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Abstract

The literature has identified many important factors affecting the extent to which languages in
bilinguals rely on the same neural populations in the specific brain region. The factors include
the age of acquisition of the second language (L2), proficiency level of the first language (L1)
and L2, and the amount of language exposure, among others. What is lacking is a set of global
principles that explain how the many factors relate to the degree to which languages overlap
neuroanatomically in bilinguals. We are offering a set of such principles that together account for
the numerous sources of data that have been examined individually but not collectively: (1) the
principle of acquisition similarity between L1 and L2, (2) the principle of linguistic similarity
between L1 and L2, and (3) the principle of cognitive control and effort. Referencing the broad
characteristics of language organization in bilinguals, as presented by the principles, can provide a
roadmap for future clinical and basic science research.
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1. Introduction

There has been a tremendous interest in how languages are organized in individuals who are
bilingual, i.e., people who know more than one dialect or language (Fabbro, 2013). Based

on neuroimaging studies with healthy volunteers, lesion studies with patients suffering

from post-stroke aphasia, and neurosurgical reports using invasive mapping techniques, we
know that languages in bilinguals can neuroanatomically overlap or they can be represented
separately (Fernandez-Coello et al., 2017; Hernandez et al., 2000; Klein et al., 2002; Paradis,
1977; Perani et al., 1998; Sulpizio et al., 2020). By neuroanatomical overlap, we recognize
areas that are specific to the first (L1) and the second (L2) language (a co-localization of
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regions subserving L1 and L2 function). On the other hand, by neuroanatomical separation,
we understand regions that are spatially different. In studies using electrocorticography,
convergence and divergence are operationally based on whether a single site that is
stimulated disrupts one language versus two languages, or neither. Generally, electrical
stimulation covers a spatial extent of about half a centimeter, which would suggest that
neuroanatomical convergence or divergence is at least within a five mm spatial extent. In
most fMRI studies, contrasts of tasks performed in L1 and L2 are applied (L1 > L2 and L2
> L1). In cases where there were no differences between the contrasts, a complete overlap
between L1 and L2 is assumed. On the other hand, if either of the contrasts produced
specific brain regions, these were interpreted as areas of separation. These contrasts have a
lower resolution than results obtained with electrocorticography (details to follow below).

There are several ways in which investigators have examined language representation in
bilinguals. Early lesion studies on bilinguals focused primarily on the differential loss of one
language in bilingual patients (or more severe deficits in one language than the other), and
non-parallel recovery patterns (e.g., one language recovering before the other) (Hernandez,
2013; Pitres, 1895a, b). Thanks to the more recent advances in non-invasive (functional
magnetic resonance imaging, fMRI) and invasive (Wada testing) techniques, we can look

at the extent of bilateral engagement in bilinguals (Hull and Vaid, 2007; Potczynska et al.,
2017). Another way to study language organization in bilingual individuals is to examine the
degree to which the same regions overlap for L1 and L2, which can be performed with fMRI
but also invasively using electrocorticography (Emmorey et al., 2008; Fernandez-Coello et
al., 2017; Hirosh and Degani, 2018; Liu and Cao, 2016; Ou et al., 2020; Perani et al., 1998).
In a recent systematic review of 28 studies on neurosurgical language mapping in bilingual
patients (Potczyrska and Bookheimer, 2020), both separate and shared neuroanatomical
representation of L1 and L2 was found to be common. Specifically, all the reviewed studies
reported at least some regions in the brain that had a divergent organization of L1 and L2,
and 82 % of the studies found areas shared by L1 and L2.

The literature started to address the neuroarchitecture of languages in bilingual individuals
over 100 years (Pitres, 1895a, b; Fabbro, 1999; Hernandez, 2013). Many different factors
have been demonstrated to affect the extent to which languages rely on the same neural
populations in a specific brain region (Sulpizio et al., 2020). The factors include the age of
acquisition of L2, proficiency level of L1 and L2, the amount of exposure to each language,
the manner of L2 acquisition (implicit versus explicit), the linguistic distance (typological
similarity) between L1 and L2, and the modality of acquisition of L1 and L2 (oral versus
signed) (Emmorey et al., 2008; Hirosh and Degani, 2018; Hull and Vaid, 2007; Liu and
Cao, 2016; Ou et al., 2020; Perani et al., 1998). We will refer to these factors as language
modifiers (LMs). Numerous studies have examined how each of these LMs influences

the neural representation of languages in bilinguals (e.g., Buchweitz and Prat, 2013; Xi

et al., 2017). Some of the LMs have been associated with neuroanatomical convergence
(e.g., early age of L2 acquisition) (Fernandez-Coello et al., 2017), and others have been
linked with independent regions of language specialization (e.g., later age of L2 acquisition)
(Wartenburger et al., 2003). What is lacking is a set of global principles that explain why and
how these factors modify the divergent versus convergent neuroanatomical organization of
languages in bilinguals (Cargnelutti et al., 2019).
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At least two methodological challenges are responsible for the fact that there have been no
guiding principles determining how LMs influence the neural representation of bilingualism.
First, most neuroimaging studies (e.g., Kim et al., 2016; Perani et al., 1998) have only
focused on one or — less frequently — two LMs at a time (e.g., age of L2 acquisition, and/or
L2 proficiency) without controlling for the remaining LMs that also play a role in shaping
the organization of languages in the brain (e.g., how often subjects used each of their
languages, how linguistically similar or different the examined languages were, whether the
subjects learned their L2 formally or informally, or whether they knew any other foreign
languages). Investigating only selected LMs without considering all the remaining LMs may
result in a high amount of variability and data bias. Second, there has been considerable
heterogeneity in subject samples across studies. Some reports have compared mono- versus
bilinguals (e.g., Hull and Vaid, 2007). Other studies have examined bilingual groups that
differed with regards to a selected LM or two (Perani et al., 1998).

Here we propose a set of organizing principles that predict the amount of neuroanatomical
convergence between L1 and L2 in the brain. The principles build on a large body of
literature that encompasses previous results on the numerous LMs and bilingual cognitive
control. The general principles proposed in the current work complement prior important
models of neurocognitive adaptations in the bilingual brain (e.g., Pliatsikas, 2020; DelL.uca
et al., 2020; Abutalebi and Green, 2008) by offering predictions on how LMs modulate the
amount of neuroanatomical convergence in bilinguals, and cognitive adaptations. Wherever
possible, we included both studies involving healthy volunteers and clinical studies that
applied invasive methods such as direct cortical stimulation. Each technique has its

unique mapping characteristics. Specifically, direct cortical stimulation is only used to map
language functions for surgical purposes (Lucas et al., 2004). It has a high spatial resolution
in comparison to neuroimaging (less than 5 mm versus the practical spatial resolution

of 7-8 mm in fMRI, following acquisition smoothing and spatial normalization). Thus,
referencing studies using invasive techniques can provide more precise data on the neural
representation of languages in bilinguals and further our understanding of the principles that
govern the amount of neuroanatomical co-localization between L1 and L2. Moreover, direct
cortical stimulation is specific in showing areas that are essential for language, whereas
fMRI displays regions that may be engaged in language, even if they only support language
function and are not primary language sites (Potczynska et al., 2015; Rofes et al., 2015).

The general principles proposed here provide a foundation for a theoretical understanding of
how languages are organized in bilinguals. They also have practical significance in helping
clinicians make decisions about how to map languages in surgical patients.

Methods

We conducted a systematic literature search using PubMed. The search was performed
between November 2018 and June 2020. We closely followed the methods of our recently
published review (Potczynska and Bookheimer, 2020). However, that study was limited

to bilingual research using clinical language mapping. The reviewed reports in our prior
work used electrocorticography (applied in the majority of the studies), pre-operative fMRI,
and the Wada test. Our previous review examined how six LMs modulate the amount of
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neural overlap between L1 and L2. Of these six LMs, we obtained conclusive results for
three: (1) the age of L2 acquisition, (2) proficiency of L2, and (3) the linguistic distance
between L1 and L2. The present study is a significant expansion of our 2020 work. Here,

we searched the literature to determine how eight LMs impact the degree of neuroanatomical
co-localization between L1 and L2, and how each of these factors modifies cognitive control
function. To supplement the clinical studies included in our 2020 review (n = 29), we
conducted an additional, targeted literature search of studies on healthy individuals using 53
keywords (for a complete list of the keywords, see Appendix A). This targeted search added
57 peer-reviewed papers (see Appendix B for a list of the additional studies). Thus, the
current review totaled 86 studies. We excluded studies presenting clinical research other than
clinical language mapping (e.g., studies on bilingual aphasia after stroke). We also excluded
papers that were literature reviews and studies that were not published in English.

3. General organizing principles explaining how LMs modulate
neuroanatomical localization of L1 and L2 in bilinguals

Here, we propose the classification of LMs as being primary or secondary, along with
their subtypes. The primary LMs are linguistic factors that modulate the amount of
neuroanatomical convergence between L1 and L2. They can also impact cognitive control.
The secondary LMs are non-linguistic factors that can indirectly modify the degree of
neuroanatomical overlap between L1 and L2 by affecting selected primary LMs. The
secondary LMs also modulate cognitive control (see Fig. 1). We also offer a set of three
principles that organize the impact of LMs on the amount of neuroanatomical convergence
between L1 and L2, and cognitive control. The first two principles explain and define the
extent of neuroanatomical overlap between L1 and L2 based on specific LMs. The first
principle concerns the similarity in how each of the languages was acquired. The second
principle is based on the similarity between languages themselves. The third principle
explains how the degree of neural language convergence between two languages modulates
cognitive control.

3.1. The primary modifiers

The literature has demonstrated several factors known to directly modulate the amount

of neuroanatomical convergence between L1 and L2 (Emmorey et al., 2008; Hirosh and
Degani, 2018; Hull and Vaid, 2007; Liu and Cao, 2016; Ou et al., 2020; Perani et al., 1998).
We will refer to these LMs as the primary modifiers, and we will further divide them into
two groups:

a. Acquisition modifiers — relate to the way languages are acquired. They include
the age of language acquisition (younger versus older), proficiency level (higher
versus lower), the amount of language exposure (higher/balanced versus lower/
imbalanced), and the manner of L2 acquisition (formal versus informal),

b. Linguistic modifiers — the properties of the languages themselves. They comprise
the linguistic distance (smaller versus larger) and language modality (unimodal
versus bimodal). Recently, we presented a simple way to measure the linguistic
distance between two languages by counting how many branches apart the
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two languages are on a language family tree (Potczyriska and Bookheimer,
2020). The linguistic distance can be classified into: (1) very close — languages
sharing similar lexicon, grammar, and phonetic-phonological systems with a high
amount of intelligibility. The languages are one branch apart on a language
family tree (e.g., Swiss German, and German), (2) close — languages that

are relatively similar. They are two branches apart on a language tree (e.g.,
German and Danish), (3) moderate — languages that are three branches apart
on a language tree (e.g., German and Italian), and (4) distant — languages

that are four or five branches apart (e.g., German and Farsi, and German and
Tongan, respectively. Distant languages are highly unintelligible to each other
(Potczyniska and Bookheimer, 2020). As for language modality, bilinguals who
speak two oral languages are referred to as “unimodal” because they use the
same modality (oral) to communicate in each of their languages. A person who
is hearing impaired and who communicates in two different sign languages will
also be referred to as a unimodal bilingual. On the other hand, we call an
individual who speaks a sign and an oral language a bimodal bilingual because
they can communicate via two different modalities (oral and signed).

The two types of the primary language modifiers are presented schematically in Fig. 1.

The acquisition and linguistic modifiers are governed by two common principles that
determine whether L1 and L2 are more likely to converge or have a distinct neuroanatomical
representation.

3.1.1. The principle of acquisition similarity between L1 and L2—The first and
most robust organizing principle we offer predicts that the similarity between the language
modifiers in L1 and L2 predicts the amount of neuroanatomical co-localization. The more
similar each of the acquisition modifiers is between L1 and L2, the more neuroanatomical
co-localization is expected between the languages. In Fig. 1, the principle is illustrated with
a “swill” inside Graph 1. The swirl is made up of two woven lines that show a divergent
representation of L1 (red) and L2 (blue) (also see the Key box in the bottom left corner of
Fig. 1). The two lines combine to form a purple line representing a convergent organization
of L1 and L2. A higher degree of neural overlap is more likely to occur when both L1

and L2 were acquired early in life, they were both learned informally, they are used on a
daily basis, and they are both spoken with a high degree of proficiency. The less similar
acquisition between L1 and L2, the greater the neuroanatomical separation. Examples of
differences between LMs in L1 and L2 include: early acquisition of L1 versus late learning
of L2, informal acquisition of L1 versus formal learning of L2, a high amount of exposure to
one language and a low amount of exposure to the other language, and high L1 proficiency
versus low L2 proficiency, (see Fig. 1).

A body of literature on healthy volunteers and clinical studies applying invasive techniques
both support the principle of acquisition similarity. In the remaining paragraphs of this
section, we will discuss one acquisition modifier per paragraph. Each paragraph will
include background research on a given modifier, including neuroimaging studies in healthy
volunteers and clinical reports that applied invasive techniques.
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For the age of acquisition, most studies that have compared the representation of the cerebral
language network in early (simultaneous) versus late (sequential) bilinguals have used ages
three to six as a common cutoff to delineate between early and late language learning
(Berens et al., 2013; Hull and Vaid, 2007; Kovelman et al., 2009). Note, however, that
various language domains have different optimal acquisition windows (J. Paradis, 2004;

M. Paradis, 2009; Ullman, 2005). For example, native-like pronunciation in L2 is more
likely to be achieved if L2 was acquired during the first years of life. On the other

hand, a new lexicon can still be learned at a high proficiency level by older children

or even adults (Werker and Hensch, 2015a, b). There is fMRI evidence indicating that,
neuroanatomically, early healthy bilinguals have their languages represented more bilaterally
than monolinguals and late bilinguals (Hull and Vaid, 2007). The same has been reported
for bilingual neurosurgical patients using fMRI (Potczynska et al., 2017). Among those
individuals, the amount of L1 activity in the left hemisphere appears to be the same in
bilingual patients and their monolingual patient controls. There are also no differences in

the amount of activity between L1 and L2 in the left hemisphere between bilingual patients
and their controls. However, compared to monolinguals, bilinguals display increased activity
in the right hemisphere for both L1 and L2, which characterizes a more bilateral language
representation (Potczynska et al., 2017). Within-hemisphere localization has been examined
using studies performing invasive language mapping and research that applied non-invasive
neuroimaging in healthy bilinguals. Most neuroimaging reports on healthy bilinguals that
have examined the differences between early and late healthy bilinguals have shown more
neuroanatomical overlap in the former group and more neuroanatomical separation in the
latter group (e.g., Fernandez-Coello et al., 2017; Kim et al., 1997; Potczynska et al., 2016;
Wartenburger et al., 2003). While a few scattered studies on healthy bilinguals (e.g., Ou et
al., 2020) reported the opposite, i.e., more neuroanatomical divergence between L1 and L2
in early compared to late bilinguals, we have not found data in any studies using invasive
mapping methods that would confirm this opposite finding.

The manner of language acquisition can be “informal/implicit” or "formal/explicit".
Informal language learning involves an implicit, naturalistic language setting outside a
classroom. An example of informal language learning would be a child acquiring two
different languages from their caretakers at home (the caretakers may or may not be

native speakers of these languages). An informal acquisition can also occur when an older
individual moves to another country and learns a new language mainly by interacting with
speakers of the new language. On the other hand, formal language learning typically takes
place in a school or a language course setting. An individual learning L2 in an explicit
way is taught how to speak, comprehend, read, and write in that language. We are not
aware of any neuroimaging research on the impact of the manner of acquisition of natural
languages on the amount of neuroanatomical convergence between L1 and L2 in the brain.
However, distinct functional networks have been posited to subserve implicit versus explicit
learning of artificial grammar using fMRI (Seger et al., 2000). The electrophysiological
organization of artificial grammar learned implicitly versus explicitly (as measured with
event-related potentials) showed a similar electrophysiological organization to native
speakers for implicitly learned artificial grammar (Morgan-Short et al., 2012). This finding
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might indicate that when L1 and L2 were both acquired implicitly, they are more likely to
have a shared cerebral representation.

The amount of language exposure refers to the proportion of language use in L1 and L2.

It can be more substantial for L1 than L2 or balanced between L1 and L2. It is also

not uncommon to see a more considerable amount of exposure to L2 than to L1. One
example of greater L2 exposure is that of highly proficient bilinguals who have resided

in a country of their L2 for a long time (particularly if they moved there earlier in life).

One challenge with the research on the amount of language exposure in bilinguals has

been substantial variations in how data for this LM was collected. The variations include
estimates of daily, weekly, or an overall distribution of L1 and L2 use (DeAnda et al.,
2016). For the purposes of this work, the amount of language exposure was classified as
higher (daily, frequent/occasional), and lower (rare and none). The amount of language
exposure appears to have a role in modulating the degree of neuroanatomical convergence
between L1 and L2, which was confirmed by early lesion studies (Pitres, 1895a, b; see
Abutalebi and Green, 2008 for a discussion). Certain aspects of L2 (e.g., the articulatory
system) may be more plastic to exposure, while other aspects (e.g., orthography) may be less
influenced by this LM (Meschyan and Hernandez, 2006). We assume more neuroanatomical
convergence in bilinguals with a balanced amount of exposure to their languages, and

more separation in bilinguals with unbalanced exposure to their languages. In cases where
the amount of exposure to one of the languages is low, areas associated with cognitive
effort can be observed, particularly when proficiency in that language is lower (Meschyan
and Hernandez, 2006; Wartenburger et al., 2003). In individuals with a higher amount

of exposure, a certain amount of separation can still be expected. In our recent review
(Potczynska and Bookheimer, 2020), all the included studies (n = 29) reported a divergent
localization of L1 and L2, in addition to regions of co-localization. Most bilingual patients
in the reviewed research (87 %) used their languages daily. For instance, a study that
performed extraoperative cortical stimulation found that L1 and L2 were organized as a
combination of co-localizing and divergent sites in a teenage boy. The boy suffered from
intractable seizures following a temporal anaplastic astrocytoma in the left hemisphere. He
had been exposed to his L1 (English) and L2 (Hebrew) daily since birth and was highly
proficient in both languages. Following his surgery, the boy experienced deficits in Hebrew
but not English (Serafini et al., 2008).

One common classification of L2 proficiency is based on the Common European Framework
of Reference for Languages (“Common European Framework of Reference for Languages
(CEFR),” 2019). The classification applies to L2 production, comprehension, writing

and reading: (a) low/beginner (CEFR levels Al and A2) — the learner has minimal
communicative abilities, (b) intermediate (CEFR levels B1 and B2) — using connected text,
the speaker can take part in a conversation on more basic topics, and (c) high/advanced
(CEFR levels C1 and C2) — the speaker has very high L2 fluency and is able to interact

with native speakers naturally. Similar to the age of L2 acquisition, L2 proficiency is

a significant variable affecting the organization of languages in the brain (Perani et al.,
1998). Healthy bilinguals with low L2 proficiency are more likely to have less considerable
neuroanatomical co-localization between their languages (e.g., Chee et al., 2001; Leonard et
al., 2011; Perani et al., 1998; Wartenburger et al., 2003; Yetkin et al., 1996). Clinical studies
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using invasive language mapping have not replicated this finding (e.g., Lucas et al., 2004).
However, most of the clinical studies included highly proficient L2 speakers with no or few
low L2 proficiency speakers (Roux et al., 2004; Walker et al., 2004). Languages with a low
proficiency level are typically not mapped for neurosurgical purposes.

Taken together, the principle of acquisition similarity predicts and is consistent with the
literature showing that when L1 and L2 are acquired similarly, they are more likely to have
an overlapping neuroanatomical representation.

3.1.2. The principle of linguistic similarity between L1 and L2—The principle of
linguistic similarity explains the neuroanatomical representation of L1 and L2 in bilinguals
based on the two linguistic modifiers (the linguistic distance and modality). When the
linguistic modifiers are similar for L1 and L2, there is a higher likelihood that the two
languages will have an overlapping neural organization (see the upper part of the swirl in
Graph 2A, Fig. 1). On the contrary, if the linguistic modifiers are considerably different for
L1 and L2, the languages are more likely to be organized more divergently in the brain (see
the lower part of the swirl in Graph 2A, Fig. 1).

While the linguistic distance between languages is probably a less robust LM than, for
example, the age of language acquisition, it may still modulate the cerebral organization

of languages to a certain extent. Structural characteristics of languages (e.g., orthography)
have been indicated to modify the neurocognitive architecture (e.g., learning to read and
write), particularly in bilinguals who were exposed to their L2 during the first years of

life (before age five) (Jasinska et al., 2017). Electrical stimulation language mapping has
demonstrated that the more distant L1 is from L2, the more separate neural organization may
be expected (Lucas et al., 2004). The literature on healthy bilinguals has shown that there
may be more L1 and L2 divergent sites when languages are distant (Jeong et al., 2007).

For instance, in addition to shared neuroanatomical areas, reading alphabetic languages (e.g.,
English) versus logographic languages (e.g., Chinese) recruits divergent brain regions. One
example is a more significant engagement of the right fusiform gyrus and inferior occipital
lobe during reading in Chinese than English (Bolger et al., 2005; Mei et al., 2015; Tan et
al., 2005). Another study (Jeong et al., 2007) found more similar fMRI activity between
Japanese and Korean (linguistically closer) than between English and Korean (linguistically
more distant) in native Korean trilinguals. As evidenced by studies on healthy individuals
and neurosurgical patients (Kim et al., 2016; Kochunov et al., 2003), typologically similar
languages are more likely to have a convergent neuroanatomical distribution. Concurrently,
neurosurgical studies using invasive mapping techniques demonstrated that those languages
may still show some amount of neuroanatomical separation. For example, one study using
intraoperative brain stimulation on a patient with a brain tumor demonstrated that two
linguistically very close languages (German and Swiss German) had several areas of
neuroanatomical divergence, in addition to co-localizing sites (Potczyrska et al., 2016).
One possible explanation might be that a certain degree of neuroanatomical divergence has
a facilitating role in the suppression of language interference (i.e., being able to monitor
one language when speaking the other; Potczynska and Bookheimer, 2020; Kroll et al.,
2015). One possibility is that having some extent of separate neural representations for
similar linguistic aspects in L1 and L2 helps compartmentalize each language as separate
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independent microanatomical networks operating within partially overlapping brain sites
(Borius et al., 2012; Xu et al., 2017). Future studies using resting-state fMRI could elucidate
our understanding of the impact of linguistic distance on language suppression.

The modality of language acquisition can be spoken or signed. One of the differences
between a spoken and sign language is that they do not share a sub-lexical level,

which excludes cross-language activations, i.e., co-activation caused by sounds or letters
shared by two spoken languages (Giezen and Emmorey, 2016). Compared with non-signer
monolinguals, both L1 and L2 signers tend to have more robust right hemisphere activity.
Signing is a unique spatial language skill that unsurprisingly engages the right hemisphere
(Bavelier et al., 1998; Williams et al., 2016). Bimodal bilinguals have less significant
neuroanatomical overlap than unimodal bilinguals (see the bottom part of the swirl in Graph
2B, Fig. 1). Robust differences between bi- and unimodal bilinguals have been shown both
during language production (e.g., more activation in the left posterior middle temporal

and bilateral parietal regions when signing versus speaking; Soderfeldt et al., 1997) and
comprehension (the bilateral auditory cortex is activated more robustly during oral than sign
comprehension; Zou et al., 2012).

In sum, consistent with the prior research, the principle of linguistic similarity explains
that when L1 and L2 are linguistically similar, their neural representation is more likely to
co-localize.

3.2. The secondary modifiers

We introduce the term “secondary modifiers” to describe non-linguistic factors that can
impact L2 attainment (Benjamin et al., 2018; Ibrahim, 2020; Masgoret and Gardner, 2003;
Michel et al., 2019; Nicol and De France, 2020). We propose the division of indirect
modifiers into those that are internal and those that are external. The modifiers are presented
in Fig. 1. The internal modifiers include (but may not be limited to) factors such as
metalinguistic awareness, motivation, attitude, personality, aptitude, prejudice, emotions
(i.e., positive L2 enjoyment), memory, and attention (Ibrahim, 2020; Masgoret and Gardner,
2003; Michel et al., 2019; Nicol and De France, 2020; Dziubalska-Kotaczyk and Wrembel,
in press). We will call these modifiers mental and metalinguistic modifiers. The external
modifiers include two types of language switching modifiers: (1) the frequency of language
switching (frequent versus rare) (Prior and Gollan, 2011; Verreyt et al., 2016) and (2) the
type of language switching (controlled/restricted versus free/unrestricted) in the bilingual’s
daily life (de Bruin, 2019; Green and Abutalebi, 2013). The internal modifiers are governed
by a principle we describe below.

3.2.1. The effect of the secondary internal modifiers—As demonstrated in Fig.
1, the secondary modifiers do not modulate the degree of neuroanatomical convergence
directly (see the lack of the swirl in Graphs 3 and 4 in Fig. 1). Yet, the internal modifiers
indirectly modulate the amount of neuroanatomical overlap between L1 and L2 because
they may affect L2 attainment. In particular, they can influence: (1) proficiency (e.g.,

good attention and memory abilities can lead to higher L2 proficiency, but when these
abilities are poor, L2 proficiency could be lower; see Michel et al., 2019), (2) the amount of
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exposure (e.g., a negative attitude toward L2 could result in a smaller amount of time that
an individual is willing to devote to learn L2) (Ibrahim, 2020; Masgoret and Gardner, 2003;
Michel et al., 2019; Nicol and De France, 2020). The impact of the internal modifiers on
the two primary modifiers is depicted in Fig. 1, with the dark green arrows running from the
internal modifiers toward proficiency and exposure.

3.3. The principle of cognitive control and effort

Since bilinguals have more than one language system, they need to decide which language
to speak in given circumstances. Languages are assumed to be jointly active and speakers
need to constantly focus on the language they want to communicate in (Kroll et al., 2015;
Abutalebi and Green, 2008; Bialystok et al., 2012). Based on studies involving healthy
individuals, we know that the constant language selection engages a left fronto-temporo-
parietal network that is, however, not language-specific. Typically reported regions include
the basal ganglia (the caudate), anterior cingulate cortex, inferior frontal gyrus, middle
frontal gyrus, dorsolateral prefrontal cortex, superior temporal sulcus, and inferior parietal
lobule (Borius et al., 2012; Calabria et al., 2018; Hernandez et al., 2001, 2000; Kho et

al., 2007; Moritz-Gasser and Duffau, 2009; Price et al., 1999; Sierpowska et al., 2018,
2013; Wang et al., 2007, 2013). The network has been shown to be active when bilinguals
speak each of their languages (Abutalebi et al., 2013; Abutalebi and Green, 2008; Calabria
et al., 2018; Jones et al., 2012; Petitto and Kovelman, 2003). Henceforth, we will refer

to “language selection” as “language switching”. However, by “switching” we do not
understand switching one language off while the other language is switched on (switching
on and off was implicated by earlier studies) involving bilinguals (e.g., Wang et al., 2007).
Rather, we refer to switching attention from one language to the other while both languages
remian active (Bialystok et al., 2012, 2009).

Several studies that performed invasive language mapping reported that the left middle
frontal gyrus plays an important role in language switching (Lubrano et al., 2012;
Sierpowska et al., 2018, 2013; Wang et al., 2007). The largest clinical language mapping
study on language switching to date included nine patients with a brain tumor (Sierpowska
et al., 2018). The patients were Spanish-Catalan bilinguals (seven early and two late
bilinguals). The authors employed an object naming and a language switching task both
during a preoperative fMRI and electrical stimulation mapping. Using the latter mapping
method, language switching regions were identified in eight of the nine patients. The authors
found a clear predominance of the middle frontal gyrus during language switching over
other areas. Moreover, in another study (Sierpowska et al., 2013), the same group reported
post-operative impairments in language switching in a patient whose left middle frontal
gyrus was removed. Based on their findings, Sierpowska et al. (2018) suggested that the left
middle frontal gyrus may be the main mediator or a hub for language switching in bilingual
individuals.

The ability to switch between languages while maintaining a dual system mode has been
referred to as bilingual cognitive control or cognitive effort (Cargnelutti et al., 2019; Green
and Abutalebi, 2013). While these two terms often seem to be used interchangeably, we
are explicitly differentiating them as separate entities here. Bilingual cognitive control has
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been suggested to be an instantiation of the domain-general executive system. It includes
processes such as attention, planning, selection, task switching, inhibition, and monitoring
(Calabria et al., 2018). By bilingual cognitive control, we presume better performance on
executive function tests generally (van den Noort et al., 2019), cognitive reserve (Bialystok
et al., 2014), and more robust activation of the cognitive control network during resting-state
fMRI (Berken et al., 2016; Kousaie et al., 2017). As such, bilingual cognitive control can

be seen in, for example, more proficient bilinguals with considerable exposure to their
languages.

In addition to recruiting regions associated with cognitive control, in some L2 learners

(e.g., individuals with low L2 proficiency), we may see brain activity associated with
cognitive effort (Skulmowski and Rey, 2017). Cognitive effort can be interpreted as a

global increase in attention that may not be specific to any brain region. It can be seen

as increased computation and activity within the language network itself (Hasegawa et al.,
2002). Cognitive effort may also require additional support from areas that are engaged with
working memory (Howard et al., 2015). For example, a study that applied pupillometry
showed that lower L2 proficiency was correlated with a later pupil response in word
retrieval, which is indicative of a higher cognitive effort (Schmidtke, 2014). Cognitive effort
is more likely to be observed in bilinguals with less L2 exposure and a lower proficiency
level (Meschyan and Hernandez, 2006; Wartenburger et al., 2003). When presenting the
principle of cognitive control and effort in the section below, we will re-evaluate the existing
findings based on the distinction between bilingual cognitive control and cognitive effort.

Bilingual cognitive control or cognitive effort may not affect language organization, but
they will impact the appearance of language representation, as shown in activation studies.
Therefore, it is crucial to consider them in evaluating brain images of, for example,
individuals who may require extra cognitive effort. These individuals may display additional
activity that may be unrelated to language. Such areas of additional activity can easily
distort the assessment of language lateralization, for instance. In particular, areas such as
the anterior cingulate and the dorsolateral prefrontal cortex can have bilateral representation
because of cognitive effort.

The principle of cognitive control and effort predicts associations between the amount
of neuroanatomical overlap and cognitive modulations in bilingual individuals. In Fig. 1,
cognitive control is represented with a black arrow (see the Key box in the bottom left
corner).

3.3.1. Cognitive adaptations and primary modifiers—For the primary acquisition
modifiers, the principle predicts that the degree of neuroanatomical overlap is always
colinear with cognitive control: the more overlap between L1 and L2, the better the cognitive
control is expected; the greater separate representation between L1 and L2, the more
cognitive effort is required. Hence, the swirl and the black arrow run collinearly in Graph

1 (Fig. 1). In parallel with similar acquisition modifiers where there is a higher probability
of greater neuroanatomical overlap between L1 and L2, superior cognitive control is more
likely for: younger age of L2 acquisition, a high proficiency level of L1 and L2, a high and
balanced amount of exposure to L1 and L2, and informal learning of L2 (see the top right
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square in Graph 1, Fig. 1). More cognitive effort is anticipated (along with a greater separate
neuroanatomical representation) for an older age of L2 acquisition, a lower proficiency level
in L1 or L2, less frequent (imbalanced) exposure to L1 or L2, and explicit learning of L2
(see the bottom left square in Graph 1).

For the age of acquisition L2, both early and late bilinguals have been found to engage

brain sites associated with cognitive effort, but early bilinguals activated these regions to a
smaller extent (Cargnelutti et al., 2019). Early simultaneous bilinguals also seem to have
superior cognitive control when compared with late bilinguals (e.g., suppression of language
interference; Kousaie et al., 2017). It is plausible to assume that explicit L2 learning

may require more cognitive load, particularly in early learning stages, compared to early
implicit L2 acquisition. A study by Linck et al. (2008) provided mixed results. Among other
groups, the authors compared learners of Spanish immersed in a natural, Spanish-speaking
environment with individuals who were learning Spanish in a classroom. The classroom
learners performed significantly better on a Simon task compared to the immersed learners.
Yet, the authors conducted another experiment, and the finding was not replicated there
(Linck et al., 2008). Next, for the amount of language exposure, resting-state fMRI has
shown that simultaneous bilinguals (L1 and L2 acquired since birth) displayed stronger
functional connectivity within the bilingual cognitive control network at rest than sequential
(L2 learned later in life) bilinguals (Berken et al., 2016; Kousaie et al., 2017). Finally,
proficiency can also modulate bilingual cognitive control — it reduces the cognitive load in
highly proficient bilinguals (Cargnelutti et al., 2019) and it is associated with a greater mean
N2 amplitude (greater inhibition) on executive testing (Fernandez et al., 2013). Bilinguals
with lower proficiency in one of their languages may recruit non-classical language areas,
including, for instance, brain regions associated with articulatory effort (Chee et al., 2001;
Perani et al., 1998; Yetkin et al., 1996).

In contrast to the primary acquisition modifiers, the effect of overlapping representation is
not perfectly colinear for the primary linguistic modifiers. A smaller linguistic distance
between L1 and L2 does not appear to be associated with more cognitive effort. For

this reason, in Fig. 1, there is no black arrow in the bottom right part of Graph 2A.
However, when the linguistic distance is more substantial, we may expect both a greater
neuroanatomical separation and better cognitive control (see the black arrow in the top
right square of Graph 2A). Antoniou et al. (2016) investigated executive control in three
groups — children speaking two languages (bilingual), children speaking two dialects
(bilectal), and monolingual children. The authors observed that the bilingual children

had superior performance on executive control tasks compared with the bilectal children,
and the bilectal children performed better on the tasks than the monolingual children
(Antoniou et al., 2016). Hence, speaking two languages that are typologically different
may increase the probability of better performance of executive function tasks than speaking
typologically very close languages. As to language modality, unimodal bilinguals are more
likely to have excellent cognitive abilities and more neuroanatomical co-localization than
bimodal bilinguals (Emmorey et al., 2008) (see the black arrow in the top right square of
Graph 2B). This is likely because bimodal bilinguals can use the so-called code-blends,
i.e., simultaneously produced oral words (e.g., English) and signs (e.g., American Sign
language). Code-blends are assumed to have a computationally lower cost than using only
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one language while suppressing production in the other language (Emmorey et al., 2008).
At the same time, we have found no evidence suggesting that unimodal bilingualism itself is
associated with elevated cognitive effort (Olulade et al., 2016), which can also be noted via
the absence of a black arrow in the bottom left square of Graph 2B).

3.3.2. Cognitive adaptations and secondary modifiers—It is predicted that the
stronger the secondary internal modifiers, the better the cognitive abilities. When these LMs
are weaker, more cognitive effort may be anticipated (see the black arrow in Graph 3, Fig.
1). The impact of the secondary internal modifiers on cognitive adaptations is estimated to
be less pronounced compared to the magnitude of the impact of the primary acquisition
modifiers. Note that we have not found any studies examining the influence of individual
modifiers on bilingual cognitive control in the context of L2 learning.

According to the principle of cognitive control and effort, the external secondary modifiers
(the frequency and type of language switching) can selectively predict better cognitive
abilities. This is illustrated with a black arrow in the top right square of Graph 4, Fig.

1. For the frequency of language switching, one study (Prior and Gollan, 2011) reported
that Spanish-English bilinguals who switched between their L1 and L2 frequently in daily
life displayed smaller switching costs in a non-verbal task than monolinguals. Conversely,
bilinguals (Chinese-English) who rarely switched between their languages daily performed
the same as the monolinguals. In line with these results, another study (Verreyt et al.,

2016) found that frequent language switchers outperformed rare language switchers on tasks
assessing inhibitory control, for instance, the Simon task and the flanker task. Concurrently,
we do not assume that rare language switching is strongly linked to cognitive effort (no
arrow in the left bottom square of Graph 4, Fig. 1). For controlled/restricted language
switching between L1 and L2 (i.e., when L1 and L2 are usually used separately), we
presume an ongoing control of the unused language and better performance on tasks
requiring inhibitory control. On the other hand, free/unrestricted language switching may
not involve a switching cost, and therefore, it may require less cognitive control. As in rare
language switching, there seems to be no evidence to imply that free/unrestricted language
switching requires additional cognitive effort.

Taken together, the principle of cognitive control and effort predicts associations between
the amount of neuroanatomical overlap and cognitive modulations in bilingual individuals
through the primary and secondary modifiers.

4. Discussion

We proposed three broad principles that account for the many variables predicting the
amount of neuroanatomical overlap between L1 and L2. First, the more similarthe way in
which two languages were acquired, the more neuroanatomical co-localization is expected
between them. The less similar the way in which L1 and L2 were acquired, the greater

the neuroanatomical separation. Second, the similarity between the languages themselves
also predicts the amount of neuroanatomical overlap between languages. Third, the amount
of neuroanatomical co-localization between L1 and L2 can modulate cognitive control and
cognitive effort. While cognitive control does not affect language organization per se, it can
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impact the appearance of language representation, as shown in activation studies. The effect
of the amount of convergent representation is always colinear with cognitive control for the
primary acquisition modifiers (the greater the neuroanatomical convergence, the better the
cognitive abilities; the smaller neuroanatomical the convergence, the more cognitive effort
is required). The impact of the degree of overlapping neuroanatomical organization is not
perfectly colinear with cognitive control for the primary linguistic modifiers. The secondary
external modifiers are not affected by the amount of co-localizing neural organization,

but they can selectively predict better cognitive abilities. The three primary principles can
account for the multiple factors studied in the literature that have been separately shown to
predict the degree of overlap between L1 and L2 in the brain.

The architecture of different languages in the brain began to raise scientific questions when
early clinical reports showed selective deficits in only one language in bilingual aphasics
(Hernandez, 2013; Paradis, 1977). Recovery from aphasia in bilingual individuals may be
parallel (simultaneous recovery of two languages, similar severity of language deficits) or
non-parallel (one language recovers before the other) (Paradis, 1977). Parallel recovery
takes place in 40 % of bilingual patients, and non-parallel recovery constitutes the rest.
Among cases with non-parallel recovery, in about a half of patients, L1 improves better than
their L2, and for the other half of patients, the opposite has been reported (Fabbro, 1999).
Toward the end of the 19th century, neuropsychologists determined factors underlying the
distribution of L1 and L2 in the brain. The main factors included: (1) the age of acquisition
— L1 recovers first (Ribot’s law), and (2) the amount of exposure — the most dominantly
used language recovers first (Pitres’ law) (Hernandez, 2013; Pitres, 18953, b). To add further
complexity, selective aphasia in bilinguals has also been reported in specific language
aspects within a single language, e.qg., reading with or without impaired writing (Ku et al.,
1996; Luria, 1960), language comprehension (Silverberg and Gordon, 1979), and production
(Winslow, 1868). Based on these findings, languages were assumed to have at least partially
separate representation in the brain (Obler and Albert, 1978; Scoreshy-Jackson, 1867). At
the same time, some authors have disagreed, claiming that all languages are localized in
overlapping regions (Fabbro, 1999; Paradis, 2001; Pitres, 18953, b).

Thanks to imaging techniques and invasive clinical language mapping methods (e.g.,
electrocorticography), we have gained further understanding of how various LMs modulate
the neural organization of L1 and L2. The literature has demonstrated that bilingualism is
associated with intricate structural and functional adaptations in the brain that also affect
cognitive performance (Vaughn et al., 2020; Cargnelutti et al., 2019; Fernandez-Coello et
al., 2017; Abutalebi et al., 2013; Abutalebi and Green, 2008). The adaptations occur in
response to a wide range of experience-based factors. There is a growing understanding

that the effects of bilingualism on the function and structure of the brain and cognitive
performance are complex. Unveiling these effects is complicated by individual differences
among bilinguals in their language experience, as well as the characteristics of the languages
themselves (DeLuca et al., 2020; Potczyriska and Bookheimer, 2020; Dziubalska--Kotaczyk
and Wrembel, in press; de Bruin, 2019). A number of models have helped integrate the
existing findings. For example, the Dynamic Restructuring Model makes predictions about
structural adaptations (decreases and increases in the integrity of the grey and white matter)
in three phases of increasing bilingual experience (initial exposure, consolidation, and peak
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efficiency) (Pliatsikas, 2020). Another recent Unifying the Bilingual Experience Trajectories
model provides a set of comprehensive predictions about neurocognitive adaptations

based on four experienced-based factors, including the duration of bilingual experience,
proficiency, language switching, and diversity and intensity of language use (DeLuca et al.,
2020). The general principles proposed in the current work complement the prior models by
offering predictions on how LMs modulate neuroanatomical convergence in bilinguals and
cognitive adaptations.

All the principles offered in this work account for the fact that each bilingual is different
because of the complex interplay among the multiple LMs. Because of the individual
differences among bilinguals, it remains challenging to generalize over larger samples

(de Bruin, 2019; Dziubalska-Kotaczyk and Wrembel, in press). Dziubalska-Kotaczyk and
Wrembel (in press) discuss these challenges in the context of multilingual speakers. They
use the term situation of acquisitionto embrace different variables in every multilingual case
in each of their languages (L1, L2, or L3+), such as proficiency level, a formal/informal
learning context, and individual modifiers.

An important question to consider is how the interactions between various LMs modulate
the degree of neural overlap between L1 and L2. The age of acquisition appears to be the
most potent factor determining language representation in the bilingual brain (Fernandez-
Coello et al., 2017; Potczyniska et al., 2016; Walker et al., 2004). We speculate that, when
accounting for all the other modifiers, the age of language acquisition is an overriding
factor. The robustness of this LM in modulating the degree of neuroanatomical convergence
between two languages may be linked to early experience-dependent changes in the
structure of the brain. During the first two years of life, there is a tremendous loss of
neurons. The loss will be less significant if the neuropathways are involved in L2 exposure
and use. For example, infants can discriminate between speech sounds of all languages.
Within the first few months of life, the auditory system starts to tune into the sounds

of the language (or languages) of its environment, with a concurrent loss of the ability

to discriminate speech sounds that are not experienced (Werker and Hensch, 20153, b).
Thus, neurons that are active together in response to the sounds of the languages from

the infant’s environment (e.g., Spanish and English), increase their connectivity. On the
contrary, neurons which are not coincidentally active will have weaker connections (Kolb
et al., 2017). Due to synaptic pruning, the weak connections will eventually disappear, and
the child will no longer be able to discriminate the speech sounds which they have not

been exposed to (e.g., speech sounds from languages other than English and Spanish; Kolb
et al., 2017; Bogacka et al., 2006). Hence, the early exposure to L2 requires additional
neural resources and in the developmental trajectory results in long-term changes, and less
cortical pruning of synapses in the language system that normally occurs early in life.
Neuroplastic changes after the optimal periods have closed are still possible throughout the
lifespan. However, they differ quantitatively and qualitatively from the mechanisms that are
biologically programmed to take place within the optimal periods (Berken et al., 2016).
Thus, from a neurobiological perspective, the increased functional overlap in early bilinguals
appears plausible.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 16

While it has been demonstrated that LMs other than the age of L2 acquisition can modify
the amount of neuroanatomical co-localization (Emmorey et al., 2008; Hirosh and Degani,
2018; Hull and Vaid, 2007; Liu and Cao, 2016; Ou et al., 2020; Perani et al., 1998), their
impact is suggested to be secondary. Concurrently, while the impact may be less robust,

its magnitude appears to vary for different LMs. For example, one study (Giroud et al.,
2020) showed that it was the early age of L2 acquisition and not the amount of exposure

(50 % versus 100 %) that positively impacted behavioral and brainstem plasticity in a study
comparing early English-French bilinguals. The bilingual adults were compared to two
groups of late bilingual adults (English-French and French-English) (Giroud et al., 2020).
The results demonstrated that the early English-French group performed as well as the late
English-French (L1 = English) group identifying category boundaries in English vowels.
The late French-English bilinguals (L1 = French) performed worse than the early English-
French bilinguals (Giroud et al., 2020). Other LMs may modulate the amount of neuronal
co-localization between L1 and L2 in early bilinguals more substantially than the amount of
exposure. For example, Kovelman et al. (2014) reported differences in brain activations
between early hearing bimodal bilinguals (English and American Sign Language) and

two groups of unimodal monolinguals (deaf signers using American Sign Language and
English monolinguals). Using functional near-infrared spectroscopy, the authors found that
the bimodal bilinguals displayed decreased activation in the left parietal areas while signing,
relative to the deaf signers.

We speculate that in late bilinguals, in whom more neuroanatomical divergence is expected,
other acquisition LMs can further modulate the degree of neuroanatomical convergence
more substantially than in early bilinguals. For instance, late and highly proficient bilinguals
are more likely to have more considerable neuroanatomical overlap than late bilinguals with
low L2 proficiency (Chee et al., 2001; Krefta et al., 2015). Late bilingual individuals with

a balanced daily exposure to both of their languages are predicted to have more neural
convergence when compared to late bilinguals with unbalanced daily exposure to their
languages (e.g., they use their L1 daily but L2 rarely). The manner of language acquisition
is always informal for early bilinguals, while late bilinguals are more likely to learn their
L2 in a formal setting. While there is little research on late bilinguals who acquired their

L2 informally, studies using implicit learning of artificial grammar suggest that informal L2
acquisition implies more shared neural representation when compared to explicit grammar
learning. Further research is required to advance our understanding of this topic.

While we provide a theoretical approach to predicting neural language overlap in bilinguals
with our principles, there are also clear, practical applications of this knowledge. For
example, when patients are evaluated for neurosurgical planning, these principles can help
guide what additional language mapping techniques might be needed, as well as which
functional tasks might be necessary to ensure that patients do not come out of brain surgery
with deficits in their L1, L2, or both. Further, we have argued that it is important to
consider cognitive control activations when interpreting the results of activation studies in
surgical patients. This is especially relevant to activation methods as opposed to stimulation
techniques (Brennan et al., 2016). The current problem is that many centers are giving up
invasive techniques in favor of non-invasive activation methods. When this is the case, it is
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essential to consider activations that may come from cognitive control (particularly cognitive
effort) in bilingual patients.

While we have focused more generally on language representation in bilinguals, there are
other aspects of language organization that have not been examined in the bilingual context
and, therefore, cannot be integrated into our principles at this time. For instance, one such
aspect is the choice of language tasks that can generate different mapping results (Benjamin
etal., 2017; Lee et al., 2008). A diverse range of 67 linguistic and cognitive tasks was
applied in the reviewed studies. The most commonly used tasks are found in Table 1,

in which the object naming task tops for being used the most frequently. The remaining

47 tasks appeared in single studies, and they are listed in Appendix C. We agree with
Cargnelutti et al. (2019) that future studies should examine how various LMs modulate the
cerebral representation of different language domains (e.g., syntax versus phonology) in L1
and L2.

The list of LMs incorporated into our principles may not be exhaustive, which may be a
possible caveat. For instance, one variable which has not been studied in the context of
neuroanatomical overlap between languages in bilinguals is the linguistic context. Many
people speak colloquially in L1 without the ability to read. On the other hand, depending on
the context, they can speak colloquially but also formally in their L2 (e.g., in a professional
environment). The additional formal context can be linguistically richer (e.g., deeper
vocabulary with a higher degree of semantic complexity) than the informal (colloquial)
context. It is unknown whether and how this factor could modify the neural representation of
languages.

Another potential LM might be additional external acquisition factors that could indirectly
modulate the cerebral organization of L1 and L2 in the brain. The external factors include
(and are not limited to) language teachers/instructors, different L2 learning methods,
speakers from the learner’s environment (e.g., native, non-native), etc. Hopefully, future
research will provide more insights into the roles that these factors might have in modulating
the representation of languages in bilinguals. Finally, we realize that some information

that the principles include (e.g., inconclusive results on the manner of L2 acquisition on
cognitive control; Linck et al., 2008) need further validation in future research.

While we think it is important to refer to clinical language mapping studies where possible,
we acknowledge that the presence of a brain lesion can impact language organization in
bilingual patients to some extent. For example, a brain tumor or arteriovenous malformations
can reduce language dominance (Gohel et al., 2019; Pouratian et al., 2000; Potczynska

and Bookheimer, 2020). Further, whereas most studies on healthy bilinguals have used
fMRI, most clinical language mapping studies have performed invasive techniques (most
commonly, awake surgery), sometimes in combination with fMRI (e.g., Walker et al.,
2004). It should be noted that each language mapping technique has its idiosyncrasies

that may influence language mapping results (Benjamin et al., 2017; Hernandez and L,
2007; Potczynska et al., 2016). For instance, fTMRI can incorrectly identify certain areas as
eloquent, whereas in fact, these regions only support language function. In order to verify
which areas shown on fMRI as active are critical for intact language function, invasive
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techniques such as awake surgery are performed (Benjamin et al., 2017; Potczynska et al.,
2015)

5. Conclusions

We have offered a set of global principles that predict how numerous language modifiers
modulate the neuroanatomical representation of language in bilingual individuals and
cognitive adaptations. The principles encompass results from neuroimaging studies on
healthy bilinguals and neurosurgical language mapping reports involving bilingual patients.
While the principles provide a theoretical approach to predicting neural language overlap
in bilinguals, there are also clear practical clinical applications of this knowledge. In
patients who are evaluated for neurosurgical planning, these principles can help guide
what additional language mapping techniques might be needed, as well as which functional
tasks might be necessary to ensure that patients do not come out of brain surgery with
deficits in their L1, L2, or both. In cases when non-invasive activation methods are used

to evaluate language lateralization and/or representation in bilingual surgical patients, it is
essential to consider activations that can come from cognitive control. These activations
may be unrelated to language organization as such, particularly in individuals with lower
L2 proficiency who require extra cognitive effort. Referencing the broad characteristics of
language organization in bilinguals, as presented in the set of principles, may provide a
roadmap for future basic and clinical science research.
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Appendix

Appendix A. Keywords used in the literature search

The following keywords (and their combinations) were used to search for the

literature on bilinguals: “bilingual*”, “multilingual*”, “language mapping”, “L2”, “second
language”, “foreign language”, “fMRI”, “functional magnetic resonance imaging”, “TMS”,
“transcranial magnetic stimulation”, “MEG”, “magnetoencephalography”, “PET”, “positron
emission tomography”, “EEG”, “electroencephalography”, “direct electrical stimulation”,
“awake surgery,” “electrocorticography”, “Wada test”, “intracarotid amobarbital procedure”,

L NT

“clinical”, “epilepsy”, “brain tumor”, “arteriovenous malformation”, “AVM”, “age of

acquisition”, “proficiency”, “exposure”, “manner”, “formal”, “informal”, “implicit”,
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“explicit”, “linguistic distance”, “linguistic similarity”, “language similarity”, “modality”

“bimodal”, “sign language”, “cognitive effort”, “cognitive advantage”, “cognitive abilities”,

LT [T

“executive function”, “language switching”, “metalinguistic awareness”, “motivation”,

“attitude”, “aptitude”, “attention” “memory”, “personality”, and “prejudice”.

Appendix B. Journal articles with primary research studies on healthy

controls reviewed in the current work
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Appendix C. Tasks applied in single reviewed studies

Studies with healthy controls:

. sentence listening

. simple declarative sentences

. phoneme categorization

. sentence generation

. retrieval of high and low imaginary words
. visual rhyming judgment

. word repetition

. vowel recognition

. semantic size judgment

. picture selection after story listening

. story watching

. word categorization judgment

. production of syntactic structures

. Ketter String Judgments using artificial grammar,
. Wug test

. word finding vocabulary test

. story reading
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word reading with language switching

word translation

backward digit span

Corsi blocks task, soccer task

Raven’s colored progressive matrices

auditory go/no-go task, picture naming with distractor words
vowel recognition, Attentional Control Scale
action-object switching

Simon task

verbal switching

nonverbal switching

Cuttell Culture Fair Intelligence Test

digit naming, lexical decision

semantic judgment

silent narration

task-switching

Rapid Naming Test

Kaufman Brief Intelligence Test: Matrices subtest

letter-number sequencing.

Clinical language mapping studies:

famous people naming

translation from L2 to L1

L1 reading with L2 responding

synonym generation

antonym generation

sentence completion

alphabet recitation

verbal instructions

a semantic judgment of true-false sentences
color/shape naming

repetition

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 24

References

Abutalebi J, Green DW, 2008. Control mechanisms in bilingual language production:
neural evidence from language switching studies. Lang. Cogn. Process 23, 557-582.
10.1080/01690960801920602.

Abutalebi J, Della Rosa PA, Ding G, Weekes B, Costa A, Green DW, 2013. Language
proficiency modulates the engagement of cognitive control areas in multilinguals. Cortex. 10.1016/
j.cortex.2012.08.018.

Antoniou K, Grohmann KK, Kambanaros M, Katsos N, 2016. The effect of childhood bilectalism
and multilingualism on executive control. Cognition 149, 18-30. 10.1016/j.cognition.2015.12.002.
[PubMed: 26774217]

Bavelier D, Corina D, Jezzard P, Clark V, Karni A, Lalwani A, Rauschecker JP, Braun A, Turner R,
Neville HJ, 1998. Hemispheric specialization for English and ASL: left invariance-right variability.
Neuroreport 9, 153. [PubMed: 9592067]

Benjamin CF, Walshaw PD, Hale K, Gaillard WD, Baxter LC, Berl MM, Polczynska M, Noble
S, Alkawadri R, Hirsch LJ, Constable RT, Bookheimer SY, 2017. Presurgical language fMRI:
mapping of six critical regions. Hum. Brain Mapp 38, 4239-4255. 10.1002/hbm.23661. [PubMed:
28544168]

Benjamin CF, Dhingra I, Li AX, Blumenfeld H, Alkawadri R, Bickel S, Helmstaedter C, Meletti S,
Bronen RA, Warfield SK, Peters JM, Reutens D, Potczyriska MM, Hirsch LJ, Spencer DD, 2018.
Presurgical language fMRI: technical practices in epilepsy surgical planning. Hum. Brain Mapp
39, 4032-4042. 10.1002/hbm.24229. [PubMed: 29962111]

Berens MS, Kovelman I, Petitto LA, 2013. Should bilingual children learn reading in two languages
at the same time or in sequence? Biling. Res. J. 36, 35-60. 10.1080/15235882.2013.779618.
[PubMed: 23794952]

Berken JA, Chai X, Chen J-K, Graeco VL, Klein D, 2016. Effects of early and late
bilingualism on resting-state functional connectivity. J. Neurosci 36, 1165-1172. 10.1523/
JNEUROSCI.1960-15.2016. [PubMed: 26818505]

Bialystok E, Craik FIM, Green DW, Gollan TH, 2009. Bilingual minds. Psychol. Sci. Public Interest
10, 89-129. 10.1177/1529100610387084. [PubMed: 26168404]

Bialystok E, Craik FIM, Luk G, 2012. Bilingualism: consequences for mind and brain. Trends Cogn.
Sci 16, 240-250. 10.1016/j.tics.2012.03.001. [PubMed: 22464592]

Bialystok E, Peets KF, Moreno S, 2014. Producing bilinguals through immersion education:
development of metalinguistic awareness. Appl. Psycholinguist. 35, 177-191. 10.1017/
S0142716412000288. [PubMed: 24744451]

Bogacka A, Schwartz G, Potczynska-Fiszer M, Orzechowska P, Zydorowicz P, 2006. The production
and perception of schwa in second language acquisition: the case of Polish learners of English. In:
Dziubalska-Kotaczyk K (Ed.), IFAtuation: A Life in IFA. A Festschrift for Professor Jacek Fisiak
on the Occasion of His 70th Birthday. Wydawnictwo Naukowe UAM, Poznan, pp. 71-84.

Bolger DJ, Perfetti CA, Schneider W, 2005. Cross-cultural effect on the brain revisited: universal
structures plus writing system variation. Hum. Brain Mapp 25, 92-104. 10.1002/hbm.20124.
[PubMed: 15846818]

Borius PY, Giussani C, Draper L, Roux FE, 2012. Sentence translation in proficient bilinguals: a direct
electrostimulation brain mapping. Cortex 48, 614-622. 10.1016/j.cortex.2011.01.011. [PubMed:
21377667]

Brennan NP, Peck KK, Holodny A, 2016. Language mapping using fMRI and direct cortical
stimulation for brain tumor surgery: the good, the bad, and the questionable. Top. Magn. Reson.
Imaging 25, 1-10. 10.1097/RMR.0000000000000074. [PubMed: 26848555]

Buchweitz A, Prat C, 2013. The bilingual brain: flexibility and control in the human cortex. Phys. Life
Rev 10, 428-443. 10.1016/j.plrev.2013.07.020. [PubMed: 23973007]

Calabria M, Costa A, Green DW, Abutalebi J, 2018. Neural basis of bilingual language control. Ann.
N. Y. Acad. Sci 10.1111/nyas.13879.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 25

Cargnelutti E, Tomasino B, Fabbro F, 2019. Language brain representation in bilinguals with different
age of appropriation and proficiency of the second language: a meta-analysis of functional imaging
studies. Front. Hum. Neurosci 13, 154. 10.3389/fnhum.2019.00154. [PubMed: 31178707]

Chee MWL, Hon N, Lee HL, Soon CS, 2001. Relative language proficiency modulates BOLD
signal change when bilinguals perform semantic judgments. Neuroimage 13, 1155-1163. 10.1006/
nimg.2001.0781. [PubMed: 11352621]

Common European Framework of Reference for Languages (CEFR) [WWW Document], 2019. URL
https://www.coe.int/en/web/common-european-framework-reference-languages/level-descriptions
(Accessed 10.15.19).

de Bruin A, 2019. Not all bilinguals are the same: a call for more detailed assessments and descriptions
of bilingual experiences. Behav. Sci. (Basel) 9, 33. 10.3390/bs9030033.

DeAnda S, Bosch L, Poulin-Dubois D, Zesiger P, Friend M, 2016. The language exposure assessment
tool: quantifying language exposure in infants and children. J. Speech Lang. Hear. Res 59, 1346-
1356. 10.1044/2016_JSLHR-L-15-0234. [PubMed: 27784032]

DelLuca V, Segaert K, Mazaheri A, Krott A, 2020. Understanding bilingual brain function and structure
changes? U bet! A unified bilingual experience trajectory model. J. Neurolinguistics 56, 100930.
10.1016/j.jneuroling.2020.100930.

Dziubalska-Kotaczyk Katarzyna, Wrembel Magdalena, In press. Natural growth theory of acquisition
(NGTA): Evidence from (mor)phonotactics. In: Sardegna Veronica, Jaracz Anna (Eds.),
Theoretical and Practical Perspectives on English Pronunciation Teaching and Research. Springer,
Amsterdam, The Netherlands.

Emmorey K, Borinstein HB, Thompson R, Gollan TH, 2008. Bimodal bilingualism. Bilingualism 11,
43-61. 10.1017/S1366728907003203. [PubMed: 19079743]

Fabbro F, 1999. The Neurolinguistics of Bilingualism: an Introduction. Psychology Press/Taylor &
Francis (UK), Hove, England.

Fabbro F, 2013. The Neurolinguistics of Bilingualism, The Neurolinguistics of Bilingualism.
Psychology Press, 10.4324/9780203776056.

Fernandez M, Tartar JL, Padron D, Acosta J, 2013. Neurophysiological marker of inhibition
distinguishes language groups on a non-linguistic executive function test. Brain Cogn. 83, 330—
336. 10.1016/j.bandc.2013.09.010. [PubMed: 24141240]

Fernandez-Coello A, Havas V, Juncadella M, Sierpowska J, Rodriguez-Fornells A, Gabarrds A,
2017. Age of language acquisition and cortical language organization in multilingual patients
undergoing awake brain mapping. J. Neurosurg 126, 1912-1923. 10.3171/2016.5.JNS152791.
[PubMed: 27540905]

Giezen MR, Emmorey K, 2016. Language co-activation and lexical selection in bimodal
bilinguals: evidence from picture-word interference. Bilingualism 19, 264-276. 10.1017/
$1366728915000097. [PubMed: 26989347]

Giroud N, Baum SR, Gilbert AC, Phillips NA, Graeco V, 2020. Earlier age of second language
learning induces more robust speech encoding in the auditory brainstem in adults, independent
of amount of language exposure during early childhood. Brain Lang. 207, 104815 10.1016/
j.bandl.2020.104815. [PubMed: 32535187]

Gohel S, Laino ME, Rajeev-Kumar G, Jenabi M, Peck K, Hatzoglou V, Tabar V, Holodny Al, Vachha
B, 2019. Resting-state functional connectivity of the middle frontal gyrus can predict language
lateralization in patients with brain tumors. AJNR Am. J. Neuroradiol 40, 319-325. 10.3174/
ajnr.A5932. [PubMed: 30630835]

Green DW, Abutalebi J, 2013. Language control in bilinguals: the adaptive control hypothesis. J. Cogn.
Psychol 25, 515-530. 10.1080/20445911.2013.796377.

Hasegawa M, Carpenter PA, Just MA, 2002. An fMRI study of bilingual sentence comprehension and
workload. Neuroimage 15, 647-660. 10.1006/nimg.2001.1001. [PubMed: 11848708]

Hernandez AE, 2013. What factors influence how two languages are coded in one brain: comment on
"The bilingual brain: flexibility and control in the human cortex" by Buchweitz and Prat. Phys.
Life Rev 10, 450-456. 10.1016/j.plrev.2013.09.006. [PubMed: 24119425]

Hernandez AE, Li P, 2007. Age of acquisition: its neural and computational mechanisms. Psychol.
Bull 133, 638-650. 10.1037/0033-2909.133.4.638. [PubMed: 17592959]

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.


https://www.coe.int/en/web/common-european-framework-reference-languages/level-descriptions

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 26

Hernandez AE, Martinez A, Kohnert K, Figueroa R, Buffington R, Juarez L, Kemper C, 2000. In
search of the language switch: an fMRI study of picture naming in Spanish — English bilinguals.
Brain Lang. 73, 421-431. 10.1006/brIn.1999.2278. [PubMed: 10860563]

Hernandez AE, Dapretto M, Mazziotta J, Bookheimer S, 2001. Language switching and language
representation in Spanish-English bilinguals: an fMRI study. Neuroimage 14, 510-520. 10.1006/
nimg.2001.0810. [PubMed: 11467923]

Hirosh Z, Degani T, 2018. Direct and indirect effects of multilingualism on novel language learning:
an integrative review. Psychon. Bull. Rev 25, 892-916. 10.3758/s13423-017-1315-7. [PubMed:
28547538]

Howard SJ, Burianova H, Ehrich J, Kervin L, Calleia A, Barkus E, Carmody J, Humphry S, 2015.
Behavioral and fMRI evidence of the differing cognitive load of domain-specific assessments.
Neuroscience 297, 38-46. 10.1016/j.neuroscience.2015.03.047. [PubMed: 25818553]

Hull R, Vaid J, 2007. Bilingual language lateralization: a meta-analytic tale of two hemispheres.
Neuropsychologia 45, 1987-2008. 10.1016/j.neuropsychologia.2007.03.002. [PubMed: 17433384]

Ibrahim Z, 2020. Sustained flow: affective obsession in second language learning. Front. Psychol 10,
2963. 10.3389/fpsyg.2019.02963. [PubMed: 32038370]

Jasinska KK, Berens MS, Kovelman I, Petitto LA, 2017. Bilingualism yields language-specific

plasticity in left hemisphere’s circuitry for learning to read in young children. Neuropsychologia
98, 34-45. 10.1016/j.neuropsychologia.2016.11.018. [PubMed: 27894901]

Jeong H, Sugiura M, Sassa Y, Haji T, Usui N, Taira M, Horie K, Sato S, Kawashima R, 2007. Effect
of syntactic similarity on cortical activation during second language processing: a comparison of
English and Japanese among native Korean trilinguals. Hum. Brain Mapp 23, 194-204. 10.1002/
hbm.20269.

Jones OP, Green DW, Grogan A, Pliatsikas C, Filippopolitis K, Ali N, Lee HL, Ramsden S, Gazarian
K, Prejawa S, Seghier ML, Price CJ, 2012. Where, when and why brain activation differs for
bilinguals and monolinguals during picture naming and reading aloud. Cereb. Cortex 22, 892—
902. 10.1093/cercor/bhr161. [PubMed: 21705392]

Kho KH, Duffau H, Gatignol P, Leijten FSS, Ramsey NF, van Rijen PC, Rutten GJM, 2007.
Involuntary language switching in two bilingual patients during the Wada test and intraoperative
electrocortical stimulation. Brain Lang. 101, 31-37. 10.1016/j.bandl.2006.11.009. [PubMed:
17223188]

Kim KHS, Relkin NR, Lee KM, Hirsch J, 1997. Distinct cortical areas associated with native and
second languages. Nature 388, 171-174. 10.1038/40623. [PubMed: 9217156]

Kim SY, Qi T, Feng X, Ding G, Liu L, Cao F, 2016. How does language distance between L1 and L2
affect the L2 brain network? An fMRI study of Korean-Chinese-English trilinguals. Neuroimage
129, 25-39. 10.1016/j.neuroimage.2015.11.068. [PubMed: 26673115]

Klein D, Milner B, Zatorre RJ, Visca R, Olivier A, 2002. Cerebral organization in a right-
handed trilingual patient with right-hemisphere speech: a positron emission tomography study.
Neurocase 8, 369-375. 10.1076/neur.8.4.369.16185. [PubMed: 12499411]

Kochunov P, Fox P, Lancaster J, Tan LH, Amunts K, Zilles K, Mazziotta J, Gao JH,

2003. Localized morphological brain differences between English-speaking Caucasians and
Chinese-speaking Asians: new evidence of anatomical plasticity. Neuroreport 14, 961-964.
10.1097/00001756-200305230-00011. [PubMed: 12802183]

Kolb B, Harker A, Gibb R, 2017. Principles of plasticity in the developing brain. Dev. Med. Child
Neurol 59, 1218-1223. [PubMed: 28901550]

Kousaie S, Chai XJ, Sander KM, Klein D, 2017. Simultaneous learning of two languages from birth
positively impacts intrinsic functional connectivity and cognitive control. Brain Cogn. 117, 49—
56. 10.1016/j.bandc.2017.06.003. [PubMed: 28648285]

Kovelman I, Baker SA, Petitto L-A, 2009. Age of first bilingual language exposure as a new
window into bilingual reading development *. Biling. (Camb. Engl.) 11, 203-223. 10.1017/
$1366728908003386.

Kovelman I, Shalinsky MH, Berens MS, Petitto L-A, 2014. Words in the bilingual brain: an fNIRS
brain imaging investigation of lexical processing in sign-speech bimodal bilinguals. Front. Hum.
Neurosci 8, 606. 10.3389/fnhum.2014.00606. [PubMed: 25191247]

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 27

Krefta M, Michalowski B, Kowalczyk J, Kréliczak G, 2015. Co-lateralized bilingual mechanisms for
reading in single and dual language contexts: evidence from visual half-field processing of action
words in proficient bilinguals. Front. Psychol 6, 1-10. 10.3389/fpsyg.2015.01159. [PubMed:
25688217]

Kroll JF, Dussias PE, Bice K, Perrotti L, 2015. Bilingualism, mind, and brain. Annu. Rev. Linguist 1,
377-394. 10.1146/annurev-linguist-030514-124937. [PubMed: 28642932]

Ku A, Lachmann EA, Nagler W, 1996. Selective language aphasia from herpes simplex encephalitis.
Pediatr. Neurol 15, 169-171. 10.1016/0887-8994(96)00154-3. [PubMed: 8888055]

Lee D, Swanson SJ, Sabsevitz DS, Hammeke TA, Winstanley FS, Possing ET, Binder JR, 2008.
Functional MRI and Wada studies in patients with interhemispheric dissociation of language
functions. Epilepsy Behav. 13, 350-356. 10.1016/j.yebeh.2008.04.010. [PubMed: 18504162]

Leonard MK, Torres C, Travis KE, Brown TT, Hagler DJ, 2011. Language proficiency modulates
the recruitment of non-classical language areas in bilinguals. PLoS One 6, €18240. 10.1371/
journal.pone.0018240. [PubMed: 21455315]

Linck JA, Hoshino N, Kroll JF, 2008. Cross-language lexical processes and inhibitory control. Ment.
Lex 3, 349-374. 10.1075/ml.3.3.06lin. [PubMed: 19907674]

Liu H, Cao F, 2016. L1 and L2 processing in the bilingual brain: a meta-analysis of neuroimaging
studies. Brain Lang. 159, 60-73. 10.1016/j.bandl.2016.05.013. [PubMed: 27295606]

Lubrano V, Prod’homme K, Démonet JF, Képke B, 2012. Language monitoring in multilingual
patients undergoing awake craniotomy: a case study of a German-English-French
trilingual patient with a WHO grade 1l glioma. J. Neurolinguistics 25, 567-578. 10.1016/
j.jneuroling.2011.08.002.

Lucas TH, McKhann GM, Ojemann GA, 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, 449-457. 10.3171/jns.2004.101.3.0449.
[PubMed: 15352603]

Luria AR, 1960. Differences between disturbance of speech and writing in Russian and in French. Int.
J. Slav. Linguist. Poet IlI, 13 22.

Masgoret A-M, Gardner RC, 2003. Attitudes, motivation, and second language learning: a
meta-analysis of studies conducted by Gardner and associates. Lang. Learn 53, 123-163.
10.1111/1467-9922.00227.

Mei L, Xue G, Lu Z-L, Chen C, Wei M, He Q, Dong Q, 2015. Long-term experience with Chinese
language shapes the fusiform asymmetry of English reading. Neuroimage 110, 3—-10. 10.1016/
j.neuroimage.2015.01.030. [PubMed: 25598049]

Meschyan G, Hernandez AE, 2006. Impact of language proficiency and orthographic transparency
on bilingual word reading: an fMRI investigation. Neuroimage 29, 1135-1140. 10.1016/
j.neuroimage.2005.08.055. [PubMed: 16242351]

Michel M, Kormos J, Brunfaut T, Ratajczak M, 2019. The role of working memory in young
second language learners’ written performances. J. Second Lang. Writ 45, 31-45. 10.1016/
j.jslw.2019.03.002.

Morgan-Short K, Steinhauer K, Sanz C, Ullman MT, 2012. Explicit and implicit second language
training differentially affect the achievement of native-like brain activation patterns. J. Cogn.
Neurosci 24, 933-947. 10.1162/jocn_a_00119. [PubMed: 21861686]

Moritz-Gasser S, Duffau H, 2009. Evidence of a large-scale network underlying language switching:
a brain stimulation study. Case Rep. J. Neurosurg 111, 729-732. 10.3171/2009.4.JNS081587.
[PubMed: 19463044]

Nicol AAM, De France K, 2020. Prejudice, integrativeness, and motivation to learn a second language:
a mediation analysis. Psychol. Rep 123, 420-434. 10.1177/0033294118820509. [PubMed:
30587082]

Obler L, Albert M, 1978. A monitor system for bilingual language processing. Asp. Biling 105-113.

Olulade OA, Jamal NI, Koo DS, Perfetti CA, LaSasso C, Eden GF, 2016. Neuroanatomical evidence in
support of the bilingual advantage theory. Cereb. Cortex 26, 3196-3204. 10.1093/cercor/bhv152.
[PubMed: 26184647]

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 28

OuJ, Li W, Yang Y, Wang N, Xu M, 2020. Earlier second language acquisition is associated with
greater neural pattern dissimilarity between the first and second languages. Brain Lang. 203,
104740 10.1016/j.bandl.2019.104740. [PubMed: 31982650]

Paradis M, 1977. Bilingualism and aphasia. Studies in Neurolinguistics, 10.1016/
b978-0-12-746303-2.50008-7.

Paradis J, 2001. Do bilingual two-year-olds have separate phonological systems? Int. J. Biling 5,
19-38.

Paradis J, 2004. The relevance of specific language impairment in understanding the role of transfer in
second language acquisition. Appl. Psycholinguist 25, 67-82.

Paradis M, 2009. Declarative and Procedural Determinants of Second Languages. John Benjamins
Publishing.

Perani D, Paulesu E, Galles NS, Dupoux E, Dehaene S, Bettinardi V, Cappa SF, Fazio F, Mehler J,
1998. The bilingual brain. Proficiency and age of acquisition of the second language. Brain 121,
1841-1852. 10.1093/brain/121.10.1841. [PubMed: 9798741]

Petitto LA, Kovelman I, 2003. The Bilingual Paradox: How signing-speaking bilingual children help
us resolve bilingual issues and teach us about the brain’s mechanisms underlying all language
acquisition. Learn. Lang 8, 5-18.

Pitres Albert, 1895a. Aphasia in Polyglots. Readings Aphasia Biling. Polyglots, pp. 26-49.

Pitres Albert, 1895b. Etude sur I’aphasie chez les polyglottes. Ann. Rev. Med. Annu. Rev. Med 15,
873-899.

Pliatsikas C, 2020. Understanding structural plasticity in the bilingual brain: the Dynamic
Restructuring Model. Biling. Lang. Cogn 23, 459-471. 10.1017/S1366728919000130.

Potczynska MM, Bookheimer SY, 2020. Factors modifying the amount of neuroanatomical overlap
between languages in bilinguals-a systematic review of neurosurgical language mapping studies.
Brain Sci. 10 10.3390/brainsci10120983.

Potczynska MM, Benjamin CFA, Moseley BD, Walshaw P, Eliashiv D, Vigil C, Jones M,
Bookheimer SY, 2015. Role of the Wada test and functional magnetic resonance imaging in
preoperative mapping of language and memory: two atypical cases. Neurocase 21, 707-720.
10.1080/13554794.2014.977300. [PubMed: 25372664]

Polczyhska MM, Benjamin CFA, Japardi K, Frew A, Bookheimer SY, 2016. Language system
organization in a quadrilingual with a brain tumor: implications for understanding of the
language network. Neuropsychologia 86, 167-175. 10.1016/j.neuropsychologia.2016.04.030.
[PubMed: 27143224]

Potczynska MM, Japardi K, Bookheimer SY, 2017. Lateralizing language function with preoperative
functional magnetic resonance imaging in early proficient bilingual patients. Brain Lang. 170,
1-11. 10.1016/j.bandl.2017.03.002. [PubMed: 28343082]

Pouratian N, Bookheimer S, O’Farrell A, Sicotte N, Cannestra A, Beckerf D, Toga A, 2000.

Optical imaging of bilingual cortical representations. Neuroimage 93, 676-681. 10.1016/
$1053-8119(00)91192-3.

Price CJ, Green DW, Von Studnitz R, 1999. A functional imaging study of translation and language
switching. Brain 122, 2221-2235. 10.1093/brain/122.12.2221. [PubMed: 10581218]

Prior A, Gollan TH, 2011. Good language-switchers are good task-switchers: evidence from Spanish-
English and Mandarin-English bilinguals. J. Int. Neuropsychol. Soc 17, 682—-691. 10.1017/
S1355617711000580. [PubMed: 22882810]

Rofes A, Spena G, Miozzo A, Fontanella MM, Miceli G, 2015. Advantages and disadvantages of
intraoperative language tasks in awake surgery: a three-task approach for prefrontal tumors. J.
Neurosurg. Sci 59, 337-349. [PubMed: 26159550]

Roux FE, Lubrano V, Lauwers-Cances V, Trémoulet M, Mascott CR, Démonet JF, 2004. Intra-
operative mapping of cortical areas involved in reading in mono- and bilingual patients. Brain
127, 1796-1810. 10.1093/brain/awh204. [PubMed: 15240432]

Schmidtke J, 2014. Second language experience modulates word retrieval effort in bilinguals: evidence
from pupillometry. Front. Psychol 5, 137. 10.3389/fpsyg.2014.00137. [PubMed: 24600428]

Scoreshy-Jackson RE, 1867. Case of aphasia with right hemiplegia. Edinb. Med. J 12, 696—706.

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 29

Seger CA, Prabhakaran V, Poldrack RA, Gabrieli JDE, 2000. Neural activity differs between explicit
and implicit learning of artificial grammar strings: an fMRI study. Psychobiology 28, 283-292.
10.3758/BF03331987.

Serafini S, Gururangan S, Friedman A, Haglund M, 2008. Identification of distinct and overlapping
cortical areas for bilingual naming and reading using cortical stimulation: case report. J.
Neurosurg. Pediatr 1, 247-254. 10.3171/PED/2008/1/3/247. [PubMed: 18352772]

Sierpowska J, Gabarrds A, Ripollés P, Juncadella M, Castafier S, Camins A, Plans G, Rodriguez-
Fornells A, 2013. Intraoperative electrical stimulation of language switching in two bilingual
patients. Neuropsychologia 51, 2882-2892. 10.1016/j.neuropsychologia.2013.09.003. [PubMed:
24029376]

Sierpowska J, Fernandez-Coello A, Gomez-Andres A, Camins A, Castafier S, Juncadella M, Gabarrds
A, Rodriguez-Fornells A, 2018. Involvement of the middle frontal gyrus in language switching
as revealed by electrical stimulation mapping and functional magnetic resonance imaging
in bilingual brain tumor patients. Cortex 99, 78-92. 10.1016/j.cortex.2017.10.017. [PubMed:
29197227]

Silverberg R, Gordon HW, 1979. Differential aphasia in two bilingual individuals. Neurology 29,
51-55. 10.1212/wnl.29.1.51. [PubMed: 570678]

Skulmowski A, Rey GD, 2017. Measuring cognitive load in embodied learning settings. Front. Psychol
8, 1191. 10.3389/fpsyg.2017.01191. [PubMed: 28824473]

Soderfeldt B, Ingvar M, Ronnberg J, Eriksson L, Serrander M, Stone-Elander S, 1997. Signed and
spoken language perception studied by positron emission tomography. Neurology 49, 82-87.
10.1212/WNL.49.1.82. [PubMed: 9222174]

Sulpizio S, Del Maschio N, Fedeli D, Abutalebi J, 2020. Bilingual language processing: a meta-
analysis of functional neuroimaging studies. Neurosci. Biobehav. Rev 108, 834-853. 10.1016/
j.neubiorev.2019.12.014. [PubMed: 31838193]

Tan LH, Laird AR, Li K, Fox PT, 2005. Neuroanatomical correlates of phonological processing of
Chinese characters and alphabetic words: a meta-analysis. Hum. Brain Mapp 25, 83-91. 10.1002/
hbm.20134. [PubMed: 15846817]

Ullman MT, 2005. A cognitive neuroscience perspective on second language acquisition: the
declarative/procedural model. Mind Context Adult Second Lang. Acquis 2005, 141-178.

van den Noort M, Struys E, Bosch P, Jaswetz L, Perriard B, Yeo S, Barisch P, Vermeire K, Lee SH,
Lim S, 2019. Does the bilingual advantage in cognitive control exist and if so, what are its
modulating factors? A systematic review. Behav. Sci. (Basel) 9, 27. 10.3390/bs9030027.

Vaughn KA, Watlington EM, Linares Abrego P, Tamber-Rosenau BJ, Hernandez AE, 2020. Prefrontal
transcranial direct current stimulation (tDCS) has a domain-specific impact on bilingual language
control. J. Exp. Psychol. Gen 10.1037/xge0000956.

Verreyt N, Woumans E, Vandelanotte D, Szmalec A, Duyck W, 2016. The influence of language-
switching experience on the bilingual executive control advantage. Bilingualism 19, 181-190.
10.1017/S1366728914000352.

Walker JA, Quifiones-Hinojosa A, Berger MS, Grossman RG, 2004. Intraoperative speech mapping
in 17 bilingual patients undergoing resection of a mass lesion. Neurosurgery 54, 113-118.
10.1227/01.NEU.0000097270.95721.3B. [PubMed: 14683547]

Wang Y, Xue G, Chen C, Xue F, Dong Q, 2007. Neural bases of asymmetric language
switching in second-language learners: an ER-fMRI study. Neuroimage 35, 862-870. 10.1016/
j.neuroimage.2006.09.054. [PubMed: 17324590]

Wang X, Wang YY, Jiang T, Wang YZ, Wu CX, 2013. Direct evidence of the left caudate’s role
in bilingual control: an intra-operative electrical stimulation study. Neurocase 19, 462—469.
10.1080/13554794.2012.701635. [PubMed: 22823881]

Wartenburger 1, Heekeren HR, Abutalebi J, Cappa SF, Villringer A, Perani D, 2003. Early
setting of grammatical processing in the bilingual brain. Neuron 37, 159-170. 10.1016/
S0896-6273(02)01150-9. [PubMed: 12526781]

Werker JF, Hensch TK, 2015a. Critical periods in speech perception: new directions. Annu. Rev.
Psychol. 66, 173-196. 10.1146/annurev-psych-010814-015104. [PubMed: 25251488]

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Potczyriska and Bookheimer Page 30

Werker JF, Hensch TK, 2015b. Critical periods in speech perception: new directions. Annu. Rev.
Psychol 66, 173-196. 10.1146/annurev-psych-010814-015104. [PubMed: 25251488]

Williams JT, Darcy |, Newman SD, 2016. Modality-specific processing precedes amodal linguistic
processing during L2 sign language acquisition: a longitudinal study. Cortex 75, 56-67. 10.1016/
j.cortex.2015.11.015. [PubMed: 26720258]

Winslow F, 1868. On the Obscure Diseases of the Brain and Disorders of the Mind. Churchill.

XiY, Liu L, Hao G, Abudusadike Z, Jiang C, Zhang J, Wang B, 2017. Research of cerebral activation
in Uygur-speaking and Chinese-speaking participants during verb generation task with functional
magnetic resonance imaging. Med. (United States) 96, e7460. 10.1097/MD.0000000000007460.

Xu M, Baldauf D, Chang CQ, Desimone R, Tan LH, 2017. Distinct distributed patterns of neural
activity are associated with two languages in the bilingual brain. Sci. Adv 3, €1603309 10.1126/
sciadv.1603309. [PubMed: 28706990]

Yetkin O, Yetkin FZ, Haughton VM, Cox RW, 1996. Use of functional MR to map language in
multilingual volunteers. Am. J. Neuroradiol 17, 473-477. [PubMed: 8881241]

Zou L, Abutalebi J, Zinszer B, Yan X, Shu H, Peng D, Ding G, 2012. Second language experience
modulates functional brain network for the native language production in bimodal bilinguals.
Neuroimage 62, 1367-1375. 10.1016/j.neuroimage.2012.05.062. [PubMed: 22658973]

Neurosci Biobehav Rev. Author manuscript; available in PMC 2022 March 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Potczyriska and Bookheimer Page 31

PRIMARY MODIFIERS

Graph 1

Graph 2B

BETTER
COGNITIVE
CONTROL

BETTER|
COGNITIVE
CONTROL

COGNITIVE
CONTROL

COGNITIVE
CONTROL

COGNITIVE COGNITIVE -
CONTROL. 4 CONTROL "’"’\
Y
J
!

5

S
=
Z
2
(Y]
=
|

ACQUISITION

MORE EFFORT
REQUIRED! REQUIRED REQUIRED

J

v

LINGUISTIC SIMILARITY
LESS MORE

ACQUISITION SIMILARITY
LESS MORE

~_LINGUISTIC SIMILARITY
LESS MORE

older (D younger larger (D smaller bimodal (I unimodal
formal () informal
SECONDARY MODIFIERS

BETTER
COGNITIVE
CONTROL

COGNITIVE
PROFICIENCY COZHO
lower (D higher COGNITIVE.

CONTROL.

INTERNAL

COGNIT!I
CONTROL

MORE EFFORT

Degree of Neuroanatomical Overlap) REQUIRED

MORE EFFORT
REQUIRED

OVERLAPPING

MENTAL AND
META-LINGUISTIC

weaker (WD stronger

SWITCHING TYPES

rare frequent
free/unrestricted _ controlled/restricted

REPRESENTATION

'Cognitive

Control

)
SEPARATE
7

Fig. 1.

Pr?nciples governing the neuroanatomical localization of languages in bilingual individuals.
The swirl represents the degree of neuroanatomical co-localization of L1 and L2, whereas
the black arrow stands for cognitive control (see the Key box in the bottom left corner).

The primary modifiers can modulate both the amount of neuroanatomical overlap between
L1 and L2, and cognitive control. In Graph 1, the more acquisition similarity between L1
and L2, the more neuroanatomical convergence between the languages. Specifically, L1 and
L2 are more likely to co-localize if: acquisition age was young for both languages; both
languages were learned informally, both are used on a daily basis, and both are spoken

with a high degree of proficiency. Conversely, L1 and L2 are more likely to be organized
separately if: L1 was acquired at a young age and L2 was learned at an older age, L1 was
acquired informally and L2 was learned formally, there is a high amount of exposure to

one language and a low amount of exposure to the other language, and one language is
highly proficient and the other one has low proficiency. Acquisition similarity is colinear
with cognitive control in Graph 1 — the more acquisition similarity, the better cognitive
control; the less acquisition similarity, the more cognitive effort is required. Graphs 2A and
2B show that the more linguistic similarity between L1 and L2, the more neural convergence
can be anticipated: a smaller linguistic distance between L1 and L2 (Graph 2A), and L1
and L2 share the same modality — signed or spoken (i.e., they are unimodal; Graph 2B).

On the other hand, the less linguistic similarity, the more divergence is expected: a larger
linguistic distance between L1 and L2 in Graph 2A, and L1 and L2 having a different
modality (i.e., they are bimodal) in Graph 2B. The linguistic modifiers affect cognitive
control selectively: better cognitive control is predicted by a larger linguistic distance (the
top left square of Graph 2A), and shared language modality (unimodal; the top right square
of Graph 2B). The secondary modifiers indirectly impact the amount of neuroanatomical
overlap through modulating two acquisition modifiers: exposure and proficiency (dark green
arrows). The secondary modifiers can affect cognitive control. In Graph 3, the stronger
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the mental and meta-linguistic abilities, the better cognitive control; the weaker the mental
and meta-linguistic abilities, the more effort is required. In Graph 4 (the top right square),
frequent and controlled/restricted language switching is associated with better cognitive
control.
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