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The Neural Cost of the Auditory Perception of Language
Switches: An Event-Related Functional Magnetic Resonance
Imaging Study in Bilinguals
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One of the most remarkable abilities of bilinguals is to produce and/or to perceive a switch from one language to the other without any
apparent difficulty. However, several psycholinguistic studies indicate that producing, recognizing, and integrating a linguistic code
different from the one in current use may entail a processing cost for the speaker/listener. Up to now, the underlying neural substrates of
perceiving language switches are unknown. In the present study, we investigated the neural mechanisms of language switching during
auditory perception in bilinguals. Event-related functional magnetic resonance imaging was performed in 12 early, highly proficient
Italian/French bilinguals, who were more exposed to their second language. Subjects had to listen to narratives containing “switched
passages” that could either respect (i.e., regular switches) or violate (i.e., irregular switches) the constituents of sentence structure. The
results indicate that switching engages an extensive neural network, including bilateral prefrontal and temporal associative regions.
Moreover, a clear dissociation is observed for the types of switches. Regular switches entail a pattern of brain activity closely related to
lexical processing, whereas irregular switches engage brain structures involved in syntactic and phonological aspects of language pro-
cessing. Noteworthy, when switching into the less-exposed language, we observed the selective engagement of subcortical structures and
of the anterior cingulate cortex, putatively involved in cognitive and executive control. This suggests that switching into a less-exposed
language requires controlled processing resources. This pattern of brain activity may constitute an important neural signature of

language dominance in bilinguals.

Key words: bilinguals; language switching; event-related fMRI; language comprehension; auditory perception; cognitive control

Introduction
Bilingual subjects continuously face the challenge of controlling
their two languages during communication to avoid interference
from the nontarget language (Hernandez et al. 2005). There is an
ongoing debate on how bilinguals correctly select the target lan-
guage and on what neurocognitive mechanisms they rely. Most of
the behavioral evidence about the nature of language selection
comes from switching paradigms during language production
(Amrhein, 1999; Hernandez and Kohnert, 1999; Meuter and All-
port, 1999; Costa and Santesteban, 2004). In these tasks, partici-
pants are asked to name pictures alternating between their two
languages. The difference in naming latencies between switch and
nonswitch trials is referred to as the “language-switching cost.”
In general, bilinguals have faster picture-naming latencies for
their first language (L1) compared with their second language
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(L2) (Christoffels et al., 2006). However, under language-
switching conditions, the difference in naming latencies between
L1 and L2 may reverse, with shorter latencies for L2 (Meuter and
Allport, 1999; Kroll et al., 2006). One explanation is that switch-
ing back into L1 is more difficult, because its lexical representa-
tions have been strongly inhibited to allow the selection of L2
items. Thus, part of the switching cost is a result of overcoming
this inhibition. Switching into L2 is relatively easier because,
when naming in L1, its corresponding lexical representation
would be less inhibited and therefore more available (Green,
1998). However, the notion of inhibition during language selec-
tion is not universally accepted (Costa and Caramazza, 1999).
Neuroimaging may deepen our understanding of language
selection. During a mixed naming condition, compared with
monolingual naming, Hernandez et al. (2000, 2001) showed a
selective engagement of the dorsolateral prefrontal cortex (see
also Chee et al., 2003; Wang et al., 2007). Price et al. (1999)
reported anterior cingulate cortex (ACC) and basal ganglia activ-
ity during word translation, and the supramarginal gyrus during
switching. Because this network (prefrontal cortex, ACC, supra-
marginal gyrus, and basal ganglia) is related to cognitive control
(Miller and Cohen, 2001), it was postulated that language selec-
tion involves cognitive control based on inhibitory mechanisms
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Table 1. Examples of the types of switches that occurred during the experiment: regular switches (left column)

and irregular switches (right column)
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Semantic and grammatical judgment tests.
The stimulus material consisted of 120 short

Regular switches

Irreqular switches

sentences (60 French and 60 Italian sentences).

IL PICCOLO PRINCIPE_qui m'a posé beaucoup de questions

(THE LITTLE PRINCE_who has asked me a lot of questions)

"Pourquoi vends tu ¢a,”_DISSE IL PICCOLO PRINCIPE

("why do you sell this”_SAID THE LITTLE PRINCE)

"AH,” DISSE IL PICCOLO PRINCIPE, "ils sont bien jolis tes souvenirs”

("OH,” SAID THE LITTLE PRINCE,_"your souvenirs are quite beautiful”)

L PICCOLO PRINICPE INCONTRO" IL CONTROLLORE._"Buonjour,” dit le
petit prince

(THE LITTLE PRINCE MET THE CONTROLLER. _"Good-morning,” said the
little prince)

E MIDICEVO:_"ce que je vois [a"

(AND | WAS TELLING TO MYSELF:_"that what | see there”)

mais le_PERICOLO DEI BAOBAB
(but the_DANGER OF THE BAOBAB)
J'ai_RISPOSTO
(I'have_ANSWERED)

CHE AVEVA_travaillé avec

(WHO HAS_worked with)

IL PICCOLO_prince était

(THE LITTLE_prince was)

mais s'était_INTERROTTO
(but it was_INTERRUPTED)

One-half of the French and Italian sentences
were grammatically and semantically correct.
In both languages, the remaining half contained
either grammatical or semantic violations.
Thus, there were four conditions: French and
Italian grammatical judgment and French and
Italian semantic judgment. For the grammati-
cal condition, the sentences were meaningful,
but included different types of grammatical vi-
olations, either disagreement of number or gen-
der [e.g., “I gatti [plural] ama [singular] cac-
ciare i topi” (the cats [plural] likes [singular]
hunting the mice)]. For the semantic condition,
the sentences were grammatically correct, but
contained semantic violations (e.g., “La pan-
nocchia mangia il maiale” (the corncob eats the

Asmay be seen in the examples, regular switches respected the constituents of sentence structure whereas irregular switches violated the constituents of the
sentence structure. The Italian part is written in all capital letters whereas the French partis written in capital and lowercase letters. The underscore highlights

the location where the switch took place.

(Abutalebi and Green, 2007). However, none of these studies
addressed the neural substrates of language switching in compre-
hension. Only a few event-related potential (ERP) studies have
investigated language switching in sentence comprehension
(Moreno et al., 2002; Alvarez et al., 2003; Proverbio et al., 2004;
Jackson et al., 2004), showing that switching, compared with
nonswitching trials, elicited an increased N400 component over
left frontocentral sites.

In the present study, we address the neural correlates of lan-
guage switching during comprehension. Highly-proficient bilin-
guals differentially exposed to their languages, underwent event-
related functional magnetic resonance imaging (er-fMRI) while
listening to narratives containing unpredictable switches from L1
to L2 and vice versa. To assess the impact of sentence well-
formedness on the switching mechanism, half of these switches
respected, whereas the other half violated, the constituent struc-
ture of sentences.

Our main hypothesis is that regular switches are processed
through neural pathways related to lexical-semantic processing,
whereas irregular switches may rely more on phonological and
morphosyntactic processes. Finally, we predict that switching
into a less-exposed language may engage structures related to
cognitive control.

Materials and Methods

Subjects

A group of 12 Italian/French bilinguals (six males; six females; mean age,
30.2; age range, 21-44) took part in the present study. All subjects came
from Italian families living in Switzerland; thus, their mother language
(L1) is Italian and their second language (L2) French. All subjects ac-
quired their L2 before the age of three and may hence be considered early
bilinguals. These subjects live in the Italian community of Geneva in
Switzerland, where the predominant language is French.

All participants were right-handed, as assessed by the Edinburgh In-
ventory Scale (Oldfield, 1971), and had no history of neurological or
psychiatric disorders. They were aware of the aims of the research and
signed an informed consent. The experimental protocol followed the
guidelines for human research developed by the ethical committees of
the participating institutions and was approved by the local ethical
committee.

Behavioral study

Subjects underwent a behavioral assessment aimed at investigating the
respective level of language proficiency for L1 and L2 and the level of
exposure to L1 and L2.

swine)]. All sentences were orthographically
correct and matched for length and word fre-
quency. The sentences were adapted from the
corpus of sentences by Hahne and Friederici
(2002). Three native speakers of French and Italian judged whether or
not the sentences made sense or were violated, respectively. Only those
sentences for which there was a 100% consensus were selected.

The sentences were presented for 1500 ms with an interstimulus inter-
val of 4000 ms in four independent sessions, respectively, for grammati-
cal judgment in French and Italian and for semantic judgment in French
and Italian. Subjects were asked to press the “enter” button on the key-
board every time they detected sentences containing semantic or gram-
matical anomalies. Participants were asked to be as fast and accurate as
possible. The stimuli were delivered and the reaction times were recorded
by means of the software Presentation 0.81 (Neurobehavioral Systems,
Davis, CA).

Word translation task. Subjects were invited to translate three lists of
single words in each language (i.e., from French to Italian and vice versa).
The lists included each an equal number (n = 30) of low-, medium-, and
high-frequency words. Words belonging to the lists were matched for
word length. Hence, 90 words were translated from L1 to L2 and vice
versa.

Written comprehension. Participants were asked to read a short story in
French and in Italian and to answer some questions concerning the con-
tent of each story. The stories were taken from the written parts of the
“high-level diploma” certifications for both languages (Diplome Appro-
fondi de Langue Frangaise; Diploma Avanzato di Lingua Italiana).

Subjects also underwent an assessment of their level of exposure to L1
and L2. All subjects were asked to fill out a detailed questionnaire that
investigated the subjects’ present use of each language. The participants
were asked to estimate how many hours per day they were exposed to
each language. The questionnaire covered the following areas: media
(television and radio), family (with each member), university (classmates
and teaching), friends (not classmates), reading (newspapers and books),
and other activities (hobbies, sports, music, etc.) (for details, see Warten-
burger et al., 2003).

Functional imaging study

Experimental paradigm. An er-fMRI design was applied to an auditory
language task. Subjects were invited to passively listen to four narratives
containing sudden and unpredictable changes of language (i.e.,
switches), from Italian to French and vice versa. These switches were the
main events to be investigated by means of er-fMRI. The “switched pas-
sages” were obtained by cutting and pasting fragments from monolin-
gual recordings selected from the story The Little Prince (Le Petit Prince; 11
Piccolo Principe) (De Saint-Exupery, 1949a,b). A balanced bilingual pro-
fessional reader recorded both the Italian and French version of the pas-
sages. To assure that the bilingual reader was free of any specific
language-related accent, five monolingual subjects for each language in
the study evaluated whether the speaker had an accent or not.
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Each of the four stories included a total of 60 language switches (30
L1—12 and 30 L2—L1), making a total of 240 switches, 120 of them
being L1—1L2 switches and 120 L2—L1 switches. The sentence duration
(intervals between language switches) was variable, from a minimum of
3 to a maximum of 19 s, not allowing the listener to form expectations of
the language switches. We further checked that switches never occurred
in the proximity of homophones and pseudohomophones. Likewise,
switches between French and Italian, and vice versa, never occurred on
cognate words.

Two of the stories contained only switches that respected the constit-
uents of sentence structures (henceforth referred to as “regular switch-
es”); in other words, in the sentence containing the switch “Il piccolo
principe_est allé¢” (“the little prince_was going”; language switch marked
with the underscore) the noun—verb constituents are respected. The re-
maining two stories contained only switches that did not respect the
constituents of sentence structure (henceforth called “irregular
switches”). In the sentence “J’ai_risposto” (“I have_answered”), the
switch is between the Italian verb and the French auxiliary and, hence,
not respecting the constituent structure (for examples of switches, see
Table 1). Thus, in the two stories with irregular switches, the language
switch was placed inside the constituents and, in particular, inside the
noun phrase and the verb phrase. Within the noun phrase, switches were
located between the determiner and the noun, between the adjective
phrase and the noun, between the determiner and the adjective, or inside
the adjective phrase. Within the verb phrase, switches were located be-
tween the auxiliary verb and the participle of the lexical verb, and be-
tween the clitic (that can replace, for example, the noun phrase or prep-
ositional phrase) and the verb.

Of the total amount of 120 irregular switches, 68 switches were located
inside the verb phrase (39 between the clitic and the verb, and 29 between
the auxiliary verb and the lexical verb), whereas 52 switches were located
inside the noun phrase.

To summarize, from the grand total of 240 switches, 60 switches were
regular switches from L1 to L2, 60 switches were regular switches from L2
to L1, 60 switches were irregular switches from L1 to L2, and 60 switches
were regular switches from L2 to L1. The subjects were not informed that
switches could be regular or irregular.

The order of presentation of the four stories was randomized among
subjects. Moreover, to keep high the level of attention during fMRI scan-
ning, subjects were told that at the end of the experiment they would be
asked to fill out a questionnaire with 10 questions regarding the content
of the stories.

Scanning procedures. MRI scans were performed on a 1.5T General
Electric (Milwaukee, WI) Signal Horizon system with a standard head
coil. Spin echo sagittal scans were acquired to localize the anterior and
posterior commissures on the midline sagittal section. Twenty transverse
T1-weighted spin echo images were acquired along the bicommissural
plane [echo time (TE), 14 ms; repetition time (TR), 350 ms]. Field ho-
mogeneity was adjusted by means of “global shimming” for each subject.
Thereafter, 290 echo planar volumes for each session were acquired using
an echo planar imaging (EPI) gradient echo sequence (TR, 2500 ms; TE,
60 ms; field of view, 256 X 256; matrix, 64 X 64; number of slices, 20;
thickness, 5 mm).

Image processing. All preprocessing steps and statistical analysis were
performed with SPM2 (http://www.fil.ion.ucl.ac.uk/spm; Wellcome De-
partment of Cognitive Neurology, London, UK), running on Matlab 6.5
(Math Works, Natick, MA). The first 10 volumes of each section were
discarded from the analysis to include only the EPI images with an opti-
mized signal.

Slice-timing procedures were applied to all EPI images to correct for
differences in acquisition time between slices. For each subject, all the
acquired data were realigned to the first image of the first session to
neutralize effects of intrasession and intersession movements. The ana-
tomical volume was realigned to the first EPI volume. The realigned
images were “normalized” into Montreal Neurological Institute (MNI)
stereotactic space. The normalization parameters were estimated by
matching the realigned anatomical volume with a standard T1 template.
The parameters were then applied to the realigned functional and ana-
tomical volumes, obtaining normalized volumes with a voxel size of 2 X
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Figure1. Thefigureillustrates the psycholinguistic background of the early bilinguals in the

presentstudy. Reaction times for the semantic and grammatical judgment tasks are reported on
top whereas the combined results related to L1and L2 are reported on the bottom (for details,
see Results).

2 X 5 mm. All of the images were then smoothed with a Gaussian kernel
of 8 X 8 X 8 mm to increase the signal-to-noise ratio.

Statistical analysis. Image preprocessing and statistical analysis were
performed using SPM2 implemented in Matlab 6.5. The effects of the
experimental design were assessed on a voxel-by-voxel basis using the
general linear model. Statistical maps were generated using a random-
effect model (Friston etal., 1999), implemented in a two-level procedure.
At the first level, single-subject fMRI responses were modeled by a design
matrix comprising the onset of the language switches. Regressors mod-
eling events were convolved with a canonical hemodynamic response
function (HRF), along with its temporal and dispersion derivatives, and
parameter estimates for all regressors were obtained by maximum-
likelihood (ML) estimation.

At the second level, random-effects group analyses across the 12 sub-
jects were computed. Statistical parametric maps for the simple main
effects were generated by an ANOVA incorporating the HRF and its
derivatives for each condition (corrected for nonsphericity using a re-
stricted ML procedure (Friston et al., 2002). Four simple main effects
were then analyzed: (1) regular switches into L1 (L2—L1), (2) regular
switches into L2 (L1—1L2), (3) irregular switches into L1 (L2—L1), and
(4) irregular switches into L2 (L1—L2).

The resulting statistical maps were then used to perform a conjunction
analysis, which tests for regions activated by all of the switching tasks.

Direct comparisons between tasks were performed using paired ¢ tests
on images of the contrasts of HRF parameter estimates: (1) regular
switches into L1 (L2—L1 switches) versus regular switches into L2
(L1—L2 switches), (2) regular switches into L2 (L1—L2 switches) versus
regular switches into L1 (L2—L1 switches), (3) irregular switches into L1
(L2—L1 switches) versus irregular switches into L2 (L1—12 switches),
and (4) irregular switches into L2 (L1—L2 switches) versus irregular
switches into L1 (L2—L1 switches).

All of the statistical maps were thresholded at p < 0.005 (not cor-
rected). An extent threshold of 20 contiguous voxels was applied to all
contrasts. All of the coordinates derived from the statistical analysis were
converted from MNI to Talairach and Tournoux stereotaxic space (Ta-
lairach and Tournoux, 1988). Stereotactical coordinates belonging to
activation foci found in the frontal lobes were further controlled and
adjusted by means of probabilistic cytoarchitectonic maps (Eickhoff et
al., 2005).
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Table 2. Stereotactic coordinates of the simple main effects of the four types of switches

Anatomical location X y z Z-value
Regular switches into L1
L middle frontal gyrus (Ba 45) —40 16 32 3.62
L superior frontal gyrus (Ba 9) —6 48 38 4.26
L anterior cingulate cortex (Ba 32) —4 40 18 3.99
—16 44 16 3.30
Left angular gyrus (Ba 39) —44 —66 36 3.18
Left precuneus (Ba 7) —-12 —50 34 3.51
L superior temporal gyrus (Ba 22) —42 —56 12 433
L superior temporal sulcus (Ba 22) —62 —48 8 4.65
L middle temporal gyrus (Ba 21) —58 —24 -10 5.90
Linferior temporal gyrus (Ba 37) —38 —52 —18 3.70
L thalamus =22 —26 4 3.35
L head of caudate -2 10 14 2.93
L putamen —28 12 10 3.01
Rinferior frontal gyrus (Ba 45) 56 22 6 423
52 30 2 3.94
R middle frontal gyrus (Ba 45) 54 20 24 3.34
R anterior superior temporal gyrus (Ba 22) 48 —10 4 3.84
R temporal gyrus (Ba 21) 56 =20 -8 5.41
56 -32 —6 521
56 —50 4 3.40
R globus pallidum 14 —6 -2 3.34
R putamen 28 —6 8 3.09
Regular switches into L2
L inferior frontal gyrus (Ba 45) —40 12 30 3.59
L superior frontal gyrus (Ba 9) -8 50 40 3.58
L superior temporal sulcus (Ba 22) —60 —40 6 4.55
L middle temporal gyrus (Ba 21) —52 —18 -8 6.59
—58 —24 —-10 6.54
Linferior temporal gyrus (Ba 37) —42 —60 —12 3.26
Rinferior frontal gyrus (Ba 45) 56 22 6 411
56 22 16 3.52
R temporal gyrus (Ba 21) 58 —18 —6 6.18
56 —32 —4 5.79
R temporal pole (Ba 38) 50 8 —16 5.64
Irregular switches into L1
L inferior frontal gyrus (Ba 45) —54 18 22 3.22
L inferior frontal gyrus (Ba 44, pars opercularis) —48 16 6 3.26
L LIPL (Ba 40) —44 =50 44 3.53
—50 —44 38 3.49
L middle temporal gyrus (Ba 21) —60 =22 -8 4.96
—60 —40 -8 3.29
Rinferior frontal gyrus (Ba 45) 56 18 22 418
R middle frontal gyrus (Ba 6) 44 4 50 3.68
54 10 40 3.13
Rinsula 36 22 —6 3.07
R middle temporal gyrus (Ba 21) 68 —46 -2 4.16
56 —32 —6 331
R temporal pole (Ba 38) 52 8 —16 472
Irregular switches into L2
L middle frontal gyrus (Ba 45) —50 22 24 3.90
Linferior frontal gyrus (Ba 44, pars opercularis) —50 16 10 3.37
—44 14 26 3.79
L superior frontal gyrus (Ba 6, pre-SMA) -2 10 56 3.02
LLIPL (Ba 40) —38 —52 42 343
L middle temporal gyrus (Ba 21) —58 —24 —10 4.42
—64 —34 —4 3.83
Rinferior frontal gyrus (Ba 45) 56 22 6 3.93
52 36 8 3.81
R middle frontal gyrus (Ba 45) 54 20 24 3.75
4 8 34 3.5
R middle frontal gyrus (Ba 6) 52 10 42 3.28
R middle temporal gyrus (Ba 21) 68 —46 -2 419
64 —40 —6 3.40
58 —32 —6 3.40
R temporal pole (Ba 38) 52 8 —16 3.90

L, Left; R, right.
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Results

Behavioral results

The results of the reaction-times study of
the semantic and grammatical judgment
tasks are depicted in Figure 1 A. No sig-
nificant difference was found between
the two languages (Fig. 1). Moreover, a
quite similar pattern of performance was
observed in the word lists to be trans-
lated from L1 to L2 and vice versa. On
average, in the case of high-frequency
words, 29.83 out of 30 words and 29.66
of 30 words were correctly translated, re-
spectively, from L2 to L1 and from L1 to
L2. On the lists of medium-frequency
words, 28.75 of 30 words and 27.58 of 30
words were correctly translated, respec-
tively, from L2 to L1 and from L1 to L2.
Finally, on the lists of low-frequency
words, subjects correctly translated
16.88 of 30 words and 16.33 of 30 words,
respectively, from L2 to L1 and from L1
to L2. As for the written comprehension
tasks, the mean score for the L1 story was
7.78 of a maximum score of 8.0 whereas
the mean score for L2 was 7.92 of a max-
imum of 8.0. The difference between L1
and L2 was not significant.

A significant difference was observed
regarding the exposure to each language.
Subjects’ average exposure was 14.49% to
their L1, and 85.51% to their L2 (t = 5,264;
p < 0,0001). To summarize, the subjects
were a group of early and highly proficient
bilinguals significantly less exposed to
their L1.

Functional neuroimaging results

The patterns of brain activity individu-
ally associated to each of the four types
of switches calculated by means of the
simple main effects are reported in Table
2 for region details and stereotactic co-
ordinates, and illustrated in Figure 2.
The simple main effect of regular
switches into L1 (i.e., the less-exposed
language) revealed an extensive pattern
of activity in the left hemisphere, com-
prising the prefrontal [Brodmann’s area
(Ba) 45, Ba 9], parietal (Ba 39, Ba 7), and
temporal (Ba 22, Ba 21, Ba 37) cortex.
The anterior cingulate cortex (Ba 32),
the basal ganglia (head of caudate and
putamen), and the thalamus were also
activated. In the right hemisphere, activ-
ity was found in the prefrontal (Ba 45)
and temporal (Ba 22, Ba 21) cortex, and
in the putamen. The simple main effect
of regular switches into L2 revealed a
pattern of brain activity similar, but less
extended in terms of number of voxels
(Table 2, Fig. 2, top right). The simple
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main effect of irregular switches into L1
(i.e., the less-exposed language) resulted
in left hemispheric activation in the in-
ferior frontal gyrus [Ba 45 and pars oper-
cularis of Broca’s area (Ba 44)], the left
inferior parietal lobule (LIPL; Ba 40),
and the middle temporal gyrus (Ba 21).
In the right hemisphere, the activation
was located in the inferior (Ba 44/45)
and middle frontal (Ba 6) gyri, the in-
sula, the middle temporal gyrus (Ba 21),
and the temporal pole (Ba 38). The sim-
ple main effect of irregular switches into
L2 was associated with activation in
comparable regions as for irregular
switches into L1, namely Ba 45 and the
pars opercularis of Broca’s area (Ba 44),
the LIPL (Ba 40), and the left middle
temporal gyrus (Ba 21). Similar activa-
tions were observed in the right
hemisphere.

The conjunction analysis on all four
types of switches (i.e., regular switches into
L1, regular switches into L2, irregular
switches into L1, and irregular switches
into L2) showed a pattern of brain activity
comprising the left inferior frontal gyrus
(Ba45,x = —48,y = 20,z = 22) the left anterior middle temporal
gyrus (Ba21l,x = —58,y = —24,z = —10), and the left posterior
middle temporal gyrus (Ba 21/37,x = —60,y = —44,z = —12).
In the right hemisphere, the activation involved the homolog
temporal areas (Ba 21, x = 56, y = —22,z = —10; Ba 21/37,
X = 66,y = —46,z = —2), the right inferior frontal gyrus (Ba
45, x = 56, y = 20, z = 12), and the middle frontal gyrus (Ba
45/46, x = 54,y = 32, z = 20) (Fig. 3).

The direct comparisons, performed to detect differences
between languages revealed the following patterns of activity
(Fig. 4). Regular switches into L1 compared with those into L2
activated the left caudate nucleus (x = —8, y = 6,z = 8), and
bilaterally, the anterior cingulate (Ba 32, x = —6,y = 24,z =
20; Ba 24, x = 12, y = 40, z = 18) and posterior cingulate
cortex (Ba23,x= —8,y = —56,z=18,and x = 18,y = —52,
z = 16) and the right supramarginal gyrus (Ba 39, x = 48,y =
—58, z = 36). The reverse comparison (i.e., regular switches
into L2 compared with those into L1) revealed a different
pattern of activity involving the left superior parietal lobule
(Ba7,x = —26,y = —64, z = 54), the left anterior superior
temporal gyrus (temporal pole; Ba22,x = =52,y = —14,z =
6), and the right temporal pole (Ba 38, x = 50,y = 4,z = —10).
When comparing the irregular switches into the less-exposed
language (L1) to those into L2 we found again the engagement
of the head of the left caudate (x = —20, y = 16, z = 0), and
bilaterally of the anterior cingulate cortex (x = —6,y =20,z =
32;and x = 8, y = 30, z = 14). Additional foci of activity were
found in the left insula (Ba 44, x = —46,y = 0, z = 2), the left
superior temporal gyrus (Ba22,x = —56,y = —32,z=6),and
the right middle temporal gyrus (Ba 21, x = 36,y = —68,z =
2). The irregular switches into L2 compared with those into L1
entailed brain activation in the left superior frontal gyrus (Ba
10, x = =22,y = 62,z = 10), the LIPL (Ba 40, x = —40,y =
—32, z = 48), the left precuneus (Ba 7, x = —4, y = —54,
z = 36), and the right precentral gyrus (Ba 6, x = 58,y = —16,
z = 36).

Figure 2.

Table 2.
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- Switching into L1 Switching into L2

Regular

The simple main effects of the four different types of switches: regular switches into L1 (top, left); regular switches
into L2 (top, right); irregular switches into L1 (bottom, left); irregular switches into L2 (bottom, right). For anatomical details, see

Figure 3.
types of switches.

Pattern of brain activity revealed by the conjunction analysis between all four

Discussion
The auditory perception of language switches
Both regular and irregular switches, as shown by the conjunction
analysis, activated bilaterally the inferior prefrontal and superior
temporal cortex. The event-related paradigm of the present study
allows precise detection of the switches (events of interest), leav-
ing out the comprehension processes of the narratives serving as
abaseline. The brain correlates of passively listening to narratives,
however, have been extensively studied in monolinguals (Scott et
al., 2000; Crinion et al., 2003; Scott, 2005; Spitsyna et al., 2006)
and in bilinguals (Perani et al., 1996, 1998). A common finding of
these studies is the extensive engagement of the temporal lobes
from Wernicke’s area along the superior and middle temporal
gyri to the temporal poles. This latter region is specifically en-
gaged for linguistic integration at the discourse level (Scott et al.,
2000; Humphries et al., 2001) and was also found for L2 in highly
proficient bilinguals, but not in low-proficient bilinguals (Perani
etal., 1998). The absence of these areas in the present study might
not only be because of the experimental paradigm, but may also
be a consequence of susceptibility artifacts of fMRI in these ante-
rior temporal regions (Devlin et al.,2000),

The engagement of the inferior prefrontal cortex seems to be
specific for the switching conditions. Indeed, passive listening to
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Switching into L1
(L2=> LI vs L1 2 L2)

Regular

Irregular

Figure 4.

narratives does not engage the inferior prefrontal cortex. Only
when incorporating explicit metalinguistic tasks into experimen-
tal designs (such as decision tasks) is prefrontal activity reported
(Crinion et al., 2003). Perceiving a language switch may be anal-
ogous to a metalinguistic task because, for the correct linguistic
integration, subjects have to keep in mind the word on which the
switch takes place. The activity within the prefrontal cortex may
reflect executive control over access to short- or long-term mem-
ory representations (Thompson-Schill et al., 1997; Fletcher et al.,
1998) such as semantic, phonological, or syntactic representa-
tions to assist comprehension (Dapretto and Bookheimer, 1999).

When considering individually regular and irregular switches,
crucial differences emerged. The activation of regions related to
lexical processing, such as the left Ba 37, was specific for regular
switches, whereas irregular switches resulted in the activation of
the opercular portion of Broca’s area and the LIPL. The role of Ba
37 in lexical-semantic processing has been extensively demon-
strated (Démonet et al., 2005) whereas the opercular portion of
Broca’s area and the LIPL have been linked to phonological pro-
cessing (Paulesu et al., 1993) and to syntactic processing (Caplan
et al., 2000; Friederici, 2002).

We hypothesize that regular switches may be treated as trans-
lation equivalents and, hence, as lexical alternatives (Green,
1998) immediately available to the bilingual listener. Conversely,
irregular switches may not be immediately processed as lexical
alternatives, but rather first as violations because of their occur-
ring in unnatural and irregular positions. With the irregular
switch “the dog is_abbaiando” (Italian for “is barking”), the bi-
lingual speaker is faced with a harder problem: matching the
English auxiliary to the Italian progressive form. Thus, violating
the well-formedness of the sentence structure may result in a
greater phonological workload and in the need to control for

Switching into L2
(L1>12vs 123 LI)

Direct comparisons between languages (L1 and L2) and types of switches (reqular and irregular). Regular switches
into the less-exposed language (L1) compared with those into L2 (top, left) activated a network of brain areas associated with
cognitive control (for details, see text). This pattern was found also for irregular switches into the less-exposed language (L1)
compared with those into L2 (bottom, left). The reverse comparisons, i.e., reqular switches into L2 compared with those into L1
(top, right) and irregular switches into L2 compared with those into L1 (bottom, right), did not engage this network of brain areas.

J. Neurosci., December 12, 2007 « 27(50):13762—13769 * 13767

grammatical violations (for example, to
check the number/gender congruency be-
tween the L1 auxiliary and the L2 verb),
and finally in a check of whether the sen-
tence makes sense. This hypothesis may
explain the engagement of the pars oper-
cularis of Broca’s area and the LIPL, the
neural counterpart of the phonological
loop (Paulesu et al, 1993; Smith and
Jonides, 1999), and of syntactical analysis
(Friederici et al., 2003).

Language control in bilinguals

We suggest that the activity found in the
caudate nucleus and the ACC when
switching into the weaker (i.e., less-
exposed) language is related to cognitive
control mechanisms and may reflect, at
the neural level, the switching cost. How-
ever, our study could not confirm the psy-
cholinguistic evidence that the switch cost
arises when switching in the weak to dom-
inant language direction (Meuter and All-
port, 1999). Several ERPs studies found, as
in the present study, an opposite asym-
metric pattern of switching costs: in-
creased N400 amplitude in the dominant
to weak but not in the weak to dominant
language direction (Alvarez et al., 2003;
Proverbio et al., 2004). One explanation is
that, whereas most of psycholinguistic
work on switching derives from production tasks, these ERPs
investigations used a comprehension paradigm. We suggest that
during comprehension in the weak language, the dominant lan-
guage is not actively inhibited because comprehension is a more
passive task and competition between languages may not be as
prominent as in production. Hence, the switch cost would not
arise to overcome the inhibition of the dominant language during
comprehension in the weak language, but rather may be related
to the necessity of strongly activating the weak language during
the dominant to weak language switch. It should also be men-
tioned that ERPs studies focusing on production showed con-
trasting results to the behavioral literature. For instances, Jackson
et al. (2001) found a significant frontal N2-effect only in the
dominant to weak language direction, whereas Christoffels et al.
(2007) revealed an equal cost for both directions. Interestingly, a
previous fMRI study in language production reported that only
switching into the weaker language is paralleled by ACC and
prefrontal activity (Wang et al. 2007). Additional controlled in-
vestigations may shed light whether switching incurs a greater
“neural cost” during the L1 to L2 switch or during the L2 to L1
switch.

As reported in neuroimaging studies during word production,
the prefrontal cortex (Hernandez et al., 2000, 2001; Rodriguez-
Fornells et al., 2002, 2005; Chee et al., 2003), the caudate nuclei
(Price et al., 1999; Crinion et al., 2006; Wang et al., 2007), and the
ACC (Price et al., 1999; Wang et al., 2007) are engaged when
bilinguals face potential language interference. It is remarkable
that we found a similar cognitive control network using a passive
auditory comprehension paradigm. This finding may lead to the
conclusion that the bilingual brain is equipped with a dedicated
control mechanism responsible for language selection. More-
over, by using a natural language paradigm, such as listening to
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narratives, we may exclude that our findings are purely related to
the experimental task (Paradis, 2004). Noteworthy, the study of
bilingual aphasia provides additional evidence that language con-
trol is a salient aspect of bilingual language processing. Focal
lesions either to the left caudate or to the prefrontal cortex may
lead to unintentional switches between languages and to nontar-
get language interference in naming tasks (Abutalebi et al., 2000,
Marién et al., 2005).

Language control is closely related to cognitive control and
this complex function emerges from the interaction of separable
systems such as the ACC, the caudate, and the left prefrontal
cortex (Miller and Cohen, 2001). In particular, the ACC may act
as a sensor of cognitive conflict (Botvinick et al., 1999, 2001) and
modulates cognitive control (Bush et al., 2000). Conflict during
language switching may arise when leaving a strong language
system and entering a relatively weak language, such as the less-
exposed L1 in the case of our study. As for the caudate nucleus, it
has been shown previously that caudate activity increases propor-
tionally to the degree to which a new salient sound interferes with
the current cognitive focus (Zink et al., 2006). It may be hypoth-
esized that the less-exposed language in our study was perceived
as a more salient stimulus, requiring the reallocation of cognitive
resources through more controlled processing.

On a first view, it may be surprising that in the present study
L1 appears to require controlled processing. It is generally be-
lieved that language processing is mostly automatic in LI,
whereas processing an L2 is more conscious and effortful (Sega-
lowitz and Hulstijn, 2005). However, our subjects lived since
their childhood in a predominantly L2 environment, a factor that
had an important impact on their L1 exposure. Differential ex-
posure may result in neural differences in the bilingual brain
(Perani et al., 2003; Perani and Abutalebi, 2005) and exposure is
assumed to be among the most relevant factors to determine
which language recovers first in the case of bilingual aphasia
(Paradis, 1998).

Similarly to proficiency, exposure may have strong influences
on language interdependency in bilinguals. Kroll and Stewart
(1994) proposed that there is an L1-dependency of L2, because an
L2 is generally acquired with reference to existing L1 concepts
(i.e., an L2 is mediated through L1 translation whereas L1 is
concept mediated). Increasing L2 proficiency may result in less
L1 dependency. It was shown that L2 can even replace L1 when
bilinguals are no more exposed to L1 (Pallier et al., 2003). In our
subjects, it is plausible that, despite an equal performance on
proficiency testing, L2 replaced L1 as the dominant language be-
cause of the lack of a sufficient exposure to L1.

We may thus conclude that decreased exposure to a given
language enhances controlled processing for that language. At the
neural level, controlled processing may be indexed by activity in
neural structures related to cognitive control, such as the left
caudate and the ACC. In other words, the left caudate and ACC
activity may constitute an important signature of language dom-
inance in the bilingual brain. This index may be independent of
language modality because it is not confined to language produc-
tion, but is also involved in language comprehension.
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