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Abstract: The role of language in numerical processing has traditionally been restricted to counting
and exact arithmetic. Nevertheless, the impact that each of a bilinguals’ languages may have in core
numerical representations has not been questioned until recently. What if the language in which math
has been first acquired (LLmath) had a bigger impact in our math processing? Based on previous
studies on language switching we hypothesize that balanced bilinguals would behave like unbalanced
bilinguals when switching between the two codes for math. In order to address this question, we
measured the brain activity with magneto encephalography (MEG) and source estimation analyses of
12 balanced Basque-Spanish speakers performing a task in which participants were unconscious of
the switches between the two codes. The results show an asymmetric switch cost between the two
codes for math, and that the brain areas responsible for these switches are similar to those thought
to belong to a general task switching mechanism. This implies that the dominances for math and
language could run separately from the general language dominance.
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1. Introduction

Numbers are one of the pillars in today’s society; they can be found in various aspects of life,
apart from the obvious counting and arithmetic, such as TV stations, dates, signals, our favorite sports
player’s number, etc. Numbers are also used to label, rank, order, quantify and measure almost
everything. We can calculate the speed of planes, the most complex equations or even simple everyday
tasks such as the percentage discount when buying in a shop.

Over the last decades, research into cognitive number processing has made considerable progress
and one of the central questions has been how basic numerical knowledge is represented in our minds
(Carey 2001; Dehaene et al. 2003; Nieder and Dehaene 2009; Spelke 2000; Whalen et al. 1999). It is
believed that humans have an innate system for number representation (Dehaene 1997) also present in
infants and animals. This system is considered as an abstract, non-verbal representation of magnitude,
and mostly, independent of language. Although the representation of exact magnitudes can be shaped
by other numerical information acquired during the early school years, it needs to be learned, since it
is not part of the preverbal human core quantity representation. Moreover, magnitude information
is encoded or mapped in various symbolic notations (e.g., Arabic, number words) allowing a more
precise manipulation of quantity and having an effect on individuals’ abilities to compare and represent
certain magnitudes (Gilmore et al. 2010; Holloway and Ansari 2008; Moyer and Landauer 1967; Temple
and Posner 1998).

There are different notations or formats through which magnitudes can be accessed. Number
symbols are generally acquired in at least two forms: Arabic numerals (1, 2, 3 . . . ) and number words
(one, two, three . . . ). Contrary to core magnitude knowledge, symbolic numerical codes are culturally
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established (Ansari 2008) and therefore they are learned and retrieved from long-term memory. In
turn, the phonological code for the Arabic digits is not specified, mainly because the relation between
the visual symbol representing the magnitude and its specific verbal format is arbitrary. The influence
that number codes have in magnitude processing has been of special interest over the past years
(Cohen Kadosh et al. 2008; Damian 2004; Dehaene and Cohen 1997; Seron and Noel 1995). The
general assumption is that number representation can be directly influenced by number codes and
that number codes affect the manipulation of number representation (Noël and Seron 1997; Zhang
and Norman 1995). Hence, a debate has been established in regard to the existence of one unique
numerical representation, independent from the surface code (Dehaene and Cohen 1995) or instead,
notation specific representations (Cohen Kadosh et al. 2007). In fact, all the proposed models for
the architecture of the numerical system try to provide a comprehensive account of the numerical
representation system based on different numerical formats and modalities.

So far, the impact of language in the access to the most basic magnitude representations has
been postulated as an ongoing research question in literature. In order to understand the role of
language in the core magnitude system, advances in math cognition research have been followed by
research on bilingualism (e.g., Bernardo 2001; Salillas and Wicha 2012). Bilingualism is a key to the
understanding the bilinguals’ preferences for one of the two codes they have for math; and studies
about how bilinguals manipulate and switch languages will be reviewed and will also be the focus
of this study. The concept of code-switching will be introduced as a way to measure the possible
unbalance between number word systems in balanced bilinguals. It also has the objective of knowing
the brain bases of switch costs when the number words are manipulated and whether they are similar
or different to those used in language and in general switch mechanisms.

1.1. The Link between Language and Numbers

Language constitutes the basis of communication and is the most powerful tool not only to share
actions or ideas, but also numerical concepts. Although language is the media for transmitting these
abstract concepts, the role of language in the evolution of the innate sense of magnitude is not properly
defined by any existing theory. Independence between language and math has been challenged
by proposals suggesting that the acquisition of number symbols and counting modulates the core
numerical magnitude system (Halberda et al. 2008; Piazza et al. 2013).

The current view is that some basic aspects of number cognition development (e.g., arithmetic
facts or counting) strongly depend on language (Cappelletti et al. 2001; Delazer et al. 2005; Gelman
and Butterworth 2005; Nieder and Dehaene 2009; Piazza 2011; Salillas and Wicha 2012; Spelke and
Tsivkin 2001). It is well known that solving simple arithmetic problems involves language processing
(Dehaene and Cohen 1995; Dehaene et al. 2003).

The role of language in number development has been the focus of some research (Carey 2004).
During the first stages of development, language is obviously part of the process of the acquisition
of a more complex numerical knowledge beyond the approximate quantity sense that humans and
non-humans share (Feigenson et al. 2004; Gordon 2004; Hodent et al. 2005; Pica et al. 2004). For example,
the ability to solve complex calculations is based on our capacity to manage numerical procedures
that are mediated by verbal reasoning (i.e., language). A high level of mathematical reasoning can
only be reached if an exact quantity representational system is present, and this is possible thanks to
language (Carey 2004; Feigenson et al. 2004). The link between language and number appears before
any mathematical learning and formal instruction with the acquisition of number words and counting
(Dehaene et al. 1999; Feigenson et al. 2004; Gelman and Gallistel 1979; Wynn 1990).

Additionally, studies on cultures with a very limited range of number words to refer to numerical
concepts provide us with relevant insights about the relation between language and mathematics
(Gordon 2004; Pica et al. 2004). The conclusion which can be drawn from these studies is that the
exact arithmetic, contrary to approximate number processing, is thought to be represented in a specific
language-coded format.
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In order to better disentangle the relation between language and math, bilingualism offers a good
chance to understand this relationship since bilinguals have two different verbal codes to refer to
the same numerosity; and since, nowadays, bilingualism is more the rule than the exception, with
around half of the world’s population are bilingual (Bhatia and Ritchie 2012; Grosjean 2010) and two
thirds of the world’s children are being raised in a bilingual environment (Crystal 1996), these possible
peculiarities for math processing in bilinguals require attention.

The term bilingualism refers to those individuals who have learned more than one linguistic code
for oral and written communication (Grosjean 2010). One must bear in mind that bilingualism should
not be simplified as a dichotomy of speaking two languages, inside bilingualism we can find a wide
range of categories related to fluency and other linguistic domains (Centeno and Obler 2001; Hamers
and Blanc 2000; Macnamara 1967). There is a wide range of dimensions to take into account when
categorizing bilingualism: Age of acquisition (AoA), percentage of use, context and cultural identity,
among others (Xu and Tan 1997; De Houver 2009; Flege et al. 2002; Grosjean 2010; Hazan and Boulakia
1993; Hernandez 2013; Kroll et al. 2012; Valdes et al. 2003). Some of these aspects are relevant for this
work, namely the AoA and the relative proficiency.

A language can be acquired very differently across and within societies, going from individuals
learning two languages with both languages present in extensive contexts from birth (this would be
the case of simultaneous bilinguals in regions such as the Basque Country in Spain), to late learners of
a second language (L2) who have less contextual presence in the environment (e.g., learning an L2
without natural immersion). The AoA makes the distinction between these two kinds of bilinguals,
the first group being called simultaneous bilinguals, and the second group late learners of an L2 or
late bilinguals. The influence of the AoA in the level of competence has been challenged in many
studies (Bosch and Sebastián-Gallés 2003; Gandour et al. 2007; Kim et al. 1997; Perani et al. 1998;
Perani et al. 2003); some of them supporting the notion of a critical period (DeKeyser 2005; DeKeyser
and Larson-Hall 2005; Lenneberg 1967). It is well known that some aspects of a language such as
morphology or phonology do not reach a native level when learned in adulthood (Bialystok and Miller
1999; Long 1990; Pinker 1994) and that acquiring an L2 becomes increasingly difficult after puberty
(Flege et al. 1995; Johnson and Newport 1989; Weber-Fox and Neville 1996). At the neuroanatomical
level, a separate representation networks of bilinguals’ L1 and L2 have been related to differences
between both languages’ age of acquisition (Abutalebi 2008; Chee et al. 2001; García-Pentón et al. 2014;
Perani et al. 1998).

Bilingual research on math cognition has demonstrated that bilinguals feel more comfortable and
perform better on the language in which they have learnt arithmetic in school (Marsh and Maki 1976)
and show worse performance when numerical problems were posed in their weaker language or L2
(Frenck-Mestre and Vaid 1993; Morales et al. 1985).

The consequences of bilingualism in the development of numerical skills have attracted interest
over the last decades and have taken into account critical factors such as AoA, the language of
instruction in early learning of math, and language proficiency. These studies have also permitted a
deep look at the role played by language in our math system. Based on current evidence, it is assumed
that mathematical development in bilinguals normally involves one of the two languages preferentially
(Bernardo 2001; Grabner et al. 2012; Martinez-Lincoln et al. 2015; Salillas et al. 2015; Salillas and Wicha
2012). It is also well-known that bilinguals often translate or switch languages when carrying out
simple arithmetic facts or for mathematical thinking in general (Moschkovich 2007). This preference
for a language for number processing could be the language in which math has been studied (Bernardo
2001; Clarkson and Galbraith 1992; Frenck-Mestre and Vaid 1993; Geary et al. 1993; Kolers 1968).

The influence of learning experiences in setting a preferred verbal code for arithmetic was vaguely
contemplated in the Encoding-Complex Model (Campbell 1994; Campbell 2005; Campbell and Clark
1988; Campbell and Epp 2004). The model claims that the bilingual arithmetic memory system keeps a
relatively strong link with the language used for learning and arithmetic fact retrieval. The connection
between one of the languages and the arithmetic memory networks, as well as the analogue magnitude
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code, will depend on the prior experience in direct retrieval of numerical information and not on the
proficiency of the language (see Figure 1).Languages 2019, 4, x FOR PEER REVIEW 4 of 22 
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The latest research on bilingual math representations has shown that the bilingual numerical 
system could include linguistic traces (Salillas et al. 2015; Salillas and Carreiras 2014). Hence, a 
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representations has been suggested. The present study directly investigates this possible lexical 
unbalance for math: That is, whether there is an unbalanced dominance for the two bilingual 
numerical lexicons that runs independently of the relative proficiency in general linguistic 
representations. 
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language and how it determines the brain organization and functioning of the numerical system in 
bilinguals. The neuronal correlates in the process of learning exact arithmetic have been widely 
explored (Dehaene and Cohen 1997; Lemer et al. 2003; Delazer and Benke 1997; Venkatraman et al. 
2006). The general finding is a difference in the language networks (AG, left inferior frontal gyrus) 
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code as a result of early learning processes of numerical verbal symbols has also been studied using 
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LLmath was Spanish did not show this pattern for the Basque wording system. This suggests that 
verbal signatures in the core magnitude representation system are due to early learning. These results 
provide information about when number words attach to quantity in the balanced bilingual 
participants, during early math learning.  

To sum up, the results shown in the previous studies suggest that language plays an important 
role in exact arithmetic and it could influence the core numerical representation. Thus, bilingualism 
could imply a specific case for math. The fact that bilinguals manage two verbal codes for the same 
numerosity sets the question of whether these codes are equally represented or, on the contrary, 
imply an imbalance with consequences for math processing. According to the proposed relevance of 
early learning and a preferential link between one of the languages and core number representations, 
an essential question arises: Are the two number words systems in a bilingual equally represented? In other 
words, a proficient bilingual may have an equally strong representation for the word ‘sea’ and the 
word ‘mar’. However, the same bilingual might present an unbalanced representation for number 
words, ‘one’ versus ‘uno’. As we will see, a straightforward way of measuring such an unbalance is 
through the study of language switching and the relative costs implied in the switching between the 
two number word systems. Language switching has been profusely studied in bilingual language 
cognition, as exposed below. 
  

Figure 1. Illustration of a simplification of the Encoding-Complex hypothesis by Chinese-English
bilinguals (Campbell and Epp 2004). The arrows have two different colors, according to the strength of
the integrations. Grey arrows illustrate weak integration of the interfacing processing, black arrows
represent strong integration. Therefore, the Chinese Number Lexicon (acquired at school) has a stronger
connection to the Magnitude code than the English Number Lexicon.

The latest research on bilingual math representations has shown that the bilingual numerical
system could include linguistic traces (Salillas et al. 2015; Salillas and Carreiras 2014). Hence, a
preference for one of the languages not only in exact arithmetic but also in the fundamental number
representations has been suggested. The present study directly investigates this possible lexical
unbalance for math: That is, whether there is an unbalanced dominance for the two bilingual numerical
lexicons that runs independently of the relative proficiency in general linguistic representations.

A critical factor should be how the learning process of numerical knowledge is influenced by
language and how it determines the brain organization and functioning of the numerical system
in bilinguals. The neuronal correlates in the process of learning exact arithmetic have been widely
explored (Dehaene and Cohen 1997; Lemer et al. 2003; Delazer and Benke 1997; Venkatraman et al.
2006). The general finding is a difference in the language networks (AG, left inferior frontal gyrus)
when comparing the exact and arithmetic mathematical processing.

In addition to the influence of language in exact arithmetic, the linguistic traces in the quantity
code as a result of early learning processes of numerical verbal symbols has also been studied using
ERPs. Salillas and Carreiras (2014) showed that a different ERP pattern was associated to the Basque
wording system (base 20) as a function of the LLmath, since very proficient Basque bilinguals whose
LLmath was Spanish did not show this pattern for the Basque wording system. This suggests that verbal
signatures in the core magnitude representation system are due to early learning. These results provide
information about when number words attach to quantity in the balanced bilingual participants, during
early math learning.

To sum up, the results shown in the previous studies suggest that language plays an important
role in exact arithmetic and it could influence the core numerical representation. Thus, bilingualism
could imply a specific case for math. The fact that bilinguals manage two verbal codes for the same
numerosity sets the question of whether these codes are equally represented or, on the contrary, imply
an imbalance with consequences for math processing. According to the proposed relevance of early
learning and a preferential link between one of the languages and core number representations, an
essential question arises: Are the two number words systems in a bilingual equally represented? In other
words, a proficient bilingual may have an equally strong representation for the word ‘sea’ and the
word ‘mar’. However, the same bilingual might present an unbalanced representation for number
words, ‘one’ versus ‘uno’. As we will see, a straightforward way of measuring such an unbalance is
through the study of language switching and the relative costs implied in the switching between the
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two number word systems. Language switching has been profusely studied in bilingual language
cognition, as exposed below.

1.2. Bilingualism and Code-Switching

One commonality to all bilinguals is the ability to switch between languages. When bilinguals
perform this switch, there is always an effort. This effort is known as switch cost (Costa and Santesteban
2004; Jackson et al. 2001; Meuter and Allport 1999; Palmer et al. 2010). Switch trials elicit longer reaction
times and differential ERP effects (Costa and Santesteban 2004; Macizo et al. 2012; Meuter and Allport
1999; Palmer et al. 2010). Balanced bilinguals switch between L1 and L2 indistinctly with the same effort;
this is known as a symmetric switch cost language: Switches are similar in both directions (L2 to L1 and L1
to L2). However, unbalanced bilinguals show an asymmetry in the switch: It always takes more effort to
switch in one direction than in the other; this is known as an asymmetric switch cost (Costa and Santesteban
2004; Duñabeitia et al. 2010; Meuter and Allport 1999). In Meuter and Allport (1999), participants named
items in their L1 or L2. Results showed that bilinguals named items faster in their L1 than in their L2 in
non-switch trials. However, in switch trials, subjects named items more slowly in their L1 than in their
L2. Based on the Inhibitory Control (IC) model by Green (1998), the authors argued that this additional
time is needed mainly because the more dominant language (L1) requires more inhibition during L2
naming trials, since inhibition is carried on to the next trial, a switch from L2 to L1 needs to overcome
this inhibition, hence making this switch harder than a L1 to L2 switch. Importantly, a different switch
pattern seems to appear for balanced bilinguals. Costa and Santesteban (2004) contrasted language
switching performance between balanced and unbalanced bilinguals and only the unbalanced group
showed asymmetric switch costs. What determines the asymmetry or symmetry according to these
studies is the level of proficiency that ultimate modifies the mechanisms of inhibition or selection over
the two lexicons in production tasks (Costa and Santesteban 2004) or the automaticity of the activations
for words in the two languages during comprehension (Duñabeitia et al. 2010).

Asymmetric switch costs have frequently been found in event-related potentials (ERPs) studies in
at least two different components: The N2 and the N400; these are negative-going ERP waves that
peak 200–350 ms and 350–500 ms post-stimulus, respectively (Chauncey et al. 2008; Jackson et al. 2004;
Jackson et al. 2001; Verhoef et al. 2009). Dissociation between these components is also reported for
each switch direction, suggesting also neurofunctional differences: Chauncey et al. (2008) found a
switching effect in the N400 when switching in the L2-L1 direction, and in the N250 in the L1-L2
direction. Additionally, Duñabeitia et al. (2010) performed a similar study with early bilinguals who
showed a switch effect in the N2 component for both directions of the switch (i.e., L2 to L1 and L1 to
L2) and found no asymmetric switch, concluding that the asymmetry observed by Chauncey et al.
(2008) was language-dominance related. Overall, behavioral and electrophysiological studies converge
in showing that relative proficiency between languages modulates switch costs, and switch asymmetry
appears in unbalanced bilinguals. Therefore, an asymmetry between switch directions can be taken as
an index of unbalance in the representational strength for each verbal code.

This aspect is of special relevance for this paper since we will observe the symmetry in switches
between number words as an index of the balance or unbalance between the two number word systems,
positing that even in overall balanced bilinguals an unbalance should be shown for number words. In
sum, the revised studies demonstrate that switching languages in bilinguals requires an extra effort,
and that this effort is asymmetric in unbalanced bilinguals since one of the directions of the switch
shows higher activation or bigger amplitude in the ERP components. These switch costs could be due
to a general control mechanism.

One crucial question is whether these switch costs are dependent on the dominant language
(L1), or on the contrary, bilingualism means an independent dominance pattern for mathematical
representations. This question has not been directly addressed yet. Some studies have addressed the
representation of arithmetic facts in bilinguals (Bernardo 2001; Salillas and Wicha 2012; Vaid and Menon
2000), focusing on the role of early learning in arithmetic representations. More recently, we have
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extended the question further to the impact of each of the languages in core numerical representations:
In Salillas and Carreiras (2014) it was suggested that one of the languages might enter into the core
magnitude representation. This language would correspond to the language used for learning math
during early education (LLmath). Thus, early math learning would impact not only arithmetic, but
also essential numerical knowledge. However, a direct test of the relative dominance between the
numerical lexicons in bilinguals is missing. A classical way to study such dominance pattern is through
the observation of the cost of switching between the two verbal codes.

To test the impact of early math learning in the relative strength of the two numeric lexicons, we
will distinguish between the LLmath and the other language (hereafter OL) as what determines their
relative dominance. Such distinction was not considered previously, albeit using non-numerical tasks
(Meuter and Allport 1999). Here, we will sustain that while our bilinguals will be L1–L2 balanced
bilinguals in terms of proficiency and general language use; early learning experience (i.e., LLmath)
is what will determine a higher resting activation for the number words in one of the languages
based on previous findings (Salillas and Carreiras 2014; Salillas and Wicha 2012). Thus, if what
determines the relative representational strength of the two numerical lexicons is just overall language
proficiency (L1–L2), balanced bilinguals should show symmetric switch costs even when considering
the LLmath-OL distinction for analysis, because both languages would have equivalent dominance
based on general language functioning. However, if a larger switch cost appears in the OL to LLmath

transition this would index a higher resting activation in LLmath.
In the present study, we will observe for the first time the unbalance for numerical wording

systems in balanced bilinguals. It has already been shown that bilinguals have a preference for one of
their two codes in arithmetic representations (Martinez-Lincoln et al. 2015; Salillas and Wicha 2012;
Spelke and Tsivkin 2001) and more recently it has been shown that LLmath might be the language of
preference for accessing magnitude (Salillas et al. 2015; Salillas and Carreiras 2014). This preference
is proposed to take place during early math learning. At the same time this preference will show an
unbalance in the switch between the codes for math and consequently, balanced bilinguals will be
more “proficient” in their LLmath. This effect should manifest as an asymmetric switch cost when
switching between their two codes for math.

1.3. Bilingual Language Control

Though one may come across different ideas of how bilinguals process and switch languages, there
are two main views on the consequences of frequent switching between languages in bilinguals. There
are authors that propose that bilinguals have advantages over monolinguals in attentional resources,
memory skills and executive control mechanisms. In other words, speaking several languages can
lead to benefits that go beyond the realm of language, impacting on global cognitive functioning
(Bialystok et al. 2012). These advantages are somehow boosted by bilingualism due to the constant
need of bilinguals to inhibit one of their languages while they use the other. This language inhibition is
believed to be a part of a greater general mechanism of inhibition and since language inhibition is
used every day it helps to improve the general inhibition mechanism (Abutalebi et al. 2012; Craik and
Bialystok 2006; Garbin et al. 2010). Another view on this matter is that the mechanism of inhibition
used in languages belongs solely to the language system and therefore is not part of any general
mechanism (Abutalebi et al. 2008; Calabria et al. 2012).

Bilingual language processing and control has been investigated in numerous studies (Abutalebi
et al. 2008; Abutalebi and Green 2007; Chee et al. 1999; De Bleser et al. 2003; Hernandez et al. 2001;
Hernandez et al. 2000; Perani et al. 2003; Swainson et al. 2003; Wang et al. 2007; Yetkin et al. 1996). A
common finding in these studies is a significant difference in activation in the brain regions involved
in language switching. For example, Hernandez et al. (2001) studied switches between languages
in a group of early Spanish-English speakers. Switch conditions showed increased activity the left
dorsolateral prefrontal cortex relative to the non-switching condition. Chee et al. (2003) reported
similar results. Additionally, Rodriguez-Fornells et al. (2002) looked into the neural correlates of
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language selection in early Catalan–Spanish bilinguals. They wanted to find out how the non-target
language is inhibited by bilinguals. They addressed this question by combining ERPs and fMRI. When
comparing the results to a Spanish monolingual control group authors found that only bilinguals
showed activation of a left anterior prefrontal region (Brodmann areas 45 and 9).

Another study examining language switching was done by Jackson et al. (2001). Participants
had to name digits in the target language cued by the color of the digit. The N2 component recorded
over the left frontocentral region and typically associated with response inhibition, was much more
negative for switch conditions (as compared to non-switch conditions) when individuals switched
from naming in L1 (the habitual language) to naming in L2. Such data are consistent with the notion
that the more dominant language requires more active suppression.

Additionally, Jackson et al. (2001) examined the effects of switching on activity in the parietal
cortices and found that switching induced an increase over the parietal cortices in the late positive
component (LPC) associated with increased demands on response selection as in the Stroop interference.
The authors related these results with the idea that language switching increased frontal and parietal
activity consistent with the requirement to inhibit ongoing activity and select a relevant response in
the face of competition.

In sum, the revised studies demonstrate that switching languages in bilinguals requires an extra
effort, and that this effort is asymmetric in unbalanced bilinguals since one of the directions of the
switch shows higher activation or bigger amplitude in the ERP components. These switch costs
could be due to a general control mechanism. These facts establish the ground on which most of this
experiment relies, namely, that with regard to number words, this unbalance will be set by LLmath

and not by general proficiency. Studies examining language switching at the neuronal level show
that the regions implicated in these switches are usually frontal areas as the dorsolateral prefrontal
cortex (DLPFC) (Hernandez et al. 2001; Hernandez et al. 2000; Rodriguez-Fornells et al. 2006; Wang
et al. 2007) or left anterior prefrontal regions including pars triangularis (Brodmann areas 45 and
9). Rodriguez-Rodriguez-Fornells et al. (2002) reported language-switching involving the left ACC
as well (Abutalebi et al. 2008; Crinion et al. 2006; Van Heuven et al. 2008; Wang et al. 2007). In this
experiment, we measured magnetic brain activity during a masked priming paradigm. The use of
Magnetoencephalography (MEG) allows to estimate where in the cortex the switch-costs are originated,
while preserving the same good temporal resolution provided by EEG.

We hypothesize that in L1/L2 balanced bilinguals, the determinant factor for a preferential code
for math will be early learning experience (i.e., LLmath). In order to sort out this preference we will
distinguish between the two codes for math: The language for learning math (LLmath) and the other
language (OL) as the determinant factors of this relative dominance. The novelty of this experiment is
that this LLmath-OL distinction has not been previously considered in numerical tasks as the dichotomy
L1/L2 is always considered. Based on previous ERP switch studies (Chauncey et al. 2008; Jackson et al.
2001) we predict that switching between LLmath and OL will generate asymmetric N400 switch costs.
A larger switch cost should appear in the OL to LLmath transition whereas a lower switch cost should
be found in the other direction. Additionally, we hypothesize that the neural networks responsible for
the mechanisms underlying the switches in these two codes for math and if they are the same as the
ones used in general language switching.

2. Materials and Methods

2.1. Participants

Participants from the area of Gipuzkoa in the western part of the Basque Country in Spain. In
the Basque Country, specially in the area of Gipuzkoa, Basque and Spanish share the same status and
both languages are spoken indifferently. Formal education in the Basque Country can be received in
Spanish, Basque or both languages, but math is always taught in one language or another.
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The participants who enrolled in the study had to be proficient in both languages (see Language
assessment below) and had to report which of the languages was their LLmath (the first language used
for math learning in school, in which language they learnt arithmetic and which language they used for
counting and calculation) and whether they felt comfortable counting and doing basic mathematical
operations in each language. They also had to have contact with both languages before the age of three,
speak both languages at home and the amount of daily use should be at least 40% for each language.

Twelve participants matched the selection criteria. They were twelve healthy right-handed
Spanish – Basque bilinguals (six females and six males), mean age = 26, range = 21–30 years. All
participants were exposed to Basque and Spanish before the age of three. Of the 12 participants, six
learned math in Basque and the other six learned it in Spanish at school The study was carried out in
the Basque Center on Cognition Brain and Language (BCBL) and was approved its institutional review
board. All subjects gave their written informed consent for inclusion before they took part in the study.
The study was conducted in accordance with the Declaration of Helsinki.

2.2. Language Assessment

Language proficiency was assessed with the same three different measures in both languages
(Basque and Spanish) which consisted of: (1) The Boston Naming Test (Kaplan et al. 1983)); (2) an oral
interview performed by an expert and native speaker of both languages. The interview assessed not
only the general vocabulary knowledge, but also general fluency and knowledge of the language, i.e.,
how participants formulated sentences correctly in both languages, verb conjugations, ability to get
their messages through, etc. Scoring in the interview went from zero to five, being zero the lowest score
(lack of the knowledge being tested) to five (complete mastery of the language) and (three) participants
also reported the percentage of daily use of each language (see Table 1).

Table 1. Scores in the different language tests (Experiment 1) for both: Boston Naming Test (BNT):
Mean scores in BNT, (Kaplan et al. 1983). % daily use: Mean percentage of use reported by participants.
Interview: Mean score in the interview session, scores ranged from one to five. % Input refers to the
average amount of time exposed to each language (reading, writing, speaking and listening) by the
participants in each language.

LLmath = Spanish LLmath = Basque

Spanish Basque Spanish Basque

BNT 54 49 54 55
% Daily use 57 43 60 40
Interview 5 5 5 5
% Input 51 49 55 45

2.3. Stimuli and Procedure

Stimuli consisted of numbers in their verbal form. The numbers ranged between one and eight,
and excluding six since it is a cognate (seisSPA − seiEU − sixEN) and nine since it is substantially longer
in Basque than in Spanish (nueveSPA − bederatziEU). Stimuli could be presented in two formats: In
Spanish (e.g., cinco ‘five’), or in Basque (e.g., bost ‘five’). There was no phonological overlap for the
numbers between languages (see Table 2 below). Numbers from 10 onwards were excluded in the
study, this was done to avoid potential confounding effects since Spanish and Basque have different
systems for naming two-digit numbers (see Salillas et al. 2015). Additionally, numerical distance was
equated across all the trials, that is, in all the critical trials prime and targets were different with a
numerical distance of one or three; and these two numerical distances appeared the same number of
times during the task.
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Table 2. Written forms of the numbers in Spanish, Basque and the pseudo-words created for each
language. Their corresponding digits are also presented. Numbers six was excluded from the study
due to its similarity in Basque and Spanish and nine was excluded from the analyses due to the fact
that its difference in length with the rest of the numbers helped to recognize it faster.

Number 1 2 3 4 5 6 7 8 9

Spanish uno dos tres cuatro cinco seis siete ocho nueve
Basque bat bi hiru Lau bost sei zazpi zortzi bederatzi

Pseudo-word
Spanish ibo fos fres cungro cengo - hieve etro hieve

Pseudo-word
Basque zat bo seru Jau botz - zelpi lortsi bemekatxe

Participants were asked to perform a lexical decision task; in order to avoid participant perception
of what the real task was about they were told to classify the items appearing on the screen as “real”
words or pseudo-words. All “real” words were numbers whereas pseudo-words were words derived
from the numbers used as stimuli. In order to create these pseudo words, letters were changed in a
range from two to four letters (e.g., tres–fres), but none of these trials were included in the analysis.
The reason for including a lexical decision task instead of a specific numerical task, is that we wanted
a task in which access to magnitude was indirect, as it has been previously reported that in specific
numeral tasks there is a preference for the LLmath (Salillas and Martínez 2018).

The masked priming sequence began with a forward mask composed of hash-marks (########)
displayed during 500 ms. The forward mask was replaced at the same location on the screen by a
lower case prime item for 40 ms. The prime was immediately replaced by the target in uppercase
letters that remained on the screen for 1000 ms. All target words were followed by an interrogation
(?) to indicate when the participants should respond (see Figure 2 for a schema of the trials in the
task). A total of 384 trials were created, one half (192) were Basque trials, and the other half (192)
were Spanish trials. These trials were then divided into switch trials (96 Basque-Spanish switch trials
and 96 Spanish-Basque switch trials); and non-switch trials (96 Spanish-Spanish non-switch trials
and 96 Basque-Basque non-switch trials). Additionally, a total of 640 distractors were included; these
distractors were the pseudo-words mentioned above.
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Figure 2. The design of this experiment was masked priming. Non-switch trials: The target was in the
same language as the prime (e.g., tres–CINCO). Switch trials were Spanish-Spanish or Basque-Basque.
Switch trials: The target was in a different language (e.g., hiru–CINCO). Non-switch trials were
Spanish-Basque switches and Basque-Spanish switches.
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2.4. MEG Analyses

Data was acquired in a magnetically shielded room using a whole-scalp MEG system
(Elekta-Neuromag, Helsinki, Finland) installed at the BCBL. The system is equipped with 102 sensor
triplets (each comprising a magnetometer and two orthogonal planar gradiometers) distributed around
the head of the participant. We continuously monitored how the head position inside the helmet was
by using four head position indicator (HPI) coils. A 3D digitizer (Fastrak Polhemus, Colchester, VA,
USA) was used to define the location of each coil relative to the anatomical fiducials (nasion, left and
right preauricular points). This procedure is of extreme importance for head movement compensation
during the data recording session. Digitalization of the fiducials plus around 100 additional points
evenly distributed over the scalp of the participant were used during subsequent data analysis to
spatially align the MEG sensor coordinates with T1-weighted MPRAGE magnetic resonance brain
images acquired on a 3T magnetic resonance imaging (MRI) scan (Siemens Medical System, Erlangen,
Germany). A continuous bandpass filter at 0.01–330 Hz and a sampling rate of 1 kHz was used for
the acquisition of the MEG recordings. Eye-movements were monitored with two pairs of electrodes
in a bipolar montage placed on the external chanti of each eye (horizontal electrooculography (EOG)
and above and below right eye (vertical EOG). Source reconstruction in the cortical surface and
volumetric segmentation was reduced to 15,000 vertices in order to simplify analyses, and performed
with the Freesurfer image analysis suite, which is documented and freely available for download online
(http://surfer.nmr.mgh.harvard.edu/). Briefly, this processing corrects for motion and, when having
multiple volumetric T1 weighted images, performs an average, removes non-brain tissue by using
a hybrid watershed/surface deformation procedure automated Talairach transformation, segments
the subcortical white matter and deep gray matter volumetric structures (including hippocampus,
amygdala, caudate, putamen, ventricles). Freesurfer morphometric procedures have been demonstrated
to show good test-retest reliability across scanner manufacturers and across field strengths (Han et al.
2006; Reuter et al. 2012).

2.4.1. Data Pre-Processing

To remove external magnetic noise from the MEG recordings, data were preprocessed off-line
using the temporal Signal-Space-Separation method (Taulu et al. 2005) implemented in Maxfilter 2.1
(Elekta-Neuromag). MEG data were also corrected for head movements, and bad channels were
substituted using interpolation algorithms implemented in the software. Subsequent analyses and
heartbeat and EOG artifacts and data analysis was performed with Brainstorm (Tadel et al. 2011),
which is documented and freely available for download online under the GNU general public license
(http://neuroimage.usc.edu/brainstorm).

2.4.2. Source Estimation Analyses (MNE)

The method used to estimate the sources distributed in the cortex was MNE (Gramfort et al. 2014)
based on all the sensors for each participant/condition average time course. We used the T1-weighted
MRI scans for each individual. Analyses were performed individually using the standard weighted
minimum norm estimate (wMNE) generating a source model for the 15,000 vertices. Before the wMNE
source reconstruction was calculated, the covariance matrix required for computing the wMNE source
reconstruction was obtained based on the data during a 100 ms baseline period. An overlapping spheres
method was used to estimate the forward model. Estimated source activations were standardized
using a Z-score transformation with respect to the average and standard deviation of the source activity
during the 100 ms baseline period. The Z-score source space activity was then projected to a template
(ICBM152 anatomy) for all subjects/condition and averaged for visualization. Relevant latency bands
(300–500 ms) from the event related field (ERF) analyses (see below) were averaged across time in the
Z-score source files and exported for each condition/participant into 3D activation maps for statistical

http://surfer.nmr.mgh.harvard.edu/
http://neuroimage.usc.edu/brainstorm
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analyses at the group level. These analyses consisted of n = 12 F-tests (switch , non-switch) using
SPM8 with an uncorrected threshold of p < 0.001.

2.4.3. ERF Analyses

Sensor clusters and latency bands were identified from previous studies and from Experiments 1
and 2 (Blanco-Elorrieta and Pylkkänen 2016; Chauncey et al. 2008; Christoffels et al. 2007; Duñabeitia
et al. 2010; Jackson et al. 2001). MEG sensors were regrouped into a total of eight clusters, that
is four clusters by hemisphere (temporal left, temporal right, paracentral left, paracentral right,
parietal left, parietal right, frontal left, frontal right). Based on Experiment 1 and 2 results, a window
between 300 ms and 500 ms was considered for the analyses. This time window was divided into
50 ms smaller windows to better capture the effects (similar to Experiments 1 and 2). T-tests were
performed in each time window comparing mean amplitudes of relevant latency bands in each
cluster. Again, the contrast LLmath-OL was considered from participants whose LLmath was Basque
(conditions LLmath-LLmath, OL-LLmath, OL-OL, LLmath-OL, i.e., Basque-Basque, Spanish-Basque,
Spanish-Spanish, Basque-Spanish, respectively), and for participants whose LLmath was Spanish
(conditions LLmath-LLmath, OL-LLmath, OL-OL, LLmath-OL, i.e., Spanish-Spanish, Basque-Spanish,
Basque-Basque, Spanish-Basque, respectively). The four conditions were collapsed between languages
for analysis, providing exactly the same stimuli between conditions. Contrasts for switch costs entailed
the contrast between the switch condition and the non-switch condition for each of the directions
(to LLmath: OL-LLmath versus LLmath-LLmath and to OL: LLmath-OL versus OL-OL).

3. Results

3.1. Behavioral Data

Behavioral data showed significant results. At first sight, reaction times showed that the mean for
the switch conditions had was higher than the non-switch condition. The percentage of errors was
minimal (<1.96%, see Table 3) and the data analyzed are the reaction times of the correct responses
given by the participants. When comparing the switch versus non-switch conditions in each code the
t-tests revealed a significant difference for the LLmath-LLmath (M = 448, SE = 15), OL-LLmath (M = 498,
SE = 16), comparison t (11) = 2.156, p = 0.038. However, this effect was not significant in the OL-OL
(M = 535, SE = 23), LLmath-OL (M = 509, SE = 22) comparison, t (11) =1.087, p = 0.287.

3.2. Source Space

In order to observe the evolution in the brain sources the original 300–500 ms window was split
into four smaller windows (300–350, 350–400, 400–450, 450–500). The first time-window that showed a
switch effect was the 400–450 showing activation in the left middle frontal gyrus and anterior cingulate
gyrus (Brodmann Area 32). In the 450–500 ms time window similar effects were revealed in the
dorsolateral prefrontal cortex (DLPFC) (see statistical parametric maps in Figure 3 and exact peak
coordinates in Table 4).

3.3. ERFs

A visual analysis of the ERF data showed that a component peaking between 300 ms and 500 ms
was more negative for the switch conditions than for the non-switch conditions (see Figure 3). This
difference started at 400 ms and ended at 500 ms as revealed by a consecutive 50 ms time windows
analysis (i.e., 400–450 ms and 450–500 ms) contrasting all switch versus non-switch trials. The t-tests in
each region showed a switch effect only for the OL-LLmath vs. LLmath-LLmath switch in the 400–450 ms
time window in the left frontal area t = −2.289, p = 0.043 (see Figure 4) and in the 450–500 ms the left
temporal areas showed an effect of switch t = 2.487, p = 0.030 (see Figure 4). However, the t-test in the
LLmath-OL switch direction did not show any significant results in any region.
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Table 3. Percentages of correct, incorrect and missing answers by condition and participant in %.

Correct Incorrect Miss

Participant LLmath-LLmath LLmath-OL OL-LLmath OL-OL LLmath-LLmath LLmath-OL OL-LLmath OL-OL LLmath-LLmath LLmath-OL OL-LLmath OL-OL

1 96.88 97.92 98.96 97.92 3.13 2.08 1.04 2.08 0.00 0.00 0.00 0.00

2 95.83 93.75 95.83 100.00 4.17 4.17 2.08 0.00 0.00 2.08 2.08 0.00

3 95.83 94.79 95.83 95.83 1.04 1.04 0.00 0.00 3.13 4.17 4.17 4.17

4 95.83 98.96 97.92 100.00 2.08 0.00 2.08 0.00 2.08 1.04 0.00 0.00

5 97.92 98.96 98.96 98.96 2.08 1.04 1.04 1.04 0.00 0.00 0.00 0.00

6 94.79 94.79 94.79 91.67 4.17 3.13 2.08 7.29 1.04 2.08 3.13 1.04

7 96.88 95.83 96.88 94.79 1.04 1.04 1.04 0.00 2.08 3.13 5.21 5.21

8 98.96 98.96 98.96 97.92 1.04 1.04 0.00 0.00 0.00 0.00 1.04 2.08

9 98.96 97.92 98.96 96.88 1.04 2.08 1.04 2.08 0.00 0.00 0.00 1.04

10 97.92 94.79 93.75 92.71 1.04 3.13 2.08 3.13 1.04 4.17 4.17 4.17

11 96.88 95.83 93.75 90.63 1.04 3.13 4.17 5.21 2.08 1.04 2.08 4.17

12 96.88 97.92 98.96 97.92 3.13 2.08 1.04 2.08 0.00 0.00 0.00 0.00

average s96.97 96.59 96.78 96.12 1.99 1.99 1.52 1.89 1.04 1.61 1.99 1.99
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time-window (400–450 ms) showed the effect in the anterior cingulate gyrus and left middle frontal
gyrus. In the second time-window, the effects were similar to those in the previous time-window in the
left inferior frontal gyrus.

Table 4. Main effects in the two different time windows (400–450 ms and 450–500 ms) showing the
regions where the effect of the switch was located, their coordinates and their respective statistical
values (T, Z0 and p-value).

Time Brain Region Peak MNI Coordinates
(x, y, z) T-Value Z0-Value p-Value

400–450 ms BA 32 (Anterior Cingulate
Gyrus) −2, 42, 16 3.98 3.42 0.000

Left Middle Frontal Gyrus −22, 4, 54 3.70 3.29 0.000

450–500 ms BA 9 (Dorsolateral
Prefrontal Cortex) −54, 32, 26 3.79 3.29 0.000
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Figure 4. Event related fields (ERF) showing the asymmetry in the switch comparing the OL-LLmath

(left part of the figure) versus the LLmath-OL switch (right part of the figure). The OL-LLmath direction
showed the asymmetry in the switch in two different time windows (400–450 ms and 450–500 ms).
In the top of the image the switch effect was found in the left-frontal cluster in the 400–450 ms time
window. In the bottom of the image the effect was found in the left temporal cluster for the 450–500 ms
time window.

4. Conclusions

In the present study, the unexplored relative dominance between the two codes for math has
been investigated during the performance of a code-switching task. Results show that asymmetric
switch costs occur when switching between LLmath and OL in perfectly balanced bilinguals. This
asymmetry is similar to other switch cost asymmetries reported in general language between the
first and second languages (L1 and L2) in unbalanced bilinguals (Alvarez et al. 2003; Chauncey et al.
2008; Costa and Santesteban 2004; Duñabeitia et al. 2010; Macizo et al. 2012; Meuter and Allport 1999;
Moreno et al. 2002; Palmer et al. 2010; Proverbio et al. 2004). The transition from the non-dominant to
the dominant code (OL to LLmath) implies a larger negativity (a bigger switch cost) at the N400 latency.
This switch cost does not depend on the relative proficiency between L1 and L2 but on the LLmath and
OL relative proficiency.

Arithmetic memory networks depend on early learning (Salillas and Wicha 2012). Balanced
bilinguals have mathematical concepts that are accessed more efficiently in the language in which
they learned simple arithmetic. However, also the most basic numerical representation has showed
linguistic traces, inherited from early learning (Salillas and Carreiras 2014). When exposure to number
words is associated with quantity during early learning, number representations might be shaped
by that particular language. The present data crucially extends these conclusions, highlighting the
importance of early learning to lexical representations of number words. The bilingual number word
system is unbalanced and can cohabit with more balanced representations for non-numerical words in
fluent bilinguals. This experiment was designed to explore the dominance of the linguistic codes for
math (whether they are LLmath dependent or not). Participants were balanced bilinguals who have
learned math in one of their two languages). Results show an asymmetric switch cost in the codes for
math, the switch cost occurs in the OL to LLmath direction.
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Taken together these results support the predictions formulated in this work. First, we have
demonstrated that the switch costs between the two codes for math are asymmetrical. Based on the
significant differences found on the ERF analyses, we have shown that the LLmath modulates these
asymmetries; such effects are consistent in both behavioral and neuroimaging data as the two techniques
show the same results; these switches seem to follow a similar mechanism that language switching
and, according to some authors, might trigger general cognitive control mechanisms (Abutalebi et al.
2012; Craik and Bialystok 2006; Dijkstra and Van Heuven 1998; Garbin et al. 2010; Green 1998).

In sum, arithmetic memory networks depend on early learning (Salillas and Wicha 2012). Balanced
bilinguals have mathematical concepts that are accessed more efficiently in the language in which
they learned simple arithmetic. However also, the most basic numerical representation has showed
linguistic traces, inherited from early learning (Salillas and Carreiras 2014). When exposure to number
words is associated with quantity during early learning, number representations might be shaped
by that particular language. The present data crucially extends these questions and highlights the
importance of early learning to lexical representations of number words. The bilingual number word
system is unbalanced and can cohabit with more balanced representations for non-numerical words in
fluent bilinguals.

This experiment also addressed the neurophysiological effects of the switch cost between the two
codes for math and investigated the anatomical basis of these costs. We contrasted the switch versus
the non-switch conditions in both the LLmath and OL in a lexical decision task. We found an asymmetry
in the switch costs being the OL-LLmath switch direction the one showing the asymmetry. Additionally,
the source estimation analyses helped to estimate the brain regions behind this switch and localized it
in the left hemisphere, more concretely in frontal and temporal regions. These results are in accordance
with previous studies observing the neuroanatomical bases of language switches for language and
locate the regions of the switch in frontal regions, more concretely in anterior cingulate gyrus (BA 32),
left middle frontal gyrus and DLPFC, which agrees with previous studies locating the sources of the
switch in frontal regions (Abutalebi and Green 2007; Hernandez et al. 2001; Hernandez et al. 2000;
Rodriguez-Fornells et al. 2005; Wang et al. 2007; Blanco-Elorrieta and Pylkkänen 2016). These locations
coincide with the location of general task switching mechanisms in frontal areas of the brain (Craik and
Bialystok 2006; Garbin et al. 2010; Abutalebi et al. 2012). The anterior cingulate cortex has been related
to attention and comprehension (Carter et al. 1999; Frith et al. 1991; Hikosaka and Isoda 2010) and the
left middle frontal gyrus and DLPFC have been reportedly involved in inhibition (Abutalebi and Green
2007), which consequently matches the idea of having the same switch mechanism for both LLmath/OL
codes and L1/L2 codes. In conclusion, the control mechanisms applied to numerical lexicons seem
of similar nature to those applied to general language, as shown in paradigms using non-numerical
words, in the sense that they are sensitive to different baseline activations as reflected by the asymmetry
of the switch costs. Therefore, while two different dominance patterns would be at work for numerical
and non-numerical words, similar control mechanisms could be acting in both domains.

For math, it seems as the dominant language will always be the one in which numerical knowledge
was first acquired. As predicted, the pattern of dominance for math is determined by LLmath even
though shared control mechanisms are used.
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