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1 | INTRODUCTION
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Abstract

Prior studies on the brain bases of arithmetic have not focused on (or even described)
their participants' language backgrounds. Yet, unlike monolinguals, early bilinguals
have the capacity to solve arithmetic problems in both of their two languages. This
raises the question whether this ability, or any other experience that comes with
being bilingual, affects brain activity for arithmetic in bilinguals relative to monolin-
guals. Here, we used functional magnetic resonance imaging to compare brain activ-
ity in 44 English monolinguals and 44 Spanish-English early bilinguals, during the
solving of arithmetic problems in English. We used a factorial design to test for a
main effect of bilingual Language Experience. Based on the known modulating roles
of arithmetic operation and age, we used two arithmetic tasks (addition and subtrac-
tion) and studied two age groups (adults and children). When collapsing across opera-
tions and age, we found broad bilateral activation for arithmetic in both the
monolingual group and the bilingual group. However, an analysis of variance revealed
that there was no effect of Language Experience, nor an interaction of Language
Experience with Operation or Age Group. Bayesian analyses within regions of inter-
est chosen for their role in arithmetic further supported the finding of no effect of
Language Experience on brain activity underlying arithmetic. We conclude that early

bilingualism does not influence the functional neuroanatomy of simple arithmetic.
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Arsalidou & Taylor, 2011; Peters & De Smedt, 2018). However, prior

neuroimaging studies have not taken into consideration the potential

Arithmetic is a critical academic and life skill. As such, there have been
significant efforts to understand the factors that contribute to the
successful acquisition of arithmetic (Duncan et al., 2007; National
Mathematics Advisory Panel, 2008) and to characterize its neural cor-
relates (Arsalidou, Pawliw-Levac, Sadeghi, & Pascual-Leone, 2018;
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role of bilingualism, even though sustained bilingual language experi-
ences are prevalent across the globe (Crystal, 2012; Grosjean, 2010;
Tucker, 1998). Instead, our current knowledge about the brain bases
of arithmetic is largely derived from studies where participants' lan-
guage backgrounds are not specified. To illustrate this point, of the
56 functional magnetic resonance imaging (fMRI) studies cited in

recent meta-analyses and reviews of arithmetic in adults and children
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(Arsalidou et al., 2018; Arsalidou & Taylor, 2011; Peters & De
Smedt, 2018), only four explicitly mentioned whether their partici-
pants were monolingual (two studies) or bilingual (two studies). This
observation means that over 90% of studies may have included some
or many participants who are bilingual. Bilingual individuals in these
studies will likely have been capable of performing the same arith-
metic task in another language, particularly those with early use of
their two languages. While arithmetic performance may be the same
for bilinguals and monolinguals, the neural substrates recruited may
differ. This raises the question whether the inclusion of bilingual par-
ticipants influences the results of these brain imaging reports and sub-
sequent meta-analytic results. In this study, we addressed this
important question by examining whether early bilingual language

experience influenced brain activity during arithmetic.

1.1 | Possible role of the bilingual language
experience on arithmetic

While some behavioral studies show differences in arithmetic perfor-
mance between monolinguals and bilinguals (Daubert & Ramani,
2019; Hartanto, Yang, & Yang, 2018), others do not (Bialystok &
Codd, 1997; Goldman, Negen, & Sarnecka, 2014; Sarnecka, Negen, &
Goldman, 2017). Yet, there are several reasons why the bilingual lan-
guage experience could produce differences in the neurofunctional
bases of arithmetic. One is that bilinguals have extensive and routine
experience managing two language systems that are always mentally
“active,” and it has been argued that juggling two languages in this
way may affect executive functions (i.e., skills that are needed to
guide and control thoughts and actions). Indeed, prior literature has
shown that some executive function skills are stronger in bilinguals
compared to monolinguals (e.g., inhibitory control, attention, working
memory, and shifting; Bialystok, 2017; Bialystok, Craik, Green, &
Gollan, 2009; Bialystok, Craik, & Luk, 2012; Hilchey & Klein, 2011;
Kroll & Bialystok, 2013; Valian, 2015). However, not all behavioral
studies have found such an effect (Blom et al., 2017; Bonifacci et al.,
2011; Dick et al., 2019; Engel de Abreu, 2011; Lehtonen et al., 2018;
Nichols, Wild, Stojanoski, Battista, & Owen, 2020; Paap, 2019; Ratiu &
Azuma, 2015). Another body of research has found executive function
skills are important predictors of arithmetic, indicating a role for exec-
utive function skills like working memory in arithmetic (Best, Miller, &
Naglieri, 2011; Bull & Lee, 2014; Cragg & Gilmore, 2014; DeStefano &
LeFevre, 2004; Friso-Van Den Bos, Van Der Ven, Kroesbergen, & Van
Luit, 2013; Peng, Namkung, Barnes, & Sun, 2015; Raghubar, Barnes, &
Hecht, 2010; Yeniad, Malda, Mesman, Van ljzendoorn, & Pieper,
2013). Integrating these two disparate lines of work leads to the pos-
sibility that bilinguals may be equipped differently when it comes to
tackling arithmetic tasks by having stronger executive function skills.
While the literature has been dominated by studies examining how
executive functions are purportedly bolstered by the bilingual experi-
ence, similar evidence exists for phonological processing
(i.e., processing language at the level of the sound unit), which is also

thought to be stronger in bilinguals (for reviews, see Barac, Bialystok,

Castro, & Sanchez, 2014; Wren, Hambly, & Roulstone, 2013). Similar
to executive function skills, phonological processing skills also predict
arithmetic abilities, indicating a role for phonological retrieval during
arithmetic (De Smedt & Boets, 2010; De Smedt, Taylor, et al., 2010;
Fuchs et al., 2006; Hecht, Torgesen, Wagner, & Rashotte, 2001;
Vukovic & Lesaux, 2013). Together, these findings raise the question
whether cognitive adaptations in bilinguals result in different brain
activity in bilinguals compared to monolinguals when engaging in
arithmetic.

Relationships between bilingualism, executive function, phono-
logical processing, and arithmetic are also found in neuroimaging stud-
ies, even though no studies have directly compared monolinguals and
bilinguals during arithmetic. Generally speaking, arithmetic recruits a
bilateral fronto-parietal network, including the superior parietal lob-
ules, intraparietal sulci, inferior parietal lobules, hippocampi, occipito-
temporal regions, as well as middle and inferior frontal gyri (Arsalidou
et al., 2018; Arsalidou & Taylor, 2011). Activity in these regions is
modulated by operation and age (see Peters & De Smedt, 2018). This
fronto-parietal arithmetic network overlaps with some of the same
brain regions shown to differ in brain function between monolinguals
and bilinguals (for reviews see: Costa & Sebastian-Gallés, 2014,
Grundy, Anderson, & Bialystok, 2017; Pliatsikas, 2020; Pliatsikas &
Luk, 2016). Notably, regions that differ between monolinguals and
bilinguals tend to be associated with executive control (e.g., dorsolat-
eral and ventrolateral prefrontal, anterior cingulate, and inferior and
superior parietal cortices; Bialystok et al., 2012), and some of the
regions are also involved in phonological retrieval (left parietal and
inferior frontal brain regions). Taken together, the overlap between
brain regions that differ between monolinguals and bilinguals and
those recruited for executive function, phonological retrieval, and
arithmetic suggests that the bilingual experience could impact the
functional anatomy of arithmetic in a number of ways. This under-
scores the need to compare brain activity in monolinguals and bilin-
guals during arithmetic processing, which was the goal of the current
study. To help shed light on the mechanisms that might be at play, we
used two distinct arithmetic tasks that are thought to differentially
executive  function retrieval, as

rely on and phonological

discussed next.

1.2 | Brain activity is modulated by the nature of
the arithmetic task

Some arithmetic operations, such as subtraction and division, tend to
be solved with calculation-based strategies like counting or transfor-
mation (Barrouillet, Mignon, & Thevenot, 2008; Campbell &
Xue, 2001; Siegler, 1996). In contrast, operations such as addition and
multiplication tend to rely more on language-mediated fact retrieval,
particularly for arithmetic problems with small numbers (Imbo &
Vandierendonck, 2008). Functional MRI studies have also shown
calculation- and retrieval-based arithmetic recruit different brain
regions: calculation recruits bilateral frontal and parietal regions and

retrieval recruits left-lateralized inferior frontal and parietal regions
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(Cho, Ryali, Geary, & Menon, 2011; De Smedt, Holloway, et al., 2010;
Evans, Flowers, Luetje, Napoliello, & Eden, 2016; Grabner et al., 2009;
Polspoel, Peters, & De Smedt, 2017; Prado et al., 2011; Tschentscher
& Hauk, 2014; Yang et al., 2017). Importantly, brain regions involved
in calculation-based arithmetic tend to overlap with those for execu-
tive control (right middle frontal gyrus, bilateral intraparietal sulci, right
superior parietal lobule, and left temporo-parietal cortex; Matejko &
Ansari, 2021; Zago et al., 2008), whereas regions involved in retrieval-
based arithmetic overlap with those involved in phonological
processing (left inferior frontal and temporo-parietal areas; Pollack &
Ashby, 2017). The possible effects of bilingualism on executive con-
trol and/or language-based phonological retrieval motivated us to
examine brain activity for operations that involved either calculation-
or retrieval-based arithmetic. Specifically, we included subtraction
(calculation-based) and addition (retrieval-based) tasks to investigate
whether arithmetic operation played a modulating role in the potential
differences between monolinguals and bilinguals (i.e., an interaction of
bilingual language experience and operation).

1.3 | Age-related changes in brain activity

There is evidence that young bilingual children (ages 4-7) have rela-
tively better numerical reasoning and arithmetic skills than monolin-
gual children (Daubert & Ramani, 2019; Hartanto et al., 2018),
although these differences do not hold up in all studies of bilinguals
(Bialystok & Codd, 1997; Goldman, Negen, & Sarnecka, 2014;
Sarnecka et al., 2017). Further, there is no evidence that older bilingual
children, adolescents, or adults have better arithmetic skills than mono-
linguals. Therefore, if this effect is age specific, it is important to study
adults and children. Age is also an important consideration when it
comes to the neural bases of arithmetic processing. Behavioral studies
have demonstrated that younger children's arithmetic processing is less
automatized and involves more laborious strategies like counting, as
opposed to the efficient retrieval of memorized arithmetic facts
employed by adults (Barrouillet & Fayol, 1998; Caviola, Mammarella,
Pastore, & LeFevre, 2018; Vanbinst, Ghesquiere, & De Smedt, 2014).
Given this developmental trajectory of arithmetic processing, it has
been of interest to determine whether brain activity during arithmetic
differs between adults and children. Studies of arithmetic that included
adults and children have found that activity in frontal brain areas
decreases with greater age, while activity in parietal areas increases.
This reflects an overall frontal to parietal shift over development as
arithmetic processing becomes automatized and requires fewer frontal
executive function resources (Chang, Metcalfe, Padmanabhan, Chen, &
Menon, 2016; Davis et al., 2009; Evans et al, 2016; Kawashima
et al., 2004; Kucian, Von Aster, Loenneker, Dietrich, & Martin, 2008;
Rivera, Reiss, Eckert, & Menon, 2005; for reviews of the brain bases of
arithmetic over development, see Peters & De Smedt, 2018; Zamarian,
Ischebeck, & Delazer, 2009). Similarly, the neural bases for executive
function (Klingberg, Forssberg, & Westerberg, 2002; Kwon, Reiss, &
Menon, 2002; Luna, Padmanabhan, & O'Hearn, 2010) and phonologi-
cal processing (Bitan et al., 2007) have been shown to change with

age. Therefore, an investigation into the brain bases of arithmetic in
bilinguals could have different outcomes depending on whether adults
or children are studied (i.e., an interaction of bilingual language experi-
ence and age group). Lastly, it has been suggested that the advantage
for executive control in bilinguals is more pronounced in children than
adults (Bialystok, Martin, & Viswanathan, 2005; Kroll &
Bialystok, 2013; but see D'Souza, Moradzadeh, & Wiseheart, 2018;
Paap, 2019) due to adults having reached peak executive function per-
formance. For these reasons, both adults and children were included in

the present study.

14 | Current study

When considered together, the behavioral and neuroimaging litera-
ture discussed above suggest that the brain bases for arithmetic
processing in monolinguals and bilinguals may differ. Specifically, bilin-
guals have been shown in some studies to have relatively stronger
executive function and phonological skills, which are both important
for arithmetic. Further, there is spatial overlap between brain regions
shown to differ in bilinguals (relative to monolinguals) and those
underlying arithmetic, executive control, and language-related (phono-
logical processing) functions. However, it has not been directly tested
whether the neural underpinnings of arithmetic differ between mono-
linguals and bilinguals. The result has important repercussions for the
interpretation of the existing corpus of studies on the neural signa-
tures for arithmetic. The purpose of this study was therefore to com-
pare brain activity during arithmetic processing in English monolingual
and Spanish-English early bilingual participants. We predicted brain
regions involved in calculation- and retrieval-based arithmetic
(Peters & De Smedt, 2018) may both be affected by a bilingual lan-
guage experience. Specifically, we anticipated that brain activity dur-
ing arithmetic might differ in regions known to be involved in
executive function (e.g., bilateral intraparietal sulci, superior parietal
lobules, and middle frontal gyri), especially for calculation-based arith-
metic (subtraction), which is thought to rely on executive control. At
the same time, there is reason to expect differences between mono-
linguals and bilinguals in regions involved in phonological processing
(e.g., in left temporo-parietal areas and the left inferior frontal gyrus),
especially during retrieval-based arithmetic (addition) due to its reli-
ance on language areas. We further explored whether differences
between the monolingual and bilingual groups were modulated by age
because arithmetic, executive control, and phonological processing
undergo developmental changes, which could result in a more pro-
nounced effect of bilingualism in children.

We studied 44 English monolinguals (25 adults and 19 children)
and 44 Spanish-English early bilinguals (26 adults and 18 children).
We first conducted two whole-brain one-sample t-tests to depict
areas activated by arithmetic in monolingual and bilingual groups sep-
arately (averaging over both operations and both age groups). Next,
we used a whole-brain 2 x 2 x 2 mixed factorial analysis of variance
(ANOVA; Language Experience, Operation, Age Group) to test for a
main effect of Language Experience, as well as interactions between
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Language Experience and Operation, and Language Experience and
Age Group. Last, we interrogated 14 regions of interest (ROlIs) in the
arithmetic network (seven in each hemisphere) using Bayesian ana-
lyses to examine the strength of evidence for the null versus alterna-

tive hypotheses.

2 | METHODS

2.1 | Participants

Participants were 25 English monolingual adults (aged 18-29 years),
19 English monolingual children (aged 6-12 years), 26 Spanish-English
bilingual adults (aged 18-28 years), and 18 Spanish-English bilingual
children (aged 7-12 years), all recruited from the greater Washington,
D.C. Metropolitan Area (Table 1). Age was similar for monolingual and
bilingual children, as well as bilingual and monolingual adults: an
ANOVA examining the effects of age between groups revealed no
main effect of Language Experience (Monolingual/Bilingual)
(Fia.84) = .48, p = .49), nor an interaction between Language Experi-
ence and Age Group (Adults and Children) (F(1 g4y = .02, p = .89); there
was, necessarily, a main effect of Age Group, F(; g4) = 342.5, p <.001).
Likewise, the sex distribution among the groups was not significantly
different (X [3, N = 88] = 4.88, p = .18). Handedness was assessed
(in English) with the Edinburgh Handedness Test (Oldfield, 1971). All
participants were right-handed except for three bilingual children who
were left-handed. To exclude participants with math-based learning
disabilities, mathematical abilities were evaluated for screening pur-
poses (in English) using the Woodcock Johnson Il Tests of Achieve-
ment Calculation subtest (Woodcock, McGrew, & Mather, 2001). All
had standard scores greater than 85, indicating that their math abili-
ties fell within or above the normal range.

All adult participants, monolinguals, and bilinguals, had graduated
high school and were either enrolled in an undergraduate program or
had completed a bachelor's degree (or higher) at the time of participa-
tion. Among the children, all of their parents had graduated from high
school and the great majority (95%) had attended college, with 88%
having completed a college degree, and this distribution was equal
between the parents of monolingual and bilingual children. Bilingual
participants learned both Spanish and English prior to the age of six,
using both daily. They had minimal exposure to a third additional lan-
guage, except one bilingual child who had a parent who spoke
Portuguese at home. As is common in bilingual research, we used a

guestionnaire to gauge the competence of the bilinguals' two

languages as described in Meschyan & Hernandez (2006). Adult bilin-
gual participants rated their listening, speaking, reading, and writing
skills in both languages on a scale of 1 (low competence) to 7 (native-
like). For bilingual children, a parent made this assessment for their
child. The overall score across all four measures in the bilingual groups
was a 6.6 for English and a 6.2 for Spanish (adults and children com-
bined), indicating high competence in both languages.

All experimental procedures were approved by the Institutional
Review Board at Georgetown University. Written informed consent
was obtained from all participants aged 18 years or older; for partici-
pants younger than 18, parental written consent was obtained in addi-
tion to verbal and written assent from the child. Several monolingual
participants (15 adults and 12 children) were previously included in a
study examining the role of age on the neural bases of arithmetic
(Evans et al., 2016).

2.2 | Digitspan

Though we did not use a battery of executive function or working
memory measures, we tested working memory (in English) using the
Digit Span (WAIS-III for adults, WISC-IIl for children; Wechsler, 1991,
1997). The Digit Span is a standardized measure that gauges a per-
son's ability to repeat a recently heard string of numbers, both for-
ward and backward. This test allowed us to compare working memory
in our monolingual and bilingual participants, and to examine the rela-
tionship between working memory and math skills (Adesope, Lavin,
Thompson, & Ungerleider, 2010; Bull & Lee, 2014; Cragg &
Gilmore, 2014; Daubert & Ramani, 2019; DeStefano & LeFevre,
2004; Grundy & Timmer, 2017; Hartanto et al., 2018). Specifically, we
conducted a post-hoc 2 x 2 ANOVA to test for a main effect of Lan-
guage Experience, as well as for an interaction between Language
Experience and Age Group on Digit Span (note: Digit Span data were
missing for 1 monolingual adult and 2 monolingual children). We also
conducted Pearson's correlations for the entire sample between Digit
Span and the Woodcock Johnson Il Tests of Achievement Calculation
subtest (Woodcock et al., 2001).

2.3 | In-scanner arithmetic task
In the MRI scanner, participants completed two runs of a single-digit
arithmetic verification task. This task has been used in prior studies

examining the functional brain bases of arithmetic (Evans et al., 2014,

TABLE 1 Demographic characteristics
Monolinguals Bilinguals
Adults Children Adults Children p-value
N sex (F/M) 25 (11F/14M) 19 (8F/11M) 26 (18F/8M) 18 (11F/7M) ns.
Avg. age in years (age range) 21.8 (18.7-29.2) 9.4 (6.8-12.8) 22.1(18.4-28.6) 9.9 (7.7-12.6) n.s.
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ADDITION SUBTRACTION
ADDITION CONTROL SUBTRACTION CONTROL
FIXATION 4+5=9 FIXATION 4+A=2 FIXATION 9-2=8 FIXATION b=5=} FIXATION
18s 42s 18s 42s 18s 42s 18s 42s 18s

FIGURE 1

2016) and was adapted from similar tasks used by others (Rivera
et al, 2005). A schematic of one run of the task is depicted in
Figure 1. Prior to entering the MRI scanner, participants received
training on the task with paper stimuli, then on a computer screen,
and finally in a mock scanning environment. The training was
reinforced until participants were comfortable with the task and able
to perform it successfully. For the arithmetic task, participants solved
visually presented addition or subtraction problems consisting of Ara-
bic digits (e.g., 3 + 5 = 8; 9 — 3 = 6) and responded with a left/right
hand button press to indicate whether the provided solution was cor-
rect or incorrect. Incorrect solutions deviated from the correct answer
by a value of 1. For the active control task for both addition and sub-
traction, one digit on each side of the equal sign was replaced with
pseudofont characters. Participants were asked to indicate whether
these two pseudofont characters were the same or different (e.g.,
3+0=p; ¢-2=0). In all conditions, half of the stimuli were correct. Bilin-
gual participants were asked to think in English while completing the
task, an instruction that was reinforced by reminders delivered in
English before each run. Participants completed further tasks in Span-
ish during their visit, but the English math scans were embedded in an
imaging session with another task (single word processing) conducted
in English.

The task was executed with the software Presentation using a
block-design. Each of the two runs consisted of unique problems such
that no problems repeated between runs. The order of the runs was
counterbalanced across participants and randomized at the outset of
the study. One block of each task (Addition, Addition Active Control,
Subtraction, and Subtraction Active Control) was presented per run.
Each block contained 10 stimuli and was 42 s in duration. Each stimu-
lus was presented on the screen for 3,000 ms, followed by a 1,200 ms
interstimulus interval during which a fixation cross was presented.
Participants could respond while the problem was being presented, or
during the interstimulus interval. There were passive Fixation blocks
of 18 s duration prior to and following each of the task blocks. The
beginning of each run also had an additional 6 s of fixation to allow
for saturation effects, and the end of the run had an additional 3 s to
allow the hemodynamic response function to return to baseline
(resulting in a total fixation period of 24 s at the beginning and 21 s at
the end). Together, the entire run lasted 4 min and 27 s.

Runs from any participant who scored less than 50% (rep-
resenting chance levels in this two-alternative task) on Addition and
Subtraction trials combined were excluded from analyses. One run
from a monolingual child and one run from two bilingual children were
excluded for this reason. In these three cases, the remaining run from

the participant was entered into analyses. No participants scored less

Schematic of one run of the fMRI math task, reflecting alternating blocks of fixation, task, and active control conditions

than 50% on the arithmetic (pseudofont) active control task. Reaction
time data were also collected for later analyses. Accuracy and
reaction time were scored such that if participants made two
responses we took the second response, and reaction time was mea-
sured from the start of the trial to the time of the second response.
In-scanner performance data were missing for one monolingual adult,
one monolingual child, and one bilingual adult.

Accuracy and reaction time data from the in-scanner math tasks
(averaging across those runs included) were submitted toa 2 x 2 x 2
mixed factorial ANOVA to parallel the factorial fMRI analysis, with
Language Experience (Monolinguals vs. Bilinguals) and Age Group
(Adults vs. Children) as between-subjects factors and Operation
(Addition vs. Subtraction) as a within-subjects factor. Analyses were
conducted using the open statistical software program jamovi, version
1.1.9.0 (the jamovi project, 2020) and main effects and interactions
were considered statistically significant at p <.05.

24 | fMRI acquisition and preprocessing

Whole head echo-planar images (EPI) were collected on a 3.0-Telsa
Siemens Magnetom Tim Trio scanner at the Center for Functional and
Molecular Imaging at Georgetown University Medical Center with the
following parameters: TR of 3,000 ms, TE of 30 ms, 64 x 64 matrix,
192 mm FOV, flip angle = 90°, 50 axial slices collected in a des-
cending sequence, 3.0 x 3.0 x 2.8 mm voxels with a 0.2 mm gap. For
each functional run, 89 full 3D brain volumes were collected. High-
resolution T1-weighted structural brain images were also collected,
for the purpose of coregistering the functional images.

2.5 | fMRIl analysis

Preprocessing and first level analyses were conducted using SPM12
(Statistical Parametric Mapping, 2020). Preprocessing involved
removal of the first five volumes of each run to account for T1 satura-
tion effects. The remaining volumes were corrected for slice timing
and then for motion deviations within each run. Any run in which a
participant's motion deviated more than 1.5 mm in more than 10% of
volumes (measured from one volume to the next) was removed from
analyses. Three runs from monolingual children, three from bilingual
adults, and two from bilingual children were excluded for this reason.
In cases where a run was removed for a given participant, the
remaining run was included in analyses. Further, volumes exceeding

the 1.5 mm threshold were censored and 6 motion parameters
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representing movement in the roll, pitch, yaw, x, y, and z directions
were entered as regressors in functional analyses. A threshold of more
than a 5% deviation in global signal was additionally used as an exclu-
sion criterion; no runs from any participant exceeded this threshold.
Motion-corrected (realigned) images were then coregistered to each
participant's high-resolution structural image. Finally, images were
normalized to the standard Montreal Neurological Institute (MNI) EPI
template and smoothed using an 8 mm?® full width half maximum
Gaussian kernel. Functional images from all participants were normal-
ized to the adult template, in accordance with prior published work
comparing the functional neuroanatomy of arithmetic in adults and
children (Evans et al., 2016). Images underwent careful visual inspec-
tion to ensure that they were free of neural abnormalities or artifacts,

and to verify that each preprocessing step was executed successfully.

2.6 | Brain imaging analyses

2.6.1 | Whole-brain within-group maps for
arithmetic in monolinguals and bilinguals (age groups
and operations combined)

We first generated within-group maps of brain activity during arith-
metic, separately in Monolinguals and Bilinguals (collapsed across age
groups and operations). Both of the active arithmetic tasks were com-
pared to the active control tasks (i.e., [Addition + Subtraction] >
[Addition Active Control 4+ Subtraction Active Control]), and within-
group maps were generated using one-sample t-tests implemented in
SPM12 (Statistical Parametric Mapping, 2020). A height threshold of
p <.001 and a false-discovery rate (FDR) cluster-level extent threshold
of p <05 were used. Data were visualized using MRIcroGL
(Rorden, 2019).

2.6.2 | Whole-brain mixed factorial ANOVA

To address the role of bilingual Language Experience we conducted a
2 x 2 x 2 mixed factorial ANOVA implemented in SPM12 (Statistical
Parametric Mapping, 2020) with Language Experience (Monolinguals
vs. Bilinguals) and Age Group (Adults vs. Children) as between-
subjects factors and Operation (Addition vs. Subtraction) as a within-
subjects factor. First, we examined the main effect of Language Expe-
rience, followed by interactions of Language Experience x Operation,
and Language Experience x Age Group. We first performed the
ANOVA contrasting the Addition and Subtraction tasks with
the active control tasks (i.e., Addition > Addition Active Control;
Subtraction > Subtraction Active Control). We also performed a sec-
ond ANOVA, this time contrasting the Addition and Subtraction tasks
with the low-level Fixation condition (i.e., Addition > Fixation; Sub-
traction > Fixation). This second analysis provided a check in case the
children process the active control tasks differently than the adults, in
which case age-related differences in brain activity during arithmetic

could be due to the active control task rather than the arithmetic tasks

per se (Church, Petersen, & Schlaggar, 2010). A height threshold of
p <.005 and an FDR cluster-level extent threshold of p <.05
were used.

While these ANOVAs were executed at the level of the whole
brain, we also conducted a post hoc analysis within 14 ROIs that are
known to be involved in arithmetic. For a detailed description of the

methods of this analysis, please see Supporting Information.

2.6.3 | Bayesian region of interest analyses

In addition to the frequentist statistical tests described above, we con-
ducted a post hoc Bayesian mixed factorial ANOVA (Rouder, Morey,
Speckman, & Province, 2012). For this analysis, we contrasted the
mean signal change for the Addition and Subtraction tasks relative to
Fixation. This was done in the same 14 ROIs known to be involved in
arithmetic noted above. These regions were selected based on a
review by Peters and De Smedt (2018) on the functional correlates of
arithmetic in adults and children. Specifically, we took those brain
regions depicted in Figure 1 of the Peters and De Smedt review: left
and right hemisphere hippocampi, superior parietal lobules,
intraparietal sulci, angular gyri, supramarginal gyri, inferior frontal gyri,
and middle frontal gyri. These regions are listed in Table 2 according
to their role in calculation- or retrieval-based arithmetic described by
Peters and De Smedt (2018). To capture these regions, masks were
generated using the Anatomy Toolbox (Eickhoff et al., 2007) for all
ROIs except the middle frontal gyrus, which was created using the
Harvard-Oxford Atlas in FSL (version 6.0), and removing any overlap
with the inferior frontal gyrus ROIl. Mean signal was extracted from
each ROI (7 homotopic regions in each hemisphere using MarsBaR
version 0.44; Brett, Anton, Valabregue, & Poline, 2016). We used the
beta values of the general linear model for the arithmetic tasks versus
fixation. The analyses were conducted using the “jsq” module in the
open statistical software program jamovi, version 1.1.9.0 (the jamovi
project, 2020). We used a Bayesian ANOVA (using the default Cauchy
prior) to establish evidence for the null hypothesis versus the alterna-

tive hypothesis.

TABLE 2 Left and right hemisphere regions of interest used in the
analyses based on a review by Peters and De Smedt (2018)

Regions of interest (ROI) Arithmetic process

1. Hippocampi (HC) Retrieval
2. Superior parietal lobules (SPL) Calculation
3. Intraparietal sulci (IPS) Calculation
4. Angular gyri (AG) Retrieval
5. Supramarginal gyri (SMG) Retrieval

6. Inferior frontal gyri (IFG) Retrieval/calculation

7. Middle frontal gyri (MFG) Calculation

Note: The fusiform gyrus was not included in our analysis because its role
is not specific to calculation- or retrieval-based arithmetic.
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3 | RESULTS
3.1 | Digitspan

In a2 x 2 ANOVA (Language Experience and Age Group as between-
subjects factors), there was a main effect of Language Experience
(Fia81) = 4.27, p = .042), and main effect of Age Group (F(1 g1) = 6.15,
p = .015), where monolinguals had higher standard Digit Span scores
than bilinguals, and adults had higher standard Digit Span scores than
children. There was no interaction between Language Experience and
Age Group. In the group as a whole (n = 85), we found that Digit Span
was positively correlated with Calculation (r(83) = .36, p <.001).

3.2 | In-scanner arithmetic task

Accuracy and reaction time scores for each task are reported in
Table 3. A mixed factorial ANOVA was conducted to parallel the fac-
torial fMRI analysis (Language Experience and Age Group as between-
subjects factors, and Operation as a within-subjects factor). When
examining accuracy, the ANOVA revealed no main effect of Language
Experience, nor an interaction of Language Experience with Opera-
tion, or Language Experience with Age. Together, these results dem-
onstrate no difference in accuracy that can be attributed to
bilingualism. While less relevant, there were the following expected
significant effects: a main effect of Operation (F(1 g1) = 36.51, p <.001,
partial 72 = 0.31), a main effect of Age Group (Fi1,81y = 31.93,
p <.001, partial ’72 = 0.28) and an interaction between
Operation x Age Group (F(1g1) = 16.42, p <.001, partial n? = 0.169).
Post hoc t-tests revealed that, as anticipated, Addition problems were
solved more accurately than Subtraction problems (t(81) = 6.04,
p <.001) and Adults were more accurate than Children (t(81) = 5.65,
p <.001), with the relatively greater accuracy of Addition over Sub-
traction being more pronounced for Children than for Adults.

The ANOVA for reaction time revealed a main effect of Language
Experience (F(1,81) = 5.53, p = .021, partial #? = 0.064), but no interac-

tion of Language Experience with Operation, or Language Experience

TABLE 3 Performance on in-scanner arithmetic task

Monolinguals

with Age. Post hoc t-test revealed that monolinguals were faster than
bilinguals (t(81) = —2.35, p = 0.021). The following were also signifi-
cant, as expected: a main effect of Operation (F; g1y = 87.51, p <.001,
partial 72 = 0.52), a main effect of Age Group (Fa,81) = 108.06,
p <.001, partial 4> = 0.57), and an interaction of Operation x Age
Group (Fug1) = 5.74, p = .019, partial n? = 0.066). Post hoc t-tests
revealed that Addition was solved more quickly than Subtraction
(t(81) = —9.35, p <.001), and adults were faster than children
(t(81) = —10.4, p <.001), with the relatively greater speed on Addition
compared to Subtraction problems being more pronounced for chil-

dren than for adults.

3.3 | Whole-brain within-group maps for
arithmetic in monolinguals and bilinguals (age groups
and operations combined)

Activation for the Arithmetic > Active Control contrasts (collapsed
across operations and age groups) can be seen for the Monolinguals
(top panel) and the Bilinguals (lower panel) in Figure 2, and Table 4.
For either group, this activation spanned the bilateral inferior frontal
gyri, bilateral posterior medial frontal cortices, right insula, left

intraparietal sulcus, and left precentral gyrus.

3.4 | Whole-brain mixed factorial ANOVA

The mixed factorial ANOVA, using the contrast of Arithmetic > Active
Control tasks, revealed no main effect of Language Experience, and
no interactions between Language Experience and Operation, or Lan-
guage Experience and Age Group. When the ANOVA was repeated
using the Fixation baseline (instead of the Active Control tasks), it
yielded the same outcome. Lastly, another ANOVA was conducted
within a mask of 14 ROIs selected a priori based on their known
involvement in arithmetic and this also revealed no main effect of
Language Experience, or an interaction of Language Experience with
Operation, or Language Experience with Age Group.

Adults

Addition Accuracy (SD) 99.6% (1.4)

RT (SD) 995 ms (135)
Addition control Accuracy (SD) 98.8% (4.2)

RT (SD) 919 ms (123)
Subtraction Accuracy (SD) 98.8% (3.4)

RT (SD) 1,183 ms (197)
Subtraction control Accuracy (SD) 98.5% (2.3)

RT (SD) 946 ms (150)

Bilinguals

Children Adults Children
93.3% (8.7) 99.2% (1.9) 89.2% (15)
1,760 ms (479) 1,197 ms (227) 1,913 ms (555)
98.6% (2.9) 98.2% (4.5) 95.8% (7.1)
1,258 ms (187) 1,010 ms (154) 1,390 ms (272)
84.7% (20) 96.2% (5.8) 78.3% (18)
2,159 ms (525) 1,457 ms (317) 2,271 ms (568)
96.7% (5.4) 93.8% (9.5) 92.2% (11)

1,271 ms (218)

1,053 ms (186)

1,358 ms (309)

Note: Accuracy (percentage correct), reaction time (RT; in milliseconds), and their standard deviations are reported, separated by Language Experience and

Age group.
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Left Left Right

Monolinguals

Left Right

Bilinguals

FIGURE 2  Group maps for brain activity during arithmetic (compared to the active control task) in monolinguals (yellow) and bilinguals (blue),
collapsed across operations and age groups (height threshold p <.001, FDR p <.05)

TABLE 4 Anatomical locations and
MNI coordinates of significant activation
for the contrast of task > active control Anatomical location X y z T-value Cluster size
task, separately for monolinguals and
bilinguals (collapsed across age groups
and operations)

MNI coordinates

Monolinguals (arithmetic > active control)

L insula -30 22 -2 7.14 4,018
L inferior frontal gyrus
L precentral gyrus

R insula 40 20 2 6.75 1,308
R inferior frontal gyrus

L/R posterior medial frontal cortex -6 12 50 6.19 1,998
L/R medial cingulate cortex

L intraparietal sulcus —66 —-46 14 5.25 2,139

L supramarginal gyrus
L superior temporal gyrus
L superior parietal lobule

R intraparietal sulcus 52 —44 54 5.19 675
R supramarginal gyrus

Bilinguals (arithmetic > active control)

L precentral gyrus —46 -2 40 7.38 17,975
L/R posterior medial frontal cortex

L inferior frontal gyrus

L middle frontal gyrus

L/R anterior cingulate cortex

L/R cerebellum (lobule VI, lobule V)

L intraparietal sulcus —-26 —-52 38 6.82 4,070
L/R precuneus
R insula 30 22 -2 6.20 1,845

R inferior frontal gyrus
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3.5 | Bayesian region of interest analyses

When examining the mean signal extracted from each of the 14 ROls,
all but four regions fell in the range of “substantial,” “strong,” “very
strong,” or “decisive” evidence for the null hypothesis (Wetzels
et al.,, 2011), as indicated by BFy, values ranging from 4.3 to 487.8.
This finding indicates that the evidence was between 4.3 and 487.8
times more likely for the null hypothesis than for the alternative
hypothesis. Four values fell in the realm of merely “anecdotal” evi-
dence for the null hypothesis: main effect of Language Experience in
right intraparietal sulcus (BFp; = 1.3), right hippocampus (BFg1 = 2.3),
and right superior parietal lobules (BFy; = 2.7); and a Language
Experience x Age Group interaction in right intraparietal sulcus
(BFp1 = 1.4).

Results are displayed as a color table (Figure 3), where increasing
intensity of blue denotes increasingly strong evidence for the null
hypothesis, and increasing intensity of orange denotes increasingly
strong evidence for the alternative hypothesis. There were no values
in the orange range.

4 | DISCUSSION

The purpose of this study was to compare brain activity during arith-
metic in English monolinguals and Spanish-English bilinguals. There is
some evidence from behavioral studies, albeit mixed, that suggests
bilinguals have stronger executive function and phonological
processing skills, both of which are known to support arithmetic abili-
ties. Further, there is some overlap in those brain regions shown to
differ in bilinguals (relative to monolinguals) and those known to be
involved in arithmetic, as well as skills related to arithmetic (executive
control, phonological processing). Together this suggests that the neu-
ral bases of arithmetic may differ between monolinguals and bilin-
guals. Yet to date there has been no direct investigation of this
matter, despite the theoretical and practical implications. Prior studies
have been unclear about whether bilinguals were included or

excluded among their participants. Here we addressed this issue
directly. Since arithmetic operation and chronological age also affect
the neural correlates of arithmetic, we included two different opera-
tions (subtraction and addition) and two different age groups (adults
and children) in our study design, recognizing that these factors may
affect whether or not bilinguals differ from monolinguals.

We used fMRI to measure brain activation while participants per-
formed single-digit arithmetic tasks. First, we examined brain activity
for the English monolinguals and the Spanish-English bilinguals, col-
lapsing across operations and age groups. Within-group maps rev-
ealed activation in the bilateral inferior frontal gyri, bilateral posterior
medial frontal cortices, right insula, left intraparietal sulcus, and left
precentral gyrus, indicating that our math tasks reliably activated brain
areas known to be associated with arithmetic (Arsalidou et al., 2018;
Arsalidou & Taylor, 2011). Next, we performed a mixed factorial
ANOVA to investigate the main effect of Language Experience, as
well as interactions of Language Experience with Operation, and Lan-
guage Experience with Age Group. This ANOVA was executed within
the whole brain, and then again in 14 ROIs (seven homotopic regions
in each hemisphere) previously shown to comprise the arithmetic net-
work. All of these analyses revealed no effect of bilingualism on brain
activity underlying arithmetic. To evaluate the strength of these null
findings, we also conducted a Bayesian ANOVA in each of the 14 ROls
and found evidence for the null hypothesis in all of these regions.
There are several reasons that could explain this lack of differences
between monolinguals and bilinguals, each of which will be consid-
ered in turn.

4.1 | Uncertainty about the potential cognitive
effects of bilingualism

One reason for expecting differences in brain activity during arith-
metic between monolinguals and bilinguals was the evidence that the
experience of managing two languages may enhance executive func-
tion skills (Adesope et al., 2010; Bialystok et al., 2009, 2012; Grundy &

HC SPL IPS AG SMG MFG IFG
t/ R L R|LI/R|L]I/R L[R|L][R L][R

Language Experience | 4.3 23 79 27 60 1.3 1.2 120 100 90 126 125 89 53
Lang. Exp. x Operation| 56 56 174 96 7.3 7.7 125 205 41.3 225 555 633 315 27.9
Lang. Exp. xAge | 17.8 7.3 144 84 68 14 17.9 204 191 96 542 384 408 120
Lang. Exp. x Op. x Age [[i00R 32.8 [i070) 568 426 281 216 49.0 [ifi8l 719 Hol2N2raoN2iioniE7sl
BFy <0.01  BFg =033 BFy; =1 BFy, = 30 BFyy > 100

| !

| ! !

=

.

decisive evidence for Hp

inconclusive evidence

decisive evidence for H,

FIGURE 3 Color table showing the Bayes factor (BFp4) values for seven bilateral regions of interest: hippocampi (HC), superior parietal
lobules (SPL), intraparietal sulci (IPS), angular gyri (AG), supramarginal gyri (SMG), inferior frontal gyri (IFG), and middle frontal gyri (MFG). The
color bar indicates the strength of the evidence for the null and alternative hypotheses. Values are reported for the main effect of Language
Experience and for its interactions with Operation and Age Group, as well as the three-way interaction between all three factors
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Timmer, 2017; Hilchey & Klein, 2011; Kroll & Bialystok, 2013;
Valian, 2015), which in turn may enhance arithmetic abilities
(Daubert & Ramani, 2019; Hartanto et al., 2018). However, the evi-
dence for a “bilingual advantage” in executive function is controver-
sial, with a number of studies showing no such effect (Dick
et al., 2019; Lehtonen et al., 2018; Nichols et al., 2020). As a result,
some have argued that differences in executive function between
monolinguals and bilinguals do not exist (Antén, Carreiras, &
Dunabeitia, 2019; Dick et al., 2019; Dunabeitia et al., 2014; Gat-
hercole et al., 2014; Lehtonen et al., 2018; Nichols et al., 2020;
Paap, 2019; Paap et al., 2017; Paap, Johnson, & Sawi, 2015, 2016;
Paap, Sawi, Dalibar, Darrow, & Johnson, 2014; von Bastian, Souza, &
Gade, 2015).

A range of factors could explain the conflicting findings in the
behavioral studies comparing executive function in bilinguals and
monolinguals. There are general methodological factors, such as
poorly matched groups and the use of small sample sizes. Different
studies employed different measures of executive function, making it
difficult to compare between studies and also raising the possibility
that a between-group difference is only found for some measures of
executive function, but not others (Kroll & Bialystok, 2013). The spe-
cific bilingual experience of participants has also been discussed, with
some arguing that cognitive advantages may depend on factors such
as daily usage and proficiency in each language (Kroll &
Bialystok, 2013; Luk & Bialystok, 2013), with advantages of the bilin-
gual experience only being conferred if it involves extensive managing
of both languages (Macnamara & Conway, 2014). As already noted,
the bilingual advantage in executive function may only be observed at
certain life stages and not others, specifically manifesting when partic-
ipants are not at their cognitive peak, such as in young children or
older adults (Bialystok et al., 2005). Others have proposed that bilin-
guals only recruit domain-general executive function skills when they
are learning their two languages, after which they progress from this
state of controlled processing to one of automatic processing
(Paap, 2018). These experimental issues will require further investiga-
tion in future behavioral studies.

While we did not measure a range of executive function skills, we
did measure working memory on the Digit Span task and did not find
bilinguals were better than monolinguals, rather, we found that mono-
linguals outperformed bilinguals. A recent study in adult monolinguals
and bilinguals measured working memory using the Digit Span as part
of a broad battery of 12 cognitive tasks (Nichols et al., 2020), and they
reported a range of results. When the two groups were carefully mat-
ched on age, education, gender, socioeconomic status, and handed-
ness, frequentist statistics suggested no difference between
monolinguals and bilinguals on Digit span, and Bayesian statistics indi-
cated strong evidence in favor of no difference between the two
groups. The same was the case for the other cognitive measures
investigated. However, the same study by Nichols and colleagues
reports results from a larger version of the sample, and in this case the
groups were not matched for age, education, gender, socioeconomic
status, and handedness. The comparison of the unmatched groups on

Digit Span was mixed, with frequentist statistics indicating that

bilinguals performed better than monolinguals, and Bayesian statistics
indicating strong evidence in favor of no difference between the
groups. The unmatched bilingual and monolingual groups also had dif-
ferences on several of the other cognitive tasks (monolinguals out-
performed bilinguals on grammatical reasoning, feature matching,
mental rotation, and token search), emphasizing the need to carefully
matched groups in studies of bilingualism. Taken together with our
own results, it appears that findings for a difference between mono-
linguals and bilinguals on the Digit Span are mixed.

Ultimately, the present study was focused on the brain bases of
arithmetic, recognizing that activity may differ between bilinguals and
monolinguals, irrespective of whether or not the bilinguals performed
better on measures of executive function. In other words, our goal
was not to test the larger theory of the bilingual advantage, but to
inquire whether the bilingual experience may result in differences in
how the bilingual brain processes arithmetic. This question is impor-
tant because it has implications for interpreting prior studies that did
not attempt to control for such effects, and for participant selection in
future studies. The possibility that the bilingual experience conveys
cognitive advantages would be one reason to expect such differences.
Our study is the first to specifically examine the brain bases for arith-
metic in bilinguals compared to monolinguals and we did not find dif-
ferences, thereby alleviating concerns about whether the bilingual
experience may affect the brain systems involved in simple arithmetic
processing.

4.2 | Arithmetic performance in bilinguals and
monolinguals

While there were no differences in accuracy on the Addition and Sub-
traction tasks inside the scanner, there were some reaction time dif-
ferences between the monolingual and bilingual groups. The presence
of a main effect of language experience on reaction time on the math
tasks (and, as discovered by further testing, also on the active control
tasks involving pseudofont character matching) suggests that our
monolinguals were globally faster compared to our bilinguals (i.e., not
specifically faster on arithmetic problems). The literature on differ-
ences in arithmetic processing speed between monolinguals and bilin-
guals is mixed. A prior study comparing adult Spanish-English
bilinguals to English monolinguals did not find reaction time differ-
ences during a simple addition verification task (Geary, Cormier,
Goggin, Estrada, & Lunn, 1993), nor did a study comparing German-
Swedish adolescent/young adult bilinguals to German monolinguals
on a written production task of simple arithmetic (Magiste, 1980).
Consistent with our findings, Marsh and Maki (1976) found faster
reaction time in English adult monolinguals compared to English-
Spanish bilinguals, as did McClain and Huang (1982). However,
McClain and Huang (1982) also found that this difference disappeared
when bilinguals completed their English and Spanish experimental ses-
sions on different days. Thus, it is possible that completing the task in
both languages within a visit (though not within the same fMRI run)

may explain differences in reaction times between monolinguals and
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bilinguals for the arithmetic task and its active control task. The rela-
tively faster monolingual reaction time on the tasks may be attribut-
able to the additional cognitive demands placed on the bilinguals
during the English scan session (i.e., to think specifically in English
when they had another language available for use; a requirement not
imposed on the monolinguals). Ultimately, the difference in global
reaction time is not likely to account for our brain imaging results of

no between-group differences.

4.3 | No effect of bilingual language experience on
the brain bases of arithmetic

Null findings in the field of bilingual research are often conceived of
as less interesting. Indeed, publication bias has been identified in the
field of bilingual studies: conference presentations reporting an
advantage in bilinguals are ultimately more likely to be published in
journals relative to the conference presentations reporting no advan-
tage (de Bruin, Treccani, et al., 2015). Our results naturally raise ques-
tions about whether the negative finding can be attributed in any way
to the experimental procedures used in our study. We will examine
this question from the perspective of the participant group, arithmetic
task, and analyses used.

One concern in bilingual studies is whether the participants are
early, balanced bilinguals rather than second language learners. The
bilinguals in this study are early bilinguals (having learned both lan-
guages prior to age 6) with high proficiency, and are therefore rela-
tively balanced in their use of their two languages. Further, they are
also bicultural, having learned Spanish and English as part of their
upbringing. This is important because it means that they acquired two
languages as a result of their life circumstances, as opposed to those
who excel at second language learning, perhaps as a result of having
strong executive function skills (Bialystok et al., 2012; MacNab, 1979;
Valian, 2015). Furthermore, bicultural individuals experience yet
another dimension on which they must switch between (cultural) rep-
resentations (Grosjean, 2010; Treffers-Daller, Ongun, Hofweber, &
Korenar, 2020), potentially further enhancing their executive function
abilities and corresponding brain areas. If bilingualism yields effects on
the brain system for arithmetic, potentially as a consequence of its
effects on executive function, our population was an optimal one to
test this. Here, it is important to also highlight that our participant
groups had similar socioeconomic status, which has been criticized as
a confounding factor in comparisons of monolinguals and bilinguals
(de Bruin, Bak, et al., 2015; MacNab, 1979; Swain & Cummins, 1979).
While this study focused on the most common language combination
in the United States (Spanish-English), examining a broader range of
language pairings could prove informative for the potential role of lan-
guage experience in shaping the brain networks for arithmetic.

It is important to point out that we included children as well as
adults to address the issue of age in the bilingual literature. At the
same time, it must be acknowledged that our children are older than
those included in some behavioral studies comparing monolinguals

and bilinguals. Studies that show a bilingual advantage in arithmetic

are based on younger children (Daubert & Ramani, 2019; Hartanto
et al.,, 2018), aged 4-7, which is younger than those studied here.
Given their age, the tasks administered to children in some of these
prior studies involved more basic numerical skills. On the other hand,
other studies show young bilinguals to be equivalent to monolinguals
on these kinds of tasks (Bialystok & Codd, 1997; Goldman, Negen, &
Sarnecka, 2014; Sarnecka et al., 2017). It is therefore possible that the
bilingual children in these studies and our study have reached the
stage of automatic processing for arithmetic (such as navigating two
language representations of a solution to an arithmetic problem).
Alternatively, the children may be old enough that there are no mea-
surable differences in executive function that would impact arith-
metic. The inclusion of a group of younger children and/or
participants in the early stages of acquiring a second language would
be needed in order to fully explore these ideas.

Turning more specifically to our arithmetic tasks, we found robust
activation in the monolingual as well as bilingual groups (Figure 2),
consistent with other publications of arithmetic processing (Arsalidou
et al., 2018; Arsalidou & Taylor, 2011; Peters & De Smedt, 2018) and
our own prior studies using these tasks (Evans et al., 2014, 2016).
While these arithmetic tasks have been successful in distinguishing
between children with and without a learning disability (Evans
et al., 2014), it is possible that they were not ideal for eliciting differ-
ences between monolinguals and bilinguals. For example, it may be
that they were not sufficiently taxing to elicit a difference between
the groups. It has been suggested that the bilingual advantage only
emerges in situations where the demand for cognitive control is high
(Costa, Hernandez, Costa-Faidella, & Sebastian-Gallés, 2009). There-
fore, we have to consider the possibility that our tasks simply did not
tap arithmetic processing to the extent that they revealed differences
in activation between our monolinguals and bilinguals. Indeed, our
tasks were deliberately designed to be simple enough to be performed
by both adults and children at greater than chance levels. However,
the behavioral results reveal a range of performances: while adults
performed, on average, at very high levels of accuracy (in the 96-99%
range), the children's average accuracy was significantly lower (in the
78-93% range). The lower performance in children indicates that for
them the arithmetic tasks were more challenging, especially the sub-
traction task, as would be expected, yet there was no interaction
between language experience and operation, or between language
experience and age group to indicate that performance or brain activ-
ity was different between the monolingual and bilingual groups under
these more difficult task conditions. Thus, the nature of the task does
not seem to explain our findings. However, future research could
examine this further by comparing monolinguals and bilinguals on a
range of tasks, with some being more complex (such as multi-digit
arithmetic or algebra) than others.

Another potential concern may be that the null results of this
study could be related to the analytic procedures used. To this point,
we used standard analysis procedures and widely accepted signifi-
cance thresholds. We used a factorial design to address a potential
role of arithmetic operation and chronological age. We also used

Bayesian analyses (Rouder et al., 2012) which have been argued to
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have advantages over the traditionally used p-value (Dienes, 2014;
Gallistel, 2009; Wagenmakers, 2007; Wetzels et al., 2011). However,
it is possible that univariate methods do not capture more subtle dif-
ferences in patterns of brain activity between bilinguals and monolin-
guals. Future research using multivariate analyses (i.e., multi-voxel
pattern analysis) will be very helpful in addressing this question.
Lastly, some have advocated for the use of continuous measure of
language experience (such as daily usage and proficiency), cautioning
that bilingualism should not be considered as merely a categorical
variable (Deluca, Rothman, Bialystok, & Pliatsikas, 2019; Luk &
Bialystok, 2013). Based on this, continuous analyses could be
explored in future studies.

While there is prior research to suggest there might be differ-
ences in activation between monolinguals and bilinguals during arith-
metic because of its link to executive control, we conclude that it is
unlikely that the Spanish-English bilingual experience impacts the
brain bases of arithmetic. Our findings are important when consider-
ing the larger literature on the brain bases of arithmetic processing,
where language background of the participants is often not specified,
and for future studies, where investigators need not be concerned
that bilingual experience represents grounds for exclusion of a partici-

pant from a functional neuroimaging study.

44 | Implications for education

Early comparisons of monolinguals and bilinguals in the domain of
arithmetic arose out of concern that experience with two languages
would be detrimental to leaners (e.g., Macnamara, 1966), though sub-
sequent research largely suggested that this was not the case for sim-
ple arithmetic or for bilinguals with strong proficiency in both of their
languages (Geary et al., 1993; Migiste, 1980; McClain & Huang,
1982). While some studies have found evidence of an advantage on
math tasks in bilinguals compared to monolinguals (Daubert &
Ramani, 2019; Hartanto et al, 2018), these advantages were
restricted to very young children. Our neuroimaging findings inform
the existing literature by suggesting that early exposure to two lan-
guages (and mastery of these languages) does not affect the neural
bases underlying the academically important cognitive skill of arith-
metic. In the face of concerns that students may suffer in this domain
based on their bilingualism, our results offer evidence to the contrary.
Our study also provides a foundation by which to study adults and
children with math disability (MD, also termed dyscalculia). Knowing
that monolingual and early bilingual groups do not differ in terms of
brain activation for simple arithmetic raises the possibility that bilin-
guals with MD are similar to monolinguals with MD, and therefore

have the same functional anomalies relative to their non-MD peers.

5 | CONCLUSION

Here, we addressed the question whether the neural bases of arith-

metic differ between monolinguals and bilinguals. Bilinguals can solve

arithmetic problems in either of their two languages. Also, it is possi-
ble that the bilingual experience affects skills that support arithmetic
(executive function and phonological processing). Prior brain imaging
studies of arithmetic have not addressed this possibility and most
studies do not even characterize their participants' language experi-
ences. In this study, we addressed this question for the first time and
found no difference in brain activity underlying arithmetic when com-
paring Spanish-English bilinguals with English monolinguals in the con-
text of operation type (subtraction and addition) and age (adults and
children). This finding suggests that the neural bases of simple arith-
metic are not altered by early bilingual experience. It indicates that
the inclusion of Spanish-English early bilingual participants in studies
of arithmetic should not alter results, and that results from neuroimag-
ing studies of arithmetic in monolinguals or early bilinguals can likely

be generalized to the other group.

ACKNOWLEDGMENTS

This work was supported by the Eunice Kennedy Shriver National Insti-
tute of Child Health and Human Development (P50 HD40095, RO1
HDO081078), the National Science Foundation (SBE 0541953), and a
supplement from the National Institutes of Health and the National
Science Foundation to the SBE 0541953. The authors thank George-
town University's Office of Biomedical Graduate Education, Office of
the Dean for Research, and Center for Functional and Molecular
Imaging, with support of the Intellectual and Developmental Disorders
Research Center grant (P30 HD040677). The authors would like to
acknowledge Lynn Flowers, Melanie Lozano, Nicole Schlosberg, Kelly
Mandella, Ryan Mannion, Eileen Napoliello, Emma Cole, and Jenni
Rosenberg for their assistance and K. Breana Downey for her contri-
bution to the data acquisition, data analysis, and manuscript prepara-
tion. The authors also thank all the participants and their families for
their time.

CONFLICT OF INTEREST

The authors declare that they have no competing financial interests or
commercial considerations and that this material has not been publi-
shed (nor is it under consideration for publication) elsewhere.

DATA AVAILABILITY STATEMENT
Data used in this study are available from the corresponding author

upon reasonable request.

ORCID

Edith Brignoni-Pérez
Anna A. Matejko
Nasheed I. Jamal

https://orcid.org/0000-0002-8066-1276
https://orcid.org/0000-0002-4108-5034
https://orcid.org/0000-0002-1618-1112

Guinevere F. Eden "2 https://orcid.org/0000-0002-5942-1497

REFERENCES

Adesope, O. O., Lavin, T., Thompson, T., & Ungerleider, C. (2010). A sys-
tematic review and meta-analysis of the cognitive correlates of bilin-
gualism. Review of Educational Research, 80(2), 207-245. https://doi.
org/10.3102/0034654310368803


https://orcid.org/0000-0002-8066-1276
https://orcid.org/0000-0002-8066-1276
https://orcid.org/0000-0002-4108-5034
https://orcid.org/0000-0002-4108-5034
https://orcid.org/0000-0002-1618-1112
https://orcid.org/0000-0002-1618-1112
https://orcid.org/0000-0002-5942-1497
https://orcid.org/0000-0002-5942-1497
https://doi.org/10.3102/0034654310368803
https://doi.org/10.3102/0034654310368803

“2 | WILEY.

BRIGNONI-PEREZ €T AL.

Anton, E., Carreiras, M., & Duiabeitia, J. A. (2019). The impact of bilingual-
ism on executive functions and working memory in young adults. PLoS
One, 14(2), 1-30. https://doi.org/10.1371/journal.pone.0206770

Arsalidou, M., Pawliw-Levac, M., Sadeghi, M., & Pascual-Leone, J. (2018).
Brain areas associated with numbers and calculations in children:
Meta-analyses of fMRI studies. Developmental Cognitive Neuroscience,
30(July), 239-250. https://doi.org/10.1016/j.dcn.2017.08.002

Arsalidou, M., & Taylor, M. J. (2011). Is 2+2=4? Meta-analyses of brain
areas needed for numbers and calculations. Neurolmage, 54(3), 2382-
2393. https://doi.org/10.1016/j.neuroimage.2010.10.009

Barac, R., Bialystok, E., Castro, D. C., & Sanchez, M. (2014). The cognitive
development of young dual language learners: A critical review. Early
Childhood Research Quarterly, 29(4), 699-714. https://doi.org/10.
1016/j.ecresq.2014.02.003

Barrouillet, P., & Fayol, M. (1998). From algorithmic computing to direct
retrieval: Evidence from number and alphabetic arithmetic in children
and adults. Memory and Cognition, 26(2), 355-368. https://doi.org/10.
3758/BF03201146

Barrouillet, P., Mignon, M., & Thevenot, C. (2008). Strategies in subtraction
problem solving in children. Journal of Experimental Child Psychology,
99(4), 233-251. https://doi.org/10.1016/j.jecp.2007.12.001

Best, J. R., Miller, P. H., & Naglieri, J. A. (2011). Relations between execu-
tive function and academic achievement from ages 5 to 17 in a large,
representative national sample. Learning and Individual Differences, 21
(4), 327-336. https://doi.org/10.1016/j.lindif.2011.01.007

Bialystok, E. (2017). The bilingual adaptation: How minds accommodate
experience. Psychological Bulletin, 143(3), 233-262. https://doi.org/
10.1037/bul0000099

Bialystok, E., & Codd, J. (1997). Cardinal limits: Evidence from language
awareness and bilingualism for developing concepts of number. Cogni-
tive Development, 12(1), 85-106. https://doi.org/10.1016/50885-
2014(97)90031-9

Bialystok, E., Craik, F., Green, D., & Gollan, T. (2009). Bilingual minds. Psy-
chological Science in the Public Interest, 10(3), 89-129. https://doi.org/
10.1177/1529100610387084

Bialystok, E., Craik, F. I. M., & Luk, G. (2012). Bilingualism: Consequences
for mind and brain. Trends in Cognitive Sciences, 16(4), 240-250.
https://doi.org/10.1016/j.tics.2012.03.001

Bialystok, E., Martin, M. M., & Viswanathan, M. (2005). Bilingualism across
the lifespan: The rise and fall of inhibitory control. International Journal of
Bilingualism, 9(1), 103-119. https://doi.org/10.1177/136700690500
90010701

Bitan, T., Cheon, J., Lu, D., Burman, D. D., Gitelman, D. R., Mesulam, M. M., &
Booth, J. R. (2007). Developmental changes in activation and effective
connectivity in phonological processing. Neurolmage, 38(3), 564-575.
https://doi.org/10.1016/j.neuroimage.2007.07.048

Blom, E., Boerma, T., Bosma, E., Cornips, L., & Everaert, E. (2017). Cogni-
tive advantages of bilingual children in different sociolinguistic con-
texts. Frontiers in Psychology, 8, 1-12. https://doi.org/10.3389/fpsysg.
2017.00552

Bonifacci, P., Giombini, L., Bellocchi, S., & Contento, S. (2011). Speed of
processing, anticipation, inhibition and working memory in bilinguals.
Developmental Science, 14(2), 256-269. https://doi.org/10.1111/j.
1467-7687.2010.00974.x

Brett, M., Anton, J.-L., Valabregue, R., & Poline, J.-B. (2016). MarsBaR (0.44).

Bull, R., & Lee, K. (2014). Executive functioning and mathematics achieve-
ment. Child Development Perspectives, 8(1), 36-41. https://doi.org/10.
1111/cdep.12059

Campbell, J. I., & Xue, Q. (2001). Cognitive arithmetic across culturesy.
Journal of Experimental Psycholog General, 130(2), 299-315. https://
doi.org/10.1037/0096-3445.130.2.299

Caviola, S., Mammarella, I. C., Pastore, M., & LeFevre, J. A. (2018).
Children's strategy choices on complex subtraction problems: Individ-
ual differences and developmental changes. Frontiers in Psychology, 9,
1-16. https://doi.org/10.3389/fpsyg.2018.01209

Chang, T. T., Metcalfe, A. W. S., Padmanabhan, A., Chen, T., & Menon, V.
(2016). Heterogeneous and nonlinear development of human poste-
rior parietal cortex function. Neurolmage, 126, 184-195. https://doi.
org/10.1016/j.neuroimage.2015.11.053

Cho, S., Ryali, S., Geary, D. C., & Menon, V. (2011). How does a child solve
7+8? Decoding brain activity patterns associated with counting and
retrieval strategies. Developmental Science, 14, 989-1001. https://doi.
org/10.1111/j.1467-7687.2011.01055.x

Church, J. A, Petersen, S. E., & Schlaggar, B. L. (2010). The “Task B prob-
lem” and other considerations in developmental functional neuroimag-
ing. Human Brain Mapping, 31(6), 852-862. https://doi.org/10.1002/
hbm.21036

Costa, A., Hernandez, M., Costa-Faidella, J., & Sebastian-Gallés, N. (2009).
On the bilingual advantage in conflict processing: Now you see it, now
you don't. Cognition, 113(2), 135-149. https://doi.org/10.1016/j.
cognition.2009.08.001

Costa, A., & Sebastian-Gallés, N. (2014). How does the bilingual experi-
ence sculpt the brain? Nature Reviews Neuroscience, 15, 336-345.
https://doi.org/10.1038/nrn3709

Cragg, L., & Gilmore, C. (2014). Trends in neuroscience and education skills
underlying mathematics: The role of executive function in the devel-
opment of mathematics proficiency. 3, pp. 63-68.

Crystal, D. (2012). English as a global language (2nd ed.). Cambridge,
England: Cambridge University Press.

D'Souza, A. A., Moradzadeh, L., & Wiseheart, M. (2018). Musical training,
bilingualism, and executive function: Working memory and inhibitory
control. Cognitive Research: Principles and Implications, 3(1), 11. https://
doi.org/10.1186/s41235-018-0095-6

Daubert, E. N., & Ramani, G. B. (2019). Math and memory in bilingual pre-
schoolers: The relations between bilingualism, working memory, and
numerical knowledge. Journal of Cognition and Development, 20(3),
314-333. https://doi.org/10.1080/15248372.2019.1565536

Davis, N., Cannistraci, C. J., Rogers, B. P., Gatenby, J. C, Fuchs, L. S,
Anderson, A. W., & Gore, J. C. (2009). The neural correlates of calculation
ability in children: An fMRI study. Magnetic Resonance Imaging, 27(9),
1187-1197 http://linkinghub.elsevier.com/retrieve/pii/S0730725X090
00915

de Bruin, A, Bak, T. H., & Della Sala, S. (2015). Examining the effects of
active versus inactive bilingualism on executive control in a carefully
matched non-immigrant sample. Journal of Memory and Language, 85,
15-26. https://doi.org/10.1016/j.jml.2015.07.001

de Bruin, A., Treccani, B., & Della Sala, S. (2015). Cognitive advantage in
bilingualism: An example of publication bias? Psychological Science, 26
(1), 99-107. https://doi.org/10.1177/0956797614557866

De Smedt, B., & Boets, B. (2010). Phonological processing and arithmetic fact
retrieval: Evidence from developmental dyslexia. Neuropsychologia, 48
(14), 3973-3981. https://doi.org/10.1016/j.neuropsychologia.2010.
10.018

De Smedt, B., Holloway, I. D., & Ansari, D. (2010). Effects of problem size
and arithmetic operation on brain activation during calculation in chil-
dren with varying levels of arithmetical fluency. Neurolmage, 57, 771-
781. https://doi.org/10.1016/j.neuroimage.2010.12.037

De Smedt, B., Taylor, J., Archibald, L., & Ansari, D. (2010). How is phono-
logical processing related to individual differences in children's arith-
metic skills? Developmental Science, 13(3), 508-520. https://doi.org/
10.1111/j.1467-7687.2009.00897.x

Deluca, V., Rothman, J., Bialystok, E., & Pliatsikas, C. (2019). Redefining bilin-
gualism as a spectrum of experiences that differentially affects brain
structure and function. Proceedings of the National Academy of Sciences,
116(15), 7565-7574. https://doi.org/10.1073/pnas.1811513116

DeStefano, D., & LeFevre, J. (2004). The role of working memory in mental
arithmetic. European Journal of Cognitive Psychology, 16(3), 353-386.
https://doi.org/10.1080/09541440244000328

Dick, A. S., Garcia, N. L., Pruden, S. M., Thompson, W. K., Hawes, S. W.,
Sutherland, M. T., ... Gonzalez, R. (2019). No bilingual advantage for


https://doi.org/10.1371/journal.pone.0206770
https://doi.org/10.1016/j.dcn.2017.08.002
https://doi.org/10.1016/j.neuroimage.2010.10.009
https://doi.org/10.1016/j.ecresq.2014.02.003
https://doi.org/10.1016/j.ecresq.2014.02.003
https://doi.org/10.3758/BF03201146
https://doi.org/10.3758/BF03201146
https://doi.org/10.1016/j.jecp.2007.12.001
https://doi.org/10.1016/j.lindif.2011.01.007
https://doi.org/10.1037/bul0000099
https://doi.org/10.1037/bul0000099
https://doi.org/10.1016/S0885-2014(97)90031-9
https://doi.org/10.1016/S0885-2014(97)90031-9
https://doi.org/10.1177/1529100610387084
https://doi.org/10.1177/1529100610387084
https://doi.org/10.1016/j.tics.2012.03.001
https://doi.org/10.1177/13670069050090010701
https://doi.org/10.1177/13670069050090010701
https://doi.org/10.1016/j.neuroimage.2007.07.048
https://doi.org/10.3389/fpsyg.2017.00552
https://doi.org/10.3389/fpsyg.2017.00552
https://doi.org/10.1111/j.1467-7687.2010.00974.x
https://doi.org/10.1111/j.1467-7687.2010.00974.x
https://doi.org/10.1111/cdep.12059
https://doi.org/10.1111/cdep.12059
https://doi.org/10.1037/0096-3445.130.2.299
https://doi.org/10.1037/0096-3445.130.2.299
https://doi.org/10.3389/fpsyg.2018.01209
https://doi.org/10.1016/j.neuroimage.2015.11.053
https://doi.org/10.1016/j.neuroimage.2015.11.053
https://doi.org/10.1111/j.1467-7687.2011.01055.x
https://doi.org/10.1111/j.1467-7687.2011.01055.x
https://doi.org/10.1002/hbm.21036
https://doi.org/10.1002/hbm.21036
https://doi.org/10.1016/j.cognition.2009.08.001
https://doi.org/10.1016/j.cognition.2009.08.001
https://doi.org/10.1038/nrn3709
https://doi.org/10.1186/s41235-018-0095-6
https://doi.org/10.1186/s41235-018-0095-6
https://doi.org/10.1080/15248372.2019.1565536
http://linkinghub.elsevier.com/retrieve/pii/S0730725X09000915
http://linkinghub.elsevier.com/retrieve/pii/S0730725X09000915
https://doi.org/10.1016/j.jml.2015.07.001
https://doi.org/10.1177/0956797614557866
https://doi.org/10.1016/j.neuropsychologia.2010.10.018
https://doi.org/10.1016/j.neuropsychologia.2010.10.018
https://doi.org/10.1016/j.neuroimage.2010.12.037
https://doi.org/10.1111/j.1467-7687.2009.00897.x
https://doi.org/10.1111/j.1467-7687.2009.00897.x
https://doi.org/10.1073/pnas.1811513116
https://doi.org/10.1080/09541440244000328

BRIGNONI-PEREZ ET AL.

WILEY_L %%

executive function: Evidence from a large sample of children in the
Adolescent Brain and Cognitive Development (ABCD) Study. Nature
Human Behaviour, 17(2014), 1-14. https://doi.org/10.1038/s41562-
019-0609-3

Dienes, Z. (2014). Using Bayes to get the most out of non-significant
results. Frontiers in Psychology, 5(July), 1-17. https://doi.org/10.3389/
fpsyg.2014.00781

Dufabeitia, J. A., Hernandez, J. A., Antdn, E., Macizo, P., Estévez, A,
Fuentes, L. J., & Carreiras, M. (2014). The inhibitory advantage in bilin-
gual children revisited: Myth or reality? Experimental Psychology, 61(3),
234-251. https://doi.org/10.1027/1618-3169/a000243

Duncan, G. J., Dowsett, C. J., Claessens, A., Magnuson, K., Huston, A. C,,
Klebanov, P., ... Japel, C. (2007). School readiness and later achieve-
ment. Developmental Psychology, 43(6), 1428-1446. https://doi.org/
10.1037/0012-1649.43.6.1428

Eickhoff, S. B., Paus, T., Caspers, S. Grosbras, M.-H., Evans, A. C,
Zilles, K., & Amunts, K. (2007). Assignment of functional activations to
probabilistic cytoarchitectonic areas revisited. Neurolmage, 36(3), 511-
521. https://doi.org/10.1016/j.neuroimage.2007.03.060

Engel de Abreu P. M. J. (2011). Working memory in multilingual children:
Is there a bilingual effect?. Memory, 19(5), 529-537. http://doi.org/10.
1080/09658211.2011.590504

Evans, T. M., Flowers, D. L., Luetje, M. M., Napoliello, E., & Eden, G. F.
(2016). Functional anatomy of arithmetic and word reading and its
relationship to age. Neurolmage, 143, 304-315. https://doi.org/10.
1053/j.seminoncol.2016.09.002

Evans, T. M., Flowers, D. L., Napoliello, E. M., Olulade, O. A., Eden, G. F.,
Napoliello, E. M,, ... Lenze, E. J. (2014). The functional anatomy of
single-digit arithmetic in children with developmental dyslexia.
Neurolmage, 101(7), 644-652. https://doi.org/10.1016/j.neuroimage.
2014.07.028

Friso-Van Den Bos, ., Van Der Ven, S. H. G., Kroesbergen, E. H., & Van
Luit, J. E. H. (2013). Working memory and mathematics in primary
school children: A meta-analysis. Educational Research Review, 10, 29-
44, https://doi.org/10.1016/j.edurev.2013.05.003

Fuchs, L. S., Fuchs, D., Compton, D. L., Powell, S. R., Seethaler, P. M.,
Capizzi, A. M., ... Fletcher, J. M. (2006). The cognitive correlates of
third-grade skill in arithmetic, algorithmic computation, and arithmetic
word problems. Journal of Educational Psychology, 98(1), 29-43.
https://doi.org/10.1037/0022-0663.98.1.29

Gallistel, C. R. (2009). The importance of proving the null. Psychological
Review, 116(2), 439-453. https://doi.org/10.1037/a0015251

Gathercole, V. C. M., Thomas, E. M., Kennedy, ., Prys, C., Young, N.,
Guasch, N. V., ... Jones, L. (2014). Does language dominance affect
cognitive performance in bilinguals? Lifespan evidence from pre-
schoolers through older adults on card sorting, Simon, and metalin-
guistic tasks. Frontiers in Psychology, 5(FEB), 1-14. https://doi.org/10.
3389/fpsyg.2014.00011

Geary, D. C., Cormier, P., Goggin, J. P., Estrada, P., & Lunn, M. C. E. (1993).
Mental arithmetic: A componential analysis of speed of processing
across monolingual, weak bilingual, and strong bilingual adults. Interna-
tional Journal of Psychology, 28(2), 185-201.

Goldman, M. C.,, Negen, J., & Sarnecka, B. W. (2014). Are bilingual children
better at ignoring perceptually misleading information? A novel test. Devel-
opmental Science, 17(6), 956-964. https://doi.org/10.1111/desc.12175

Grabner, R. H., Ansari, D., Koschutnig, K., Reishofer, G., Ebner, F., &
Neuper, C. (2009). To retrieve or to calculate? Left angular gyrus medi-
ates the retrieval of arithmetic facts during problem solving.
Neuropsychologia, 47(2), 604-608 http://www.ncbi.nlm.nih.gov/
pubmed/19007800

Grosjean, F. (2010). Bilingual: Life and reality. Cambridge, MA: Harvard Uni-
versity Press.

Grundy, J. G, Anderson, J. A. E., & Bialystok, E. (2017). Neural correlates
of cognitive processing in monolinguals and bilinguals. Annals of the

new York Academy of Sciences, 1396, 183-201. https://doi.org/10.
1111/nyas.13333

Grundy, J. G., & Timmer, K. (2017). Bilingualism and working memory
capacity: A comprehensive meta-analysis. Second Language Research,
33(3), 325-340. https://doi.org/10.1177/0267658316678286

Hartanto, A., Yang, H., & Yang, S. (2018). Bilingualism positively predicts
mathematical competence: Evidence from two large-scale studies.
Learning and Individual Differences, 61, 216-227. https://doi.org/10.
1016/j.lindif.2017.12.007

Hecht, S. A., Torgesen, J. K., Wagner, R. K., & Rashotte, C. A. (2001).
The relations between phonological processing abilities and emerg-
ing individual differences in mathematical computation skills: A lon-
gitudinal study from second to fifth grades. Journal of Experimental
Child Psychology, 79(2), 192-227. https://doi.org/10.1006/jecp.
2000.2586

Hilchey, M. D., & Klein, R. M. (2011). Are there bilingual advantages on
nonlinguistic interference tasks? Implications for the plasticity of exec-
utive control processes. Psychonomic Bulletin & Review, 18(4), 625-
658. https://doi.org/10.3758/513423-011-0116-7

Imbo, I., & Vandierendonck, A. (2008). Effects of problem size, operation,
and working-memory span on simple-arithmetic strategies: Differ-
ences between children and adults? Psychological Research, 72(3),
331-346. https://doi.org/10.1007/s00426-007-0112-8

Kawashima, R., Taira, M., Okita, K., Inoue, K., Tajima, N., Yoshida, H., ...
Fukuda, H. (2004). A functional MRI study of simple arithmetic—A
comparison between children and adults. Cognitive Brain Research, 18,
225-231. https://doi.org/10.1016/j.cogbrainres.2003.10.009

Klingberg, T., Forssberg, H., & Westerberg, H. (2002). Increased brain
activity in frontal and parietal cortex underlies the development of
visuospatial working memory capacity during childhood. Journal
of Cognitive Neuroscience, 14(1), 1-10. https://doi.org/10.1162/
089892902317205276

Kroll, J. F., & Bialystok, E. (2013). Understanding the consequences of
bilingualism for language processing and cognition. Journal of Cognitive
Psychology, 25(5), 37-41. https://doi.org/10.1080/20445911.2013.
799170

Kucian, K., Von Aster, M., Loenneker, T., Dietrich, T., & Martin, E. (2008).
Development of neural networks for exact and approximate calcula-
tion: A FMRI study. Developmental Neuropsychology, 33(4), 447-473
http://www.ncbi.nlm.nih.gov/pubmed/18568899

Kwon, H., Reiss, A. L., & Menon, V. (2002). Neural basis of protracted
developmental changes in visuo-spatial working memory. Proceedings
of the National Academy of Sciences of the United States of America, 99
(20), 13336-13341. https://doi.org/10.1073/pnas.162486399

Lehtonen, M., Soveri, A., Laine, A., Jarvenpas, J., de Bruin, A., & Antfolk, J.
(2018). Is bilingualism associated with enhanced executive functioning
in adults? A meta-analytic review. Psychological Bulletin, 144, 394-
425, https://doi.org/10.1017/CB0O9781107415324.004

Luk, G., & Bialystok, E. (2013). Bilingualism is not a categorical variable:
Interaction between language proficiency and usage. Journal of Cogni-
tive Psychology, 25(5), 605-621. https://doi.org/10.1016/].pestbp.
2011.02.012.Investigations

Luna, B., Padmanabhan, A., & O'Hearn, K. (2010). What has fMRI told us
about the development of cognitive control through adolescence?
Brain and Cognition, 72(1), 101-113. https://doi.org/10.1016/j.bandc.
2009.08.005

MacNab, G. L. (1979). Cognition and bilingualism: a reanalysis of studies.
Linguistics, 17, 231-255.

Macnamara, B. N., & Conway, A. R. A. (2014). Novel evidence in support
of the bilingual advantage: Influences of task demands and experience
on cognitive control and working memory. Psychonomic Bulletin &
Review, 21(2), 520-525. https://doi.org/10.3758/s13423-013-0524-y

Macnamara, J. (1966). Bilingualism and primary education: A study of Irish
experience (1st ed.). Edinburgh, Scotland: Edinburgh University Press.


https://doi.org/10.1038/s41562-019-0609-3
https://doi.org/10.1038/s41562-019-0609-3
https://doi.org/10.3389/fpsyg.2014.00781
https://doi.org/10.3389/fpsyg.2014.00781
https://doi.org/10.1027/1618-3169/a000243
https://doi.org/10.1037/0012-1649.43.6.1428
https://doi.org/10.1037/0012-1649.43.6.1428
https://doi.org/10.1016/j.neuroimage.2007.03.060
http://doi.org/10.1080/09658211.2011.590504
http://doi.org/10.1080/09658211.2011.590504
https://doi.org/10.1053/j.seminoncol.2016.09.002
https://doi.org/10.1053/j.seminoncol.2016.09.002
https://doi.org/10.1016/j.neuroimage.2014.07.028
https://doi.org/10.1016/j.neuroimage.2014.07.028
https://doi.org/10.1016/j.edurev.2013.05.003
https://doi.org/10.1037/0022-0663.98.1.29
https://doi.org/10.1037/a0015251
https://doi.org/10.3389/fpsyg.2014.00011
https://doi.org/10.3389/fpsyg.2014.00011
https://doi.org/10.1111/desc.12175
http://www.ncbi.nlm.nih.gov/pubmed/19007800
http://www.ncbi.nlm.nih.gov/pubmed/19007800
https://doi.org/10.1111/nyas.13333
https://doi.org/10.1111/nyas.13333
https://doi.org/10.1177/0267658316678286
https://doi.org/10.1016/j.lindif.2017.12.007
https://doi.org/10.1016/j.lindif.2017.12.007
https://doi.org/10.1006/jecp.2000.2586
https://doi.org/10.1006/jecp.2000.2586
https://doi.org/10.3758/s13423-011-0116-7
https://doi.org/10.1007/s00426-007-0112-8
https://doi.org/10.1016/j.cogbrainres.2003.10.009
https://doi.org/10.1162/089892902317205276
https://doi.org/10.1162/089892902317205276
https://doi.org/10.1080/20445911.2013.799170
https://doi.org/10.1080/20445911.2013.799170
http://www.ncbi.nlm.nih.gov/pubmed/18568899
https://doi.org/10.1073/pnas.162486399
https://doi.org/10.1017/CBO9781107415324.004
https://doi.org/10.1016/j.pestbp.2011.02.012.Investigations
https://doi.org/10.1016/j.pestbp.2011.02.012.Investigations
https://doi.org/10.1016/j.bandc.2009.08.005
https://doi.org/10.1016/j.bandc.2009.08.005
https://doi.org/10.3758/s13423-013-0524-y

% | WILEY.

BRIGNONI-PEREZ €T AL.

Mégiste, E. (1980). Arithmetical calculations in monolinguals and bilinguals.
Psychological Research, 42, 363-373. https://doi.org/10.4324/
9780203138151

Marsh, L. G., & Maki, R. H. (1976). Efficiency of arithmetic operations in
bilinguals as a function of language. Memory & Cognition, 4(4), 459-
464. https://doi.org/10.3758/BF03213203

Matejko, A. A., & Ansari, D. (2021). Shared neural circuits for visuospatial
working memory and arithmetic in children and adults. Journal of Cog-
nitive Neuroscience, 33, 1-17. https://doi.org/10.1162/jocn_a_01695

McClain, L., & Huang, J. Y. S. (1982). Speed of simple arithmetic in bilin-
guals. Memory & Cognition, 10(6), 591-596. https://doi.org/10.3758/
BF03202441

Meschyan, G., & Hernandez, A. E. (2006). Impact of language proficiency
and orthographic transparency on bilingual word reading: An fMRI
investigation. Neurolmage, 29(4), 1135-1140. https://doi.org/10.
1016/j.neuroimage.2005.08.055

National Mathematics Advisory Panel. (2008). Foundations for success: The
final report of the National Mathematics Advisory Panel. U.S. Depart-
ment of Education.

Nichols, E. S., Wild, C. J., Stojanoski, B., Battista, M. E., & Owen, A. M.
(2020). Bilingualism affords no general cognitive advantages: A popu-
lation study of executive function in 11,000 people. Psychological Sci-
ence, 31(5), 548-567. https://doi.org/10.1177/0956797620903113

Oldfield, R. C. (1971). The assessment and analysis of handedness: The
Edinburgh inventory. Neuropsychologia, 9(1), 97-113.

Paap, K. R. (2018). Bilingualism in cognitive science: The characteristics
and consequences of bilingual language control. In L. Ortega & A. De
Houwer (Eds.), The Cambridge handbook of bilingualism (pp. 435-465).
Cambridge, England: Cambridge University Press. https://doi.org/10.
1017/9781316831922.023

Paap, K. R. (2019). The bilingual advantage debate: Quantity and quality of
the evidence. In J. W. Schwieter (Ed.), The handbook of the neuroscience
of multilingualism (pp. 701-735). London, England: John Wiley &
Sons Inc.

Paap, K. R., Johnson, H. A, & Sawi, O. (2015). Bilingual advantages in exec-
utive functioning either do not exist or are restricted to very specific
and undetermined circumstances. Cortex, 69, 265-278. https://doi.
org/10.1016/j.cortex.2015.04.014

Paap, K. R., Johnson, H. A., & Sawi, O. (2016). Should the search for bilin-
gual advantages in executive functioning continue? Cortex, 74, 305-
314. https://doi.org/10.1016/j.cortex.2015.09.010

Paap, K. R.,, Myuz, H. A,, Anders, R. T., Bockelman, M. F., Mikulinsky, R., &
Sawi, O. M. (2017). No compelling evidence for a bilingual advantage
in switching or that frequent language switching reduces switch cost.
Journal of Cognitive Psychology, 29(2), 89-112. https://doi.org/10.
1080/20445911.2016.1248436

Paap, K. R., Sawi, O. M., Dalibar, C., Darrow, J., & Johnson, H. A. (2014).
The brain mechanisms underlying the cognitive benefits of bilingualism
may be extraordinarily difficult to discover. AIMS Neuroscience, 1(3),
245-256. https://doi.org/10.3934/Neuroscience.2014.3.245

Peng, P., Namkung, J., Barnes, M., & Sun, C. (2015). A meta-analysis of
mathematics and working memory: Moderating effects of working
memory domain, type of mathematics skill, and sample characteristics.
Journal of Educational Psychology, 108, 455-473. https://doi.org/10.
1037/edu0000079

Peters, L., & De Smedt, B. (2018). Arithmetic in the developing brain: A
review of brain imaging studies. Developmental Cognitive Neuroscience,
30, 265-279. https://doi.org/10.1016/j.dcn.2017.05.002

Pliatsikas, C. (2020). Understanding structural plasticity in the bilingual
brain: The dynamic restructuring model. Bilingualism, 23(2), 459-471.
https://doi.org/10.1017/51366728919000130

Pliatsikas, C., & Luk, G. (2016). Executive control in bilinguals: A concise
review on fMRI studies. Bilingualism, 19(4), 699-705. https://doi.org/
10.1017/S1366728916000249

Pollack, C., & Ashby, N. C. (2017). Where arithmetic and phonology meet:
The meta-analytic convergence of arithmetic and phonological
processing in the brain. Developmental Cognitive Neuroscience, 30,
251-264. https://doi.org/10.1016/j.dcn.2017.05.003

Polspoel, B., Peters, L., & De Smedt, B. (2017). Strategy over operation: Neu-
ral activation in subtraction and multiplication during fact retrieval and
procedural strategy use in typically developing children. Human Brain
Mapping, 38(9), 4657-4670. https://doi.org/10.1002/hbm.23691

Prado, J., Mutreja, R., Zhang, H., Mehta, R., Desroches, A. S., Minas, J. E., &
Booth, J. R. (2011). Distinct representations of subtraction and multi-
plication in the neural systems for numerosity and language. Human
Brain Mapping, 32(11), 1932-1947. https://doi.org/10.1002/hbm.
21159

Raghubar, K. P., Barnes, M. a., & Hecht, S. A. (2010). Working memory and
mathematics: A review of developmental, individual difference,
and cognitive approaches. Learning and Individual Differences, 20(2),
110-122. https://doi.org/10.1016/j.lindif.2009.10.005

Ratiu, I., & Azuma, T. (2015). Working memory capacity: Is there a bilingual
advantage?. Journal of Cognitive Psychology, 27(1), 1-11. https://doi.
org/10.1080/20445911.2014.976226

Rivera, S. M. M,, Reiss, A. L. L., Eckert, M. A., & Menon, V. (2005). Develop-
mental changes in mental arithmetic: Evidence for increased functional
specialization in the left inferior parietal cortex. Cerebral Cortex, 15
(11), 1779-1790. https://doi.org/10.1093/cercor/bhi055

Rorden, C. (2019). MRIcroGL (1.2.20190902++). McCausland Center for
Brain Imaging, University of South Carolina.

Rouder, J. N., Morey, R. D., Speckman, P. L., & Province, J. M. (2012).
Default Bayes factors for ANOVA designs. Journal of Mathematical
Psychology, 56(5), 356-374. https://doi.org/10.1016/j.jmp.2012.
08.001

Sarnecka, B. W., Negen, J., & Goldman, M. C. (2017). Early number knowl-
edge in dual-language learners from low-SES households. Language
and Culture in Mathematical Cognition, 28, 63-86.

Siegler, R. S. (1996). Emerging minds: The process of change in children's
thinking. New York, NY: Oxford University Press.

Statistical Parametric Mapping (No. 12). (2020). Wellcome Centre for
Human Neuroimaging.

Swain, M., & Cummins, J. (1979). Bilingualism, cognitive functioning, and
education. Language Teaching and Linguistics, 12(1), 4-18.

The jamovi project (1.1.9.0). (2020). jamovi.

Treffers-Daller, J.,, Ongun, Z., Hofweber, J., & Korenar, M. (2020).
Explaining individual differences in executive functions performance in
multilinguals: The impact of code-switching and alternating between
multicultural identity styles. Frontiers in Psychology, 11, 1-20. https://
doi.org/10.3389/fpsyg.2020.561088

Tschentscher, N., & Hauk, O. (2014). How are things adding up? Neural
differences between arithmetic operations are due to general problem
solving strategies. Neurolmage, 92, 369-380. https://doi.org/10.1016/
j.neuroimage.2014.01.061

Tucker, G. R. (1998). A global perspective on multilingualism and multilin-
gual education. In J. Cenoz & F. Genesee (Eds.), Beyond bilingualism:
Muiltilingualism and muiltilingual education (pp. 3-15). Clevedon,
England: Multilingual Matters.

Valian, V. (2015). Bilingualism and cognition. Bilingualism: Language and Cogni-
tion, 18(01), 3-24. https://doi.org/10.1017/51366728914000522

Vanbinst, K., Ghesquiere, P., & De Smedt, B. (2014). Arithmetic strategy
development and its domain-specific and domain-general cognitive
correlates: A longitudinal study in children with persistent mathemati-
cal learning difficulties. Research in Developmental Disabilities, 35(11),
3001-3013. https://doi.org/10.1016/j.ridd.2014.06.023

von Bastian, C. C, Souza, A. S., & Gade, M. (2015). No evidence for bilin-
gual cognitive advantages: A test of four hypotheses. Journal of Experi-
mental Psychology: General, 145(2), 246-258. https://doi.org/10.
1037/xge0000120


https://doi.org/10.4324/9780203138151
https://doi.org/10.4324/9780203138151
https://doi.org/10.3758/BF03213203
https://doi.org/10.1162/jocn_a_01695
https://doi.org/10.3758/BF03202441
https://doi.org/10.3758/BF03202441
https://doi.org/10.1016/j.neuroimage.2005.08.055
https://doi.org/10.1016/j.neuroimage.2005.08.055
https://doi.org/10.1177/0956797620903113
https://doi.org/10.1017/9781316831922.023
https://doi.org/10.1017/9781316831922.023
https://doi.org/10.1016/j.cortex.2015.04.014
https://doi.org/10.1016/j.cortex.2015.04.014
https://doi.org/10.1016/j.cortex.2015.09.010
https://doi.org/10.1080/20445911.2016.1248436
https://doi.org/10.1080/20445911.2016.1248436
https://doi.org/10.3934/Neuroscience.2014.3.245
https://doi.org/10.1037/edu0000079
https://doi.org/10.1037/edu0000079
https://doi.org/10.1016/j.dcn.2017.05.002
https://doi.org/10.1017/S1366728919000130
https://doi.org/10.1017/S1366728916000249
https://doi.org/10.1017/S1366728916000249
https://doi.org/10.1016/j.dcn.2017.05.003
https://doi.org/10.1002/hbm.23691
https://doi.org/10.1002/hbm.21159
https://doi.org/10.1002/hbm.21159
https://doi.org/10.1016/j.lindif.2009.10.005
https://doi.org/10.1080/20445911.2014.976226
https://doi.org/10.1080/20445911.2014.976226
https://doi.org/10.1093/cercor/bhi055
https://doi.org/10.1016/j.jmp.2012.08.001
https://doi.org/10.1016/j.jmp.2012.08.001
https://doi.org/10.3389/fpsyg.2020.561088
https://doi.org/10.3389/fpsyg.2020.561088
https://doi.org/10.1016/j.neuroimage.2014.01.061
https://doi.org/10.1016/j.neuroimage.2014.01.061
https://doi.org/10.1017/S1366728914000522
https://doi.org/10.1016/j.ridd.2014.06.023
https://doi.org/10.1037/xge0000120
https://doi.org/10.1037/xge0000120

BRIGNONI-PEREZ ET AL.

WILEY_L#*

Vukovic, R. K., & Lesaux, N. K. (2013). The relationship between linguistic
skills and arithmetic knowledge. Learning and Individual Differences, 23
(1), 87-91. https://doi.org/10.1016/j.lindif.2012.10.007

Wagenmakers, E.-J. (2007). A practical solution to the pervasive problems
of p values. Psychonomic Bulletin & Review, 14(5), 779-804.

Wechsler, D. (1991). Manual for the Wechsler intelligence scale for children
(3rd ed. (WISC-III). San Antonio, TX: The Psychological Corporation.
Wechsler, D. (1997). Wechsler adult intelligence scale (3rd ed.). San Antonio,

TX: The Psychological Corporation.

Wetzels, R, Matzke, D., Lee, M. D., Rouder, J. N, Iverson, G. J, &
Wagenmakers, E. J. (2011). Statistical evidence in experimental psychol-
ogy: An empirical comparison using 855 t tests. Perspectives on Psycholog-
ical Science, 6(3), 291-298. https://doi.org/10.1177/174569161140
6923

Woodcock, R. W., McGrew, K. S., & Mather, N. (2001). Woodcock-Johnson
Il tests of achievement. Vol. 2001, Issue 02/26/01, pp. 1-9.

Wren, Y., Hambly, H., & Roulstone, S. (2013). A review of the impact of
bilingualism on the development of phonemic awareness skills in chil-
dren with typical speech development. Child Language Teaching and
Therapy, 29(1), 11-25. https://doi.org/10.1177/0265659012464880

Yang, Y., Zhong, N., Friston, K., Imamura, K., Lu, S., Li, M,, ... Hu, B. (2017).
The functional architectures of addition and subtraction: Network dis-
covery using fMRI and DCM. Human Brain Mapping, 38(6), 3210-
3225. https://doi.org/10.1002/hbm.23585

Yeniad, N., Malda, M., Mesman, J., Van ljzendoorn, M. H., & Pieper, S.
(2013). Shifting ability predicts math and reading performance in

children: A meta-analytical study. Learning and Individual Differences,
23(1), 1-9. https://doi.org/10.1016/j.lindif.2012.10.004

Zago, L., Petit, L., Turbelin, M.-R., Andersson, F., Vigneau, M., & Tzourio-
Mazoyer, N. (2008). How verbal and spatial manipulation networks
contribute to calculation: An fMRI study. Neuropsychologia, 46(9),
2403-2414. https://doi.org/10.1016/j.neuropsychologia.2008.03.001

Zamarian, L., Ischebeck, A., & Delazer, M. (2009). Neuroscience of learning
arithmetic—Evidence from brain imaging studies. Neuroscience & Bio-
behavioral ~Reviews, 33(6), 909-925. https://doi.org/10.1016/j.
neubiorev.2009.03.005

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section at the end of this article.

How to cite this article: Brignoni-Pérez, E., Matejko, A. A,,
Jamal, N. ., & Eden, G. F. (2021). Functional neuroanatomy of
arithmetic in monolingual and bilingual adults and children.
Human Brain Mapping, 42(15), 4880-4895. https://doi.org/10.
1002/hbm.25587


https://doi.org/10.1016/j.lindif.2012.10.007
https://doi.org/10.1177/1745691611406923
https://doi.org/10.1177/1745691611406923
https://doi.org/10.1177/0265659012464880
https://doi.org/10.1002/hbm.23585
https://doi.org/10.1016/j.lindif.2012.10.004
https://doi.org/10.1016/j.neuropsychologia.2008.03.001
https://doi.org/10.1016/j.neubiorev.2009.03.005
https://doi.org/10.1016/j.neubiorev.2009.03.005
https://doi.org/10.1002/hbm.25587
https://doi.org/10.1002/hbm.25587

	Functional neuroanatomy of arithmetic in monolingual and bilingual adults and children
	1  INTRODUCTION
	1.1  Possible role of the bilingual language experience on arithmetic
	1.2  Brain activity is modulated by the nature of the arithmetic task
	1.3  Age-related changes in brain activity
	1.4  Current study

	2  METHODS
	2.1  Participants
	2.2  Digit span
	2.3  In-scanner arithmetic task
	2.4  fMRI acquisition and preprocessing
	2.5  fMRI analysis
	2.6  Brain imaging analyses
	2.6.1  Whole-brain within-group maps for arithmetic in monolinguals and bilinguals (age groups and operations combined)
	2.6.2  Whole-brain mixed factorial ANOVA
	2.6.3  Bayesian region of interest analyses


	3  RESULTS
	3.1  Digit span
	3.2  In-scanner arithmetic task
	3.3  Whole-brain within-group maps for arithmetic in monolinguals and bilinguals (age groups and operations combined)
	3.4  Whole-brain mixed factorial ANOVA
	3.5  Bayesian region of interest analyses

	4  DISCUSSION
	4.1  Uncertainty about the potential cognitive effects of bilingualism
	4.2  Arithmetic performance in bilinguals and monolinguals
	4.3  No effect of bilingual language experience on the brain bases of arithmetic
	4.4  Implications for education

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


