantage (e.g., Paap & Greenberg, 2013; Kroll & Bialystok, 2013; Paap et al., 2015; de
Bruin et al., 2015a; see also García-Pentón et al., 2016; Abutalebi & Green, 2007;
Hernandez, 2009; Luk et al., 2012, for a review). This combination of methods has also the
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advantage of allowing large-scale network analysis, by mapping functional/structural brain
networks at the whole-brain level. Considering also that the development of executive
functioning follows a trajectory whose most critical moments occur during early childhood
(see Garon et al., 2008) and that some authors have suggested that bilingualism could
modulate this course of development (e.g., Kovacs & Mehler, 2009), it could be tentatively
suggested that the simultaneous acquisition of more than one native language could trigger
greater structural/functional brain plasticity than the acquisition of a single language, and
therefore that this effect can be salient in children’s brains. Moreover, these changes should
be expected especially in regions related to language processing and executive cognitive
abilities.
The evidence on the structural/functional brain changes associated with bilingual
experience is scarce and inconsistent, and it mainly comes from studies testing young and
older adulthood (see Costa & Sebastián-Gallés, 2015; García-Pentón et al., 2016; Li et al.,
2014, for reviews). Across the studies, just one region shows up in a relative consistent
manner showing differences between bilinguals and monolinguals: the left/right IFG (e.g.,
Hosoda et al, 2013; Klein et al., 2014; Grogan et al, 2012; Luk et al., 2011; García-Pentón et
al., 2014, Olalude et al., 2016; Burgaleta et al., 2016). This difference is correctly predicted
by current neuro-functional models (e.g., Abutalebi & Green, 2007; Green & Abutalebi,
2013), but these same accounts also predict differences in other regions which are not so
stable across studies (such as, cerebellum, caudate/putamen, insula, premotor and motor
cortex). Nonetheless, as said, these pieces of evidence mainly come from studies testing
young and older adults.
So far, there are only two structural neuroimaging studies exploring the differences
between bilingual and monolingual children’s brain (Mohades et al., 2012; 2015) and they
just investigate the white matter (WM) plasticity. In a first study, Mohades et al. (2012)
examined WM changes in some tracts of interest cross-sectionally by comparing groups of
simultaneous bilingual, sequential bilingual and monolingual children. These same groups
were followed in a longitudinal study, as recently reported in Mohades et al. (2015). They
extracted the mean FA values from four major tracks that are well-know to connect language
regions (i.e. the left arcuate fasciculus/SLF, the left IFOF and the bundles arising from the
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anterior and middle part of the CC). In the cross-sectional study (Mohades et al., 2012), the
authors found a group effect showing higher mean FA values in the left IFOF for bilinguals
than for monolinguals, and a decreased mean FA values in the anterior part of the CC. In the
longitudinal study (Mohades et al., 2015), the results revealed that simultaneous bilinguals
had the highest mean FA value in the left IFOF as compared to sequential bilinguals and
monolinguals. Interestingly, the lower mean FA value they observed at the first tested
moment for bilinguals as compared to monolinguals in the CC was no longer evident when
these same participants were retested in the longitudinal study.
While the two studies by Mohades et al. (2012, 2015) are of clear-cut relevance for
our understanding of the manner in which bilingualism shapes the neural circuitry in
childhood, the evidence in this regard is too limited to grant generalization. To our
knowledge, there are no studies in children evaluating the influence of bilingualism on the
structure of the grey matter. In addition, modifications in the structural/functional
connectivity of the whole brain associated to bilingualism in childhood are still unknown.
Particularly, the relationship between bilingualism and topological properties of the brain
network has never been investigated in children. Besides, the previous WM studies focused
on specific tracts of interest, and did not follow a whole-brain quantitative neuroimaging
approach which could result appropriated 1) to uncover differences in tracts other than the
targeted ones, and 2) to statistically circumscribe the analysis (see García-Pentón et al., 2016,
for a discussion). These limitations were overcome in the current study by combining
different cutting-edge neuroimaging analysis techniques that allowed us to obtain different
structural/functional measurements (i.e., GM volume, cortical thickness, FA values,
structural/functional connectivity measures and complex network parameters) at the wholebrain level.
Summarizing, this study is the first known attempt to identify local GM differential
structural patterns associated with bilingualism by investigating a group of simultaneous
Basque-Spanish bilingual children and a group of well-matched Spanish monolingual
controls and critically, using voxel-based and surface-based analyses. This study will also
identify WM structural differences by means of DTI-derived measurements using TBSS
approach (Smith 2006). Besides, in order to determine differences in structural/functional
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connectivity patterns between both groups, a network-based statistic (NBS) approach will be
follow to isolate sets of highly interconnected regions, providing information about wholebrain structural and functional organization (Zalesky et al., 2010a; see García-Pentón et al.,
2014, for a similar approach with young adult bilinguals). Finally, to assess for the
configurational properties of the whole-brain networks and possible differential subnetworks, a graph theoretical approach is used (e.g., Latora & Marchiori 2001; Watts &
Strogatz 1998). This is done in order to explore the differences in the topological parameters
associated with the structural/functional networks of bilingual and monolingual children with
a special focus on global/local graph network efficiency, which is a measure of the intrinsic
capability of the network to guarantee high information exchange between nodes or regions.

4.2 PARTICIPANTS
14 native Spanish monolinguals (6 females, age range from 6 to 14 years, mean age,
10.98 years, 2.45 std) and 14 early Spanish–Basque bilinguals (6 females, age range from 6
to 14 years, mean age, 10.95 years, 2.48 std) took part in the experiment. The groups were
paired in age and sex (see table 3). All bilingual children had acquired both languages before
preschool and used both languages every day. A language questionnaire was applied to their
parents and the children were rated as very highly proficient in both languages (mean rates:
9.57, ±0.53 std for Spanish and 8.20, ±1.39 std for Basque) on a scale from 1 (very poor
level) to 10 (perfectly fluent). The ratings were based on reading, writing, listening and
speaking skills. The monolinguals children used only Spanish for daily life and had no
knowledge of any other language (see Table 4). All participants were healthy people with no
reported history of neurological/mental illness and/or treatment with psychotropic
medication. Participants gave verbal and written informed consent prior to involvement, in
accordance with the Declaration of Helsinki, and the research protocol was approved by the
Basque Center on Cognition, Brain and Language (BCBL) Ethics Committee. IQ scores were
measured with the Spanish version of the Kaufman Brief Intelligence Test (K-BIT) and
Wechsler Intelligence Scale for Children (WISC), and was controlled as a nuisance
covariate. Handedness scores averages assessed by the Edinburgh Handedness Inventory
(Oldfield R.C. 1971) were not statistical significantly different between groups (p-value =
0.2157). Notice that for the white matter study only 13 participants per group took part in the
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study because one of them had to leave the resonance before the acquisition of the DW-MRI
sequence.

Table 3. Age in years, gender of participants and IQ.
Monolingual group (N = 14)

Bilingual group (N = 14)

6.36

F

IQ Composite (standard
score)
141

8.32

M

100

8.54

M

109

8.30

F

102

8.35

F

102

9.20

M

121

8.73

M

114

10.57

M

110

10.45

M

106

10.98

F

100

10.71

F

108

11.05

F

124

10.74

F

106

12.10

M

101

11.86

M

105

12.78

M

100

12.79

M

104

13.10

M

115

12.95

M

102

13.16

M

122

13.35

M

111

13.25

F

116

13.51

F

109

13.61

M

119

13.78

M

90

14.14

F

117

14.22

F

109

Age

Gender

Age

Gender

6.42

F

IQ Composite (standard
score)
103

Note: N, sample size. IQ, intelligence quotient. F, female. M, male.

Table 4. Language profile of monolingual and bilingual groups.
Variables
Mean (±SD)
Monolinguals (N = 14, 6 female) Bilinguals (N = 14, 6 female)
0
0.23 (±0.83)
AoA of Spanish
0.91 (±1.5)
AoA of Basque
100
47.69(±20.17)
% daily exposure to
Spanish
43.69 (±19.25)
% daily exposure to Basque
8.23 (±3.52)
% daily exposure to other
language
10
9.57 (±0.53)
Spanish proficiency
0
8.20 (±1.39)
Basque proficiency
1.35 (±3.16)
Other language proficiency
Note: N, sample size. AoA, age of acquisition (the age at which participants started to learn
these languages). SD, Standard deviation.
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4.3 METHODS
4.3.1

Magnetic resonance imaging (MRI) data acquisition
All images were acquired on a 3-T Magnetom Trio Tim scanner (Siemens AG,

Erlangen, Germany) located at the BCBL in Donostia-San Sebastián. For each participant, a
high-resolution T1 weighted scan was acquired with a 3D ultrafast gradient echo (MPRAGE)
pulse sequence. Acquisition parameters used were: matrix size 256 × 256; 176 contiguous
axial slices; voxel resolution 1 × 1 × 1 mm3; TE/TR/TI = 2.97 ms/2530 ms/1100 ms,
respectively; and flip angle 7°. The scan lasted 6 min.
DW-MRI data were recorded using a single-shot spin echo-planar imaging (EPI)
sequence, along 64 gradient directions at b-value = 1500s/ mm2 and 1 unweighted (b = 0)
image. Acquisition parameters used were: eco time (ET) = 99ms, repetition time (RT) =
9300ms, FOV = 1840 × 1840 mm2, matrix size 1024 × 1024, 58 contiguous slices and an
isotropic voxel resolution = 1.79 × 1.79 × 1.79 mm3). The total scan time for the DW-MRI
protocol was approximately 10 min.
Blood oxygen level dependent (BOLD) fMRI during resting-state was acquired using
a whole-brain, single-shot, multi-slice, gradient-echo echo planar imaging (EPI) sequence of
180 volumes with the following parameters: TR/TE = 2000/30 ms, flip angle = 78°, FOV =
192 × 192 mm, matrix = 64 × 64, 33 slices, slice thickness = 3 mm, slice spacing = 3.59 mm,
descending acquisition. The resulting nominal voxel size was 3.0 × 3.0 × 3.59 mm. A
fixation cross was displayed as images were acquired. Subjects were instructed to stay
awake, keep their eyes open, fixate on the displayed crosshair, and remain still. The total
scan time for the resting-state fMRI protocol was approximately 12 min.
4.3.2

Data pre-processing and analysis

4.3.2.1 Voxel-based morphometry (VBM)
In this study, structural data was analysed with FSL-VBM (Douaud et al.,
2007, http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLVBM), an optimized VBM protocol (Good et
al., 2001) carried out with FSL tools (Smith et al., 2004). First, structural images were brain85
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extracted and grey matter-segmented before being registered to the MNI 152 standard space
using non-linear registration (Andersson et al., 2007). The resulting images were averaged
and flipped along the x-axis to create a left-right symmetric, study-specific grey matter
template. Second, all native grey matter images were non-linearly registered to this studyspecific template and ‘modulated’ to correct for local expansion (or contraction) due to the
non-linear component of the spatial transformation. The modulated grey matter images were
then smoothed with an isotropic Gaussian kernel with a sigma of 3 mm (see figure 5). See
Appendix 1 for more information about VBM technique.

Figure 5. Different VBM preprocessing steps over the T1-MRI structural images.

Group comparison between bilinguals and monolinguals was carried out using a
voxel-wise general linear model (GLM) and permutation-based non-parametric testing
(Winkler et al., 2014). The number of permutations was set to 10000 and the IQ was included
as continuous nuisance regressor. Two contrasts were examined: Bilingual > Monolingual
and Monolingual > Bilingual. Regional differences were reported as significant at p < 0.05,
fully corrected for multiple comparisons across space using threshold free cluster
enhancement (TFCE) (Smith and Nichols, 2009) where cluster-like structures are enhanced
but the image remains fundamentally voxel-wise. In addition, an extent threshold of 100
voxels was also set. Anatomical locations of significant regions were determined by
reference to the MNI structural atlas (Mazziotta et al., 2001) integrated into FSL atlas tool
and AAL atlas (Automated Anatomical Labeling, Tzourio-Mazoyer et al., 2002)
implemented in MRIcron software.
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Because the interpretation of the obtained results with such voxel-wise analysis can
be interpreted either as a difference in GM folding or thickness, a cortical thickness analysis
as described in the next section has been also performed.
4.3.2.2 Surface-based morphometry analysis
To measure the cortical thickness FreeSurfer (version 5.1) image analysis suite
(http://surfer.nmr.mgh.harvard.edu/) was used. Cortical reconstruction and volumetric
segmentation is performed as follow: briefly, this processing includes motion correction,
removal of non-brain tissue, automated Talairach transformation, segmentation of the
subcortical WM and deep GM volumetric structures, tessellation of the GM and WM
boundaries, automated topology correction, and surface deformation following intensity
gradients to optimally place the GM/WM and GM/CSF borders at the location where the
greatest shift in intensity defines the transition to the other tissue class (Dale et al.,1999;
Fischl and Dale, 2000; Segonneet al., 2004). Once the cortical models are complete, a
number of deformation procedures were performed in the data analysis pipeline, including
surface inflation and a high-dimensional nonlinear registration to a spherical atlas. A cortical
surface-based atlas has been defined based on average folding patterns mapped to a sphere.
The registration is based on aligning the cortical folding patterns and so directly aligns the
anatomy instead of image intensities. The spherical atlas naturally forms a coordinate system
in which point-to-point correspondence between subjects can be achieved. This coordinate
system can then be used to create group maps (similar to how MNI space is used for
volumetric measurements). This method uses both intensity and continuity information from
the entire three-dimensional T1-MR images in the segmentation and deformation algorithms
to produce representations of cortical thickness, calculated as the closest distance from the
GM/WM boundary to the GM/CSF boundary at each vertex on the tessellated surface (see
Figure 6). These maps are not restricted to the voxel resolution of the original data and are
thus capable of detecting sub-millimetre differences between groups. Prior to the statistical
analysis, the individual cortical thickness was smoothed in cortex using a Gaussian filter with
(FWHM) of 10 mm.
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a)

b)

c)

Figure 6. Freesurfer's preprocessing steps over the T1-MRI. a) Skull stripped image. b)
Subcortical WM segmentation. c) Lines over the T1-MRI represent the cortical surfaces. Blue line:
surface between WM and GM. Red line: surface between GM and pia mater. Yellow lines represent
cortical thickness measurement.

Finally, a vertex-wise GLM was applied. Statistical inference was carried out with
FreeSurfer tools based on non-parametric Monte Carlo testing (10000 iterations), using a
cluster-wise correction method for multiple comparisons with initial vertex-wise threshold
for cluster-formation of t = 2 (p < 0.01). In this analysis, only those clusters with a corrected
value of p < 0.05 using Bonferroni correction were considered as significant. GLM analysis
on the surface enables us to test group differences by two contrasts: Bilingual > Monolingual
and Bilingual < Monolingual.
4.3.2.3 Diffusion-weighted magnetic resonance imaging (DW-MRI) pre-processing
For this study the DW-MRI dataset was pre-processed using FMRIB’s Diffusion
Toolbox

(FDT)

as

part

of

FSL

5.0.2

software

package

(available

at

http://www.fmrib.ox.ac.uk/fsl/). Eddy currents correction was applied to correct for the
distortions induced by the application of the diffusion encoding gradients and for simple head
motion, using affine registration to the b = 0 image (first volume in the dataset). After
correction, individual diffusion parameters were estimated in each voxel (Figure 7a) by
fitting a tensor model to the raw diffusion data using FDT (Smith et al., 2004). From this step
the FA images were obtained.
4.3.2.4 Tract-based spatial statistic (TBSS) analysis
The voxel-wise statistical analysis of the FA data was carried out using TBSS (Smith
2006), part of FSL (Smith 2004). The FA images created were brain-extracted using BET
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(Smith 2002). All subjects' FA data were then aligned into a common space using the
nonlinear registration tool FNIRT (Andersson 2007), which uses a b-spline representation of
the registration warp field (Rueckert, 1999). Next, the mean FA image was created and
thinned to create a mean FA skeleton that represents the centers of all tracts common to the
group (see Figure 7). Each subject's aligned FA data was then projected onto this skeleton
and the resulting data fed into voxel-wise cross-subject statistics.
Group comparison between bilinguals and monolinguals was carried out using a
voxel-wise GLM and permutation-based non-parametric testing (Winkler et al., 2014). The
number of permutations was set to k = 10000 and the IQ was included as continuous
nuisance regressor. Two contrasts were examined: Bilingual > Monolingual and
Monolingual > Bilingual. Regional differences were reported as significant at p < 0.05, fully
corrected for multiple comparisons across space using TFCE (Smith and Nichols, 2009) with
an extent threshold of 50 voxels. Anatomical locations of significant regions were
determined by reference to the Johns Hopkins University (JHU) white-matter tractography
atlas (Mori et al., 2005) integrated into FSL atlas tool.

Figure 7. Mean FA skeleton template used in the TBSS analysis.

4.3.2.5 White matter connectivity analysis
For this analysis T1-weighted images of each participant were first co-registered to
the participant’s b0 and then segmented in 3 tissue probability maps: GM, WM and
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cerebrospinal

fluid

(CSF)

using

SPM8

software

package

(available

at

http://www.fil.ion.ucl.ac.uk/spm/). The three tissue classes in native space and the matrix
transformation to MNI space obtained from segmentation were then used to automatically
parcellate the cerebral cortex of each participant into 90 GM regions taken from AAL atlas
(Tzourio-Mazoyer

et

al.,

2002),

using

http://www.fil.ion.ucl.ac.uk/spm/ext/#IBASPM)

IBASPM

toolbox

(Alemán-Gómez

et

(available
al.,

2006).

at
The

individual atlases in T1 native space (see an individual atlas example in Figure 8) were then
resliced to DTI space using a nearest-neighbour interpolation in SPM8 to create seed points
mask for tracking.
For each participant, axonal connectivity values between each brain voxel and the
surface of each of the 90 GM regions considered (voxel-region connectivity) were estimated
using the probabilistic fiber tractography algorithm implemented in the FSL software
(Behrens et al., 2003). For each brain voxel, an index of connectivity, representing the
number of generated paths that passed through it from the seed region, was assigned (Figure
8b). Tracking parameters used were 5000 as a number of generated paths from each seed
point (defaults in the FSL software package as optimum to reach the convergence of the
algorithm), 0.5 mm as step length, 500 mm maximum trace length, and a curvature threshold
of ±80º.
4.3.2.5.1 Network construction
For each participant, the whole-brain undirected weighted network was created as
follows: 1) A node was defined to represent each anatomic region considered (i.e. 90 grey
matter regions of the AAL atlas template), 2) An undirected arc aij between nodes i and j was
established if a nonzero connectivity value was found to exist between the boundary voxels
of regions i and j, and 3) Arc weight w(aij) was defined as the connection measurement (the
output of the tractography algorithm) between regions i and j (Iturria-Medina et al., 2011),
estimated by counting the ‘effective’ number of voxels over the surface of both regions and
weighting each voxel by its voxel-region connectivity value with the opposite zone, relative
to the total number of considered superficial voxels (Figure 8c).
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4.3.2.6 Resting-state functional magnetic resonance imaging (rfMRI) analysis
The analysis was performed using statistical parametric mapping (SPM12) software
(Wellcome Trust Centre for Neuroimaging) and the Data Processing Assistant for Resting
State fMRI (DPARSF Advanced Edition, version 4.1) toolbox (Yan and Zang, 2010; Yan et
al., 2016). Three methods were used to reduce motion effects in the rfMRI signal: global
signal regression, 24-motion parameter regression and the scrubbing of high motion time
points. These methods have been shown to significantly reduce the effects of motion (Power
et al., 2014; Power et al., 2015). Using DPARSF the first 10 volumes were rejected in order
to avoid magnetic saturation effects, and SPM were used for slice timing correction,
realignment, and coregistration to the individual’s T1-MRI. Additionally, nuisance covariates
were regressed out and the images were normalized using DARTEL (Ashburner, 2007) and
smoothed with a 6 mm full width half maximum (FWHM) Gaussian kernel. The results were
filtered at 0.01–0.1 Hz, as recommended by Satterthwaite et al. (2013). Nuisance covariates
including 24 motion parameters have been shown to be better than the six parameters alone
at decreasing motion effects, especially on those individuals with a higher motion like
children (Yan et al., 2013; Power et al., 2014; Power et al., 2015). A scrubbing regressor
method was used with each bad time point included as a covariate. White matter, CSF, and
global tissue signal were also used as covariates.
4.3.2.6.1 Network construction
The average time courses from 90 GM regions taken from AAL atlas (as in WM
connectivity analysis) were extracted. Connectivity was calculated on residual time series
following confound regression and band-pass filtering using Pearson’s correlation with
DPARSF. Functional correlation between each of the 90 regions (ROI-wise connectivity
correlation) was calculated using Pearson correlation. Thus, a 90 × 90 connectivity matrix
was constructed for each subject; a Fisher’s r-to-z transformation was applied to improve
normality (Rosner, 2006).
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Figure 8. A schematic representation of the connectivity estimation and network matrix
construction in one participant as an example. a) Axial map representing intra-voxel mean fiber
orientation (dyadic vectors) overlaid on the FA image; the inset figure provides details of the high
fiber orientation coherence within the splenium of the corpus callosum. b) Axial voxel-region
connectivity maps corresponding to region 1 (precentral gyrus) and region 90 (inferior temporal
gyrus), overlaid on the FA image; voxels are color-coded according to whether the connectivity of
each voxel is high (red) or low (black). c) Whole-brain structural network matrix derived from the
tracking algorithm, as described in Methods.
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4.3.2.7 Network-based Statistic (NBS) analysis
An NBS approach (Zalesky et al., 2010a) was used to isolate the components of the
90 × 90 undirected connectivity matrices that differ significantly between the bilingual and
monolingual groups. A component is a set of interconnected edges (i.e. sub-networks) in the
connectivity matrix. The NBS analysis first performed a two-sample T-test at each edge
independently to test the null hypothesis (H0) that the values of connectivity between the two
populations come from distributions with equal means. After that, a preselected T-value (Tthreshold = 3) is used to threshold the statistical value calculated at each edge of the
connectivity matrix to identify the set of supra-threshold edges. All interconnected
components present in the set of supra-threshold edges are identified and their size (number
of edges that the components comprise) is stored. Thus, a component is formed by
interconnected supra-threshold edges at which the H0 was rejected. To estimate the
significance of each component, the NBS performed a nonparametric permutation test (K =
10000 permutations). A total of K random permutations are generated independently. For
each permutation, the group to which each subject belongs is randomly exchanged, and then
the statistical test is recalculated in each permutation. After that, the same threshold is
applied to create the set of supra-threshold links for each K permutation. Then, the size of the
largest component in the set of supra-threshold links derived from each K permutation is
stored, thus providing an empirical estimation of the null distribution of the maximal
component size. Finally, the p-value of each observed connected component was corrected,
calculating the proportion of the 10000 permutations for which the largest component size
was greater than the observed connected component size and then normalized by K. This
allowed control of the FWE associated to each connected component, based on its size.
In other words, the NBS tries to identify components (structural/functional connected
structures) that are formed by a set of links (structural/functional connections) between
regions that exceed an appropriately chosen supra-threshold link. The topological extent of
these connected structures is then used to determine their significance. The first step is
creating the set of supra-threshold links computed for each pair-wise association. Then any
connected components present in the set of supra-threshold links are identified and the
number of links that they are comprised of (their size: m) is stored. A nonparametric
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permutation test is used to assign a p-value controlled for the FWE to each connected
component, based on its size. The p-value of each connected component of size m is
estimated, looking for the proportion of permutations for which the maximal component size
is greater than m, and then is normalized by K (For more details see Zalesky et al., 2010a.
For applications and examples of the NBS approach see Bai et al., 2012; García-Pentón et al.,
2014; Verstraete et al., 2011; Zalesky et al., 2010b).
Schematic representations of the NBS results will be depicted using BrainNet Viewer
version 1.1 (available at: http://www.nitrc.org/projects/bnv/). The anatomical name by which
each node is labelled is taken directly from the AAL atlas (Tzourio-Mazoyer et al., 2002).
4.3.2.8 Complex network analysis
Global efficiency
In terms of the information flow, the global efficiency (Eglob) of a network G reflects
how efficiently information can be exchanged over G, considering a parallel system in which
each node sends information concurrently along the network. It is defined as (Latora and
Marchiori, 2001):
Eglob =

1
1
,
∑
n ( n − 1) i , j∈G dij
i≠ j

where n is the number of nodes, and dij is the geodesic length over all pairs of nodes.
In the unweighted network context, the shortest path length dij is defined as the number of
arcs along the shortest path connecting nodes i and j. In the case of weighted networks, the
path with the minimum number of nodes is not necessarily the optimal dij and it is necessary
to define a physical length associated to each arc (this should be a function of the
characteristics of the hypothetical link among any nodes i and j). In this study, it is assumed
that the physical length of an arc connecting nodes i and j is inversely proportional to the
strength of the analysed connection (Iturria-Medina et al., 2008), i.e., lij = 1/wij. Thus, the
shortest path length dij is finally computed as the smallest sum of the arc lengths throughout
all the possible paths from node i to node j. Note that for the particular case of unweighted

94

Chapter 4: Experiment I. Structural Brain Changes in Bilingual Children

graphs, lij = 1 for all arcs and the geodesic lengths dij reduces to the minimum number of arcs
traversed to get from i to j.
Local efficiency
The local efficiency (Eloc) of G is defined as the average efficiency of the local subgraphs (Latora and Marchiori 2001):
Eloc =

1
∑ Eglob ( Gi ) ,
n i∈G

where Gi is the sub-graph of the first neighbours of node i. This measure has been
used to reveal how much a system is fault tolerant, showing how efficient the communication
is among the first neighbours of i when i is removed.
In a physiological sense, the global efficiency of a structural brain network reflects
the potential parallel exchange of neural information between the anatomical regions
involved (a high global efficiency value, i.e., Eglob≈1, may indicate highly parallel
information transfer in the brain system, in which each element node could efficiently send
information concurrently along the network). The local efficiency of a structural brain
network reflects its potential tendency to present communities or clusters of anatomically and
physiologically different regions that deal with common neural information (where regions
connected to a same region tend also to link to each other). In addition, concurrent higher
values of global and local efficiencies indicate a system with a high balance between local
necessities (fault tolerance) and wide-scope interactions.
Statistical analysis of topological measures
A Wilcoxon rank-sum test was used to investigate differences between both groups of
participants. This is a nonparametric method to test the null hypothesis (H0) that medians for
each graph network measure are equal. In order to minimize false positive findings
(proportion of incorrectly rejected H0) arising from the high number of tests performed in the
topological analysis, FDR correction (at q = 0.05) were used to set a critic p-value
(Benjamini & Hochberg, 1995; Groppe et al., 2011). All p-values less than or equal to the
critic p were significant; suggesting that there is a group difference (reject H0).
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4.4 GREY MATTER RESULTS
4.4.1

Voxel-based morphometry
A between-group voxel-based comparison of the GM volume at whole brain was

performed, using the optimized FSL-VBM protocol (Douaud et al., 2007). A two-sample Ttest adjusted for covariates was performed to evaluate whether the GM volume means of the
two groups differ between them across the whole brain. IQ was included in the statistical
model in order to verify that group differences cannot be explained by this nuisance
covariate. The group comparison revealed a significant increased GM volume for the
bilingual group as compared to monolingual at p < 0.05 TFCE corrected for multiple
comparisons in a large cluster comprising parts of the right lingual, posterior cingulate (PC)
and precuneus gyri. The significant cluster appears in Figure 9 overlaid in a standard brain
template and in Table 5.

Figure 9. Brain regions in the right hemisphere showing significant increased GM in
bilinguals as compared to monolinguals. P-maps showing significant cluster effect for group
comparison of bilinguals > monolinguals at p < 0.05 Threshold free cluster enhancement (TFCE)
corrected for multiple comparisons. The background image is the MNI (Montreal Neurological
Institute) brain template. Slices are taken from the X, Y, Z MNI standard coordinates displaying the
value of maximum intensity within the cluster and are showing (from left to right): the sagittal,
coronal and axial plane, respectively. The sagittal view represents the right hemisphere and in the
coronal and axial views the right hemisphere is on the right side. IQ was used as covariate for the
analysis, K = 10000 permutations. Bilinguals showed greater GM volume in the right precuneus,
posterior cingulate and lingual gyri.
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Table 5. Maximum peak coordinates within significant cluster effect for contrast Bilingual >
Monolingual showing significant increased GM volume at p < 0.05 threshold free cluster
enhancement (TFCE) corrected for multiple comparisons.

Cluster/Regions

Nº

p-value

Voxels
R. Lingual/PC/Precuneus

246

0.027

X

Y

Z

(mm)

(mm)

(mm)

10

-56

-6

T-value

4.52

Note: PC, posterior cingulate; X, Y, Z coordinates in Montreal Neurological Institute (MNI)
space. K = 10000 permutations, IQ as covariates.

4.4.2

Surface-based morphometry
A between-groups vertex-based comparison of the CT was performed using

FreeSurfer. A two-sample T-test adjusted for IQ and non-parametric Monte Carlo testing
(10000 iterations) was performed to evaluate whether the CT means of the two groups differ
between them at the whole brain. At a p < 0.05 cluster-based corrected using Bonferroni,
there were no areas where bilinguals had significantly thinner or thicker cortex than
monolingual controls.

4.5 WHITE MATTER RESULTS
4.5.1

Tract-based spatial statistic
To investigate the effects of bilingualism in WM structure, a voxel-wise statistical

analysis of the FA skeletonized data was carried out using TBSS. A two-sample T-test was
performed using permutation non-parametric testing for the two-group comparison. IQ was
included in the statistical model as nuisance covariate. The results were fully corrected for
multiple comparisons across space using TFCE. The comparison between groups produced
no significant effect at p < 0.05 TFCE corrected.
4.5.2

Structural Connectivity
The NBS (T-threshold = 3, K = 10000 permutations) was used to detect any

connected structural sub-networks that were significantly different between groups. NBS
analysis did not show any set (component) of GM regions more highly connected by means
of WM tracts between groups at p < 0.05 FWE corrected. Neither at a lower initial cluster
formation threshold (T-threshold = 2) a significant component was obtained at p < 0.05.
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Additionally, a pair-wise analysis using FDR correction neither show any isolated pair of
regions more connected between groups.
4.5.3

Complex network analysis
This analysis assessed for differences between bilingual and monolingual groups in

the measure of integration (Eglob) and clustering (Eloc). It was conducted to understand how
the higher language demands impact on the development of the brain network, for example,
in terms of additional axonal cost. For the Eglob one single measure was obtained and for Eloc
one single measure was obtained for each of the 90 GM regions per participant. No
statistically significant differences between groups emerged from the topological parameters
at a p < 0.05. This indicates that both groups have similar patterns in terms of graphefficiency at both local (a measure of clustering) and global (a measure of integration) scales
in the structural network.

4.6 RESTING-STATE FUNCTIONAL RESULTS
4.6.1

Functional Connectivity
The NBS (T-threshold = 3, K = 10000 permutations) was used to detect any

connected functional sub-networks that were significantly different between groups. A single
sub-network was found to be significantly more connected in bilinguals than in monolinguals
at a level of p < 0.05 FWE corrected. This subnetwork connected the right Heschl’s gyrus
with the left amygdala [p(FWE) = 0.048, t-value = 4.52]. Due to the subnetwork only
comprise a pair of regions, in order to obtain a stronger focal control for multiple
comparisons a pair-wise analysis was performed using FDR correction. FDR is more
sensitive to focal effects involving isolated connections, whereas the NBS analysis improves
power to detect distributed networks comprising multiple connections. In other words, FDR
have the capacity to perform inference at the level of individual connections and the NBS
cannot (NBS just allows to control the FWE at the network level). The same pair of regions
showed up significantly higher connected in bilinguals as compared to monolinguals
[p(FDR) = 0.05, t-value = 4.21]. The significance of the connection between both regions
was preserved when subject IQ was included as nuisance covariate.
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Heschl’s gyrus is where the primary auditory cortex is located, being a crucial region
for auditory processing and language. As will be discussed later, some modifications in
Heschl's gyrus have been implicated in bilingualism (Ressel et al., 2012), with expert
phoneticians (Golestani et al., 2011) and with learning/producing non-native speech sounds
(Golestani et al., 2007; see also Golestani and Pallier, 2007). For its part, the amygdala has
been suggested that could play some role in language acquisition since its size have been
found that correlate with language skills in healthy (Ortiz-Mantilla et al., 2010) and autistic
(Mosconi et al., 2009) children.
4.6.2

Complex network analysis
This analysis assessed for differences between bilingual and monolingual groups in

Eglob and Eloc of the resting-state functional network. Again, for the Eglob one measure was
obtained per participant and for the Eloc one measure was obtained for each of the 90 GM
regions per participant. No statistically significant differences between the groups emerged.
This indicates that both groups have similar patterns, in terms of graph-efficiency in both
local and global scale in the functional network.

4.7 DISCUSSION
The present experiment investigated the neural correlates of bilingualism in GM and
WM of early bilingual children who have been exposed to both languages before 3 years old.
Crucially, the bilingual group was matched in age and sex with the monolingual control
group. At a p < 0.05 corrected for multiple comparisons across the whole brain, significantly
increased GM volume was found in the right lingual, PC and precuneus gyri in bilinguals. In
contrast, no significant increases or reductions in FA values of the WM were found for
bilinguals at p < 0.05 corrected. The NBS did not identify any sub-networks of nodes/regions
differently interconnected by anatomical tracts between groups. But, a pair of region
comprised by the right Heschl’s gyrus and the left amygdala was found showing greater
functional connectivity at resting state. Finally, no differences between groups were obtained
in the topological measures for the whole brain structural or functional networks.
So far this is the first study investigating GM structural plasticity linked to
bilingualism in children. This experiment obtained compelling evidence for increased GM
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volume in regions of the right hemisphere including the lingual, PC and precuneus gyri for
bilinguals as compared to monolinguals. These neural correlates indicate brain plasticity and
reveal structural features that are linked to bilingualism, but are not compatible with very
different proposals from other bilingualism studies (see García-Pentón et al., 2016 for a
critical review). However, there are other studies demonstrating that precisely the precuneus
is one of the central regions showing higher brain maturation in the growth curve
(Dosenbach, 2011) and the regions most highly structurally (Hagman et al., 2008) and
functionally (Tomasi and Volkow, 2010) connected in the brain. The precuneus and
surrounding posteromedial regions such as the PC cortex are also essential regions in the
functional default mode network (Eichele et al., 2008; Leech & Sharp, 2014; Pearson et al.,
2011). Some studies have shown that this network undergoes prolonged development during
childhood (Fair et al., 2008; Supekar et al., 2010; Thomason et al., 2008; Gao et al., 2015;
Gao et al., 2009). Interestingly, precuneus and PC have also shown more deactivation with
age increase, suggesting that greater maturation in these regions results in less involvement in
cognitive processing (Weiss-Croft & Baldeweg, 2015), which means as well that they could
be important regions in development. These are essential association areas (i.e. for the
integration of information) especially involved in the regulation of attention that seems to be
fundamental in general cognitive functioning (Weiss-Croft & Baldeweg, 2015). Particularly,
the precuneus has been implicated in higher-order processes such as voluntary attention shift
and more abstract mental imagery tasks, as well as episodic memory retrieval and selfprocessing tasks (see Cavanna & Trimble, 2006 for a review). Moreover, the precuneus, PC
and lingual cortex have shown increased activation in dyslexic children immediately after
training in oral language skills, perhaps as a compensatory mechanism (Temple et al., 2003),
pointing the involvement of these regions in learning.
Contrary to what could be expected by this finding on the GM, no differences were
obtained between bilinguals and monolinguals either in the NBS, or in the topological
analysis that would have highlighted these regions as hub regions of the brain networks in
bilingual children. Nonetheless, this is not the first time that one study on bilingualism
reported the precuneus as targets of neuronal plasticity in children. Pierce et al. (2015) found
that Chinese–French bilinguals activated left cingulate gyrus and right precuneus more
strongly than the French monolinguals in a phonological working memory task. Thus, in
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general, these results could indicate that bilingualism might accelerate the maturation into
these regions that are crucial for development and learning. However, this is just a neural
correlate and does not imply causation (i.e. two events occurring together can not be taken as
a cause-effect relationship), thus further complex studies are needed to explain the causes of
the relationship between bilingualism and these regions.
In contrast to the GM volume results, there were no significant differences in WM
between bilinguals and monolinguals children. In this analysis, no voxel survived the
correction for multiple comparisons. However, the studies from Mohades et al. showed
difference between bilinguals and monolinguals in the IFOF (Mohades et al., 2012; Mohades
et al., 2015 longitudinal study with the same population) and CC (Mohades et al., 2012). The
authors used a TOI approach. And in our study, a voxel-based approach was taken, that has
the advantage of investigating brain differences at the whole brain level without limiting the
search to specific brain tracts or regions, but has the disadvantage of a decrease in sensibility.
There has been much debate about the use of voxel-based or ROI-based approaches (Good et
al., 2001) and the relevant issues were discussed throughout the first part of this dissertation
(Chapter 2). However, at a lower uncorrected threshold of significance (p < 0.001) decreased
local FA values were found in bilinguals covering a small area (only 5 voxels) in the left
IFOF. This effect was neglected because it was found to be non-significant across the whole
brain and because a minimum of 25 voxels did not surpass the statistical threshold. However,
this trend in the IFOF are favouring a decrease rather than an increased in bilinguals, which
is not in line with the prior results in children (Mohades et al., 2012; Mohades et al., 2015).
On the other hand, although the mean age of the samples of both studies (Mohades et al. and
the current study) was not so different, notice that for this current experiment were used a
carefully matched bilingual and monolingual children groups in age and sex, which is not the
case in Mohades et al.. When participants are properly matched, small size effects tend to
disappear (Paap & Greenberg, 2013), especially in small sample studies like these. Thus,
given that these studies are not comparable in many aspects, we believe that more studies are
needed to confirm the early effects of bilingualism on the IFOF.
The NBS analysis showed no differences in the structural connectivity patterns
between bilinguals and monolinguals. However, NBS identified a pair of regions: the right
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Heschl’s gyrus (primary auditory cortex) and the left amygdala higher functionally connected
in bilingual children as compared to monolinguals. This result suggests that early
bilingualism might produce higher correlated activation between both regions perhaps as a
compensatory mechanism of learning two languages. Interesting, Ressel et al. (2012)
manually extracted the mean volume from the right and left Heschl’s gyri to compare
bilinguals and monolinguals, and they obtained significantly larger volumes in bilinguals.
Additionally, there are other prior studies showing higher WM density in the left Heschl’s
gyrus (Golestani et al., 2007) for faster learners as compared to slower learners of non-native
speech sounds, suggesting that WM differences across individuals could predict behavioural
differences in some aspects of language learning. Later on, they investigated the Heschl
morphology on an expert phonetician population (Golestani et al., 2011) and also found more
WM in the right Heschl’s gyrus for experts than non-experts individuals. However, they
found that Heschl morphology did not correlate with the years of expert training. Thus, they
suggested that experience during adulthood cannot modify Heschl, but rather that differences
are established intra utero and can predispose individuals for the selection and acquisition of
the expertise later in life. The role of the amygdala in language and specifically in
bilingualism is unspecified and has yet to be elucidated. In the context of language
processing the amygdala has been considered a region for processing the emotional aspects
of word and phrases (Binder and Desai 2011), but in general is one of the regions most
commonly linked to the processing of emotional significance of any type of stimuli (Olson,
2007). Thus, it is well-known that is strongly implicated in emotional learning and memory
(Phelps and LeDoux, 2005). Additionally, there are studies showing a functional
lateralization of the amygdala in language. The left amygdala have been shown more
activated than the right amygdala when processing positive and negative emotional words as
compared to neutral words (Hamann and Mao, 2002). Importantly, a relationship has been
found between its size and language skills in adults and children with autism (from 3 to 4 and
6 years old): larger left amygdala correlated with better language skills and larger right
amygdala and also smaller left amygdala correlated with poorer languages, communicative
and social skills (Haznedar et al., 2000; Munson et al., 2006). Additionally, in healthy
children larger left amygdala (measured at 6 months of age) also correlated with higher
language abilities (Ortiz-Mantilla et al., 2007) and larger right amygdala correlated with
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lower language scores (measured at 2, 3 and 4 years old) (Ortiz-Mantilla et al., 2010). All
these suggested that, specially, left amygdala it could play some role in the acquisition of
language. Importantly, Hernandez (2009) observed higher bilateral fMRI activation of the
amygdala in bilingual adults when they had to name pictures in their native language as
compared to naming in their L2. And an increased activity of the right amygdala have been
also found in bilingual children (11 year old) preforming a word-reading task in their native
language as compared to their L2 (Owens et al., 2009). Our results therefore suggest that the
increased correlated activity in the right Heschl's gyrus and left amygdala in the bilingual
children as compared to monolinguals might be related to the extra demands in the
acquisition of both languages. Notably, although functional connectivity changes were
obtained, no plastic changes in the structural network were observed, suggesting that
functional plasticity corresponds to dynamic and phasic changes that occur even before
(slow) structural changes can be detected.
In summary, the present study suggests that early bilingualism may modify the brain
during development, producing changes in GM volume of some regions (i.e. precuneus,
posterior cingulate, lingual), supporting the important role of these regions in learning and
development. Bilingualism maybe accelerates the normal maturation of these regions and
uses them as compensatory mechanisms due to the intense use of both languages. In addition,
early bilingualism may also yield higher functional connectivity between regions that are
important for auditory and language processing (Heschl's gyrus and amygdala), probably to
compensate the difficulty of learning and integrating two languages.
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Elderly Bilinguals
5.1 INTRODUCTION
Cognitive decline in the elderly may be due to multiple neurobiological factors:
atrophy of the grey matter of different brain regions, lack of integrity of the white matter that
causes disruption of connections between the regions of grey matter, reduction of vascular
integrity and depletion of neurotransmitter systems (Raz & Kennedy, 2009; Brookmeyer et
al., 2007). All these neurodegenerative changes may result in significant cognitive
impairment. However, a significant number of people with brain deterioration still have
normal cognitive functioning (Christensen et al., 1999; Kemper et al., 1994; Duarte et al.,
2006; Lindenberger & Ghisletta, 2009). In fact, the theory of cognitive reserve holds that
some variables improve the brain’s ability to deal with damage, mitigating its effects on
cognitive functioning (Stern, 2002; Stern, 2009). Variables that seem to enhance the quality
of life of older people include, for example, education, occupation, intelligence,
socioeconomic status, aerobic fitness and music (Albert et al., 1995; Christensen, 2001;
Hillman et al., 2008; Hanna-Pladdy and MacKay, 2011; Steffener et al, 2012; Stern, 2009).
It has been proposed that cognitive reserve is supported by two neural mechanisms:
neural reserve and neural compensation (see Stern, 2009). Neural reserve refers to brain
network capacity that allows people to cope with increased environmental demands; this
brain capacity can differ in its expression as a function of its efficiency and capability. Any
condition that affects brain functions can affect the capacity and efficiency of the brain
network, including normal aging (Achard and Bullmore, 2007). On the other hand, neural
compensation is based on the existence of alternative brain networks (or set of brain regions)
that would be recruited to compensate for the loss of cognitive efficiency and/or brain
structures vulnerable to brain atrophy in aging or neurodegeneration in diseases.
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The hypothesis that bilingualism enhances cognitive reserve, protecting the brain
against age decline in normal and pathological aging has recently emerged (Bialystok et al.,
2007; Bialystok, 2012). The belief in bilingualism as brain protective factor is based mainly
on retrospective studies in which monolingual and bilingual patients diagnosed with
dementia are compared on age of symptom onset; showing that bilinguals display symptoms
of dementia significantly (4-5 years) later than monolinguals (Alladi et al., 2013; Bialystok et
al., 2007; Bialystok et al., 2014 Chertkow et al., 2010; Craik et al., 2010; Gollan et al., 2011;
Woumans et al., 2015) and mild cognitive impairment (MCI; Ossher et al., 2013; Bialystok et
al., 2014). Also bilingual patients who have suffered brain stroke have shown significantly
better cognitive recovery following stroke as compared to monolinguals (Alladi et al., 2016).
The first study suggesting that bilingualism improved cognitive reserve was Bialystok
et al. (2007). They investigated 184 patients diagnosed with Alzheimer’s disease and found
that bilinguals (93 of the patients) showed the symptoms four years later than monolingual
patients (Bialystok et al., 2007). Craik et al. (2010) studying 211 patients replicated the delay
in the diagnosis of Alzheimer’s disease for bilingual as compared to monolingual. Chertkow
et al. (2010) studied 632 patients showing that in non-immigrant bilinguals the effect was not
significant, but for immigrant multilingual they found approximately 5 years of delay of
Alzheimer’s diagnosis as compared to monolinguals, which suggested that the immigrant
status of the patients in previous studies could interact with the bilingual condition. However,
another large-scale data sample study with 648 participants, demonstrated that simultaneous
bilingual patients developed dementia 4.3 years later than monolinguals (Alladi et al., 2013)
and when only illiterate participants were considered, the delay of symptoms increased to 6
years for bilinguals. In the same way, Gollan et al. (2011)’s study found that higher degrees
of bilingualism were associated with a delay in the diagnosis only in bilinguals with low
educational level. In general, greater benefits were found for less-educated groups than welleducated (Alladi et al., 2013; Chertkowet al., 2010; Gollan et al., 2011). See also other results
reporting benefits in cognitive measures (Bak et al., 2014).
It is important to note that, the samples under study included immigrants as well as
non-immigrants, educated as well as illiterate individuals, with high and low socio-economic
background. Additionally, the samples include early as well as late bilinguals and the
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patterns of language use varied across these studies, from context predominantly
monolingual to highly multilingual characterized by frequent language switching and mixing.
Importantly, when some of these secondary factors are taken into account several studies
failed to replicate the delays in bilinguals the symptoms of dementia (Chertkow et al., 2010,
Crane et al., 2009; Gollan et al., 2011; Sanders et al., 2012; Clare et al., 2014; Zahodne et al.,
2014; Kowoll et al., 2015; Lawton et al., 2015). Thus, the results of these studies are
extremely controversial and required caution about the assumption of the neuro-protective
effects of bilingualism (Calvo et al., 2016; Costa & Sebastián-Gallés, 2014; Paap, Johnson &
Sawi, 2015a; 2015b).
The hypothesis of bilingualism as cognitive reserve variable predicts that greater
benefits are expected with more years of active bilingualism (Bialystok et al., 2016). Given
that older adult early bilinguals have longer lifetime experience of active bilingualism (i.e.
higher number of years continually selecting between two languages at any social context) it
might be expected they are more trained experts in language selection mechanisms and, by
extrapolation, in general cognitive executive functions, boosting brain plasticity (e.g.
increasing grey and/or increased/decreased white matter volume) in brain regions related to
EFs or language processing. There is the idea that bilingualism might stimulate in some way
these brain areas, which become more resistant to brain atrophy or pathology. However, the
neural correlates of this neuroprotective effect of bilingualism in aging are still unclear.
Few neuroimaging studies have been trying to search into this matter. The study of
Schweizer et al. (2012) tries to provide evidence in support of the protective effect of
bilingualism on the brain in pathological aging populations. They matched one group of
bilinguals with one group of monolinguals on cognitive level and clinical severity of
Alzheimer’s disease (also matched in demographic variables). They reported comparable
cognitive performance in memory tests between bilingual and monolingual Alzheimer’s
patients, despite significant greater GM atrophy shown in medial temporal lobe for the
former, using linear measurements derived from computerized tomography scans. In other
words, despite having greater medial temporal lobe atrophy, the bilingual individuals with
Alzheimer performed in the same manner on neuropsychological testing as their
monolinguals peers with less brain atrophy, hence, compensating for the greater atrophy.
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This study, however, is controversial, because it is possible that the observed group
differences in brain atrophy, irrespective of the neuropsychological performance of both
groups, could be attributable to other factors than bilingualism. For example, in this study the
bilingual group had more immigrants than the monolingual group, a condition that also could
interact with bilingualism. Additionally, the groups were not matched in some confounding
variables (i.e. monolingual group had significant higher occupational and educational level
than the bilinguals). As mentioned above, these are also important cognitive reserve variables
(Stern, 2009) that could explain the less atrophy observed in the monolingual group, which
interferes with the hypothesis of the study about the brain protective effect of bilingualism.
Furthermore, Bilinguals under this study had been used two languages regularly since
childhood, with a variety of languages being included in the group. So, doubts remain about
which factors apart from bilingualism produced these group’s brain differences.
Another structural study (Gold et al., 2013) using DTI measures compared healthy
older bilingual adults with matched monolingual controls and the former showed lower FA
values in posterior parts of the IFOF and the CC (in areas of these tracts that presumably
connect regions related to memory processing). These authors reported that bilinguals
performed equally in different memory tests to monolingual controls, despite showing lower
FA values, something that they interpret as less integrity of the WM. However, we are far
from understanding how increased/decreased WM or GM is related with a function or
behaviour. Specifically, in FA studies, decreasing axonal density, increasing axonal caliber
or decreasing the degree of myelination should all reduce the FA values in the white matter.
But despite the extensive use of this measure in many fields of neuroscience, any differences
in this value should not always be associated with or interpreted in terms of WM tissue
‘integrity’. Different fiber configurations and variations in these configurations can produce
different modifications in this measure (Jone et al., 2013). In any case, these two
aforementioned studies failed to demonstrate that bilingualism is a neuroprotective factor of
the brain.
There are three more neuroimaging studies suggesting the neuroprotective effect of
bilingualism. Luk et al. (2011) found a different pattern than Gold et al. (2013) (an increase
rather than a decrease) but in different parts of the same tracts. Luk et al. (2011), unlike Gold
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et al., found that bilingual elderly had increased FA in anterior parts of IFOF and CC (those
parts of the tracts that might connect frontal regions). Additionally, Abutalebi et al.,
comparing Chinese older adult bilinguals with Italian monolinguals obtained significant
volume increases for bilinguals in the aITG (Abutalebi et al., 2014) and in the left/right ACC
(Abutalebi, Guidi et al., 2015) (see section 2.3 for details about these studies). However,
images of bilinguals and monolinguals in Abutalebi et al. studies were acquired with
different scanners, which could explain some difference obtained between the groups. In
general, these three studies interpreted these focal increased in WM and GM as a protective
effect of bilingualism in the brain.
In sum, the structural findings so far described are scarce, inconsistent and more
importantly, not determined what neural mechanisms engage these neuroprotective effects of
bilingualism. The aim of this experiment is to investigate the brain structural bases of
bilingualism in aging, especially, to determine the neural mechanism by which bilingualism
confers its advantage as a neuroprotective factor (i.e. by neural reserve and/or neural
compensation). The idea is that bilingualism will make the cognitive system more efficient in
the use of their cerebral resources and this fact should be easily captured in the brain
configuration and the topological parameters of the brain network, perhaps developing higher
efficient specialized subnetworks that will help to compensate the normal brain deterioration
in aging. Thus, this study will try to identify differences in the organization and capability of
the whole structural brain networks in elderly lifelong bilinguals as compared to
monolinguals. To assess this spatial configuration and properties of the brain, structural
networks based on DW-MRI will be created (Gong et al., 2009; Hagmann et al., 2008;
Iturria-Medina et al., 2007, 2008). To explore the differences in the configuration and
topological parameters of the networks, NBS (Zalesky et al., 2010) and a complex network
analysis (Latora & Marchiori 2001; Watts & Strogatz 1998) will be used, respectively.
In fact, there are already some studies using complex network analysis based on
graph theory approach, to measure differences between Alzheimer’s disease patient and
control groups. These studies have reported some alteration in parameters of brain networks
derived from different neuroimaging modalities (such as fMRI, EEG and T1-MRI). In
general, these studies found that the small-world characteristic of the whole brain network is
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reduced in Alzheimer’s disease (see Bullmore and Sporns, 2009 for a review). The smallworld property is a tradeoff between shorter path length among nodes (which means higher
global graph-efficiency) and a higher clustering (which means higher local graph-efficiency)
of the network. In detail, one study showed that clustering was significantly reduced in the
entire network for Alzheimer’s patients (Supekar et al., 2008), while other showed that path
length was increased (Stam et al., 2007) and two of them showed abnormal topological
configuration for nodes/regions considered important hubs in the brain (He et al., 2008, Stam
et al., 2008), which also affect the small-world attribute of the brain graph-network.
There are other studies with healthy older populations showing that older people had
reduced global/local graph-efficiency of the brain functional networks than younger people,
which means that small-world attributes of the brain functional network (small-world
attributes have been found in almost any biological network), are affected by normal aging
(see Archad and Bullmore, 2007). Based on these previous studies and following the notion
of bilingualism as brain protective factor, could be also expected that the whole
structural/functional brain network in elderly lifelong bilinguals will show increased
global/local graph efficiency than in monolinguals.
In the current study rfMI technique in combination with DW-MRI and T1-MRI, will
be used to study structural/functional brain plasticity related to lifelong bilingualism. This
neuroanatomical approach is followed in order to explore task-independent differences
between bilinguals and monolinguals. This combination of methods has also the advantage of
allowing large-scale network analysis, by mapping functional/structural brain networks at the
whole-brain level. There are only two resting-state functional studies comparing elderly
bilinguals and monolinguals (Luk et al., 2011 and Grady et al., 2015), but these studies did
not investigate the large-scale functional brain network. Thus, modifications in the
structural/functional connectivity of the whole brain associated with bilingualism and
topological properties of the brain network have not been yet investigated in elderly. Luk at
al. (2011), performed a resting-state functional connectivity analysis taking as seeds the
regions of GM adjacent to the cluster showing higher FA values for bilinguals in the prior
TBSS analysis (see section 2.3) and which they considered important for language switching
(i.e. right/left IFG). This analysis showed stronger functional connectivity between left IFG
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and posterior brain regions (i.e. with MTG, right IPL, precuneus, middle occipital gyri and
left caudate) for bilinguals as compared to monolinguals. In contrast, monolinguals showed a
different connectivity pattern, showing higher connectivity between left IFG and other frontal
regions. For its part, Grady et al. (2015) investigated functional intrinsic connectivity during
resting-state and also during a task-related paradigm. They focused in two brain subnetworks
that are typically engaged in EF: the fronto parietal control (FPC) network and the salience
network (SLN), but also study the default mode network (DMN) (see section 2.4 for details
about this study). They found stronger intrinsic functional connectivity in the FPC network
and DMN in bilinguals than in monolinguals. Bilinguals also showed stronger correlations
than monolinguals between intrinsic connectivity in the FPC network and the task-related
increases of activity in prefrontal and parietal regions; suggesting greater anterior-posterior
functional connectivity in bilinguals as Luk et al. study.
In sum, the current study attempt to identify local GM differential structural patterns
associated with bilingualism by investigating a group of elderly lifelong Basque-Spanish
bilinguals and a group of well-matched Spanish monolingual controls using voxel-based and
surface-based morphometry. Additionally, local WM structural differences will be
investigated by means of DTI-derived measurements using TBSS approach and
structural/functional connectivity measures will be calculated to obtain large-scale brain
network connectivity maps. In order to determine differences in connectivity patterns
between both groups, a NBS approach was followed by isolating sets (subnetworks) of
highly interconnected regions, providing information about whole-brain structural and
functional organization (Zalesky et al., 2010a; see also García-Pentón et al., 2014, for a
similar approach with young adults). Finally, a brain complex network analysis will be used
to assess the topological properties of the networks in elderly bilinguals and monolinguals.

5.2 PARTICIPANTS
Thirty-four seniors in total who lived in the Basque Country were selected for this
experiment (age range from 64-78, mean age, 69.35 years, 4.01 std). Participants were
healthy people with no reported history of neurological/mental illness and/or treatment with
psychotropic medication and all of them had normal or corrected-to-normal vision. All
participants gave verbal and written informed consent prior to involvement, in accordance
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with the Declaration of Helsinki, and the research protocol was approved by the BCBL
Ethics Committee.
The first group comprised 17 Basque-Spanish bilinguals (10 females, age range from
64 to 78 years, mean age, 69.41 years, 4.08 std). The second group comprised 17 Spanish
monolinguals (10 females, age range from 64 to 78 years, mean age, 69.29 years, 4.07 std).
They were carefully paired in age and sex (see Table 6). The bilingual group used both
languages every day and rated themselves as mid-to-high proficient in both languages (mean
rates: 8.83, 1.02 std for Spanish and 7.70, 1.48 std for Basque) on a scale from 1 (very poor
level) to 10 (perfectly fluent). Information about language profile was obtained by means of a
questionnaire before the experiment. The ratings were based on reading, writing, listening
and speaking skills. The AoA of the L2 (Spanish) ranged from 0 to 11 years old. All
bilinguals have a lifelong bilingualism index (LBI) 2 above 91.48% (i.e. they have been
bilingual 91.84% of their lives) (see Table 7 for details about all these measures). The
monolinguals used only Spanish for daily life and had no/little knowledge of Basque
(proficiency mean rate: 9.47, 0.87 std for Spanish and 2, 1.41 std for Basque) or any other
language (see Table 7 for participants’ language profile). Only 1 monolingual had been in
contact with Basque but received little exposure and rated themselves as very poorly
proficient in Basque (AoA = 15 years old; proficiency rate = 3).
The groups were not significantly different in mean years of study and Mini-Mental
State Examination Test (MMSE) scores (see table 8). The study contained only right-handed
old adults. IQ scores were measured with the Spanish version of the Kaufman Brief
Intelligence Test (K-BIT) and were controlled as nuisance covariate.

2

This index represents an estimation of the amount of active exposure to both
languages as a function of the age and is calculated from the formula: LBI = 100–(AoA
L2*100/Age). In this way, both lately acquired bilingualism and short periods of active use
of the two languages are represented by lower values, while early bilingualism and extensive
use of the two languages get higher scores.
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Table 6. Age in years, gender and IQ of participants (F for feminine, M for masculine).
Bilingual group (N = 17)
Monolingual group (N = 17)
IQ
Composite
Age
Gender
MMSE Age Gender
IQ Composite
MMSE
(standard scores)
(standard scores)
123
29
123
29
66
F
66
F
119
29
117
27
69
M
69
M
107
30
120
28
68
F
68
F
131
30
87
28
76
M
76
M
117
29
102
29
70
F
69
F
90
28
85
28
75
F
75
F
118
30
87
29
67
F
67
F
98
27
99
30
78
M
78
M
85
30
86
30
71
F
71
F
103
29
110
30
73
M
73
M
125
26
110
29
70
M
69
M
92
29
84
28
68
M
68
M
123
30
95
28
65
F
65
F
122
30
89
30
64
F
64
F
120
28
113
26
69
F
69
F
125
28
83
28
66
F
66
F
133
29
105
30
65
M
65
M
Note: N, sample size. F, female. M, male. IQ, intelligence quotient. MMSE, Mini-Mental State
Examination scores.

Table 7. Language profile of monolingual and bilingual groups.
Mean (±SD)
Variables

Monolinguals
Bilinguals
N = 17 (10 female)
N = 17 (10 female)
0.0(±0.0)
5.94(±2.92) (L2)
AoA of Spanish
0.0 (±0.0) (L1)
AoA of Basque
4.58(±18.90)
91.48(±3.97)
LBI (%)
9.47(±0.87))
8.83 (±1.02)
Spanish proficiency
2(±1.41)
7.70 (±1.48)
Basque proficiency
Other language proficiency
Note: N, sample size. AoA, age of acquisition (the age at which participants started to learn
these languages). LBI, lifelong bilingual index. SD, Standard deviation. Proficiency was measured on
a scale from 1 (very poor level) to 10 (perfectly fluent).
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Table 8. Group Means and SDs for Demographic & Neuropsychological Measures.
Monolinguals
Bilinguals
N = 17 (10 female)

N = 17 (10 female)

Mean

SD

Mean

SD

Age at completion of studies

16.706

4.1798

18.88

5.7758

MMSE (raw score)

28.65

1.17

28.88

1.17

General IQ (percentile)

99.70

13.84

113.58

14.84

Note: N, sample size. MMSE, Mini-Mental State Examination score. SD, Standard deviation.
IQ, intelligence quotient.

5.3 GREY MATTER RESULTS
5.3.1

Voxel-based morphometry
A between-group voxel-based comparison of the GM volume at whole brain level

was performed, using the optimized FSL-VBM protocol (Douaud et al., 2007), as described
in section 4.3.2.1. A two-sample T-test adjusted for covariates was performed to evaluate
whether the GM volume differ between the two groups across the whole brain. IQ was
included in the statistical model in order to verify that group differences cannot be explained
by this nuisance covariate. Two contrasts were performed: Bilinguals > Monolinguals and
Bilinguals < Monolinguals. The group comparison revealed no significant difference
between bilinguals and monolinguals at p < 0.05 TFCE corrected for multiple comparisons.
These finding suggested that lifelong bilingualism did not produce any effect in the GM for
the elderly group.
5.3.2

Surface-based morphometry
A between-group vertex-based comparison of the CT was performed using FreeSurfer

(see section 4.3.2.2). A two-sample T-test adjusted for IQ was performed to evaluate whether
the CT means of the two groups differ between them across the whole brain. At a p < 0.05
corrected for multiple comparisons, there were no areas where bilinguals had significantly
thinner or thicker cortex than monolingual peers.
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5.4 WHITE MATTER RESULTS
5.4.1

Tract-based spatial statistic
To investigate the effects of bilingualism in WM structure for the senior’s group, a

voxel-wise statistical analysis of the FA skeletonized data was also carried out (see the
procedure described in section 4.3.2.4). A two-sample T-test was performed using
permutation non-parametric testing for the group comparison. Two contrasts were
performed: Bilinguals > Monolinguals and Monolinguals > Bilinguals. IQ was included in
the statistical model as nuisance covariate. The results were fully corrected for multiple
comparisons across space using TFCE. The comparison between groups produced no
significant effects. At p < 0.05 TFCE corrected, no significant increases or reductions in local
FA values were found in lifelong bilinguals.
5.4.2

Structural Connectivity
The NBS (T-threshold = 3, K = 10000 permutations) was used to detect any

connected sub-networks that were significantly different between groups. Groups did not
show any set of GM regions (subnetwork or component) more highly interconnected (at p <
0.05) by means of WM tracts. Even at a lower initial cluster formation threshold (T-threshold
= 2) any significant component was obtained. A pair-wise analysis using FDR correction
neither show any isolated pair of regions more connected between groups at p < 0.05.
5.4.3

Complex network analysis
This analysis assessed for differences between bilingual and monolingual groups in

the measure of integration (Eglob) and clustering (Eloc) of the structural network. A
significantly higher Eglob of the whole network (p < 0.05) was obtained for bilinguals as
compared to monolinguals (see Table 9). This indicates that in the bilingual group the
information flows more efficiently than in monolinguals. Eglob represents the efficiency of a
parallel system, which means how efficiency the system exchanges concurrently information
(Latora and Marchiori, 2001). This result is perhaps a positive consequence of the greater
language demands during their lifetime. For Eloc measure no statistically significant
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differences between groups survived after FDR correction for multiple comparisons (at q =
0.05).

Table 9. Global graph-efficiency (Eglob) comparison results between bilingual (N = 17) and
monolingual (N = 17).

Groups

Eglob Mean (± SD)

Bilingual

0.0802 (±0.01406)

Monolingual

0.0637 (±0.0162)

Z-value

2.57

P-value

0.01

Note: SD, standard deviation. The P-values correspond to the null hypothesis (H0) that
medians are equal. P≤0.005 suggests there is a group difference (reject H0).

5.5 RESTING-STATE FUNCTIONAL RESULTS
5.5.1

Functional Connectivity
NBS (T-threshold = 3, K = 10000 permutations) was used to detect any functional

sub-networks that were significantly different connected between groups. Groups did not
show any set of GM regions (subnetwork/component) more highly interconnected at p <
0.05. Even at a lower initial cluster formation threshold (T-threshold = 2) no significant
component was obtained. Additionally, a pair-wise analysis using FDR correction did not
show any isolated pair of regions significantly different connected between the groups at p <
0.05.
5.5.2

Complex network analysis
This analysis assessed for differences between elderly bilingual and monolingual

groups in Eglob and Eloc of the resting-state functional networks. No statistically significant
differences between the groups emerged at p < 0.05. This indicates that both groups have
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similar patterns in terms of graph-efficiency at both global and local scales in the functional
network.

5.6 DISCUSSION
A well-matched elderly Basque-Spanish bilingual group, comprised by lifelong
bilinguals who have been bilinguals for more than 91% of their lives, were compared with
Spanish monolinguals counterparts. These participants were presumably in a declining
process due to normal aging, but their cognitive abilities were at normal levels according to
the scores obtained in the MMSE (see Folstein, Folstein & McHugh, 1975). Participant’s
scores were above 26 (mean = 28.76; std = 1.16) and did not differ between groups. Results
showed no focal structural brain differences between bilingual seniors and monolingual
peers, either in GM or in WM. However, the graph theoretical analysis conducted to examine
global and local graph network efficiencies showed that the graph-efficiency of the whole
structural network increased for bilinguals as compared to that for monolinguals. These
results suggest more efficient parallel information transfer between all nodes in the whole
brain, which could mean a more optimized general configuration of the whole network. In
functional terms, the more optimized network could benefit higher cognitive processes (for
example, executive functioning) that might require greater efficiency in transferring parallel
information across all regions in the brain (Bassett et al., 2009; Bullmore and Bassett, 2011;
Li et al., 2009).
It was expected that the potential differences between bilinguals and monolinguals
would be salient in the elderly, given their lifelong bilingualism. Contrary to what was
expected, however, the elderly groups did not show focal differences in GM/WM structural
measures even when the bilinguals under study were early bilinguals who have been
immersed in a dense-code switching interactive bilingual context for almost their whole life
and the languages in this bilingual context (Basque and Spanish) are extremely typological
distant, which might imply that the cost of dealing with these two languages might affect the
brain more. Rather, these results indicate that brain regional structural differences related to
lifelong bilingualism, if exist, are small and difficult to detect.
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In this sense, the complex network analysis was very helpful. This analysis suggested
that even when no local/focal differences were observed in the brain, the consequence of
lifelong bilingualism could bring a global benefit to the brain, given the increased global
graph-efficiency gained in the entire structural network of bilinguals as compared to
monolinguals. Taking together this topological result of the brain in lifelong healthy
bilinguals and the results from preceding studies demonstrating differences in the brain
network in Alzheimer’s disease (AD) as compared to controls, some interesting links could
be suggested. AD seems to imply a reduced small-world property of the brain network
(Bullmore, 2009). The reduced small-word (economy) attribute of the network is related to
the increased path length and decreased clustering (Supekar et al., 2008; Stam et al., 2007;
He et al., 2008; Stam et al., 2008). These two measures are directly related to the loss in the
global/local graph-efficiency of the network, respectively, since increased path length yields
less global efficiency and decreased clustering yields less local efficiency. Thus, the less
small-world characteristic of a network can also be defined as having less global and local
graph-efficiency (Achard and Bullmore, 2007). Interestingly, complex network analyses in
healthy older populations showed that small-world attributes of the functional brain network
are affected by normal aging (i.e. older people had reduced global/local graph-efficiency of
the brain functional network than younger people) (see Archad and Bullmore, 2007).
Accordingly, the increased global graph-efficiency of the structural network in the bilingual
group tested here could be compatible with the idea of a lesser degree of cognitive decline in
bilingual population and a better prognostic of AD in bilinguals (see Bialystok et al., 2016
for a review). However, there is poor neural evidence supporting this claim (see García-Petón
et al., 2016), and although the current study provides some potential explanation for how
bilingualism might act as a brain protective factor, caution is required due to the small
sample size tested here and given that the global network graph-efficiency is the only
significant difference. No other differences on structural or functional measures were found.
Thus, this result needs to be replicated.
Summarizing, the analysis of the brain did not show local or regional grey/white
matter structural differences associated to lifelong bilingualism as was expected. But lifelong
elderly bilinguals showed increased global graph-efficiency of the whole brain structural
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network as compared to their monolingual peers; providing new evidence that might explain
how bilingualism could protect the brain against cognitive decline in normal aging.
.
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Chapter 6: A Comprehensive Study of Bilingualism
Across Children and Seniors
6.1 INTRODUCTION
A more detailed analysis was performed with both age groups together in a fully
comprehensive statistical model in order to increase power and see what differences survive
across groups. In all the subsequent analyses, a 2 × 2 between-subject factors analysis of
covariance (ANCOVA) was performed. The ANCOVA included two factors: LanguageProfile (levels: bilinguals and monolinguals) and Age-Group (levels: children and elderly),
adjusted for a covariate (IQ).

6.2 PARTICIPANTS
The same participants from Experiments I and II were included.

6.3 METHODS
The procedure followed for the analyses was the same that the followed in the
Experiments I and II.

6.4 GREY MATTER RESULTS
6.4.1

Voxel-based morphometry
A mass univariate GLM was used, corresponding here to a two-way (2 × 2) between-

factor ANCOVA adjusted for IQ as nuisance covariate, and found a significant LanguageProfile by Age-Group interaction effect at p < 0.005 corrected for multiple comparisons
using TFCE. One large cluster comprised an extended region in the right hemisphere
including the Lingual/PC/Precuneus (see Table 10 and Figure 10). The post-hoc comparisons
revealed that interaction effect in the right lingual/PC/precuneus was driven by the group of
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children. The children group showed a significantly increased GM volume for bilingual as
compared to their monolinguals peers (see Table 10 and Figure 10).

Table 10. Significant simple effect of Language-Profile in children showing increased GM
volume in bilinguals as compared to monolinguals. The table is showing as well the interaction effect.
Interaction
Cluster Region
Voxels
P
X, Y, Z
T
Voxels
P
X, Y, Z
T
value
(mm)
value
value
(mm)
value
R.Lingual/PC/
Precuneus

1058

0.001

12, -58, -8

4.71

1235

0.007

2, -36, -8

4.9

Note: PC, posterior cingulate; R, right; L, left; Voxels = number of voxels in the cluster;
P≤0.005 threshold free cluster enhancement (TFCE) corrected. X, Y, Z = coordinates in Montreal
Neurological Institute (MNI) space of local maxima. K = 10000 permutations. IQ as nuisance
covariate.

Figure 10. Brain regions in the right hemisphere showing significant increased GM in
bilinguals as compared to monolinguals. Significant cluster effects at p < 0.01 threshold free cluster
enhancement (TFCE) corrected. Red: Language-Profile by Age-Group interaction effect. Blue:
Simple effect Bilinguals > Monolinguals for children. Purple: Overlay between the interaction and
the simple effect. Background image is the MNI (Montreal Neurological Institute) brain template.
Slices are taken from the X, Y, Z MNI standard coordinates (in mm) displaying the maximal overlay
between the interaction and the simple effect, and are showing (from left to right): the sagittal,
coronal and axial plane. Sagittal view represents the right hemisphere. In the coronal and axial views
the right hemisphere is on the right side. IQ as covariate, K = 10000 permutations. Bilinguals
showed greater GM volume in the right precuneus, posterior cingulate and lingual gyri.
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6.4.2

Surface-based morphometry
In the vertex-based analysis of the CT, the 2 × 2 between-subject factor ANCOVA

showed two significant interactions between factors (Language-Profile by Age-Group)
effects at p < 0.05 corrected for multiple comparisons using Bonferroni correction. These
interactions were observed in the right Precuneus extending into the lingual and PC (peak in
MNI space [4.8 -58.1 22.1], p = 0.013, cluster size = 1298 vertices) and right Postcentral
gyrus (peak in MNI space [20.1 -32.2 59.1], p = 0.031, cluster size = 1307 vertices). The
post-hoc comparisons revealed that the interaction effects was driving by the children group,
showing a significant thinner CT in bilinguals as compared to monolinguals peers in the
precuneus (peak in MNI space [8.4 -60.7 39.8], p = 0.006, cluster size = 3764 vertices) and a
significant thinner CT in monolinguals as compared to bilinguals in the postcentral (peak in
MNI space [17.8 -32.5 59.0], p = 0.020, cluster size = 1440). See results in Figure 11.
Bilinguals >
Monolinguals

Right Hemisphere. Lateral

Monolinguals >
Bilinguals

Right Hemisphere. Medial

Figure 11. Brain region on the right hemisphere showing significant increased/decreased
cortical thickness (CT) in bilinguals as compared to monolinguals. ANCOVA results showing
significant Language-Profile by Age-Group interaction effects at p < 0.05 Bonferroni corrected.
Blue: Bilinguals > Monolinguals interaction driven by the group of children in the right postcentral.
Red: Monolinguals > Bilinguals interaction driven by the group of children in the right Precuneuos.
The first and second background brain images are the lateral and medial view, respectively, of the
right hemisphere inflated template. IQ as a covariate. Right postcentral CT is increased in bilinguals
relative to monolinguals and right precuneus CT is decreased in bilinguals relative to monolinguals.
K = 10000 iterations.

121

Part II: Experimental Section

6.5 WHITE MATTER RESULTS
6.5.1

Tract-based spatial statistic
The TBSS analysis of the FA revealed a significant overall main effect of Language-

Profile in the left IFOF mostly in the posterior part of the tract at p < 0.05 TFCE corrected
(see Table 11 and Figure 12). The FA values were overall decreased in these WM tracts for
bilinguals as compared to their monolinguals peers.

Table 11. TBSS analysis of the FA showing significant main effect of Language-Profile.
Main Effect
Cluster Region Voxel P-value X (mm) Y (mm) Z (mm) T-value
268
0.039
-32
-53
3
4.32
Monolinguals > Left IFOF/ ILF
Bilinguals
Note: p < 0.05 threshold free cluster enhancement (TFCE) corrected. X, Y, Z coordinates in
Montreal Neurological Institute (MNI) space. K = 10000 permutations. IQ as covariate. L, left;
IFOF, inferior frontal occipital fascicule; ILF, inferior longitudinal fascicule.

Figure 12: Brain regions showing significant increased fractional anisotropy (FA) in
monolinguals as compared to bilinguals in the left inferior frontal occipital fascicule and inferior
longitudinal fascicule. Significant cluster of overall main effect Monolinguals > bilinguals at p <
0.05 threshold free cluster enhancement (TFCE) corrected. The background image is the FA brain
template in MNI (Montreal Neurological Institute) space. The slices are showing (from left to right):
the sagittal, coronal and axial plane. Sagittal view represents the left hemisphere. In the coronal and
axial views the left hemisphere is on the left side. IQ as covariate, K = 10000 permutations.
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6.5.2

Structural Connectivity
NBS (T-threshold = 3, K = 10000 permutations) was used to detect any connected

sub-networks that were significantly different between bilinguals and monolinguals. This
analysis did not identify any significant main effects of Language-Profile, or interaction
between Language-Profile and Age-Group at p < 0.05.
6.5.3

Complex network analysis
ANCOVA analysis showed a significant main effect of Language-Profile, F(1,56) =

6.29, p = 0.016 (see Figure 13) for Eglob. Looking at the main effect graphically it could be
notice that the lines are not parallel. That is because it was also found a significant interaction
between Language-Profile and Age-Group factors, F(1,56) = 4.17, p = 0.047 for Eglob. Posthoc comparisons using Bonferroni indicated significantly higher Eglob for bilinguals as
compared to monolinguals (p = 0.018) in the elderly group but not in the children at p < 0.05
(see Table 12). This result suggests that the intrinsic capability of the whole brain system to
transmit parallel information between its nodes/regions, which is the capacity of each node to
send concurrent information along the network, is tend to be higher (or more efficient) in
bilinguals than in monolingual. But this efficiency became only significantly increased in the
elderly bilinguals (i.e. after many years of languages exposure).

Table 12. Global graph-efficiency comparison results between monolinguals and bilinguals.

Groups
Bilinguals

Global Graph Efficiency Means (± SD)
Children (N = 13/13)
Elderly (N = 17/17)
0.0585 (±0.0162)

0.0802 (±0.0162)

Monolinguals
0.0576 (±0.0092)
0.0637 (±0.0148)
0.0009
0.0166
Mean differences
P-values
1.000
0.018
(Bonferroni-corrected)
Note: SD, standard deviation. The P-values correspond to the null hypothesis (H0) that means
are equal. A small P-value (p < 0.005) suggests that there is a group difference (reject Ho).
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Figure 13: Graphical representation of the main effect of Language-Profile (x-axis) and the
interaction between Language-Profile by Age-Group (separated lines, blue, children; green, elderly)
on global graph-efficiency measure of the whole structural network (y-axis). Asterisks represent Eglob
mean values for each group.

6.6 RESTING-STATE FUNCTIONAL RESULTS
6.6.1

Functional Connectivity
The NBS obtained a significant interaction effect between Language-Profile and Age-

Group (T-threshold = 3, K = 10000 permutations, p < 0.05 corrected) identifying one
functional subnetwork comprised by only two regions. Consequently, the pair-wise analysis
was used and also obtained a significant interaction effect for this pair of regions [p(FDRcorrected) = 0.05, t-value = 4.21]. As in the independent analysis carried out on the children
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sample (Chapter 4), we found that the right Heschl’s gyrus and left amygdala were
significantly higher connected in bilingual than in monolingual children.
6.6.2

Complex network analysis
This analysis assessed for differences between bilingual and monolingual groups in

Eglob and Eloc of the resting-state functional network. No statistically significant main effects
or interaction between Language-Profile and Age-Group emerged at p < 0.05. This indicates
that both groups (bilinguals and monolinguals) have similar patterns in terms of graphefficiency at both local (a measure of clustering) and global (a measure of integration) scales
in the functional network.

6.7 INTERIM DISCUSSION
In this analysis, a fully comprehensive statistical analysis of bilingualism was
performed across children and seniors. A 2-way ANCOVA was run including two factors,
Language-Profile (levels: bilinguals and monolinguals) and Age-Group (levels: children and
elderly), adjusted for IQ. The ANCOVA analysis found a significant interaction between
factors

(Language-Profile

by

Age-Group)

in

the

GM

volume

of

the

right

Lingual/PC/Precuneus cortex. A significant interaction was also found between these factors
in the CT for the right precuneus and postcentral gyrus. The post-hoc comparisons revealed
that interactions were driven by the children group. Bilingual children showed a significant
increased GM volume and a significant decreased CT in the right Lingual/PC/Precuneus as
compared to their monolinguals peers and showed an increased CT in the postcentral gyrus.
The TBSS analysis of the FA revealed a significant overall main effect of LanguageProfile: bilinguals showed a significant decreased FA of the WM across groups in the
posterior part of the left IFOF/IFL. Previous studies using the standardized TBSS protocol
have been shown consistently bilingualism effects in these tracts (Luk et al., 2011; Gold et
al., 2013; Pliatsikas et al., 2015; Cummine & Boliek 2013). However, Gold et al. (2013) was
the only study showing decreased FA in the posterior part of the IFOF, similar to the current
result. Other studies obtained the effects in the anterior part of the tract (Luk et al., 2011;
Pliatsikas et al., 2015; Cummine & Boliek 2013) showing an increased rather than a
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decreased. Mohades et al. (2012; 2015) although using a different approach (TOI approach)
also obtained increase mean FA in the IFOF for bilinguals as compared to monolinguals.
The result related to the complex network analysis revealed that whole brain
structural network was significantly higher global graph-efficient in bilinguals as compared
to monolinguals but only in the elderly, suggesting that elderly lifelong bilingual brain
networks have a better capability of transferring information between nodes/regions across
the whole network than their monolingual peers. In terms of functional principles, these gain
in global graph-efficiency seem to support the idea that demanding, highly specific
processing in higher-level cognitive functions, such as language and/or executive functions,
during lifelong might imply structural changes in the brain, as they could require sustained
greater efficiency in transferring parallel information across all regions in the brain (Bassett
et al., 2009).
Why is it the case that higher global network graph-efficiency is associated with
reduced FA in the bilingual group? An increase in global graph-efficiency suggests that
certain connections are stronger, which would lead us to expect greater density and higher
FA values. However, this increased density may be masked by the existence of regions of
crossing fibers. If a given tract strengthens its connections and becomes dense but intersects
another tract that does not change, the FA values will be lower on the voxels of crossing
fibers. This would explain why lower FA is related to increased global efficiency of the brain
graph network. Nonetheless, these are different measurements that rely on different types of
analysis. In fact, the higher global graph-efficiency could be related to more extended
changes that do not reach significance at a local level.
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In the current study, a multimodal neuroimaging approach (each structural technique
complements the other in understanding neural correlates) was used to study brain plasticity
in early Basque-Spanish bilingual children and lifelong Basque-Spanish bilingual elderly
who have been actively bilingual for many decades. Both bilingual groups were carefullymatched in age and sex with monolingual control groups. The neural effects of bilingualism
were analysed by measuring GM volume, CT, FA values, structural/functional connectivity
and topological brain network measures. This study was carried out on samples of children
and the elderly, with the aim of better understanding whether or not bilingualism yields
effects in the brain and especially to resolve inconsistencies in previous results. Age groups
were selected at either end of the lifespan under the assumption that any effects that
bilingualism may produce in the brain would be more salient in these groups because they
are not at the peak of their cognitive abilities (children are under development and elderly are
on decline). The bilingual population of this study is immersed in a Basque-Spanish bilingual
context. In this context they have to switch between their two languages very often on a daily
basis and even in the same conversation (i.e. a dense-code switching interactive bilingual
context). An overview of the results can be found in Table 13.
In Experiment I, 14 carefully-matched Basque-Spanish bilinguals with 14 Spanish
monolinguals children were compared. The most important result from this experiment was
the increased GM volume in the bilingual children as compared to the monolingual peers, in
a large area covering the Lingual/PC/Precuneus cortices. Although no change was observed
in WM connectivity, bilingual children showed higher functional connectivity between the
right Heschl’s gyrus (right primary auditory cortex) and the left amygdala.
In Experiment II, the elderly participants (17 carefully-matched Basque-Spanish
bilinguals with 17 Spanish monolinguals) showed normal MMSE scores and did not differ
between groups in other controlled measures. The structural results showed no regional brain
differences between Basque-Spanish bilingual seniors and their Spanish monolingual
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counterparts, either in GM or in WM, neither in the functional connectivity patterns.
However, a higher graph-efficient of the structural network was observed in elderly
bilinguals as compared to monolinguals.

Table 13: Overview of the main results from studies reported in this dissertation.
Study

Grey Matter

White matter

Experiment I
(Children)

Bilinguals >
Monolinguals:
Increased volume in
R. Lingual/PC/
Precuneus.

n.s

Structural/
Functional
Connectivity
Bilinguals >
Monolinguals:
Pair of regions
showing higher
functional
connectivity:
R. Heschl

Topological
analysis
n.s

L. Amygdala
Experiment II

n.s.

n.s

n.s

Bilinguals >
Monolinguals:
Increased
Eglob.

Language-Profile
by Age-group
Interaction (driven
by children):
Bilinguals >
Monolinguals:
Pair of regions
showing higher
functional
connectivity:
R. Heschl

Main effect of
LanguageProfile
and
LanguageProfile by Agegroup
Interaction
(driven by
Elderly):
Bilinguals >
Monolinguals:
Increased
Eglob.

(Elderly)

ANCOVA
(elderly and
children)

Language-Profile
Main effect of
by Age-group
Language-Profile:
Interaction (driven Bilinguals <
by children):
Monolinguals:
Overall decreased
Bilinguals >
FA in
Monolinguals:
Increased volume in L. IFOF/ILF
R. Lingual/PC/
Precuneus.
Increased CT in
R. Postcentral
Bilinguals <
Monolinguals:
Decreased CT in
R. Precuneus.
Note: n.s. indicates not significant results; L, left. R,
inferior frontal occipital fascicule; ILF, inferior longitudinal
global efficiency.

L. Amygdala

right; PC, posterior cingulate; IFOF,
fascicule; CC, corpus callosum; Eglob,

Finally, the ANCOVA found a significant interaction between factors (LanguageProfile by Age-Group) for the GM volume in the right Lingual/PC/Precuneus cortex and for
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the CT in the right precuneus and postcentral gyri. The post-hoc comparisons revealed that
the interactions were driven by the children group. They showed a significantly increased
GM volume and a significantly decreased CT in the Lingual/PC/Precuneus for bilinguals as
compared to their monolingual peers. And for the postcentral gyrus bilinguals showed an
increased CT as compared to monolinguals. The TBSS analysis of the FA revealed a
significant overall main effect of Language-Profile in the IFOF/IFL across Age-Groups. The
FA values were globally decreased in these WM tracts for bilinguals as compared to
monolingual peers. The NBS analysis showed an interaction effect of language-Profile by
Age-Group identifying a small functional subnetwork more highly interconnected in
bilingual children as compared to monolinguals that comprised only two regions: the right
Heschl’s gyrus and the left amygdala. It was also found a significant main effect (bilingual >
monolingual) for the global graph-efficiency (Eglob) of the structural network, but also a
significant interaction of Language-Profile by Age-Group, which means that the whole brain
structural network was more graph-efficient overall in bilinguals as compared to
monolinguals but only significant in the elderly group.
Any potential brain effects of bilingualism were expected to be clearer in children and
elderly bilinguals. Furthermore, it was expected that these effects would be stronger in
elderly bilinguals than in children, given the lifelong bilingualism of the seniors as compared
to the children. Clear predictions were also made for differences in specific brain regions that
might be important for bilinguals living in a dense code-switching interactional language
context (regions such as left IFG, caudate/putamen, cerebellum). It was also hoped to
increase the possibility of convergent results by combining different neuroimaging modalities
and measures.
Contrary to what was expected, however, the elderly group did not show local
differences between bilinguals and monolinguals even when the bilinguals under study were
essentially early bilinguals who have been immersed in a dense-code switching interactive
bilingual context for almost their whole life and the languages in this bilingual context (i.e.
Basque and Spanish) were extremely typologically distant, which might imply that the cost
of dealing with these two language affects the brain more. Importantly, this result was in line
with behavioural findings recently reported in our laboratory with the same elderly group
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(Anton et al., 2016). 24 bilinguals and 24 carefully matched monolinguals (including the
participants of this dissertation) were compared on verbal and numerical Stroop tasks, but no
behavioural differences in these inhibitory measures were detected between them.
Furthermore, children showed more focal brain changes related to bilingualism than
seniors. This could suggest that bilingualism might produce compensatory transient plastic
changes in the brain when the languages are still been acquired, but later on when they are
completely established these changes regress back to the previous state or diminish after
complete acquisition of the languages skills. This was the most remarkable result of this
dissertation, the extensive increased GM volume and decreased CT obtained for the bilingual
children in the right Lingual/PC/Precuneus. These patterns of results seem plausible, as there
has been demonstrations that the GM volume and the CT are inversely related (Chung,
Dalton, Shen, Evans, & Davidson, 2007). These neural correlates indicate brain plasticity
related to bilingualism, but are not compatible with other structural bilingualism studies in
adults (see Costa & Sebastián-Gallés, 2015; García-Pentón et al., 2016; Li et al., 2014 for a
review). However, the precuneus and as well the PC are essential regions in the ‘default
mode network’ (Leech et al., 2016; Utevsky et al., 2014) that typically undergoes a
prolonged development during childhood (Fair et al., 2008), being the precuneus a region
showing one of the highest index of maturation during childhood (Dosenbach et al., 2010)
and one of the regions most highly structurally (Hagman et al., 2008) and functionally
(Tomasi and Volkow, 2010) connected in the brain. Importantly, some studies have shown
the involvement of the lingual, PC and precuneus after oral language training in children with
dyslexia (Temple et al., 2003), perhaps as a compensatory mechanism. Additionally, Pierce
et al. (2015) found that Chinese–French bilinguals activated left cingulate gyrus and right
precuneus more strongly than the French monolinguals in a phonological working memory
task. In general, these current results suggest that bilingualism might accelerate the
maturation into these regions that are crucial for development and learning. But we
acknowledge that the result reported here is just a neural correlate and it does not imply any
causation effect at the behavioural level. Future investigations need to combine behavioural
with structural/functional measures in order to ascertain the relationship between these
neuroanatomical correlates and the advantages or disadvantages at the behavioural level in
bilingualism. In the absence of any further replication, we can only suggest that additional
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research is required in order to explain the relationship between bilingualism and these
effects in the precuneus, the lingual and PC gyri.
In this sense, extreme caution is needed when associating a structural change with a
given function or behaviour in development. In this regard, some brain differences that have
been linked to the bilingual advantage are sometimes accompanied by disadvantages or null
differences in behaviour or could be interpreted as a bilingual disadvantage (see Abutalebi &
Green, 2007; Bialystok et al., 2012; García-Pentón et al., 2014). As such, it is not clear why
some brain differences are labelled as a bilingual advantage. Whatever structural brain
differences are found, they should not automatically be taken to support this hypothesis. In
the context of the current disjunctive more studies are still needed to provide a direct
demonstration of correlation between anatomical, functional and/or behavioural data.
Otherwise we are just moving the same debate about possible advantages of bilingualism
from the realm of cognition to the brain (Duñabeitia & Carreiras, 2015).
The second result obtained in this study concerning the GM was the increased CT in
the right postcentral gyrus for bilinguals as compared to monolinguals. In a recent study,
Olalude et al. (2016) found increased GM volume for Spanish-English bilinguals young
adults as compared to English monolinguals in the right precentral gyrus covering in part the
postcentral. The opposite pattern was found between simultaneous bimodal (ASL-English)
bilinguals as compared to monolinguals (i.e. decrease in the right precentral that extends into
the postcentral for the bimodal bilinguals). Another study of Chinese learners of English
(Cao et al., 2014) found greater connectivity between the left postcentral gyrus and the right
middle occipital gyrus in a pseudo word rhyming task. These previous and the current result
could be suggesting the role of the somatosensory cortex for learning languages (Cao et al.,
2014).
Concerning the analysis of the FA, only with the gain in power of the ANCOVA was
it possible to detect a decrease across all participants in FA values for bilinguals as compared
to monolinguals in the left IFOF/IFL (i.e. overall both levels of factor Age-group: children
and seniors). WM differences between bilinguals and monolinguals have been observed
consistently in the IFOF in the literature, but either an increase or a decrease in FA was
detected in these studies for bilinguals as compared to monolinguals (Cummine & Boliek
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2013; Gold et al., 2013; Luk et al., 2011; Mohades et al., 2012; 2015; Pliatsikas et al., 2015).
While two studies found increased FA values for bilingual older adults (Luk et al., 2011) and
young adults (Pliatsikas et al., 2015), another one found decreased FA values for bilingual
older adults (Gold et al., 2013) and young adults (Cummine & Boliek, 2013). Similarly,
Mohades et al., (2012; 2015) using a different approach (i.e. a TOI approach) also found an
increase in the mean FA of this tract in children. Taken together all these previous WM
studies, the results are difficult to interpret, as the effect may be an increase in young,
children and older adult bilinguals or a decrease in young and older adult bilinguals. It has
been argued previously in the introduction that it may be precisely the combination of the
maturation/degeneration related to the chronological age and the L2 AoA effects (clearly
confounding factors between prior studies) that bring about these disparate patterns,
especially as the regions identified by these studies seem to be more sensitive to
chronological age effects (Good et al., 2001; Salat et al., 2005). However, here we obtain an
overall main effect across both group of age: children and elderly. Particularly, the overall
main effect obtained here is in line with results showing effects into the same WM tract, but
favouring a decrease rather than an increased in bilinguals. In any case, it should be pointed
out that it is difficult to perform a fair comparison with these previous studies because in
many cases the full local maximum coordinates of the cluster of the effect could not be
obtained. As a result, only a general visual inspection of where these effects fell along the
IFOF could be carried out. Nonetheless, these results are in line with one study (Gold et al.,
2013), as their extensive clusters of the effect in the IFOF were more broadly extended into
the posterior part of the brain.
The NBS analysis of the structural connectivity did not show any set of regions with
increased interconnectivity for bilinguals as compared to monolinguals. However, NBS
identified a small functional component more highly interconnected in bilingual children as
compared to monolinguals that only includes a pair of regions: the right Heschl’s gyrus and
the left amygdala. Interestingly, Ressel et al. (2012) obtained significantly larger volumes of
the Heschl’s gyri in bilinguals as compared to monolinguals. Additionally, Golestani et al.
(2007) found higher WM density in the left Heschl’s gyrus for faster learners as compared to
slower learners of non-native speech sounds and more WM in the right Heschl’s gyrus for
expert’s phonetician than non-experts (Golestani et al., 2011). They also showed that Heschl
136

Chapter 7: General Discussion

morphology did not correlate with the years of expertise, suggesting that experience during
adulthood cannot modify Heschl, but rather that Heschl’s gyri are established before birth
(intra utero). In general, they suggested that WM differences across individuals in the Heschl
gyri could be a neuroanatomical marker of skill that predicts behavioural differences in some
aspects of language learning, and can even predispose individuals for the selection and
acquisition of an expertise. Regarding the amygdala, it is a critical region for the processing
of emotional significance of any type of stimuli (Olson, 2007). And it is well-known that is
important for emotional learning and memory (Phelps and LeDoux, 2005). Notably, there are
studies reporting the left amygdala more activated than the right amygdala when participants
were processing positive and negative emotional words as compared to neutral words
(Hamann and Mao, 2002). Especially, a relationship was found between its size and language
skills in adults and children (from 3 to 4 and 6 years old) with autism (Haznedar et al., 2000;
Munson et al., 2006): larger and smaller left amygdala correlated with better and worse
language skills, respectively, and also larger right amygdala correlated with poorer languages
abilities. Similarly, in healthy 6 month’s children larger left amygdala correlated with higher
language abilities (Ortiz-Mantilla et al., 2007) and larger right amygdala (measured at 6
month of age) correlated with lower language scores measured at 2, 3 and 4 years old (OrtizMantilla et al., 2010), which suggested that amygdala could play some role in the acquisition
of language, specially left amygdala. In addition, Hernandez (2009) observed bilateral fMRI
activation of the amygdala in bilingual adults when they had to name pictures in their native
language as compared to naming in their second language. And an increased activity of the
right amygdala was also found in bilingual children preforming a word-reading task in their
native language as compared to their second language (Owens et al., 2009). Our results
therefore suggest that the increased correlated activity in the right Heschl’s gyrus and left
amygdala for bilingual children as compared to monolinguals could reflect early functional
plasticity associated to the extra demands in the acquisition of both languages, perhaps as a
compensatory mechanism for learning and memory.
On the other hand, the complex network analysis revealed that the structural brain
network was more graph-efficient in elderly lifelong bilinguals than in monolinguals. This is
an important finding insofar as it provides some plausible explanation on how bilingualism
could serve as a protective brain factor. The increased global graph-efficiency of the
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structural network could be interpreted as an indication that the early acquisition of two
languages and the lifelong use of those two languages could have a positive effect on the
brain, allowing a more efficient flow of information across the structural brain network,
which would, in turn, increase the brain’s ability to cope with focal deterioration in normal
and pathological cognitive decline. Interestingly, a preceding study in young adults showed
that early bilingualism modified the structural configuration of the white matter, developing
higher interconnected and efficient sub-networks to deal with the processing of the two
languages (García-Pentón et al., 2014). But this change was associated with an observed
decrease of the global graph-efficiency of the entire brain network. These results suggest that
once the brain is more specialized and clustered (i.e. forming specialized subnetworks to
manage with two languages) the global efficiency of the whole brain network tends to
decrease. Together with these preceding results, the current finding suggests that after the
complete acquisition of these abilities in the elderly group, the brain specialisation showed by
young bilinguals tend to disappear and the brain becomes a more optimized or wellorganized network, which could explain the increase global graph-efficiency. Tentatively,
this can suggest that intensive practice with the two languages could act as a neural reserve
mechanism, enabling the cognitive system to become more efficient at using cerebral
resources. This might imply less specialization of the brain but better capability in
transferring information across all brain network, which could protect the brain against a
normal and pathological decline in aging. But, although the current study provides some
tentative explanation for how bilingualism might act as a brain protector factor, caution is
required due to the small sample size tested here and given that the global graph network
efficiency was the only significant difference observed. No other differences on structural or
functional measures were found in elderly. Thus, this finding needs to be replicated, and
future investigations need to combine behavioural with structural and functional measures in
order to ascertain the relationship between this structural finding and the advantages or
disadvantages of bilingualism at the behavioural level. In the absence of any behavioural
advantage (see Anton et al., 2016) and any further replication, this result is not definite.
These results also suggest that the structural and functional connectivity in the brain
network undergo dynamic changes that could vary across the age range. However, the degree
to which structural/functional connectivity could be modified, particularly in adult brains, as
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well as the timescale (fast, slow) in which these changes can occur is still a matter of current
debate. Particularly, this study suggests that after many years of bilingual experience (in
elderly lifelong bilinguals), the topological parameters of the structural network are affected.
Conversely, in children, a higher functionally correlated subnetwork was identified for
bilinguals, but this change did not affect the stability of the structural network. This suggests
that functional plasticity can occur faster but structural changes could take more time to take
place. Importantly, although functional connectivity is determined by underlying structural
networks (Honey et al., 2007; Greicius et al., 2009; Johnston et al., 2008), differences at the
level of the functional connectivity can occur without the explicit need for structural
modifications (i.e. without differences in the wiring between the brain areas).
Summarising, this research on bilingualism across different groups of age (childhood
and elderly) suggested that structural brain plasticity related to bilingualism is small,
unstable, subtle, transient and it is very difficult to detect even in lifelong bilinguals. Perhaps
because bilingualism is a complex and unpredictable variable hard to separate from
linguistic, cognitive, psychological, social and individual factors. A fact that is consistent
with the current ambiguous picture in bilingualism studies (García-Pentón et al., 2016; see
also others, Baum & Titone, 2014; Costa, & Sebastián-Gallés, 2014; Li, Legault, &
Litcofsky, 2014; Paap et al., 2015; de Bruin et al., 2015a). In sum, the evidence is weak,
scarce and inconsistent, but draw attention to that lifelong bilingualism could point out gain
toward a higher brain network global-graph-efficiency in aging.

7.1 THE BILINGUAL PUZZLE: SOME PIECES DO NOT FIT
TOGETHER
There is no doubt that bilingualism is a multifaceted phenomenon and as such it will
not result in simple effects or modify a single region. As a consequence, understanding such
a complex phenomenon will require more brain network studies. It is generally agreed that
structural and functional data, especially combined with behavioural data, can provide
additional evidence and contribute to understanding the causal basis of the adaptive changes
in bilingualism. Although in recent years we have made substantial progress in the field, we
are still a long way from being able to make meaningful generalizations, and this will require
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running preferably more longitudinal studies with well-characterized samples, using
standardized and sophisticated procedures. Furthermore, to avoid coming to loggerheads over
apparently contradictory findings in the literature, studies should be conducted in different
places to test hypotheses in different bilingual populations. In that sense, this is the first study
to investigate brain plasticity in Basque-Spanish bilinguals, a very different bilingual context,
thus contributing with new fresh results to the pool of evidence in this area. This increases
the diversity of research in the field, which has tended to be the production of a limited
number of research groups replicating results. Studies carried out in different locations
enable access to populations that vary significantly in linguistic profile, possibly making
findings more difficult to reproduce across labs but also more generalizable when replication
does occur.
There is also a need for larger sample sizes in studies and for samples to be matched
in essential variables. We are aware that the sample size per group under study does not
appear very large to detect differences. At the same time, samples that are small but form part
of well-controlled cross-sectional studies with carefully characterized language profiles –
particularly with special populations– could offer good statistical power. Large sample sizes
are desirable in neuroimaging studies, although this goal may be very difficult to achieve
with special populations (such as the elderly and children) as participants may be difficult to
find due to compatibility with the technique. In this context, the use of standard methods and
statistical procedures to report significant results, as well as more sophisticated analysis,
becomes even more important. These investigation studied carefully-matched groups of
bilingual and monolingual participants in age and sex. Other important confounding variables
were controlled for, such as language proficiency, daily and years of bilingualism exposure,
IQ and MMSE. In addition, all bilinguals in this study were early bilinguals who start to
acquire the second language before 3 years old in the children group and before a mean of 6
years old in the elderly. Moreover, a refined neuroimaging protocol was used that combines
results from different structural and functional techniques in order to arrive coincidence from
multiple methods.
Related to the issue of characterizing the samples adequately, it is important to bear in
mind fundamental differences that may exist between different types of bilingual
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populations. Although acquiring a new skill could alter the brain and behaviour at any age,
results at the neural and behavioural level seem to indicate that when the skill is acquired
from birth, such as two simultaneous languages, it may be harder to find modifications. In
this sense, simultaneous bilingualism is not exactly a typical case of expertise, such as
driving a taxi, video gaming, doing sports, or playing musical instruments, and so the impact
of the lifelong bilingual experience may be substantially different to what has been found for
other types of expertise acquired later in life (Duñabeitia & Carreiras, 2015).
In this study, clear focal structural changes in GM were only obtained in bilingual
children but not in lifelong bilingual seniors, suggesting that focal GM brain plasticity related
to the early acquisition of a simultaneous or second language could be happening in
childhood, as this is needed for the acquisition of both languages but not for the later use
once languages have been completely acquired, thus being provisional changes that
consequently diminish. Therefore, this evidence does not talk about a bilingual advantage
rather talk about the development of skills for later use. Additionally, functional connectivity
changes that represent short-term plasticity, that is: more phasic and transient changes were
observed in children but not in the elderly group. Contrary, changes on the topological
parameters of the structural brain network, which represent long-term plasticity (i.e. slow and
more permanent changes), were observed in the elderly but not in the children group.
Importantly, the contribution of null effects reported here to the debate is, however,
extremely important. It is critical that negative results be taken into consideration and not be
dismissed. ‘Negative result’ here refers to instances where the difference between bilinguals
and monolinguals is in the opposite direction to that expected (i.e. the mean measure of
monolinguals is greater than the bilingual measure), or both groups perform equally and
therefore no mean difference appears –see behavioural studies comparing very large samples
of participants (Antón et al., 2014; Duñabeitia et al., 2014)–. These kinds of results fail to
provide evidence in line with the hypothesis of the bilingual advantage, and in that sense they
are ‘negative’ results for the proponents of such an advantage.
In addition to being problematic for the bilingual advantage hypothesis, to what
extent do these results provide support for an alternative account? Within the framework of
classical inference it is not possible to accept the null hypothesis (no difference between
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groups). We can only either reject the null hypothesis (by finding a difference between
groups) or fail to reject the null hypothesis (by finding no difference). This means that we
cannot really affirm that there is no difference between groups, because we are unable to
distinguish whether the null hypothesis is true or whether we do not have enough sensitivity
and/or power in the experiment to detect differences. In other words, the absence of evidence
is not equivalent to evidence of absence. Particularly, in neuroimaging studies the absence of
a statistically significant effect in a particular region does not prove that the region is not
affected. Mainly, due to normalization (Crum et al., 2003) or smoothness (Ashburner and
Friston, 2000) are likely to result in statistical variability. However, being aware of these
possible sources of error and bias who can be introduced at different stages of a study –which
can be amplified here due to the nature of the populations under study (elderly and children)–
, a conservative approach based on solid findings was followed (Ioannidis, 2005). Thus,
based on the null effects on the brain obtained here in the elderly bilinguals, as well as the
inconsistent (unexpected) structural neural correlates obtained for children, and based on the
null behavioural result in the same elderly participants (Anton et al., 2016), but also in
similar bilingual children samples (see Anton et al., 2014; Duñabeitia et al., 2014 for null
result in several EF tasks in Basque-Spanish bilingual children), the claim about the bilingual
advantage hypothesis cannot be supported by the current study.
A theoretical model of bilingualism must account for the fact that, firstly, there are
bilinguals who do not show an advantage over monolinguals in several control mechanisms
(Anton et al., 2016; Anton et al., 2014; Duñabeitia et al., 2014; Paap et al., 2015b), and,
secondly, there are bilinguals who do not show differences in brain regions as compared to
monolinguals (see García-Pentón et al., 2016 for a critical review). Currently, those studies
not supporting the hypothesis for the bilingual advantage tend to be overlooked and ignored.
It would do well to remember that the scientific method advances through the falsifiability of
theories: any result that does not conform to a given theory’s predictions brings that theory
into doubt and raises the need for a redefinition and generation of new questions and
hypotheses (de Bruin et al., 2015a; David et al., 2013; Jennings & Van Horn, 2012). The
intention of this thesis in considering negative/null results is to avoid the risk of the
neuroanatomical debate falling into the same stalemate as the discussion at the behavioural
level about the bilingual executive cognitive control advantage.
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Finally, it should be pointed out that across previous studies, despite the variability of
the samples, of linguistic profiles and dissimilar methods, if a pattern of consistent results
had emerged, this would have represented significant and robust effects related to
bilingualism. Unfortunately, this has not been the case. Instead, many of these studies looked
for local differences using a ROI-based approach or SVC; some of them did this after
reporting no significant differences at whole brain level but most went directly to look for
differences with ROIs without providing information about the whole brain level. However,
this strategy can be dangerous if the interpretation is not cautious. The fact that one particular
region is affected or modulated by one condition in a ROI analysis does not mean that it is
more relevant with respect to other brain regions. One region could be necessary but not
sufficient for a process. This is why it is essential to look first at the whole brain level and
then go further in a ROI based analysis to better understand the role of the region. Restricting
analysis to a small brain volume or ROI is different from the whole brain approach and
caution is needed when interpreting such findings in terms of the relevance of one specific
region in relation to other regions in the brain.
In sum, although it has been suggested that the diverse findings in the field represent
different pieces of a complex puzzle that need to be fitted together, our results from different
bilingual age groups at either end of the lifespan (children and elderly) and from different
neuroimaging techniques investigating at the whole brain level, indicate that bilingualism
effects are transient and unstable. Although we are still in a poor state of affairs for solving
the puzzle, being aware of these problems will hopefully put us on the right road. In the final
sections, the results of this thesis are concluded and suggestions made about what else needs
to be done in the light of the current findings.

7.2 CONCLUDING REMARKS
There are important conclusions from this dissertation. First, lifelong bilinguals did
not show regional GM or WM structural differences. Contrary to what was expected,
bilinguals as compared to monolingual showed more GM differences in children than seniors
who have been active bilinguals during almost their whole lives. Second, bilingualism might
accelerate the maturation in precuneus, PC and lingual gyri during childhood, regions that are
crucial for development and learning. Third, even when the brain does not display regional
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differences (i.e. did not show any specialization) in lifelong bilinguals it can still show global
differences in the brain as a whole. Specifically, a higher global structural network graphefficiency was observed in lifelong bilinguals, which could point out a gain toward a better
neural reserve in aging. Fourth, functional connectivity changes related to bilingualism were
detected in children but not in elderly. Importantly, this functional changes can occur without
differences in the wiring (structural changes) between the brain areas involved.
This dissertation refutes the suggestion that ceiling effects in young adults could be
responsible for the lack of differences obtained between bilinguals and monolinguals at the
neural level. If that would be the case, the bilingual effects on the brain should be clearer in
elderly bilinguals because they do not show ceiling effects and are not at the peak of their
cognitive function development, but are rather declining. Under this condition the brain is
susceptible to neural compensation and neural reserve mechanisms. Thus, any potential
difference between bilinguals and monolinguals should be more clearly observable in this
group. The current results are an indication that something else than ceiling effects is
responsible for the lack of differences in the expected regions. On the other hand, if greater
brain changes are expected due to lifelong active bilingualism, any bilingualism effects
should be even stronger in early lifelong bilinguals than in bilingual children. The present
results show the opposite pattern, thus the hypothesis that increased active bilingual
experience leads to greater brain changes in regions related to language processing and
control is refuted. The inconsistent results in children and the elderly suggest that
bilingualism is a variable phenomenon. Thus, the present study adds a cautionary note to the
exaggerated optimism when reporting/interpreting brain findings related to bilingualism and
recasts the existing debate on the bilingual advantage hypothesis from the perspective of
brain structure.
Additionally, studies combining behavioural and functional/structural brain network
approaches to confirm and shed more light on the neural correlates obtained in the bilingual
children and elderly are needed. Thus, neuroimaging studies of bilingualism need to take
greater care in data analysis, to use more sophisticated methods of analysis and approaches in
order to reveal more subtle effects that could exist in any form of bilingualism. These are
crucial points for future studies in order to add more evidence before arriving at conclusions
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favouring or not the hypothesis of the bilingual advantage (or any other hypothesis, for that
matter). Not everything has been said yet in the field of bilingualism. More studies with
higher numbers of participants, with well described samples and methodology are needed to
accumulate an important body of evidence to illuminate whether and how bilingualism
modulates brain structure and function and to obtain more stable results across studies. For
future studies we need to combine behavioural and brain measures to understand among
other things (1) how potential brain changes in specific areas/circuits (which should be
replicated by several studies) are related to cognitive processes and behaviour, (2) how and
whether these brain changes are modulated by AoA, proficiency and language combinations,
and (3) whether bilingual advantages at the behavioural level are accompanied by observable
changes in the brain, with the aim of understanding when these bilingual advantages do or do
not appear and why.
Various methodological considerations deserve mention in the light of the new
evidence. A position shared by some authors (Bialystok, 2015; Green & Abutalebi, 2015;
Kroll & Chiarello, 2015; Luk & Pliatsikas, 2015) holds that instead of a hazy view, what the
growing body of research is showing us are isolated pieces of the very complex puzzle of
bilingual neuroplasticity. Admittedly, this is possible. However, another possibility is that
what is driving the findings is that the current panorama in bilingualism studies is skewed by
methodological issues and factors not contemplated by the hypothesis. Parallels can be drawn
with the debate in the field at the behavioural level, where it is now recognized that
methodological shortcomings (such as small sample sizes, ignoring null results or failing to
control for nuisance covariates) have been made that have unnecessarily complicated the
field of bilingualism and have led to a lack of replicability (Bialystok et al., 2015; de Bruin,
Trecanni, & Della Sala, 2015a, 2015b; Paap et al., 2015a). Therefore, studies should try to
replicate previous work using the same methodology and subsequently use more novel and
sophisticated (but standardized) methods to complement or refine their analysis. It is
essential that there be at least some standards if the puzzle of the effects of bilingualism is to
be solved.
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7.3 FUTURE DIRECTIONS
To solve the puzzle of the neural effects of bilingualism, firstly we need to make sure
the pieces are not incommensurable: we need to perform studies with samples of participants
sufficiently large to overcome the problems of statistical power, that are carefully matched to
control for demographic factors and that have well-described linguistic profiles, and use
alternative and multiple approaches for the analysis. These are key factors in improving the
field.
Secondly, we need to fit all the pieces together: studies showing negative/null results
should have the same opportunities for publication as studies showing positive results. This
would make it possible to understand when, how and why the bilingual advantage appears.
Thirdly, we need to make sure the pieces are well made so that they can fit together: data
analysis procedures need to comply with basic standards and there must be transparency in
the reporting of data so that we know what the findings represent. Additionally, studies of the
whole brain network that exploit more methods and techniques would be a welcome
development.
In addition to these methodological concerns, it is important to stress the need for
more exhaustive studies that integrate functional, behavioural and structural data to get a full
picture of bilingualism. Since there are so many factors that could affect the brain, and since
their consequences could be functional and/or structural, the impossibility of finding
differences between groups or the absence of common patterns across studies does not mean
that there are no differences or commonalities in many other directions.
On the other hand, here it is relevant to advocate a type of meta-analysis that would
be particularly useful. With a view to bringing together evidence from different studies,
voxel-based meta-analyses are the best quantitative tool to identify where differences in the
brain really are, especially when the sample size of individual studies is a limitation
(Borgwardt et al., 2012). This technique is even better than a standard qualitative review,
because it makes it possible to obtain new p-values from many VBM studies. The problem
here is that the small number of studies makes it almost impossible to perform this kind of
analysis yet. Thus, more neuroimaging studies that include behavioural measures are needed.
However, in the meantime, a database with full statistical maps (not just the reported
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selections) of all the studies published so far could help to perform a meta-analysis that
would clear up many issues and allow progress in the field.
In sum, in light of the present findings and given the variability in results related to
bilingualism, the conclusion is that effects of bilingualism on the brain are transient and
unstable. However, the methodological shortcomings and the sample variability in the
literature are acute enough to cause an unacceptable amount of noise in the data. It is not a
question of ‘oversimplifying’ the matter, but these issues require attention if the field is to
advance. The current alternative model appears to be to ‘overcomplicate’ the matter by
constructing a model that accommodates all these questionable findings. No denying that
data only make sense in the context of a strong theoretical framework, there are, however
minimum requirements about the data themselves and it will not do to have theories driven
by specious or dubious findings. More research is needed that is well-designed, theoretically
motivated and correctly executed and analysed before any final conclusions can be arrived at

147

148

References
Abutalebi, J., & Green, D. (2007). Bilingual language production: The neurocognition
of language representation and control. Journal of Neurolinguistics, 20(3), 242-275.
Abutalebi, J., Canini, M., Della Rosa, P. A., Green, D. W., & Weekes, B. S. (2015).
The neuroprotective effects of bilingualism upon the inferior parietal lobule: a structural
neuroimaging study in aging Chinese bilinguals. Journal of Neurolinguistics, 33, 3-13. doi:
10.1016/j.jneuroling.2014.09.008.
Abutalebi, J., Canini, M., Della Rosa, P. A., Sheung, L. P., Green, D. W., & Weekes,
B. S. (2014). Bilingualism protects anterior temporal lobe integrity in aging. Neurobiology of
Aging, 35(9), 2126-2133. doi: 10.1016/j.neurobiolaging.2014.03.010.
Abutalebi, J., Della Rosa, P. A., Gonzaga, A. K., Keim, R., Costa, A., & Perani, D.
(2013). The role of the left putamen in multilingual language production. Brain and
Language, 125(3), 307-315. doi: 10.1016/j.bandl.2012.03.009.
Abutalebi, J., Guidi, L., Borsa, V., Canini, M., Della Rosa, P. A., Parris, B. A., &
Weekes, B. S. (2015). Bilingualism provides a neural reserve for aging populations.
Neuropsychologia, 69, 201-210. doi: 10.1016/j.neuropsychologia.2015.01.040.
Achard, S. & Bullmore, E. (2007) Efficiency and cost of economical brain functional
networks. PLoS Comput Biol 3(2), e17. doi:10.1371/journal.pcbi.0030017.
Albert, M.S., Jones, K., Savage, C.R., Berkman, L., Seeman, T., Blazer, D., Rowe,
J.W. (1995). Predictors of cognitive change in older persons: MacArthur studies of
successful aging. Psychol Aging, 10, 578–89.

149

References

Alemán-Gómez, Y., Melie-García, L., Valdés-Hernández, P. (2006). IBASPM:
Toolbox for automatic parcellation of brain structures. In: 12th Annual Meeting of the
Organization for Human Brain Mapping.
Alladi, S., Bak, T.H., Duggirala, V., Surampudi, B., Shailaja, M., Shukla, A.K., …
Kaul, S. (2013). Bilingualism delays age at onset of dementia, independent of education and
immigration status. Neurology, 81, 1938–44.
Alladi, S., Bak, Th.H., Mekala, S., Rajan, A., Chaudhuri, J.R.Ch., Mioshi, E., …
Kaul, S. (2016). Impact of bilingualism on cognitive outcome after stroke. Stroke, 47, 258261. doi: 10.1161/STROKEAHA.115.010418.
Anderson, J.S., Druzgal, T.J., Lopez-Larson, M., Jeong, E.K., Desai, K., YurgelunTodd, D. (2011) Network anticorrelations, global regression, and phase shifted soft tissue
correction. Hum Brain Mapp, 32, 919-934.
Andersson, L.R., Jenkinson, M. and Smith, S. (2007) Non-linear registration, aka
spatial

normalization.

FMRIB

technical

report

TR07JA2

from

www.fmrib.ox.ac.uk/analysis/techrep.
Antón, E., Duñabeitia, J.A., Estévez, A., Hernández, J.A., Castillo, A., Fuentes,
L.J., …. Carreiras, M. (2014). Is there a bilingual advantage in the ANT task? Evidence from
children. Frontiers in Psychology, 5, 398. doi: 10.3389/fpsyg.2014.00398.
Antón, E., Fernández García, Y., Carreiras, M., & Duñabeitia, J.A., (2016) Does
bilingualism shape inhibitory control in the elderly? Journal of Memory & Language, 90,
147-160. doi:10.1016/j.jml.2016.04.007.
Ashburner, J. (2007). A fast diffeomorphic image registration algorithm. Neuroimage,
38(1), 95-113. doi: 10.1016/j.neuroimage.2007.07.007.
Ashburner, J., & Friston, K. J. (2000). Voxel-based morphometry--the methods.
Neuroimage, 11(6 Pt 1), 805-821. doi: 10.1006/nimg.2000.0582.
Ashburner, J., & Friston, K. J. (2005). Unified segmentation. Neuroimage, 26(3),
839-851. doi: 10.1016/j.neuroimage.2005.02.018.
150

References

Ashburner, J., & Friston, K. J. (2011). Diffeomorphic registration using geodesic
shooting

and

Gauss-Newton

optimization.

Neuroimage,

55(3),

954-967.

doi:

10.1016/j.neuroimage.2010.12.049.
Baetens Beardsmore, H. (1982). Bilingualism: Basic Principles. Clevedon:
Multilingual Matters.
Bai, F., Shu, N., Yuan, Y., Shi, Y., Yu, H., Wu, D., Wang, J., Xia, M., He, Y. and
Zhang, Z. (2012). Topologically convergent and divergent structural connectivity patterns
between patients with remitted geriatric depression and amnestic mild cognitive impairment.
J. Neurosci. 32(12), 4307-4318.
Bak, T.H., Nissan, J.J., Allerhand, M.M. and Deary, I.J. (2014). Does bilingualism
influence cognitive aging? Ann Neurol., 75, 959-963. doi: 10.1002/ana.24158.
Barac, R., Bialystok, E., Castro, D.C., Sanchez, M. (2014). The cognitive
development of young dual language learners: a critical review. Early childhood research
quarterly, 29, 699-714.
Basnight-Brown, D. M., & Altarriba, J. (2007). Differences in semantic and
translation priming across languages: The role of language direction and language
dominance. Memory & Cognition, 35(5), 953-965.
Basser, P. J., Mattiello, J., & LeBihan, D. (1994). MR diffusion tensor spectroscopy
and imaging. Biophysical Journal, 66(1), 259-267. doi: 10.1016/s0006-3495(94)80775-1.
Bassett, D.S., Bullmore, E.T., Meyer-Lindenberg, A., Apud, J. a, Weinberger, D.R.,
Coppola, R. (2009). Cognitive fitness of cost efficient brain functional networks. Proc Natl
Acad Sci U S A. 106, 11747-11752.
Baus, C., Costa, A., & Carreiras, M. (2013). On the effects of second language
immersion on first language production. Acta Psychologica, 142(3), 402-409.
Behrens, T.E.J., Woolrich, M.W., Jenkinson, M., Johansen-Berg, H., Nunes, R.G.,
Clare, S., … Smith, S.M. (2003). Characterization and propagation of uncertainty in
diffusion-weighted MR imaging. Magn Reson Med. 50, 1077-1088.
151

References

Benjamini, Y. & Hochberg, Y. (1995) Controlling the false discovery rate: A
practical and powerful approach to multiple testing. Journal of the Royal Statistical Society,
Series B (Methodological), 57(1), 289-300.
Berken, J.A., Xiaoqian, Ch., Chen, J., Gracco, V.L and Klein, D. (2016). Effects of
early and late bilingualism on resting-state functional connectivity. The Journal of
Neuroscience, 36(4), 1165-1172.
Bialystok, E. (2016). How hazy views become full pictures. Language, Cognition and
Neuroscience, 31(3), 328-330. doi: 10.1080/23273798.2015.1074255.
Bialystok, E. (2001). Bilingualism in development: Language, literacy, and cognition.
New York, NY: Cambridge University Press.
Bialystok, E., & Barac, R. (2012). Emerging bilingualism: dissociating advantages for
metalinguistic

awareness

and

executive

control.

Cognition,

122(1),

67-73.

doi:

10.1016/j.cognition.2011.08.003.
Bialystok, E., Abutalebi, J., Bak, Th.H., Burke, D.M., Kroll, J.F., (2016) Aging in
two languages: implications for public health. Ageing Research reviews, 27, 56-60.
http://dx.doi.org/10.1016/j.arr.2016.03.003.
Bialystok, E., Craik, F. I., & Freedman, M. (2007). Bilingualism as a protection
against the onset of symptoms of dementia. Neuropsychologia, 45(2), 459-464.
Bialystok, E., Craik, F. I., & Luk, G. (2012). Bilingualism: consequences for mind
and brain. Trends in Cognitive Sciences, 16(4), 240-250. doi: 10.1016/j.tics.2012.03.001.
Bialystok, E., Craik, F.I.M., Binns, M.A., Ossher, L., Freedman, M. (2014) Effects of
bilingualism on the age of onset and progression of MCI and AD: Evidence from executive
function tests. Neuropsychology, 28(2), 290-304. doi:10.1037/neu0000023.
Bialystok, E., Kroll, J.F., Green, D.W., MacWhinney, B., Craik, F.I. (2015).
Publication Bias and the Validity of Evidence: What's the Connection? Psychol Sci. 26(6),
944-6. doi: 10.1177/0956797615573759

152

References

Bialystok, E., Martin, M.M., Viswanathan, M. (2005). Bilingualism across the
lifespan: the rise and fall of inhibitory control. Int. J. Biling. 9, 103-119.
Binder J.R., Desai R.H. (2011). The neurobiology of semantic memory. Trends Cogn
Sci. 15, 527-536.
Birdsong, D. (2005). Interpreting age effects in second language acquisition. In J. F.
Kroll and A. M. B. De Groot (eds): Handbook of Bilingualism: Psycholinguistic Approaches.
Oxford University Press, 109-27.
Birdsong, D. & Molis, M. (2001). On the evidence for maturational constraints in
second-language acquisition. Journal of Memory and Language, 44, 235-249. doi:
10.1006/jmla.20000.2750.
Biswal B, Yetkin FZ, Haughton VM, Hyde JS (1995) Functional connectivity in the
motor cortex of resting human brain using echoplanar MRI. Magn Reson Med 34(4), 537541.
Borgwardt, S., Radua, J., Mechelli, A., & Fusar-Poli, P. (2012). Why are psychiatric
imaging methods clinically unreliable? Conclusions and practical guidelines for authors,
editors and reviewers. Behavioral and Brain Functions, 8, 46. doi: 10.1186/1744-9081-8-46.
Brookmeyer, R., Johnson, E., Ziegler-Graham, K., Arrighi, H.M. (2007) Forecasting
the global burden of Alzheimer’s disease. Alzheimers Dement, 3, 186-91.
Bullmore, E.T. & Bassett, D.S. (2011). Brain graphs: graphical models of the human
brain connectome. Annu Rev Clin Psychol. 7, 113-140.
Burgaleta, M., Sanjuan, A., Ventura-Campos, N., Sebastián-Gallés, N., Ávila, C.
(2016). Bilingualism at the core of the brain. Structural differences between bilinguals and
monolinguals revealed by subcortical shape analysis. NeuroImage, 125, 437-445. doi:
dx.doi.org/10.1016/j.neuroimage.2015.09.073.
Byers-Heinlein, K., Burns, T.C. and Werker, J.F. (2010). The roots of bilingualism in
newborns. Psychol. Sci. 21, 343-348. doi: 10.1177/0956797609360758.

153

References

Cabeza, R., Anderson, N.D., Locantore, J.K., McIntosh, A.R. (2002). Aging
gracefully: compensatory brain activity in high-performing older adults. NeuroImage,17,
1394-402.
Caffarra, S., Molinaro, N., Davidson, D., & Carreiras, M. (2015). Second language
syntactic processing revealed through event-related potentials: An empirical review.
Neuroscience & Biobehavioral reviews, 51, 31-47. doi:10.1016/j.neubiorev.2015.01.010.
Calvo, N., García, A.M., Manoiloff, L., & Ibáñez, A. (2015). Bilingualism and
Cognitive

Reserve:

Innovations. Frontiers

A

Critical

Overview

in

and

Aging

a

Plea

for

Methodological

Neuroscience, 7,

249.

http://doi.org/10.3389/fnagi.2015.00249.
Cao, F., Kim, S.Y, Liu, Y. and Liu, L. (2014). Connectivity in first and second
language reading: evidence from Chinese learners of English. Neuropsychologia, 63, 275-84.
doi: 10.1016/j.neuropsychologia.2014.09.001.
Carreiras, M., Duñabeitia, J. A., Vergara, M., de la Cruz-Pavia, I., & Laka, I. (2010).
Subject relative clauses are not universally easier to process: Evidence from Basque.
Cognition, 115(1), 79-92. doi: 10.1016/j.cognition.2009.11.012.
Carreiras, M., Seghier, M. L., Baquero, S., Estévez, A., Lozano, A., Devlin, J. T., &
Price, C. J. (2009). An anatomical signature for literacy. Nature, 461(7266), 983-986. doi:
10.1038/nature08461.
Casaponsa, A., Carreiras, M., & Duñabeitia, J.A. (2015). How do bilinguals identify
the language of the word they read? Brain Research, 1624, 153-166.
Chai, X.J., Berken, J.A., Barbeau, E.B., Soles, J., Callahan, M., Chen, JK. and Klein,
D. (2016). Intrinsic functional connectivity in the adult brain and success in second-language
learning. The journal of Neuroscience, 36(3), 755-761.
Chertkow, H., Whitehead, V., Phillips, N., Wolfson, C., Atherton, J., & Bergman, H.
(2010). Multilingualism (but not always bilingualism) delays the onset of Alzheimer disease:

154

References

evidence from a bilingual community. Alzheimer Disease & Associated Disorders, 24(2),
118-125.
Christensen, H. (2001). What cognitive changes can be expected with normal ageing.
Aust N Z J Psychiatry, 35, 768-75.
Christensen, H., Mackinnon, A.J., Korten, A.E., Jorm, A.F., Henderson, A.S.,
Jacomb, P. et al. (1999). An analysis of diversity in the cognitive performance of elderly
community dwellers: individual differences in change scores as a function of age. Psychol
Aging, 14, 365-79.
Chung, M. K., Dalton, K. M., Shen, L., Evans, A. C., & Davidson, R. J. (2007).
Weighted fourier series representation and its application to quantifying the amount of gray
matter.

IEEE

Transactions

on

Medical

Imaging,

26(4),

566-581.

doi:

10.1109/tmi.2007.892519.
Clare, L., Whitaker, C.J., Craik, F.I., Bialystok, E., Martyr, A., Martin-Forbes,
P.A. . . . Hindle, J.V. (2014). Bilingualism, executive control, and age at diagnosis among
people with early-stage Alzheimer's disease in Wales. J. Neuropsychol., 10(2), 163-85. doi:
10.1111/jnp.12061.
Costa, A., & Sebastián-Gallés, N. (2014). How does the bilingual experience sculpt
the brain? Nature Reviews Neuroscience, 15, 336-345. doi:10.1038/nrn3709.
Costa, A., Hernández, M., & Sebastián-Gallés, N. (2008). Bilingualism aids conflict
resolution:

evidence

from

the

ANT

task.

Cognition,

106(1),

59-86.

doi:

10.1016/j.cognition.2006.12.013.
Costa, A., Hernández, M., Costa-Faidella, J., & Sebastián-Gallés, N. (2009). On the
bilingual advantage in conflict processing: now you see it, now you don't. Cognition, 113(2),
135-149. doi: 10.1016/j.cognition.2009.08.001.
Craik, F.I.M., Bialystok, E., & Freedman, M. (2010). Delaying the onset of
Alzheimer’s disease: Bilingualism as a form of cognitive reserve. Neurology, 75, 1726-1729.
doi:10.1212/WNL.0b013e3181fc2a1c.
155

References

Crane, P.K., Gibbons, L.E., Arani, K., Nguyen, V., Rhoads, K., McCurry, S.M.,…
White, L. (2009) Midlife use of written Japanese and protection from late life
dementia. Epidemiology, 20(5), 766-774.
Crum, W.R., Griffin, L.D., Hill, D.L.G. and Hawkes, D.J. (2003) Zen and the art of
medical image registration: correspondence, homology, and quality. Neuroimage 20(3),
1425-1437.
Crystal, D. (1997). English as a global language: Cambridge University Press.
Cummine, J., & Boliek, C. A. (2013). Understanding white matter integrity stability
for bilinguals on language status and reading performance. Brain Structure & Function,
218(2), 595-601. doi: 10.1007/s00429-012-0466-6.
Dale, A.M., Fischl, B., Sereno, M.I., (1999). Cortical Surface-Based Analysis I:
Segmentation and Surface Reconstruction, NeuroImage 9(2), 179-194.
Damoiseaux, J.S., Rombouts, S.A.R.B., Barkhof, F., Scheltens, P., Stam, C.J., Smith,
S.M. and Beckmann, C.F. (2006) Consistent resting-state networks across healthy subjects.
Proc Natl Acad Sci USA, 103(37), 13848-13853.
De Baene, W., Duyck, W., Brass, M., & Carreiras, M. (2015). Brain circuit for
cognitive control is shared by task and language switching. Journal of Cognitive
Neuroscience, 27(9), 1752-65. doi:10.1162/jocn_a_00817.
de Bruin, A., Treccani, B, Della Sala, S. (2015b). The connection is in the data: we
should consider them all. Psychol Sci. 26(6), 947-9. doi: 10.1177/0956797615583443.
de Bruin, A., Treccani, B., & Della Sala, S. (2015a). Cognitive advantage in
bilingualism an example of publication bias? Psychological Science, 26(1), 99-107.
Dimitropoulou, M., Duñabeitia, J. A., & Carreiras, M. (2011). Two words, one
meaning: evidence of automatic co-activation of translation equivalents. Frontiers in
Psychology, 2, 188. doi: 10.3389/fpsyg.2011.00188.

156

References

Dosenbach, N.U.F., Nardos, B., Cohen, A.L., Fair, D.A., Power, J.D., Church,
J.A., …Schlaggar, B.L. (2010). Prediction of individual brain maturity using fMRI. Science,
329(5997), 1358-1361. doi: 10.1126/science.1194144.
Douaud, G., Smith, S., Jenkinson, M., Behrens, T., Johansen-Berg, H., Vickers, J.,
James, S., Voets, N., Watkins, K., Matthews, P.M., James, A. (2007). Anatomically related
grey and white matter abnormalities in adolescent-onset schizophrenia. Brain, 130, 23752386.
Dowens, M. G., Vergara, M., Barber, H. A., & Carreiras, M. (2010). Morphosyntactic
processing in late second-language learners. Journal of Cognitive Neuroscience, 22(8), 18701887.
Draganski, B., Gaser, C., Busch, V., Schuierer, G., Bogdahn, U., & May, A. (2004).
Neuroplasticity: changes in grey matter induced by training. Nature, 427(6972), 311-312.
doi: 10.1038/427311a.
Duarte, A., Ranganath, C., Trujillo, C., Knight, R.T. (2006). Intact recollection
memory in high-performing older adults: ERP and behavioral evidence. J Cogn Neurosci, 18,
33-47.
Duñabeitia, J. A., Dimitropoulou, M., Uribe-Etxebarria, O., Laka, I., & Carreiras, M.
(2010). Electrophysiological correlates of the masked translation priming effect with highly
proficient

simultaneous

bilinguals.

Brain

Research,

1359,

142-154.

doi:

10.1016/j.brainres.2010.08.066.
Duñabeitia, J. A., Hernández, J. A., Antón, E., Macizo, P., Estévez, A., Fuentes, L. J.,
& Carreiras, M. (2014). The inhibitory advantage in bilingual children revisited: Myth or
reality? Experimental Psychology, 61(3), 234-251.
Duñabeitia, J. A., Perea, M., & Carreiras, M. (2010). Masked translation priming
effects with highly proficient simultaneous bilinguals. Experimental Psychology, 57(2), 98107. doi: 10.1027/1618-3169/a000013.

157

References

Duñabeitia, J.A., & Carreiras, M. (in press). The bilingual advantage: acta est
fabula? Cortex, 73, 371-2. doi: 10.1016/j.cortex.2015.06.009.
Duñabeitia, J.A., Dimitropoulou, M., Uribe-Etxebarria, O., Laka, I., & Carreiras, M.
(2010). Electrophysiological correlates of the masked translation priming effect with highly
proficient simultaneous bilinguals. Brain Research, 1359, 142-154.
Duñabeitia, J.A., Fernández, Y., & Carreiras, M. (submitted). Does bilingualism
shape inhibitory control in the elderly?.
Edwards, J. (2004). Foundations of Bilingualism. In T. K. B. W. Ritchie (Ed.), The
Handbook of Bilingualism. Oxford, U.K.: Blackwell. pp. 7-31.
Eichele, T., Debener, S., Calhoun, V.D., Specht, K., Engel, A.K., Hugdahl, K., von
Cramon, D.Y., Ullsperger, M. (2008). Prediction of human errors by maladaptive changes in
event-related

brain

networks. Proc.

Natl.

Acad.

Sci.

U.S.A. 105,

6173-6178

10.1073/pnas.0708965105.
Fair, D.A., Cohen, A.L., Dosenbach, N.U.F, Church, J.A, Miezin, F.M., Barch,
D.M. … Schlaggar, B.L. (2008) The maturing architecture of the brain’s default network.
PNAS, 105(10), 4028-4032.
Fierro-Cobas, V. & Chan, E. (2001). Language development in bilingual children.
Contemporary Pediatrics, 18(7), 79-98.
Fischl, B., & Dale, A. M. (2000). Measuring the thickness of the human cerebral
cortex

from

magnetic

resonance

images.

PNAS,

97(20),

11050-11055.

doi:

10.1073/pnas.200033797.
Friedman, N. P., Miyake, A., Young, S. E., DeFries, J. C., Corley, R. P., & Hewitt, J.
K. (2008). Individual differences in executive functions are almost entirely genetic in origin.
Journal of Experimental Psychology: General, 137, 201-225.
Friston, K. J., & Henson, R. N. (2006). Commentary on: divide and conquer; a
defense of functional localizers. Neuroimage, 30(4), 1097-1099.

158

References

Furutani, K., Harada, M., Minato, M., Morita, N., & Nishitani, H. (2005). Regional
changes of fractional anisotropy with normal aging using statistical parametric mapping
(SPM). The Journal of Medical Investigation: JMI, 52(3-4), 186-190.
Galán, L., Biscay, R., Rodríguez, J.L, Pérez-Abalo, M.C. and Rodríguez, R. (1997)
Testing topographic differences between event related brain potentials by using nonparametric combinations of permutation tests. Electroencephalography and clinical
Neurophysiology, 102, 240 247.
Gao, W., Alcauter, S., Elton., S., Hernandez-Castillo, S.R., Smith, K., Ramirez, J. &
Lin, W. (2015) Functional network development during the first year: Relative sequence and
socioeconomic correlations. Cereb Cortex 25(9), 2919-2928.
Gao, W., Alcauter, S., Elton., S., Hernandez-Castillo, S.R., Smith, K., Ramirez, J. &
Lin, W. (2009) Evidence on the emergence of the brain’s default network from 2-week-old to
2-year-old healthy pediatric subjects. Proc Natl Acad Sci USA 106(16), 6790-6795.
García-Pentón, L., Fernández, Y., Costello, B., Duñabeitia, J.A., Carreiras, M. (2016)
The neuroanatomy of bilingualism: how to turn a hazy view into the full picture. Language,
Cognition & Neuroscience, 31(3), 303-327. doi:10.1080/23273798.2015.1068944.
García-Pentón, L., Pérez Fernández, A., Iturria-Medina, Y., Gillon-Dowens, M., &
Carreiras, M. (2014). Anatomical connectivity changes in the bilingual brain. Neuroimage,
84, 495-504. doi: 10.1016/j.neuroimage.2013.08.064.
Garcia-Sierra, A., Rivera-Gaxiola, M., Percaccio, Ch.R., Conboy, B.T., Romo, H.,
Klarman, L.,… Kuhl, P.K. (2011). Bilingual language learning: an ERP study relating early
brain responses to speech, language input, and later word production. Journal of Phonetics,
39(4), 546-557. doi:10.1016/j.wocn.2011.07.002.
Garon, N., Bryson, S.E and Smith, I.M. (2008) Executive function in pre-schoolers: a
review using and integrative framework. Psychological Bulletin, 134(1), 31-60 doi:
101037/0033-2909.134.1.31.

159

References

Gaser, C., & Schlaug, G. (2003). Brain structures differ between musicians and nonmusicians. The Journal of Neuroscience, 23(27), 9240-9245.
Gathercole, V. C., Thomas, E. M., Kennedy, I., Prys, C., Young, N., Vinas Guasch,
N. . . . Jones, L. (2014). Does language dominance affect cognitive performance in
bilinguals? Lifespan evidence from preschoolers through older adults on card sorting, Simon,
and metalinguistic tasks. Frontiers in Psychology, 5, 11. doi: 10.3389/fpsyg.2014.00011.
Giuliani, N. R., Calhoun, V. D., Pearlson, G. D., Francis, A., & Buchanan, R. W.
(2005). Voxel-based morphometry versus region of interest: a comparison of two methods
for analyzing gray matter differences in schizophrenia. Schizophrenia Research, 74(2-3),
135-147. doi: 10.1016/j.schres.2004.08.019.
Golestani N., Molko N., Dehaene S., LeBihan D., Pallier C. (2007). Brain structure
predicts the learning of foreign speech sounds. Cereb Cortex. 17, 575-582.
Golestani N., Pallier C. (2007). Anatomical correlates of foreign speech sound
production. Cereb Cortex. 17, 929-934.
Gold, B. T., Johnson, N. F., & Powell, D. K. (2013). Lifelong bilingualism
contributes to cognitive reserve against white matter integrity declines in aging.
Neuropsychologia, 51(13), 2841-2846. doi: 10.1016/j.neuropsychologia.2013.09.037.
Gold, B.T., Kim, C., Johnson, N.F., Kriscio, R.J., Smith, C.D., 2013. Lifelong
bilingualism maintains neural efficiency for cognitive control in aging. J.Neurosci. 33, 387396.
Gollan, T. H., Salmon, D. P., Montoya, R. I., & Galasko, D. R. (2011). Degree of
bilingualism predicts age of diagnosis of Alzheimer's disease in low-education but not in
highly educated Hispanics. Neuropsychologia, 49(14), 3826-3830.
Good, C. D., Johnsrude, I. S., Ashburner, J., Henson, R. N., Friston, K. J., &
Frackowiak, R. S. (2001). A voxel-based morphometric study of ageing in 465 normal adult
human brains. Neuroimage, 14(1 Pt 1), 21-36. doi: 10.1006/nimg.2001.0786.

160

References

Green, D.W. & Abutalebi, J. (2016). Language control and the neuroanatomy of
bilingualism: in praise of variety. Language, Cognition and Neuroscience, 31(3), 340-344.
doi:0.1080/23273798.2015.1084428.
Green, D.W., & Abutalebi, J. (2013). Language control in bilinguals: The adaptive
control

hypothesis.

Journal

of

Cognitive

Psychology,

25(5),

515-530.

doi:

10.1080/20445911.2013.796377.
Greicius, M.D., Supekar, K., Menon, V., Dougherty, R.F. (2009) Resting-state
functional connectivity reflects structural connectivity in the default mode network. Cereb
Cortex 19(1), 72-78.
Grogan, A., Parker Jones, O., Ali, N., Crinion, J., Orabona, S., Mechias, M. L. . . .
Price, C. J. (2012). Structural correlates for lexical efficiency and number of languages in
non-native

speakers

of

English.

Neuropsychologia,

50(7),

1347-1352.

doi:

10.1016/j.neuropsychologia.2012.02.019.
Grosjean, F. (2010). Bilingual: Life and reality. Harvard University Press.
Guye, M., Bartolomei, F. and Ranjeva, J. P. (2008). Imaging structural and functional
connectivity: towards a unified definition of human brain organization? Curr Opin Neurol.
21(4), 393-403.
Hagmann, P., Cammoun, L., Gigandet, X., Meuli, R., Honey, C.J., … Sporns, O.
(2008) Mapping the structural core of human cerebral cortex. PLoS Biol 6(7), e159.
doi:10.1371/ journal.pbio.0060159.
Hakuta, K. & Diaz, R. (1985). The relationship between degree of bilingualism and
cognitive ability: a critical discussion and some new longitudinal data. In K. E. Nelson (Ed.),
Children's Language, Volume 5 (pp. 319-344). Hillsdale, N. J.: Lawrence Erlbaum
Associates.
Hamann, S., Mao, H., 2002. Positive and negative emotional verbal stimuli elicit
activity in the left amygdala. NeuroReport, 13 (1), 15-19.

161

References

Hanna-Pladdy, B. & MacKay, A. (2011). The relation between instrumental musical
activity and cognitive aging. Neuropsychology 25(3), 378-386. doi: 10.1037/a0021895.
Hartshorne, J.K. & Germine, L.T. (2015). When does cognitive functioning peak?
The asynchronous rise and fall of different cognitive abilities across the life span. Psychol
Sci., 26(4), 433-43.
Haznedar, M.M., Buchsbaum, M.S., Wei, T.C., Hof, P.R., Cartwright, C., Bienstock,
C.A., Hollander, E., (2000). Limbic circuitry in patients with autism spectrum disorders
studied with positron emission tomography and magnetic resonance imaging. Am. J.
Psychiatry, 157(12), 1994-2001.
He, Y., Chen, Z. and Evans, A. (2008). Structural insights into aberrant topological
patterns of large-scale cortical networks in Alzheimer’s disease. The Journal of
Neuroscience, 28(18), 4756-4766. doi:10.1523/JNEUROSCI.0141-08.2008.
Hernandez, A. E. (2009). Language switching in the bilingual brain: What’s next?
Brain and Language, 109(2), 133-140
Hernandez, A. E. (2013). The bilingual brain: Oxford University Press.
Hernandez, A. E., & Li, P. (2007). Age of acquisition: its neural and computational
mechanisms. Psychological Bulletin, 133(4), 638-650. doi: 10.1037/0033-2909.133.4.638.
Hernandez, A., Li, P., & MacWhinney, B. (2005). The emergence of competing
modules

in

bilingualism.

Trends

in

Cognitive

Sciences,

9(5),

220-225.

doi:10.1016/j.tics.2005.03.003.
Hillman, C.H., Erickson, K.I., Kramer, A.F. (2008). Be smart, exercise your heart:
exercise effects on brain and cognition. Nat Rev Neurosci, 9, 58-65.
Honey, C.J., Kötter, R., Breakspear, M., Sporns, O. (2007) Network structure of
cerebral cortex shapes functional connectivity on multiple time scales. Proc Natl Acad Sci
USA, 104(24), 10240-10245.

162

References

Hosoda, C., Tanaka, K., Nariai, T., Honda, M., & Hanakawa, T. (2013). Dynamic
neural network reorganization associated with second language vocabulary acquisition: a
multimodal imaging study. The Journal of Neuroscience, 33(34), 13663-13672. doi:
10.1523/jneurosci.0410-13.2013.
Ioannidis, J.P.A. (2005). Why most published research findings are false. PLoS Med,
2(8), e124. doi: 10.1371/journal.pmed.0020124.
Iturria-Medina, Y., Pérez, A., Morris, D.M, Canales-Rodríguez, E.J., Haroon, H. a,
García-Pentón, L., Augath, M., Galán, L., Logothetis, N., Parker, G.J.M., Melie-García, L.
(2011). Brain hemispheric structural efficiency and interconnectivity rightward asymmetry in
human and nonhuman primates. Cereb Cortex. 21, 56-67.
Iturria-Medina, Y., Sotero, R.C., Canales-Rodríguez, E.J., Alemán-Gómez, Y., MelieGarcía, L. (2008). Studying the human brain anatomical network via diffusion weighted MRI
and Graph Theory. Neuroimage. 40, 1064-1076.
Jenkinson, M., Beckmann, C. F., Behrens, T. E., Woolrich, M. W., & Smith, S. M.
(2012). FSL. Neuroimage, 62(2), 782-790. doi: 10.1016/j.neuroimage.2011.09.015.
Johnston, J.M., et al. (2008) Loss of resting interhemispheric functional connectivity
after complete section of the corpus callosum. J Neurosci, 28(25), 6453-6458.
Jones, D. K., Knosche, T. R., & Turner, R. (2013). White matter integrity, fiber
count, and other fallacies: the do's and don'ts of diffusion MRI. Neuroimage, 73, 239-254.
doi: 10.1016/j.neuroimage.2012.06.081.
Jones, D. K., Symms, M. R., Cercignani, M., & Howard, R. J. (2005). The effect of
filter size on VBM analyses of DT-MRI data. Neuroimage, 26(2), 546-554. doi:
10.1016/j.neuroimage.2005.02.013.
Kanaan, R. A., Shergill, S. S., Barker, G. J., Catani, M., Ng, V. W., Howard, R. . . .
Jones, D. K. (2006). Tract-specific anisotropy measurements in diffusion tensor imaging.
Psychiatry Research, 146(1), 73-82. doi: 10.1016/j.pscychresns.2005.11.002.

163

References

Kanai, R., & Rees, G. (2011). The structural basis of inter-individual differences in
human behaviour and cognition. Nature Reviews Neuroscience, 12(4), 231-242. doi:
10.1038/nrn3000.
Kemper, T.L. (1994). Neuroanatomical and neuropathological changes during aging
and in dementia. In: Albert ML, Knoepfel EJE, editors. Clinical neurology of aging. New
York: Oxford University Press, 3-67.
Kennedy, D., & Norman, C. (2005). What Don't We Know? Science, 309(5731), 75.
doi: 10.1126/science.309.5731.75.
Klein, D., Mok, K., Chen, J. K., & Watkins, K. E. (2014). Age of language learning
shapes brain structure: a cortical thickness study of bilingual and monolingual individuals.
Brain and Language, 131, 20-24. doi: 10.1016/j.bandl.2013.05.014.
Knudsen, E. I. (2004). Sensitive periods in the development of the brain and behavior.
Journal of Cognitive Neuroscience, 16, 1412-1425.
Kovacs, A.M. and Mehler, J. (2009) Cognitive gains in 7-month-old bilingual infants.
Proc. Natl. Acad. Sci. U.S.A. 106, 6556-6560.
Kovelman, I., Baker, S.A., Petitto, L.A. (2008). Bilingual and monolingual brains
compared: a functional magnetic resonance imaging investigation of syntactic processing and
a possible “neural signature” of bilingualism. J Cogn Neurosci. 20(1), 153-69.
Kowoll, M.E., Degen, C., Gladis, S., Schröder, J. (2015). Neuropsychological profiles
and verbal abilities in lifelong bilinguals with mild cognitive impairment and Alzheimer's
disease. J. Alzheimers Dis. 45, 1257-1268. doi:10.3233/JAD-142880.
Kroll, J. and Chiarello, C. (2015). Language experience and the brain: variability,
neuroplasticity, and bilingualism. Language, Cognition and Neuroscience, 31(3), 345-348.
doi:10.1080/23273798.2015.1086009.
Kroll, J.F., & Bialystok, E. (2013). Understanding the consequences of bilingualism
for language processing and cognition. Journal of Cognitive Psychology, 25(5), 497-514. doi:
10.1080/20445911.2013.799170.
164

References

Kubicki, M., Shenton, M. E., Salisbury, D. F., Hirayasu, Y., Kasai, K., Kikinis, R. . . .
McCarley, R. W. (2002). Voxel-based morphometric analysis of gray matter in first episode
schizophrenia. Neuroimage, 17(4), 1711-1719.
Kuhl P. K. (2010). Brain mechanisms in early language acquisition. Neuron 67, 713727. doi:10.1016/j.neuron.2010.08.038. PMC 2947444. PMID 20826304.
Kuhl P. K.; Conboy B. T.; Padden D.; Nelson T.; Pruitt J. (2005). Early speech
perception and later language development: implications for the' Critical Period. Lang.
Learn. Dev. 1, 237-264. doi:10.1207/s15473341lld0103&4_2.
Laka, I. (2012) More than one language in the brain. In Boeckx C., M.C. Horno &
J.L. Mendívil (Eds.) Language, from a Biological Point of View: Current Issues in
Biolinguistics. Cambridge: Cambridge Scholars Publishing, pp.184-207. ISBN: 1443837814.
Latora, V., Marchiori, M. (2001). Efficient Behavior of Small-World Networks. Phys
Rev Lett. 87, 3-6.
Lawton, D.M., Gasquoine, P.G., & Weimer, A.A. (2015). Age of dementia diagnosis
in community dwelling bilingual and monolingual Hispanic Americans. Cortex, 66, 141-145.
http://doi.org/10.1016/j.cortex.2014.11.017.
Lee, H., Devlin, J. T., Shakeshaft, C., Stewart, L. H., Brennan, A., Glensman, J. . . .
Price, C. J. (2007). Anatomical traces of vocabulary acquisition in the adolescent brain. The
Journal of Neuroscience, 27(5), 1184-1189. doi: 10.1523/jneurosci.4442-06.2007.
Leech, R. and Sharp, D.J (2014). The role of the posterior cingulate cortex in
cognition and disease. Brain, 137, 12-32. doi: 10.1093/brain/awt162.
Li, L., Abutalebi, J., Zou, L., Yan, x., Liu, L., Feng, X. … Ding, G. (2015).
Bilingualism alters brain functional connectivity between “control” regions and “language”
regions: Evidence from bimodal bilinguals. Neuropsychologia, 71, 236-247.
Li, P. and Grant, A. (2015). Second language learning success revealed by brain
networks.

Bilingualism:

Language

and

Cognition,

19(4),

657-664

doi:

10.1017/S1366728915000280.
165

References

Li, P., & Shu, H. (2010). Language and the brain: Computational and neuroimaging
evidence from Chinese. In M. Bond (ed.), The Oxford Handbook of Chinese Psychology (pp.
69-92). Oxford, UK: Oxford University Press.
Li, P., Legault, J., & Litcofsky, K. A. (2014). Neuroplasticity as a function of second
language learning: anatomical changes in the human brain. Cortex, 58, 301-324. doi:
10.1016/j.cortex.2014.05.001.
Li, Y., Liu, Y., Li, J., Qin, W., Li, K., Yu, C., Jiang, T. (2009). Brain anatomical
network and intelligence. PLoS Comput Biol. 5, e1000395.
Lindenberger, U. & Ghisletta, P. (2009). Cognitive and sensory declines in old age:
gauging the evidence for a common cause. Psychol Aging, 24, 1-16.
Lucas, T.H., McKhann, G.M., Ojemann, G.A. (2004). Functional separation of
languages in the bilingual brain: a comparison of electrical stimulation language mapping in
25 bilingual patients and 117 monolingual control patients. J Neurosurg, 101(3), 449-57.
Luk , G. & Pliatsikas, C. (2016). Converging diversity to unity: Commentary on The
neuroanatomy of bilingualism. Language, Cognition & Neuroscience, 31(3), 349-352. doi:
10.1080/23273798.2015.1119289.
Luk, G., Bialystok, E., Craik, F. I., & Grady, C. L. (2011). Lifelong bilingualism
maintains white matter integrity in older adults. The Journal of Neuroscience, 31(46), 1680816813. doi: 10.1523/jneurosci.4563-11.2011.
Luk, G., Green, D. W., Abutalebi, J., & Grady, C. (2012). Cognitive control for
language switching in bilinguals: A quantitative meta-analysis of functional neuroimaging
studies.

Language

and

Cognitive

Processes,

27(10),

1479-1488.

doi:10.1080/01690965.2011.613209.
Maguire, E. A., Gadian, D. G., Johnsrude, I. S., Good, C. D., Ashburner, J.,
Frackowiak, R. S., & Frith, C. D. (2000). Navigation-related structural change in the
hippocampi of taxi drivers. Proceedings of the National Academy of Sciences, 97(8), 43984403.
166

References

Maguire, E. A., Woollett, K. and Spiers, H. J. (2006). London taxi drivers and bus
drivers: a structural MRI and neuropsychological analysis. Hippocampus, 16(12), 1091-1101.
Mårtensson, J., Eriksson, J., Bodammer, N. C., Lindgren, M., Johansson, M., Nyberg,
L., & Lovden, M. (2012). Growth of language-related brain areas after foreign language
learning. Neuroimage, 63(1), 240-244. doi: 10.1016/j.neuroimage.2012.06.043.
Martin, C. D., Costa, A., Dering, B., Hoshino, N., Wu, Y. J., & Thierry, G. (2012).
Effects of speed of word processing on semantic access: the case of bilingualism. Brain and
Language, 120(1), 61-65. doi: 10.1016/j.bandl.2011.10.003.
Mazziotta, J., Toga, A., Evans, A., Fox, P., Lancaster, J., Zilles, K., …Mazoyer, B.
(2001). A probabilistic atlas and reference system for the human brain: International
Consortium for Brain Mapping (ICBM). Phil. Trans. Royal Soc. B Biol. Sci. 356(1412),
1293-1322.
Mechelli, A., Crinion, J. T., Noppeney, U., O'Doherty, J., Ashburner, J., Frackowiak,
R. S., & Price, C. J. (2004). Neurolinguistics: structural plasticity in the bilingual brain.
Nature, 431(7010), 757. doi: 10.1038/431757a.
Miyake, A. & Friedman, N. P. (2012). The nature and organization of individual
differences in executive functions: Four general conclusions. Current Directions in
Psychology, 21(1), 8-14.
Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., & Wager,
T. D. (2000). The unity and diversity of executive functions and their contributions to
complex “frontal lobe” tasks: A latent variable analysis. Cognitive Psychology, 41(1), 49100. doi:10.1006/cogp.1999.0734.
Mohades, S. G., Struys, E., Van Schuerbeek, P., Mondt, K., Van De Craen, P., &
Luypaert, R. (2012). DTI reveals structural differences in white matter tracts between
bilingual

and

monolingual

children.

Brain

Research,

1435,

72-80.

doi:

10.1016/j.brainres.2011.12.005.

167

References

Mohades, S. G., Van Schuerbeek, P., Rosseel, Y., Van De Craen, P., Luypaert, R., &
Baeken, C. (2015). White-Matter development is different in bilingual and monolingual
children: a Longitudinal DTI study. PloS one, 10(2). doi: 10.1371/journal.pone.0117968.
Mori, S., Wakana, S., Nagae-Poetscher, L.M., van Zijl, P.C. (2005) MRI atlas of
human white matter. Elsevier; Amsterdam, The Netherlands.
Mosconi, M.W., Cody-Hazlett, H., Poe, M.D., Gerig, G., Gimpel-Smith, R., Piven, J.,
2009. Longitudinal study of amygdala volume and joint attention in 2- to 4-year-old children
with autism. Arch. Gen. Psychiatry, 66(5), 509-516.
Munson, J., Dawson, G., Abbott, R., Faja, S., Webb, S.J., Friedman, S.D., Shaw,
D., … Dager, S.R., (2006). Amygdalar volume and behavioral development in autism. Arch.
Gen. Psychiatry, 63, 686-693.
Muñoz, C. (2008). Symmetries and asymmetries of age effects in naturalistic and
instructed L2 learning. Applied Linguistics, 29(4), 578-596.
Nichols, T. E. (2012). Multiple testing corrections, nonparametric methods, and
random field theory. Neuroimage, 62(2), 811-815. doi: 10.1016/j.neuroimage.2012.04.014.
Nichols, T. E., & Hayasaka, S. (2003). Controlling the familywise error rate in
functional neuroimaging: a comparative review. Statistical Methods in Medical Research,
12(5), 419-446.
Olalude, O.A., Jamal, N.I., Koo, D.S., Perfetti, C.A., LaSasso, C. and Eden, G.F.
(2016) Neuroanatomical evidence in support of the bilingual advantage theory. Cerebral
Cortex, 26(7), 3196-3204. doi: 10.1093/cercor/bhv152.
Oldfield R.C. (1971). The assessment and analysis of handedness: the Edinburgh
inventory. Neuropsychologia, 9, 97-113.
Olsen, R. K., Pangelinan, M. M., Bogulski, C., Chakravarty, M. M., Luk, G., Grady,
C., & Bialystok, E. (2015). The effect of lifelong bilingualism on regional grey and white
matter volume. Brain Research. 1612, 128-39. doi: 10.1016/j.brainres.2015.02.034

168

References

Olson I.R., Plotzker A., Ezzyat Y. (2007). The Enigmatic temporal pole: a review of
findings on social and emotional processing. Brain, 130, 1718-1731.
Ortiz-Mantilla, S.C., Choe, M.-S., Flax, J., Grant, P.E., Benasich, A.A., (2007).
Associations between infant brain structure and later language abilities: The role of the left
amygdala (Program No. 738.5). Presented at the Society for Neurosciences 37th Annual
Meeting, San Diego, CA.
Ortiz-Mantilla, S., Choe, M., Flax, J., Grant, P.E., Benasich, A.A. (2010).
Associations between the size of the amygdala in infancy and language abilities during the
preschool years in normally developing children. NeuroImage, 49, 2791-2799.
Osser, L., Bialystok, E., Craik, F.I.M., Murphy, K.J. and Troyer, A.K (2013). The
effect of bilingualism on amnestic mild cognitive impairment. J Gerontol B Psychol Sci Soc
Sci, 68 (1), 8-12.doi: 10.1093/geronb/gbs038.
Owens,

E.A.,

Aznar-Besé,

N.,

Meschyan,

G.,

Hernandez,

A.E.,

(2009).

Developmental effects of neural activity on language processing: Evidence from fMRI
(Program No. B26, p. 67). Presented at the Cognitive Neuroscience Society, 2009 Annual
Meeting, San Francisco, CA.
Paap, K. R., & Greenberg, Z. I. (2013). There is no coherent evidence for a bilingual
advantage in executive processing. Cognitive Psychology, 66(2), 232-258.
Paap, K. R., & Sawi, O. (2014). Bilingual advantages in executive functioning:
problems in convergent validity, discriminant validity, and the identification of the
theoretical constructs. Frontiers in Psychology, 5, 962.
Paap, K. R., Johnson, H. A., & Sawi, O. (2014). Are bilingual advantages dependent
upon specific tasks or specific bilingual experiences? Journal of Cognitive Psychology,
26(6), 1-25.
Paap, K.R., Johnson, H.A. and Sawi, O. (2015a). Bilingual advantages in executive
functioning either do not exist or are restricted to very specific and undetermined
circumstances. Cortex, 69, 265-278.
169

References

Paap, K.R., Johnson, H.A. and Sawi, O. (2015b). Should the search for bilingual
advantages

in

executive

functioning

continue?

Cortex,

74,

305-14.

doi:10.1016/j.cortex.2015.09.010.
Pap, L. (1982). Bilingualism in need of conceptual overhaul. Language Sciences 4,
71-84.
Pearson, J.M., Hayden, B.Y., Platt, M.L. (2011). A role for posterior cingulate in
policy switching and cognitive control, Neural Basis of Motivational and Cognitive Control,
eds Mars R. B., Sallet J., Rushworth M. F. S., Yeung N., editors. (Cambridge, MA: MIT
Press), 127-143.
Perea, M., Duñabeitia, J. A., & Carreiras, M. (2008). Masked associative/semantic
priming effects across languages with highly proficient bilinguals. Journal of Memory and
Language, 58(4), 916-930.
Petitto, L.A,, Berens, M.S., Kovelman, I., Dubins, M.H., Jasinska, K., Shalinsky, M.
(2012). The “Perceptual Wedge Hypothesis” as the basis for bilingual babies phonetic
processing advantage: new insights from fNIRS brain imaging. Brain Lang. 121, 130-43. doi:
10.1016/j.bandl.2011.05.003.
Pierce L.J., Chen, J-K., Delcenserie, A., Genesee, F. & Klein, D. (2015). Past
experience shapes ongoing neural patterns for language. Nat. Commun 6, 10073.
doi:10.1038/ncomms10073.
Pierce, L.J, Klein, D., Chen, J-K., Delcenserie, A. and Genesee, F. (2014) Mapping
the unconscious maintenance of a lost first language. PNAS, 112(48), 17314-17319.
Phelps, E.A., LeDoux, J.E., 2005. Contributions of the amygdala to emotion
processing: from animal models to human behavior. Neuron, 48, 175-187.
Pliatsikas, C., & Marinis, T. (2013). Processing of regular and irregular past tense
morphology in highly proficient second language learners of English: a self-paced reading
study. Applied Psycholinguistics, 34(05), 943-970.

170

References

Pliatsikas, C., Johnstone, T., & Marinis, T. (2014). Grey matter volume in the
cerebellum is related to the processing of grammatical rules in a second language: a structural
voxel-based morphometry study. Cerebellum, 13(1), 55-63. doi: 10.1007/s12311-013-05156.
Pliatsikas, C., Moschopoulou, E., & Saddy, J. D. (2015). The effects of bilingualism
on the white matter structure of the brain. Proceedings of the National Academy of Sciences,
112 (5), 1334-1337. doi:10.1073/pnas.1414183112.
Pliatsikas, C. and Luk, G. (2016) Executive control in bilinguals: a concise review on
fMRI studies. Bilingualism: Language and Cognition, 19 (4), 699-705.
Power, J.D., Mitra, A., Laumann, T.O., Snyder, A.Z., Schlaggar, B.L., Petersen, S.E.
(2014). Methods to detect, characterize, and remove motion artifact in resting state fMRI.
Neuroimage, 84, 320 -341.
Power, J.D., Schlaggar, B.L., Petersen, S.E. (2015). Recent progress and outstanding
issues in motion correction in resting state fMRI. Neuroimage, 105, 536-551.
Price, C. J. (2010). The anatomy of language: a review of 100 fMRI studies published
in 2009. Annals of the New York Academy of Sciences, 1191, 62-88. doi: 10.1111/j.17496632.2010.05444.x.
Radua, J., Canales-Rodríguez, E. J., Pomarol-Clotet, E., & Salvador, R. (2014).
Validity of modulation and optimal settings for advanced voxel-based morphometry.
Neuroimage, 86, 81-90. doi: 10.1016/j.neuroimage.2013.07.084.
Raichle M.E, MacLeod, A.M., Snyder, A.Z., Powers, W.J., Gusnard, D.A., Shulman,
G.L. (2001) A default mode of brain function. Proc Natl Acad Sci USA 98(2), 676-682.
Raz, N., Kennedy, K.M. (2009). A systems approach to age-related change:
neuroanatomical changes, their modifiers, and cognitive correlates. In: Jagust W., Desposito
M., editors. Imaging the aging brain. New York, NY: Oxford University Press, pp. 43-70.

171

References

Raznahan, A., Shaw, Ph., Lalonde, F., Stockman, M., Wallace, G.L., Greenstein,
D., … Giedd, J.N. (2011). How does your cortex grow? J Neurosci., 31(19), 7174-7177.
doi:10.1523/JNEUROSCI.0054-11.2011.
Ressel, V., Pallier, C., Ventura-Campos, N., Díaz, B., Roessler, A., Ávila, C., &
Sebastián-Gallés, N. (2012). An effect of bilingualism on the auditory cortex. The Journal of
Neuroscience, 32(47), 16597-16601.
Ridgway, G. R., Henley, S. M., Rohrer, J. D., Scahill, R. I., Warren, J. D., & Fox, N.
C. (2008). Ten simple rules for reporting voxel-based morphometry studies. Neuroimage,
40(4), 1429-1435. doi: 10.1016/j.neuroimage.2008.01.003.
Rosner, B. A. (2006). Fundamentals of Biostatistics, 6th Ed. Belmont, CA: ThomsonBrooks/Cole.
Rubinov, M. and Sporns, O. (2010) Complex network measures of brain connectivity:
Uses

and

interpretations.

NeuroImage,

52(3),

1059-69.

doi:

10.1016/j.neuroimage.2009.10.003.
Rueckert, D. Sonoda, L. I. Hayes, C. Hill, D. L. G. Leach, M. O. and Hawkes, D.
J.(1999) Non-rigid registration using free-form deformations: Application to breast MR
images. IEEE Transactions on Medical Imaging, 18(8), 712-721.
Salat, D. H., Tuch, D. S., Greve, D. N., van der Kouwe, A. J., Hevelone, N. D.,
Zaleta, A. K., . . . Dale, A. M. (2005). Age-related alterations in white matter microstructure
measured by diffusion tensor imaging. Neurobiology of Aging, 26(8), 1215-1227. doi:
10.1016/j.neurobiolaging.2004.09.017.
Salmond, C. H., Ashburner, J., Vargha-Khadem, F., Connelly, A., Gadian, D. G., &
Friston, K. J. (2002). Distributional assumptions in voxel-based morphometry. Neuroimage,
17(2), 1027-1030.
Sanders, A.E., Hall, C.B., Katz, M.J., & Lipton, R.B. (2012). Non-native language
use and risk of incident dementia in the elderly. Journal of Alzheimer's Disease, 29(1), 99.

172

References

Satterthwaite, T.D., Elliott, M.A., Gerraty, R.T., Ruparel, K., Loughead, J., Calkins,
M.E., … Wolf, D.H. (2013) An improved framework for confound regression and filtering
for control of motion artifact in the pre-processing of resting-state functional connectivity
data. Neuroimage, 64, 240 -256.
Saxe, R., Moran, J. M., Scholz, J., & Gabrieli, J. (2006). Overlapping and nonoverlapping brain regions for theory of mind and self reflection in individual subjects. Social
Cognitive and Affective Neuroscience, 1(3), 229-234. doi: 10.1093/scan/nsl034.
Schaie, K.W. (1996). Intellectual development in adulthood: The Seattle longitudinal
study. Cambridge: Cambridge University Press.
Sheppard, J.P., Wang, J.P., & Wong, P.C. (2012). Large-scale cortical network
properties predict future sound-to-word learning success. Journal of Cognitive Neuroscience,
24, 1087-1103.
Schlegel, A. A., Rudelson, J. J., & Tse, P. U. (2012). White matter structure changes
as adults learn a second language. Journal of Cognitive Neuroscience, 24(8), 1664-1670. doi:
10.1162/jocn_a_00240.
Schweizer, T.A., Ware, J., Fischer, C.E., Craik, F.I., Bialystok, E. (2012)
Bilingualism as a contributor to cognitive reserve: evidence from brain atrophy in
Alzheimer’s disease. Cortex, 48, 991-6.
Sebastián-Gallés, N., Albareda-Castellot, B., Weikum, W.M., Werker, J.F. (2012) A
bilingual advantage in visual language discrimination in infancy. Psychol. Sci. 23(9), 994-9.
doi: 10.1177/0956797612436817.

Ségonne, F., Dale, A.M., Busa, E., Glessner, M., Salvolini, U., Hahn, H.K., Fischl, B.
(2004). A Hybrid Approach to the Skull-Stripping Problem in MRI, NeuroImage, 22, 11601075.
Smith, S. M., & Nichols, T. E. (2009). Threshold-free cluster enhancement:
addressing problems of smoothing, threshold dependence and localization in cluster
inference. Neuroimage, 44(1), 83-98. doi: 10.1016/j.neuroimage.2008.03.061.
173

References

Shen, H.H. (2015) Core concept: Resting-state connectivity. PNAS, 112(46), 1411514116. doi: 10.1073/pnas.1518785112.
Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E.,
Mackay, C. E. . . . Behrens, T. E. (2006). Tract-based spatial statistics: voxel-wise analysis of
multi-subject

diffusion

data.

Neuroimage,

31(4),

1487-1505.

doi:

10.1016/j.neuroimage.2006.02.024.
Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E.,
Johansen-Berg, H. . . . Matthews, P. M. (2004). Advances in functional and structural MR
image analysis and implementation as FSL. Neuroimage, 23 Suppl 1, S208-S219. doi:
10.1016/j.neuroimage.2004.07.051.
Snook, L., Plewes, C., & Beaulieu, C. (2007). Voxel based versus region of interest
analysis in diffusion tensor imaging of neurodevelopment. Neuroimage, 34(1), 243-252. doi:
10.1016/j.neuroimage.2006.07.021.
Spivey, M. (2007). The continuity of mind. New York, NY: Oxford University Press.
Sponrs, O., Tononi, G., Edelman, G.M. (2000). Connectivity and complexity: the
relationship between neuroanatomy and brain dynamics. Neural Network, 13, 909-922.
Stam, C. J., de Haan, W., Daffertshofer, A., Jones, B.F., Manshanden, I., van
Cappellen van Walsum, A.M., … P. Scheltens (2008) Graph theoretical analysis of
magnetoencephalographic functional connectivity in Alzheimer's disease. Brain, 132(1), 213224 doi: http://dx.doi.org/10.1093/brain/awn262.
Stam, C.J., Jones, B.F., Nolte, G., Breakspear, M., Scheltens, P. (2007)

Small-world

networks and functional connectivity in Alzheimer's disease. Cereb Cortex,17, 92-9.
Steffener, J., Stern, Y. (2012). Exploring the neural basis of cognitive reserve in
aging. Biochim Biophys Acta, 1822, 467-73.
Stein, M., Federspiel, A., Koenig, T., Wirth, M., Strik, W., Wiest, R., . . . Dierks, T.
(2012). Structural plasticity in the language system related to increased second language
proficiency. Cortex, 48(4), 458-465.
174

References

Stein, M., Winkler, C., Kaiser, A. C., & Dierks, T. (2014). Structural brain changes
related to bilingualism: Does immersion make a difference? Frontiers in Psychology, 5,
1116. doi: 10.3389/fpsyg.2014.01116.
Stern, Y. (2002). What is cognitive reserve? Theory and research application of the
reserve concept. J Int Neuropsychol Soc, 8, 448-60.
Stern, Y. (2009). Cognitive reserve. Neuropsychologia, 47(10), 2015e2028.
Storsve, A.B., Fjell, A.M., Tamnes, Ch.K., Westlye, L.T., Overbye, K., Aasland,
H.W. and Walhovd, K.B. (2014) Differential longitudinal changes in cortical thickness,
surface area and volume across the adult life span: regions of accelerating and decelerating
change. The Journal of Neuroscience, 34(25), 8488-8498.
Supekar, K., Uddin, L.Q, Prater, K., Amin, H., Greicius, M.D., Menon, V. (2010).
Development of functional and structural connectivity within the default mode network in
young children. Neuroimage, 52, 290-301.
Suzuki, M., Hagino, H., Nohara, S., Zhou, S. Y., Kawasaki, Y., Takahashi, T., . . .
Kurachi, M. (2005). Male-specific volume expansion of the human hippocampus during
adolescence. Cerebral Cortex, 15(2), 187-193. doi: 10.1093/cercor/bhh121.
Tapp, P. D., Head, K., Head, E., Milgram, N. W., Muggenburg, B. A., & Su, M. Y.
(2006). Application of an automated voxel-based morphometry technique to assess regional
gray and white matter brain atrophy in a canine model of aging. Neuroimage, 29(1), 234-244.
doi: 10.1016/j.neuroimage.2005.07.043.
Temple, E., Deutsch, G.K., Poldrack, R.A., Miller, S.L., Tallal, P., Merzenich, M.M
and Gabrieli, J.D.E. (2003). Neural deficits in children with dyslexia ameliorated by
behavioral remediation: evidence from functional MRI. PNAS. 100(5), 2860-2865.
Testa, C., Laakso, M. P., Sabattoli, F., Rossi, R., Beltramello, A., Soininen, H., &
Frisoni, G. B. (2004). A comparison between the accuracy of voxel-based morphometry and
hippocampal volumetry in Alzheimer's disease. Journal of Magnetic Resonance Imaging,
19(3), 274-282. doi: 10.1002/jmri.20001.
175

References

Thomason, M.E., Chang, C.E., Glover, G.H., Gabrieli, J.D.E., Greicius, M.D., Gotlib,
I.H. (2008) Default-mode function and task-induced deactivation have overlapping brain
substrates

in

children. NeuroImage, 41(4),

1493-1503.

doi:

10.1016/j.neuroimage.2008.03.029.
Tomasi, D., Volkow, N.D. (2010) functional connectivity density mapping. PNAS,
USA; 107, 9885.
Tzourio-Mazoyer, N., Landeau, B., Papathanassiou, D., Crivello, F., Etard, O.,
Delcroix, N., . . . Joliot, M. (2002). Automated anatomical labeling of activations in SPM
using a macroscopic anatomical parcellation of the MNI MRI single-subject brain.
Neuroimage, 15(1), 273-289. doi: 10.1006/nimg.2001.0978.
Utevsky, A.V., Smith, D.V. and Huettel, S.A. (2014) Precueneus is a functional core
of the default mode network. The Journal of Neuroscience, 34(3), 932-940.
Van Dijk, K.R., Sabuncu, M.R., Buckner, R.L. (2012) The influence of head motion
on intrinsic functional connectivity MRI. Neuroimage 59, 431- 438.
Ventura-Campos, N., Sanjuán, A., González, J., Palomar-García, M.A., RodríguezPujadas, A., Sebastián- Gallés, N., Deco, G. & Ávila, C. (2013). Spontaneous brain activity
predicts learning ability of foreign sounds. The Journal of Neuroscience, 33, 9295-305.
Veroude, K., Norris, D.G., Shumskaya, E., Gullberg, M., & Indefrey, P. (2010).
Functional connectivity between brain regions involved in learning words of a new language.
Brain and Language, 113, 21-27.
Verstraete, E., Veldink, J.H., Mandl, R.C.W., van den berg, L.H., van den Heuvel,
M.P. (2011). Impaired structural motor connectome in amyotrophic lateral sclerosis. PLos
ONE 6(9), e24239. doi:10.1371/journal.pone.0024239.
Weikum, W.M., Vouloumanos, A., Navarra, J., Soto-Faraco, S., Sebastián-Gallés, N.,
Werker, J.F. (2007) Visual language discrimination in infancy. Science 316(5828), 1159.

176

References

Weiss-Croft, L.J. & Baldeweq, T. (2015) Maturation of language networks in
children: a systematic review of 22 years of functional MRI. Neuroimage, 123, 269-81. doi:
10.1016/j.neuroimage.2015.07.046.
Weissenbacher, A., Kasess, C., Gerstl, F., Lanzenberger, R., Moser, E.,
Windischberger, C. (2009) Correlations and anticorrelations in resting-state functional
connectivity MRI: a quantitative comparison of pre-processing strategies. Neuroimage 47,
1408 -1416.
Werker, J.F. & Tees, R.C. (2005) Speech perception as a window for understanding
plasticity and commitment in language systems of the brain. Dev. Psychibiol. 46(3), 233-51.
doi:10.1002/dev.20060.
Werker, J.F., Hensch, T.K. (2015) Critical periods in speech perception: new
directions. Annu. Rev. Psychol. 66, 173-96. doi: 10.1146/annurev-psych-010814-015104.
Wierenga, L.M, Langen, M., Oranje, B., Durston, S. (2014) Unique developmental
trajectories

of

cortical

thickness

and

surface

area.

NeuroImage

87,

120-126.

doi:10.1016/j.neuroimage.2013.11.010.
Winkler, A. M., Kochunov, P., Blangero, J., Almasy, L., Zilles, K., Fox, P. T., . . .
Glahn, D. C. (2010). Cortical thickness or grey matter volume? The importance of selecting
the phenotype for imaging genetics studies. Neuroimage, 53(3), 1135-1146. doi:
10.1016/j.neuroimage.2009.12.028.
Winkler, A.M., Ridgway, G.R., Webster, M.A., Smith, S.M., Nichols, T.E.
(2014). Permutation inference for the general linear model. NeuroImage, 92, 381-397.
Woumans, E., Santens, P., Sieben, A., Versijpt, J., Stevens, M., & Duyck, W. (2015).
Bilingualism delays clinical manifestation of Alzheimer’s disease. Bilingualism: Language
and Cognition, 18 (3), 568-574.
Yan, C. and Zang, Y. (2010) DPARSF: a MATLAB toolbox for “pipeline” data
analysis of resting-state fMRI. Front. Syst. Neurosci. 4(13). doi:10.3389/fnsys.2010.00013.

177

References

Yan, C.G., Cheung, B., Kelly, C., Colcombe, S., Craddock, R.C., Di Martino, A., Li,
Q., Zuo, X.N., Castellanos, F.X., Milham, M.P. (2013) A comprehensive assessment of
regional variation in the impact of head micromovements on functional connectomics.
Neuroimage 76, 183-201.
Yan, C.G., Wang, X.D., Zuo, X.N., Zang, Y.F. (2016). DPABI: Data Processing &
Analysis for (Resting-State) Brain Imaging. Neuroinformatics, 14(3), 339-351. doi:
10.1007/s12021-016-9299-4.
Yang, J., Gates, K.M, Molenaar, P., Li, P. (2015). Neural changes underlyinh
successful second language word learning: An fMRI study. Journal of Neurolinguistics, 33,
29e49.
Yang, J., & Li, P. (2012). Brain networks of explicit and implicit learning. PLoS One,
7, e42993. doi:10.1371/journal.pone.0042993.
Zahodne, L.B., Schofield, P.W., Farrell, M.T., Stern, Y., & Manly, J.J. (2014).
Bilingualism does not alter cognitive decline or dementia risk among Spanish-speaking
immigrants. Neuropsychology, 28(2), 238.
Zalesky, A., Fornito, A., & Bullmore, E. T. (2010a). Network-based statistic:
identifying

differences

in

brain

networks.

Neuroimage,

53(4),

1197-1207.

doi:

10.1016/j.neuroimage.2010.06.041.
Zalesky, A., Fornito, A., Seal, M.L., Cocchi, L., Westin, C.F., Bullmore, E.T., Egan,
G.F. and Pantelis, Ch. (2010b). Disrupted axonal fiber connectivity in schizophrenia. Biol
Psychiatry. 69, 80-89.
Zhang, Y., Brady, M., & Smith, S. (2001). Segmentation of brain MR images through
a hidden Markov random field model and the expectation-maximization algorithm. IEEE
Transactions on Medical Imaging, 20(1), 45-57. doi: 10.1109/42.906424.
Zhao, X & Li, P. (2010). Bilingual lexical interactions in an unsupervised neural
network model. International Journal of Bilingual Education and Bilingualism. 13(5), 505524.
178

References

Zhu, L., Nie, Y., Chang, C., Gao, J. H., & Niu, Z. (2014). Different patterns and
development characteristics of processing written logographic characters and alphabetic
words: an ALE meta-analysis. Human Brain Mapping, 35(6), 2607-2618. doi:
10.1002/hbm.22354.
Zou, L., Ding, G., Abutalebi, J., Shu, H., & Peng, D. (2012). Structural plasticity of
the

left

caudate

in

bimodal

bilinguals.

Cortex,

48(9),

1197-1206.

doi:

10.1016/j.cortex.2011.05.022.

179

180

Appendix
APPENDIX 1. TECHNIQUES AND MEASURES USED IN THE
ANALYSIS OF BRAIN STRUCTURE.
Voxel-based morphometry (VBM) is a whole-brain technique that allows the
investigation of local differences in the brain using statistical parametric mapping. VBM
requires T1-weighted MRI images to be registered to a template and classified into three
different brain tissue classes: grey matter (GM), white matter (WM) and cerebral spinal fluid
(CSF). The segmentation into different brain tissue classes can be done in one step by
combining tissue classifications using image voxel intensities, bias field correction and the
prior probability derived from registration to a set of a priori tissue probability maps (e.g.
GM, WM, and CSF). After spatial registration, images are typically scaled to compensate for
any contraction during registration (known as modulation), thus conserving the total amount
of GM/WM/CSF as in the original images. By this means, volumetric differences can be
tested for, which means that not only mesoscopic (i.e. between microscopic and
macroscopic) regional changes in the brain, such as cortical thinning, can be detected, but
also macroscopic regional changes, such as cortical folding (Radua et al., 2014). If the
images are not corrected (unmodulated) concentration or density differences alone can be
tested for, making it possible to detect only mesoscopic differences (Radua et al., 2014).
Subsequently, images must be spatially smoothed to permit the comparison of the
volume/density images across brains for each individual voxel, using the general linear
model (Ashburner & Friston, 2000). Because this model involves the use of univariate
statistics at each voxel of the brain, many statistical tests are conducted. Therefore, the
statistical significance of the inferences must be adjusted to correct for the problem of
multiple comparisons.
181

Appendix

Cortical thickness (CT) measurement involves registration to the standard space,
tessellation of the GM and WM boundaries, automated topology correction and surface
deformation following intensity gradients to optimally place the GM/WM and GM/CSF
borders at the location where the greatest shift in intensity defines the transition between the
different classes of tissue. Deformation procedures include surface inflation and registration
to a spherical atlas. The method uses both intensity and continuity information from the
entire three-dimensional T1-weighted MRI in the segmentation and deformation procedures
to produce representations of the cortical thickness, calculated as the closest distance from
the GM/WM boundary to the GM/CSF boundary at each vertex on the tessellated surface.
The resulting maps are not restricted to the voxel resolution of the original data, and thus can
detect sub-millimetre differences between groups. Before performing statistical analysis, the
individual cortical thickness maps must be smoothed and finally a vertex-wise general linear
model can be applied or a ROI approach can be used.
Region of interest (ROI) approaches restrict the statistical analysis to a specific
region or regions, which may be defined by manually drawing the limits of the individual
native space or by automatic parcellation, which involves segmentation and registration preprocesses and then individual atlas labelling using a standardized atlas to demarcate the
different anatomical structures or regions. The desired measure (e.g. GM volume or density)
is extracted from the images and averaged to obtain a global measure for each region under
consideration.
Diffusion tensor imaging (DTI) is estimated from the DW-MRI (Basser, Mattiello,
& LeBihan, 1994), which measures the motion of the water molecules across the axon,
providing information about the fiber orientation and organization. Then, scalar measures
associated to each diffusion tensor are used to obtain invariant indices like the mean
diffusivity (MD), which characterizes the overall water diffusion in each voxel of the brain
(for example, MD is higher in ventricles, lower in bones and tends to decrease with increases
of myelination). Other scalar measures are the axial/radial diffusivity (AD/RD) that describe,
respectively, water mobility along the axis of the main fiber orientation and water mobility
perpendicular to this axis (Jones, Knosche, & Turner, 2013). Perhaps the most widely used
tensor-derived measure is Fractional anisotropy (FA), which is calculated as the relationship
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between AD and RD measures and provides information about the degree of anisotropy of
the water diffusion in the voxel. The anisotropy is higher (close to 1) inside the axon since
the water is impeded from moving across the axon membrane (but can move more freely
along the axon), and is lower (close to 0) in regions where the water can move freely in any
direction, such as ventricles. Importantly, increasing axonal density, reducing axonal caliber
or increasing the degree of myelination should all reduce RD and therefore elevate FA.
Despite the extensive use of these measures in many fields of neuroscience, any differences
in values should not always be associated with or interpreted in terms of WM tissue
‘integrity’. Different fiber configurations and variations in these configurations can produce
different modifications in these measures (Jones et al., 2013).
Tract-based spatial statistics (TBSS) uses an improved nonlinear registration
procedure and a mean FA skeleton (which represents the center of all common tracts) to
project each subject’s FA maps. This avoids data smoothing and increases the sensitivity of
the voxel-wise cross-subject statistics. Another advantage of this technique is that it only
examines areas where the fibers run parallel (i.e. the voxels inside the skeleton). These
provide a better interpretation of the results, since in areas of crossing fibers the FA changes
are more difficult to interpret in terms of WM volume or integrity.
Corrections for multiple comparisons: The most commonly used method to correct
for multiple comparisons is to control the family wise error rate (FWE) using random field
theory and resampling-based approaches (Nichols, 2012; Nichols & Hayasaka, 2003) and
this can be applied at the voxel-level or cluster-level of inference. In general, voxel-level
FWE controlling procedures have good spatial specificity but poor sensitivity, and clusterlevel FWE controlling procedures have better sensitivity but poor spatial specificity. More
recently, false discovery rate (FDR) has been used to correct for the multiple comparisons
problem at voxel-level. Which method is more appropriate and accurate depends on whether
the data fulfil the assumptions of Gaussian distribution underlying each technique.
Threshold free cluster enhancement (TFCE): Many of the thresholding techniques
make use of the spatial neighbourhood information to account for the real extended area of
the signal. The most common approach in this regard in neuroimaging is cluster-based
thresholding, which often is more sensitive to the search for the true signal that the voxel183
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based thresholding. However, a limitation of this approach is the need to define the initial
cluster formation threshold. This threshold is arbitrary and the choice can have a big impact
on the results, especially with lower thresholds cluster formation (e.g. t, z

< 4) used

frequently. In addition, the amount of space pre-smoothing is also arbitrary (since the
extension of the expected signal is rarely known in advance). TFCE is a method that tries to
maintain the benefits of sensitivity threshold based on cluster (and indeed the general concept
of ‘cluster’ signal), while at the same time avoiding (or minimizing) these problems. The
method takes a raw statistic image and produces an output image in which the voxel-wise
values represent the amount of cluster-like local spatial support. Overall, TFCE gives better
sensitivity than cluster-based and voxel-based thresholding, but also a richer and
interpretable results than the threshold based on cluster (see Smith & Nichols, 2009 for a
technical report).
Small volume corrections (SVC) of the FWE limit the analyses to the scope of
certain sub-volume but without the averaging inherent to ROI approach. SVC makes it
possible to correct for multiple comparisons based just on the number of voxels in the subvolume, which is a more liberal correction.
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APPENDIX 2. GLOSSARY OF ABBREVIATIONS USED IN THE
DISSERTATION.
Note: Acronyms for neuroanatomical terms comply as far as possible to those used in
NeuroNames available at http://braininfo.org (Bowden, Song, Kosheleva, & Dubach, 2012).
Deviations can occur in the capitalization of certain acronyms (e.g. ‘CC’ rather than ‘cc’ for
corpus callosum) to aid text legibility.
AAL

Automated Anatomical Labeling

ACC

Anterior cingulate cortex

AD

Axial diffusivity

aITG

Anterior inferior temporal gyrus

AnG

Angular gyrus

AoA

Age of acquisition

ASL

American Sign Language

CC

Corpus callosum

CSF

Cerebral spinal fluid

CSL

Chinese Sign Language

CT

Cortical thickness

DMN

Default mode network

DTI

Diffusion tensor imaging

DW-MRI

Diffusion-weighted magnetic functional imaging

EF

Executive functions

FA

Fractional anisotropy

FDR

False discovery rate

fMRI

Functional magnetic resonance imaging

FOV

Field of view
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FPC

Fronto parietal control network

FSL

FRMIB Software Library

FWE

Family wise error

FWHM

Full-width at half-maximum

GM

Grey matter

IFG

Inferior frontal gyrus

IFGOp

IFG pars opercularis

IFGOr

IFG pars orbitalis

IFGTr

IFG pars triangularis

IFOF

Inferior fronto-occipital fasciculus

ILF

Inferior longitudinal fasciculus

IPL

Inferior parietal lobule

IQ

Intelligence quotient

ITG

Inferior temporal gyrus

L2

Second language

MD

Mean diffusivity

MFG

Middle frontal gyrus

MNI

Montreal Neurological Institute space

MRI

Magnetic resonance imaging

MTG

Middle temporal gyrus

NBS

Network-based statistics

OFC

Orbito-frontal cortex

PC

Posterior cingulate

RD

Radial diffusivity

RFT

Random field theory
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ROI

Region of interest

rfMRI

Resting-state functional magnetic resonance imaging

SLF

Superior longitudinal fasciculus

SLN

Salience network

SMG

Supramarginal gyrus

SPL

Superior parietal lobule

SPM

Statistical parameter mapping

STG

Superior temporal gyrus

SVC

Small volume correction

T1-MRI

T1- weighted magnetic functional imaging

TBSS

Tract-based spatial statistics

TFCE

Threshold free cluster enhancement

TIV

Total intracranial volume

TmP

Temporal pole

TOI

Tract of interest

VBM

Voxel-based morphometry

WM

White matter
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