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Abstract: The existence of a behavioral advantage of bilinguals over monolinguals during executive
tasks is controversial. A new approach to this issue is to investigate the effect of bilingualism on neural
control when performing these tasks as a window to understand when behavioral differences are pro-
duced. Here, we tested if early bilinguals use more language-related networks than monolinguals
while performing a go/no-go task that includes infrequent no-go and go trials. The RTs and accuracy
in both groups did not differ. An independent component analyses (ICA) revealed, however, that bilin-
guals used the left fronto-parietal network and the salience network more than monolinguals while
processing go infrequent cues and no-go cues, respectively. It was noteworthy that the modulation of
these networks had opposite correlates with performance in bilinguals and monolinguals, which sug-
gests that between-group differences were more qualitative than quantitative. Our results suggest that
bilinguals may differently develop the involvement of the executive control networks that comprise
the left inferior frontal gyrus during cognitive control tasks than monolinguals. Hum Brain Mapp
36.‘5101—5112, 2015. © 2015 Wiley Periodicals, Inc.
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INTRODUCTION

Since the first positive results were obtained [Bialystok
et al., 2004; Costa et al., 2008], different studies have ques-
tioned if bilinguals exhibit enhanced cognitive control and
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better inhibitory control when compared to monolinguals
[Hilchey and Klein, 2011; Dunabeitia et al., 2014]. A differ-
ent approach to this issue stems from cognitive neuro-
science and relates bilingualism to different development
of brain networks [Grady et al., 2015; Stocco et al., 2014],
which may bias toward use of language brain areas during
control tasks [Bialystok et al., 2005; Bialystok, 2011; Buch-
weitz and Prat, 2013; Garbin et al., 2010]. A recent neuro-
cognitive model has proposed the mechanism that
underlies the differences between bilinguals and monolin-
guals [Stocco et al., 2014]. In brief, they propose that bilin-
guals experience stronger activity in the basal ganglia as a
result of their need to control which language they use.
This extensive practice would modify the activity and con-
nectivity between the striatum and the language prefrontal
areas, and would override the bottom-up cortico-cortical
processing, and facilitate the implementation of top—down
influences. As a result, the authors propose that bilinguals
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would display better performance during the executive
tasks that require top-down processing, but would prob-
ably display worse performance during the tasks that
require bottom-up processing.

Processes such as inhibitory control or set shifting are
mainly right-lateralized in the inferior frontal cortex [Rob-
bins, 2007]. However, participation of other areas, includ-
ing the anterior cingulate cortex or the left inferior frontal
cortex, may be found in situations that require actively
maintaining semantic information throughout the task
[Bari and Robbins, 2013]. The participation of the left or
the right inferior frontal cortex implies two complemen-
tary forms of responding: the former relates to the top-
down control of the task, whereas the latter relates more
to inhibitory control. Bilingual language control through-
out life (i.e. selecting, inhibiting, and switching between
languages) may impact organization of the cognitive con-
trol network in a qualitative (and not only in a quantita-
tive) way, leading to the involvement of language control
brain areas in nonlinguistic executive tasks [Buchweitz
and Prat, 2013; Stocco et al., 2014]. Some previous studies
have shown that bilinguals use the left lateral prefrontal
cortex and the left striatum more than monolinguals dur-
ing executive tasks [Garbin et al., 2010; Rodriguez-Pujadas
et al.,, 2013], whereas monolinguals display greater use of
other areas, e.g. the right inferior frontal cortex [Garbin
et al., 2010] or the anterior cingulate [Abutalebi et al., 2012;
Rodriguez-Pujadas et al., 2014]. These studies have sug-
gested that both language groups employ different brain
networks to perform executive tasks: monolinguals use the
“classical” areas involved in executive processing more,
whereas bilinguals also involve the left lateral prefrontal
cortex and the striatum. Thus the determination of these
brain networks would facilitate the comprehension of
behavioral differences when they appear between both
groups.

The current study aimed to investigate differences for
the functional networks involved in cognitive control in
bilingualism by applying an independent component anal-
ysis (ICA) to a go/no-go task. ICA is a statistical method
used to discover hidden factors from a set of measure-
ments or observed data so that sources are maximally
independent. The ICA method most commonly used to
the analysis of fMRI data is spatial ICA, which identifies
the temporally coherent networks that are spatially and
maximally independent [see Calhoun et al. 2003 and 2009
for review). One advantage of ICA is that it does not
require a priori models of brain activity or connectivity to

Abbreviations
AC-PC  anterior-posterior commissure
DMN default mode network
DAN dorsal attention network
ICA independent component analyses
PCA principal component analysis

generate functional networks because it is a data-driven
approach. Furthermore, the application of general linear
model (GLM) to the temporal signals estimated with ICA
can provide new insights into the brain’s functional orga-
nization, which are not observed in conventional GLM
analyses [Xu et al. 2013]. It also offers other advantages as
it reduces the number of comparisons and is more sensi-
tive to detect between-group differences [Congdon et al.,
2010]. Among those involved in cognitive control, there
are three relevant networks called the left and right
fronto-parietal networks (FPN), and one bilateral cingulo-
opercular network (i.e. salience) that comprises the inferior
frontal gyrus, the insula, and the dorsal anterior cingulate
[Allen et al., 2011; Dosenbach et al., 2007, 2008], and in
some cases, the striatum [Garcia-Garcia et al., 2013]. Given
the previous results using a GLM approach, all three may
be relevant to help understand neural differences as a
function of bilingualism [Grady et al., 2015]. FPN networks
have been proposed to actively maintain task-relevant
information about one or a small number of trials, and to
implement control parameter adjustments more rapidly
[Dosenbach et al., 2008]. It is noteworthy that the left FPN
involves the brain areas related to language control and is
associated more with verbal working memory, whereas
the right FPN involves the brain areas related to stimulus-
driving orienting of attention [Allen et al., 2011]. The sali-
ence network is related to processing relevant unexpected
stimuli [Seeley et al., 2007].

The objective of the present study was to investigate
how bilingualism modulates the activity of cognitive con-
trol networks when participants perform a nonlinguistic
task that requires cognitive control. To this end, we carried
out an ICA to explore any possible differences in the rele-
vant networks between early high-proficient bilinguals
and monolinguals when performing a go/no-go task.
According to the Stocco et al. [2014] model and the above-
cited results, we hypothesized that the modulation of net-
works, which include the brain areas involved in language
control (mainly the left IFG and left caudate), would be
more prominent in bilinguals than in monolinguals when
responding to situations that require more cognitive con-
trol (i.e. infrequent go and no-go cues), whereas the right
inferior frontal gyrus and the ACC would be more rele-
vant for monolinguals.

MATERIALS AND METHODS
Participants

Twenty early high proficient Catalan-Spanish bilinguals
(12 females; mean age=21.1, SD=14) and 19 Spanish
monolinguals (10 females; mean age = 20.5; SD = 2.9) took
part in this study. There were no statistically significant
between-group differences in age and gender. All the par-
ticipants were undergraduates; this means they all had to
pass university entrance Spanish exams, and bilinguals
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had to pass the same exams also in Catalan. Participants
were physically and psychologically healthy, with no his-
tory of mental disorders, head trauma, or current psycho-
tropic medication wuse. Participants provided written
informed consent prior to participating in this study and
were paid for their participation. The study was approved
by the Ethical Committee of the Universitat Jaume 1.

All the participants were subjected to a preliminary
interview on their use of languages, and their personal
and familial language history, which allowed them to be
assigned to a bilingual or a monolingual group. The inter-
view was conducted by a fully Spanish-Catalan bilingual,
who also checked the ability to speak in both languages.
Monolinguals lived in a monolingual community and
reported Spanish to be their only communicating lan-
guage. Bilinguals lived in a Spanish-Catalan bilingual com-
munity and reported that they had used both Spanish and
Catalan regularly since early infancy. We also ensured
group assignment through self-reported questionnaires.
The linguistic competence questionnaire completed by
bilinguals showed that they had acquired Spanish and
Catalan simultaneously in early years of infancy (Spanish
AoA, in years: mean =035 SD=0.29; Catalan AoA:
mean = 0.76, SD = 0.61). Their mean competence level in
Spanish and Catalan was 4 on a 4-point scale, which meas-
ured listening, reading, speaking, and writing. All the
monolinguals were exposed to Spanish since early infancy,
and self-reported a competence level of 4 in Spanish.
Despite the fact that all the participants had learned Eng-
lish as a second language at school, they reported low-
frequency English use, and low proficiency in English or
any other language.

Experimental Design and Stimuli

Participants performed a go/no-go task adapted from
Chikazoe et al. [2009], while undergoing fMRI scanning.
Visual stimuli consisted of colored circles, where color
indicated trial type: frequent-go (gray); infrequent-go
(blue); no-go (yellow). In the frequent-go and infrequent-
go trials, participants were required to respond to visual
stimuli as quickly as possible with a button press, whereas
they were instructed not to respond to visual stimuli in
the no-go trials. Each colored circle was presented for 400
ms, followed by a 400-ms intertrial interval. The task con-
sisted of eight runs of identical duration (2:24 minutes),
which threw 1280 trials, of which 992 (77.5%) were
frequent-go trials. Infrequent-go and no-go trials were
equally frequent with 144 trials (11.25%) each. This modifi-
cation of the traditional go/no-go task, introduced by Chi-
kazoe et al. [2009], allows the effects of response inhibition
and stimulus frequency to be dissociated. Reaction times
(RT) and correct responses (hits) were recorded during the
fMRI session. A short (1-run) practice session was admin-
istered prior to scanning to minimize later learning effects.

The task was programmed and presented with the Pre-
sentation software (Neurobehavioral Systems, Albany, CA,
USA). Visual stimuli were displayed in the scanner with
Visuastim goggles (Resonance Technology, Northridge,
CA, USA). Stimulus presentation was synchronized by
scanner acquisition with SyncBox (Nordic NeuroLab,
Bergen, Norway), and behavioral task performance was
recorded with ResponseGrip (Nordic NeuroLab).

Behavioral Analyses

RT and correct responses were recorded during scanner
sessions as behavioral data. In order to investigate
between group differences in RT, a 2 X 2 mixed ANOVA
was performed, which included the RTs for frequent-go
and infrequent-go as the levels of within-subjects factor
and group as the between-subjects factor. The between-
group differences in accuracy were also investigated by a
2 X 2 mixed ANOVA, where group was the between-
subjects factor, and the within-subjects factor was the per-
centage of correct responses for the frequent-go and
infrequent-go conditions. The between-group differences
in the percentage of correct inhibitions under the no-go
condition were also investigated by a two-sample t-test.

Image Acquisition

Image acquisition was performed in a 1.5-T Siemens
Avanto MRI scanner (Siemens, Erlangen, Germany). Par-
ticipants were placed inside the scanner in the supine
position and their heads were immobilized with cushions.
Functional images were acquired with a T2*weighted
echo-planar imaging sequence (TE =55 ms, TR = 2670 ms,
FOV =224 X 224, matrix = 64 X 64, voxel size =3.5 X 3.5,
4 mm slice thickness, Flip angle =90"). In each run 52 vol-
umes were acquired. Each volume consisted of 29 inter-
leaved axial slices, acquired parallel to the anterior-
posterior commissure (AC-PC) plane covering the entire
brain. Prior to the functional MR sequence, an anatomical
3D volume was acquired by an MPRAGE sequence
(TE =3.79 ms, TR =2200 ms, FOV =256 mm, matrix = 256
X 256 X 160, voxel size 1 X 1 X 1, 1 mm slice thickness).

Image Preprocessing

Image preprocessing was carried out using SPM8 (Well-
come Trust Center for Neuroimaging, London, UK). It
included artifact correction (automatic detection and repair-
ing bad slices) with the ArtRepair toolbox for SPM (http://
cibsr.stanford.edu/ tools/humanbrain-project/artrepair-soft-
ware.html), slice time correction, realignment to correct for
motion-related artifacts, spatial normalization after extracting
normalization parameters from the segmentation of each par-
ticipant’s high-resolution anatomical acquisition (see Image
Acquisition) and smoothing with an 8-mm (FWHM) Gaus-
sian kernel.
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Independent Component Analysis

The group spatial ICA [Calhoun et al., 2001] was per-
formed to obtain the functional brain networks that under-
lie fMRI data. This analysis assumes that fMRI data are
linear mixtures of independent source signals, and it
attempts to maximally extract independent signals and
their mixing coefficients. The driving principle behind ICA
is that these independent source signals represent coherent
groupings of MRI activations, often referred to as compo-
nent maps, which implies the representation of a function-
ally connected network [see Calhoun et al., 2003 and 2009
for reviews]. The group spatial ICA is performed on all
the subjects at once and provides an independent compo-
nent spatial map and a single associated ICA time course
for every component, subject and session. Significant
between-group differences are determined by a second-
level analysis of the ICA results. The objective of our study
was to investigate the between-groups differences in the
functional networks implicated in go/no-go tasks. Thus
we performed a GLM analysis in the components’ time
courses, estimated by ICA, to determine how the different
brain networks are modulated by the experimental condi-
tions. Then between-group comparisons using the beta-
weights obtained from the GLM were made by second-
level analyses. The ICA procedure performed in our study
is described in detail below.

First, the optimal number of components was estimated.
There were 21 independent components based on mini-
mum description length criteria [Li et al. 2007]. Then,
Group ICA [Calhoun et al., 2001] was done with the Gift
toolbox (v3.0a, http:/ /icatb.sourceforge.net) using the Info-
max algorithm [Bell and Sejnowski, 1995]. Twenty itera-
tions of the ICA analysis were performed with the
ICASSO software [Himberg et al., 2004] to ensure the sta-
bility of the estimated components. Prior to the ICA, the
intensity of images was normalized and data dimensional-
ity was reduced through a principal component analysis
(PCA) following a two-step data reduction approach. In
the first step, the functional data for each subject and ses-
sion were reduced to 32 dimensions. In the second step,
the compressed datasets were concatenated in a single
dataset and reduced again to 21 dimensions. After ICA
decomposition, individual independent components maps
and time courses were computed by the GICA-3 back-
reconstruction approach. In our study, there were 39 sub-
jects, 8 runs, and 21 components. Thus 6552 (39*8*21) inde-
pendent component spatial maps (each associated with a
single ICA time course) were estimated.

Statistical analysis of spatial maps

The individual spatial maps generated by ICA were
used to identify the brain regions associated with each
component in the whole sample. On the individual spatial
maps, the voxel values represented its contribution to the
associated time course. Thus the brain regions that signifi-

cantly related with each component time course were
determined in the whole group through second-level anal-
yses. Following previous studies [Kim et al., 2009a], the
spatial maps were first averaged across runs within their
respective components and subjects, and then one-sample
t-tests at the second-level analyses were performed with
SPMS (at P <1 X 10~ '® FDR-corrected; k = 30).

Statistical analysis of component time courses

In order to study how functional networks were modu-
lated during the go/no-go task, a GLM was applied to the
individual components’ time courses using the design
matrix that represented the task. This analysis is analogous
to the GLM fit, which is performed on each voxel of the
preprocessed data in conventional task fMRI analyses.
However in this case, it was performed on the compo-
nents” time course. Thus it yielded a set of beta-weights,
which represented the modulation of the components’
time courses by the GLM regressors in relation to the base-
line. The GLM design matrix included separate regressors
to model the correct responses for the three trial types (fre-
quent-go, infrequent-go and no-go). The model also
included incorrect responses for the go trials, incorrect
responses for the no-go trials and the parameters that
modeled residual motion as regressors of no interest.
Regressors were convolved with the canonical hemody-
namic response function and included time derivatives.
Once the analyses were performed, the beta-weights asso-
ciated with the onsets of frequent-go, infrequent-go and
no-go conditions were averaged across runs within their
respective component in each participant, and were then
used to perform the second-level analyses.

Component selection

As ICA constitutes a data-driven approach and some
components may represent motion-related or physiological
signals, group analyses were performed in a small set of
components. Given the hypothesis of the study, the net-
works of interests were the left FPN, the right FPN and the
salience network. We performed visual inspection among
the estimated group spatial maps of the components to
identify those components that spatially fitted the brain
areas associated with our networks of interest in previous
studies (Allen et al., 2011; Dosenbach et al., 2007, 2008].
From the remaining components, for which we had no prior
hypothesis, we also looked for other possible components of
interest following a two-step selection criterion based on
previous studies. The first step involved correlating the esti-
mated group spatial map of the components with the prior
probabilistic maps of gray matter, white matter and cerebral
spinal fluid (CSF), provided by the MNI templates of SPM8
[Kim et al., 2009a,b; Ye et al., 2014]. The components with a
spatial correlation greater than r*=0.02, when compared
with white matter, or #*=0.05 when compared with CSF, or
with a lower correlation with gray matter than CSF or white
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TABLE I. Behavioral results

Bilinguals Monolinguals
(n=21) (n=20) Difference®
Mean (SD) Mean (SD) (P <0.05)

Reaction time (msec.)

Frequent Go 220.64 (30.57) 205.80 (53.79) ns.

Infrequent Go 228.26 (34.13) 211.54 (54.52) n.s.
Hits (%)

Frequent Go 91.08 (9.14) 88.99 (11.85) ns.

Infrequent Go 87.81 (10.94)  87.11 (9.45) n.s.

No go 55.07 (14.00)  50.62 (17.06) ns.

Efficiency 0.06 (9.21)  —0.07 (12.86) n.s.

“Differences between groups (two sample f test).
n=number of participants; n.s., no significance; SD, standard
deviation; msec, miliseconds.

matter, were not considered to be primarily located within
gray matter and were removed. The second step of the selec-
tion criteria was based on the involvement of the functional
networks in the task [Kim et al., 2009a,b]. In order to deter-
mine which functional networks were modulated during
the go/no-go task, the components’ average beta-weights
for frequent-go, infrequent-go, and no-go were compared
separately for each group with a one-way repeated meas-
ures ANOVA. Those components that did not show signifi-
cant differences at a statistical threshold of P<0.05 FDR-
corrected in any group were considered unrelated to the
task and were removed from subsequent analyses.

Second-level between-groups analyses

After component selection, second-level analyses were
performed to investigate how functional networks are
affected by bilingualism. First a 3 X 2 mixed ANOVA was
run for each network, which included as the within-subjects
factor the beta-weights that represented the modulation of
functional networks by experimental conditions, and group
as the between-subjects factor. Correlation analyses were
done to study the association between the modulation of
functional networks and behavioral performance. Thus the
beta-weights for the modulation of functional networks
under the experimental conditions correlated with RTs and
percentage of hits. These analyses were performed for the
whole sample and for both groups separately.

RESULTS
Behavioral Results

The median of the RTs and percentage of hits for each
condition and group are presented in Table I. The 2 X 2
mixed ANOVA, performed to investigate differences in
RTs, showed a main effect for Condition (F(37=18.81;
P<0.001), with the RTs for infrequent-go trials being
slower than the RTs for frequent-go trials. No main effect

of the Language Group or the Language Group X Condi-
tion interaction reached significance, thus the RTs for bilin-
guals and monolinguals were similar. The same 2 X 2
ANOVA was run to investigate differences in the percent-
age of hits for the go conditions. This analysis also showed
a main effect for Condition (F(37=11.24; P =0.002), with
a higher percentage of hits for the frequent-go condition
than for the infrequent-go one. Once again, no significant
effect for Language Group and Group X Condition was
significant. Finally, no between-group differences were
shown for the percentage of correct inhibition (P > 0.1).

ICA Results

By inspecting the components’ spatial maps, we identi-
fied the three brain networks of interest for our study in
C12 (right FPN), C18 (left FPN) and C19 (salience net-
work) (Fig. 1 and Table II). The FPN components were
strongly lateralized on the right and the left hemisphere,
respectively, which comprised similar regions of the infe-
rior parietal cortex, middle frontal cortex and inferior fron-
tal cortex. C19 was the only component that comprised the
core regions of the salience network: the bilateral frontal
operculum/insula and the dorsal anterior cingulate cortex
[Seeley et al., 2007]. Two different components passed the
selection criteria: C11 and C21 (See Table II). C11, which
involved occipital areas, the fusiform gyrus and superior
parietal areas, was identified as a dorsal attention network
(DAN), as previously described by Corbetta and Shulman
[2002]. C21 was identified as the default mode network
(DMN) as it involved the precuneus, inferior parietal areas
and the medial frontal cortex [Greicius et al., 2003; Raichle
et al. 2001]. As previously noted, the selection criteria
were based not only on the correlations of the component
spatial maps with the prior probabilistic maps provided
by SPM, but also on the differences found in the modula-
tion of the component time courses by the task conditions.
At this point, it is important to note that all the compo-
nents that represented the networks of interest for our
study (C12, C18 and C19) passed the first step of the selec-
tion criteria. C12 and C19 also passed the second step of
the selection criteria, while C18 showed a significant dif-
ferential modulation among the conditions in one of the
groups (bilinguals) with a lower statistical threshold of
P < 0.05 uncorrected.

ANOVA Results

After identifying the relevant components for our study,
second-level analyses, which consisted in 2 (Language
Group) X 3 (Condition) mixed ANOVA and correlations
with behavioral data, were performed for each network of
interest.

According to our hypothesis, the ANOVA analysis
revealed a trend for a significant main effect of Group
(Fa,37=3.31; P =0.07) in the left FPN, which indicates that
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Figure I.
Spatial maps for the left FPN, right FPN, and salience network. Images are presented in neuro-
logical convention (left is left). The statistical threshold is P< Ix10~'* FDR-corrected, with a
minimum extent threshold of 30 contiguous voxels. The color bar represents the t values appli-
cable to the image, while the numbers in the images correspond to the z MNI coordinates.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

bilinguals showed a higher modulation of this network
across all the conditions than monolinguals. This main
effect was driven by the significant Group x Condition
interaction  (Fp74=3.11; P=0.05), which showed
increased left FPN modulation under the infrequent-go
condition than the frequent-go condition in bilinguals
compared with monolinguals (see Fig. 2A).

The 2 X 3 mixed ANOVA, performed to investigate bilin-
gualism effects on right FPN modulation, showed no signifi-
cant main effects for either Group or the Group x Condition
interaction. This finding indicates that the modulations of
the right FPN by the task conditions were similar in both
bilinguals and monolinguals (Fig. 2B). Nevertheless, this
analysis revealed a significant main effect of Condition
(F(2,74y=22.12; P <0.001), which suggests that the right FPN
was more positively modulated by the no-go condition than
the frequent-go (P <0.001) and infrequent-go (P <0.001)
conditions.

The ANOVA analysis for the salience network yielded a
significant main effect for Condition (F74)= 3.39; P = 0.039),
and a higher modulation by the no-go than the go conditions
(P <0.05). As expected, the Condition x Group interaction
reached significance (F74=3.07; P =0.05), which implies
greater salience network modulation under the no-go condi-
tion than the frequent-go condition in bilinguals than in
monolinguals (P < 0.05; see Fig. 2C).

The ANOVA performed to investigate the modulation
of the DAN showed a significant main effect for Condition
(F2,74y=10.08; P <0.001), which indicates greater positive

modulation for the no-go (p=0.001) and infrequent-go
(P=0.018) conditions than the frequent-go condition.
Finally, the ANOVA results for the DMN network also
obtained a Condition main effect (F74=11.06; P <0.001),
with a greater negative modulation for the no-go condition
than the frequent-go (P=0.001) and infrequent-go
(P =0.002) conditions. These results indicate that these net-
works are involved in the task (Fig. 2D,E).

Correlations Between Brain Activation Patterns
and Behavioral Measures

The correlation analyses between performance measures
and modulation in the relevant networks under the
frequent-go, infrequent-go and no-go conditions were per-
formed for each language group. Regarding accuracy, the
percentage of correct inhibitions correlated negatively with
salience network modulation during the infrequent trials
in bilinguals (r = —0.48, P = 0.033), whereas this correlation
was nonsignificant in monolinguals (r=0.12, p >0.1). The
direct comparison made between these correlations, using
the Fisher’s Z test, revealed a significant group difference
with z=1.90, P <0.05 (Fig. 3A). In bilinguals, the RTs in
the frequent and infrequent go responses correlated signif-
icantly and negatively with salience network modulation
in the infrequent trials (r= —0.50, P =0.024 and r = —0.45,
P =0.049, respectively), and with left FPN network modu-
lation in the no-go trials (r=—-0.52, P=0.019 and
r=—0.43, P=0.059, respectively). The same correlations
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TABLE Il. Brain regions belonging to functional networks involved in go/no go task

Network Regions® MNI coordinates t Value K Brodmann areas”
DAN (C11) Occipital middle left —36 —887 23.08 1350 19, 18, 37
Fusiform left —36 =52 —17 20.72
Occipital inferior left —45 —-70 -8 19.45
Temporal inferior right 48 —64 —8 21.82 1484 19, 18, 37
Temporal middle right 48 —67 =2 21.80
Fusiform right 27 —67 —14 21.64
Parietal inferior left —54 —22 46 15.46 327 40,2,3
Parietal superior left —24 —61 55 15.01
Postcentral left —39 —3149 14.57
Angular right 27 —64 46 13.80 50 7
Parietal superior right 27 —58 58 12.27
Right FPN (C12) Frontal middle right 36 537 23.80 246 10
Frontal inferior orbitalis right 3932 -8 12.39
Frontal middle right 48 14 40 23.27 1297 8,9, 6,46
Frontal inferior triangularis right 45 26 28 22.62
Frontal inferior opercularis right 48 17 34 22.47
Parietal inferior right 42 —58 43 23.00 896 40, 7, 39
Cerebellum left —15 —82 26 19.58 112 -
Temporal inferior right 60 —25 =17 17.33 160 21
Temporal middle right 63 —31 —8 17.07
Parietal inferior left —48 —52 46 16.80 193 40
Angular left —36 —61 46 15.11
Cingulum middle right 6 —34 37 16.61 35 31
Cerebellum left -39 =70 -35 14.26 55 -
Left FPN (C18) Frontal inferior triangularis left —4532 16 24.62 1201 9,6,46, 8
Frontal middle left —30 11 58 19.48
Orbitofrontal inferior left —2729 -8 15.45
Parietal inferior left —33 =73 40 23.73 985 40,7, 39, 19
Angular left —42 =70 31 18.13
Parietal superior left —12 -76 52 12.26
Temporal middle left —57 —46 —8 23.22 228 37
Temporal inferior left —51 =55 —14 22.74
Cerebellum right 12 —82 —26 15.45 49 -
Frontal inferior triangularis right 4532 16 15.16 91 46
Frontal inferior opercularis right 5420 31 12.60
Occipital middle right 33 =70 37 13.27 31 19
Angular right 33 —61 40 11.59
Salience network (C19) Insula left -39 11 =5 30.97 1290 13, 45,47, 44, 46
Frontal inferior triangularis left —42294 23.15
Frontal inferior opercularis left —54 1413 19.42
Frontal inferior triangularis right 51354 25.60 1321 13, 47, 45, 46, 44
Insula right 4220 -8 23.07
Frontal inferior opercularis right 541413 21.13
Supramarginal right 60 —40 25 19.13 714 40, 22
Temporal middle right 63 —49 16 18.30
Temporal superior right 60 —43 19 17.84
Supramarginal left —60 —40 31 18.79 445 40
Inferior parietal left —63 —37 37 18.70
Temporal middle left —57 =55 4 13.93
Cingulum middle left —6 20 31 17.38 261 32,24
Cingulum anterior left —32622 17.37
Cingulum anterior right 626 25 16.52
Supplementary motor area right 917 61 16.38 108 8
Supplementary motor area left —-3861 12.22
DMN (C21) Precuneus right 3 —6125 28.31 1251 31, 30,7, 29
Precuneus left -3 -4913 27.23
Cuneus left —12 —61 19 23.60
Temporal middle left —42 —61 22 23.18 587 39,19
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TABLE Il. (continued).

Network Regions® MNI coordinates t Value K Brodmann areas”

Angular left —45 —73 28 20.93

Occipital middle left —33 =79 37 20.12

Angular right 45 —70 31 20.30 1023 39,19, 22, 37
Occipital middle right 36 —79 28 20.24

Parahippocampal right 30 —34 —11 20.10

Fusiform left —27 —40 —11 18.92 185 37
Frontal medial orbital right 350 -8 18.19 101 10
Temporal middle right 57 =7 =17 16.14 77 21
Temporal inferior left —51 =58 —11 13.48 53 8

“For clusters involving different regions the areas of the three most significant peak coordinates are reported.
"For clusters involving different regions the Brodmann areas with more than 30 voxels within the cluster are reported.

Statistical threshold at P <1 X 10~ '® FDR-corrected, K = 30.

Abbreviations: C, component; FPN, fronto-parietal network; DAN, dorsal attention network; DMN, default mode network; K, cluster.

for the monolingual group were all non significant (Fig.
3B). The direct comparisons of these correlations were sig-
nificant in all four cases (z > 1.67, P < 0.05).

DISCUSSION

Using ICA, the present study investigated the different
involvement of the executive control networks in bilin-
guals and monolinguals during a nonlinguistic go/no-go
task. We obtained three main results. First bilinguals used
the left FPN during infrequent-go trials more than mono-
linguals. Second the salience network in bilinguals was
more activated during no-go trials than in monolinguals.
Third the correlation analyses revealed a different use of
both the left FPN and salience network for bilinguals and
monolinguals. Overall, our results demonstrated that early
bilingualism, even when performance differences were
lacking, was associated with a qualitatively different use
of the brain networks involved in language processing
during the nonverbal tasks that require cognitive control.
As proposed in previous studies, these differences may
arise from stronger functional connectivity in the specific
networks related to the lateral prefrontal cortex, which
allows greater modulation of executive control tasks
[Grady et al., 2015]. This different use of lateral prefrontal
areas may be shaped by bilinguals” extensive practice in
language control [Stocco et al., 2014].

Previous studies that used inhibitory control tasks, like
the go/no-go task or stop, have consistently related the
inhibitory process with the right lateral prefrontal cortex
and the right FPN [Aron and Poldrack, 2006; Chikazoe
et al., 2009; Hirose et al., 2012; Swick et al., 2008]. The role
proposed for this brain area was to reorient attention
toward inhibitory cues [Aron et al., 2014; Zhang and Li,
2012] or, in general, to monitor for cues that signal a
change in action [Swick and Chatham, 2014]. The present
results confirmed a prominent similar role of this area in
inhibitory control for both bilinguals and monolinguals,

but found no significant between-groups differences
[Grady et al., 2015]. Therefore, our results differed from
those obtained in a previous study by our lab, which
showed a more marked use of the right lateral prefrontal
cortex in monolinguals during switching tasks that require
maintaining or switching the response set [Garbin et al.,
2010].

As expected, bilinguals used the left FPN in a qualita-
tively different way during the go/no-go task than mono-
linguals. First our results showed a relevant role of the left
FPN in bilinguals, but not in monolinguals. This indicates
that only the former group used language control brain
areas when performing difficult cognitive control tasks
[Garbin et al., 2010; Rodriguez-Pujadas et al., 2013]. Train-
ing in language selection and inhibition early in infancy
may determine a different brain strategy to perform these
cognitive control tasks. This could explain why bilinguals
were more efficient throughout the task performed in
some circumstances than monolinguals [Hilchey and
Klein, 2011].

The second result obtained herein demonstrated a spe-
cific stronger left FPN modulation for the infrequent-go
stimulus in bilinguals than in monolinguals. This result is
consistent with our previous observations, in which early
bilinguals used language control brain areas to a greater
extent when performing switching tasks than monolin-
guals [Garbin et al.,, 2010]. It is quite relevant that such
brain differences have also been found even in the absence
of statistically significant behavioral differences between
groups [Rodriguez-Pujadas et al., 2013]. This suggests that,
in agreement with our hypothesis, the greater involvement
of language control brain areas in bilinguals when per-
forming nonlinguistic control tasks does not necessarily
imply advantages in bilinguals, but merely differences in
the cognitive control network. Hence this result would
extend previous evidence which has demonstrated that
early bilinguals use language control brain areas more
than monolinguals when processing nonverbal stimuli that
require executive control [Green and Abutalebi, 2013].
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Lastly the correlation analyses evidenced differences
between bilinguals and monolinguals in the link between
left FPN modulation and behavioral measures. Specifically,
the bilinguals who displayed greater left FPN modulation
in the no-go trials obtained faster RTs, whereas the left
FPN modulation in the same trials done by monolinguals
did not correlate with RTs. Thus for RTs, only bilinguals
would benefit from greater left FPN involvement in inhibi-
tory trials, which evidenced a different pattern in monolin-
guals. These differences are consistent with previous
research, which has revealed greater functional connectiv-
ity between the inferior frontal cortex and the posterior
areas of the brain in bilinguals [Luk et al., 2011], and has
related this stronger functional connectivity to their partic-
ipation in executive control tasks [Grady et al., 2015].

The role of the left lateral prefrontal cortex in executive
tasks is controversial. Lesion studies have demonstrated
that this area is related directly to inhibitory control, espe-
cially when the frequency of the no-go signals is low
[Swick et al., 2008]. Using the same task as that employed
in our study, Hirose et al. [2012] reported that the left lat-
eral prefrontal cortex is related to efficiency in processing
an infrequent-go stimulus [see Chao et al., 2009 and Li
et al., 2006; for similar results using different tasks]. Simi-
larly, Zhang and Li [2012] proposed that the joint action of
the left FPN and motor networks is responsible for imple-
menting an appropriate response in inhibitory tasks.
Hence the left FPN implements the response according to
the cue’s semantic meaning [see Bari and Robbins, 2013,
for a similar proposal]. Our data are consistent with this
interpretation for the bilingual group as a whole, but not
for the monolingual group.

The last relevant result obtained herein reveals stronger
salience network modulation in bilinguals than in mono-
linguals during no-go trials. The salience network involves
the bilateral frontal operculum, the inferior frontal cortex
and the dorsal anterior cingulate cortex. As this network is
related to establishing which stimuli are relevant, its activ-
ity during go/no-go tasks was mainly connected with the
processing of no-go stimuli. The salience network is typi-
cally associated with error processing. Both the insula and
operculum have been previously shown to be consistently
activated while performing monitoring, and to be modu-
lated by error awareness. They have also been reported to
play a key role in adjusting human behavior vKlein et al,,
2007; Menon and Uddin, 2010]. As in the left FPC net-
work, the behavioral correlates of salience network modu-
lation differed for both groups. The modulation of this
network during infrequent go trials in bilinguals correlated
more with fast go responses, but with less accuracy in

Figure 2.
Mean and standard error bars for the beta-weights of each func-
tional network. C, component; FPN, fronto-parietal network;
DAN, dorsal attention network; DMN, default mode network.
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Figure 3.

Scatterplots that display the correlation between behavioral
measures and network modulation. The data of the monolingual
and bilingual participants are represented with different symbols
(circles and crosses, respectively) to illustrate the different direc-
tion of the correlation according to Group. A: Correlations
with percentage of hits. B: Correlations with RTs. C, compo-
nent; FPN, fronto-parietal; RT, reaction times.

no-go trials. These correlations were not significant in
monolinguals. Thus bilinguals” different use of the salience
network allows them to more rapidly process cues and to
process fewer errors.

The anatomical link between the two relevant executive
control networks is the left anterior insula/frontal opercu-
lum node [see Grady et al., 2015]. This area is common to
both the salience and left fronto-parietal networks. Previous
research has demonstrated that this area plays a pivotal role
in identifying new salient stimuli, and that it decouples its
activity from the left FPN network and increases intrinsic
activity in the salience network. Thus bilinguals better use
both networks to process infrequent-go and no-go stimuli,
which suggests a different form to cope with cognitive con-
trol tasks. The pattern of the results also showed different
behavioral correlates for both networks in the two groups,
which is consistent with the idea of qualitative (more than
merely quantitative) differences existing in the development
of executive control functions. Bilinguals and monolinguals
may confer a distinct function to executive control networks
in the cognitive control context, but not even this fact neces-
sarily led to different behavioral results. This view is con-
sistent with the model described by Stocco et al. [2014] since
the left lateral prefrontal cortex was proposed as the main
frontal candidate of the output of bilingual experience.
Unfortunately, our networks neither involved the basal gan-
glia as an isolate network [Mcfadden et al., 2014], nor
included basal ganglia in the salience network [Garcia-
Garcia et al., 2013], and we were unable to test for a possible
role of these nuclei in our task. However, our results were
consistent with the idea included in this model, which indi-
cated that the left lateral prefrontal cortex, as a result of
bilingualism, may perform different executive functions in
bilinguals (probably more influenced by basal ganglia) and
monolinguals (probably more linked to other cortical areas).

Our study has not found any brain networks that dis-
play more modulation in monolinguals than in bilinguals.
This result is consistent with the recent findings obtained
in Bialystok’s lab. These authors proposed that (older)
bilinguals had greater anterior-posterior functional connec-
tivity than monolinguals [Luk et al., 2011], which allows
the more efficient modulation of these networks during
executive control tasks [Grady et al, 2015]. Thus the
results presented herein agree with this model and dem-
onstrate a higher modulation of bilinguals” left FPN while
processing salient stimuli, which will allow more efficient
processing during these tasks [Hilchey and Klein 2011].

In general terms, the results of this study are consistent
with our previous research [Garbin et al., 2010; Rodriguez-
Pujadas et al,, 2013, 2014] and with the idea that early
bilinguals and monolinguals may display different devel-
opment for the brain networks associated with cognitive
executive control functions. The fact that the greater mod-
ulation of the networks involved in the left opercular area
in bilinguals while performing the cognitive control func-
tions involved in this go/no-go task suggests some cross-
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talk between the brain areas that house language control
and those involved in general-purpose cognitive control
systems [Moritz-Gasser and Duffau, 2009]. This is likely to
happen as a result of bilinguals’ early extensive experience
in managing and controlling two languages. The fact that
these brain functional differences are observed, even when
behavioral differences between both two groups are lack-
ing, supports the idea that the functional brain dynamics
associated with bilingualism do not necessarily lead to
more efficient behavioral performance [Rodriguez-Pujadas
et al., 2014].
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