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ABSTRACT

Bilinguals require a high degree of cognitive control to select the language intended for

speaking and inhibit the unintended. Previous neuroimaging studies have not teased

apart brain regions for generating the intention to use a given language, and those for

speaking in that language. Separating these two phases can clarify at what stage

competition between languages occurs. In this fMRI study German - English bilinguals

were first cued to use German or English. After a delay, they named a picture in the cued

language. During the intention phase, the precuneus, right superior lateral parietal

lobule, and middle temporal gyrus were more activated when participants had to update

the currently active language. During language execution activation was higher for

English compared to German in brain areas associated with cognitive control, most

notably the anterior cingulate and the caudate. Our results suggest two different

systems enabling cognitive control during bilingual language production.
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1. INTRODUCTION

Speaking requires a high degree of cognitive control in order to monitor and

correct for possible errors. In the case of bilingual speakers, the demand for cognitive

control is even greater since they must also monitor and correctly select the intended

language for discourse. Indeed, before bilinguals speak, they need to decide which

language to use. Often, cues from the conversational context indicate which language is

appropriate (Grosjean, 1982): For example, in a bilingual work environment it may be

customary to hold formal presentations in English, while informal conversations may

typically take place in German. Other cues that inform the intention to speak a particular

language may be who the conversational partner is, or which language was just used

(e.g. Schwartz & Kroll, 2006). In this study we will address how cognitive control

processes assist the bilingual brain in encoding and acting upon the intention to use one

of two languages.

Models of bilingual speech production generally assume that bilinguals have at

least two lexical representations attached to the same concept (de Groot, 1993; Francis,

1999; Kroll & Stewart, 1994). Thus, in order to name an object in the language

appropriate for a given context, bilinguals must select the intended language and avoid

interference from the unintended language. Cognitive control mechanisms are assumed

to manage and resolve potential competition among distinct language systems (e.g.

Abutalebi & Green, 2007; Costa & Santesteban, 2004; Green, 1986, 1998; Luk, Green,

Abutalebi, & Grady, 2012; Price, Green, & Studnitz, 1999). Neuroimaging studies have

been successful at identifying a set of cortical and subcortical regions responsible for

selecting one language over the other (Abutalebi & Green, 2007; Crinion et al., 2006;
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Garbin et al., 2011; Hernandez, Dapretto, Mazziotta, & Bookheimer, 2001; Luk et al.,

2012; Rodriguez-Fornells et al., 2005). Most notably, a bilingual language control

network has been associated with the pre-Supplementary Motor Area/Anterior

Cingulate Cortex (pre-SMA/ACC), prefrontal cortex and the left caudate (Abutalebi et al.,

2013; Abutalebi & Green, 2007).

While there is general agreement that control mechanisms promote the

activation of the intended and prevent interference from the unintended language, the

time course of when exactly control mechanisms are exerted upon the unintended

language is disputed. In most occasions the decision on which language to speak is set at

the preverbal stage, that is at the stage at which pragmatic cues about the

communicative context become available, but before the specific content of the

communication is set. Accordingly, one psycholinguistic account proposes that the

(preverbal) intention to speak one language rather than the other is sufficient to

unambiguously select words in the intended language during the verbal phase (La Heij,

2005). Following a similar account, contextual cues are proposed to bias production

towards the intended language to the extent that only words in the target language are

considered for selection (Costa & Caramazza, 1999; Costa, Miozzo, & Caramazza, 1999;

Finkbeiner, Gollan, & Caramazza, 2006; Roelofs, 1998). According to this proposal,

competition between different lexical choices only occurs within the target language. On

the other hand, a different group of cognitive models assume that lexical

representations within the intended language compete actively with alternatives in the

unintended language until a rather late stage (e.g. Green, 1986, 1998; Kroll, Bobb, &

Wodniecka, 2006; Poulisse & Bongaerts, 1994). Eventually, these alternatives are

inhibited (e.g., Green, 1998). According to this proposal, the intention to speak one
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language is not sufficient to activate selectively the lexical representations in the

intended language only.

Previous imaging studies have not fully disentangled neural activity associated

with the process of forming an intention to use a particular language from neural

activity associated with the process of acting upon this intention (i.e., speaking).

Typically, the experimental paradigms used in previous fMRI studies presented the cue

to use a particular language, e.g. English, in close temporal proximity to the prompt to

speak, e.g. the presentation of an object to be named (Abutalebi et al., 2008, 2013).

Given the limited temporal resolution of fMRI, such paradigms do not allow a separate

investigation of the brain regions involved in processing the cue (intending to use a

given language) and those involved in actually retrieving the lexical representation.

Importantly, while the processing of the language cue is preverbal (speakers do not

know yet what they will say, but only which language to use), naming an object is

obviously verbal. Hence, if the instruction about which language to use coincides with

the instruction on the linguistic content, it is impossible to investigate separately the

stage at which speakers form the preverbal intention to use a particular language and

the verbal stage at which speakers seek lexical access. An explicit separation of the

processes involved in these two task phases in a group of bilinguals would clarify at

what stage competition between languages occurs during language production.

Furthermore, it would also allow to investigate whether cognitive control processes are

involved at both stages, and, if so, whether it acts via different brain networks.

While typically speakers speak directly after forming the intention to speak, task

cueing paradigms ask participants to represent and maintain active the intention to

perform an upcoming task over a delay period (e.g. Brass & von Cramon, 2002;
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Dosenbach et al., 2006; Haynes et al., 2007; Reverberi, Görgen, & Haynes, 2012; Sakai &

Passingham, 2003). Neural activity measured during this delay period is thought to

reflect cognitive preparation for performing the upcoming task. Task cueing paradigms

have been successfully applied to investigate the neural processes underlying the

intention to speak in monolinguals. For instance, in anticipation of linguistic material for

articulation, subjects activate the entire language production network 2-4 seconds prior

to speaking, including the frontopolar (BA 10) and anterior cingulate cortices, the

supplementary motor areas (SMAs), and the caudate nuclei (Gehrig, Wibral, Arnold, &

Kell, 2012; Kell, Morillon, Kouneiher, & Giraud, 2011). In the case of bilingual language

production, it remains unknown whether preparatory processes associated with speech

production include representations specific to the language the speaker chooses to

speak.

In the present functional magnetic resonance imaging (fMRI) study we investigate how

the bilingual brain encodes and acts upon the intention to speak one of two languages.

We apply a task-cueing paradigm to separate neural activation associated with forming

the intention to speak from neural activation associated with actually retrieving specific

lexical items from the selected language. During scanning, German-English bilingual

participants were first cued to use a particular language (German or English). They were

then asked to represent and maintain the intention to use that language over a delay

period (language intention phase). After this delay, participants were presented a picture

of an everyday object, which they were asked to name in the cued language (language

execution phase). This separation of language intention and language execution may

potentially allow us, as aforementioned, to address whether control processes necessary

to resolve competition between the two languages are already active at the preverbal
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stage, or, only at the verbal stage, i.e. at the time of lexical access. Hence we compared

neural activation associated with German to English single word production during the

intention and the execution phase. If having the intention to speak a particular language

triggers the suppression of the unintended language (i.e. favors representation

associated with the intended language) we should be able to detect systematic

activation differences in brain areas associated with language control between trials in

which speakers intend to speak English (less dominant language) and trials in which

speakers intend to speak German (more dominant language). However, if both

languages compete actively until a rather late stage in the production, we should not be

able to detect difference between German and English trials during the intention phase,

but instead only during the execution phase. Furthermore, we studied the brain

structures involved in the updating of the active language by comparing trials in which

the cued language changed from the preceding trial (switch trials) to those in which

language remained the same (stay trials). We expect that switch trials will result in a

pronounced pattern of activation related to cognitive control as these trials require the

speaker to re-select the language that will be produced.

2. METHODS

2.1 Participants

German-English bilinguals were recruited with flyers and emails. The

advertisement asked for German native speakers with a very good knowledge of English.

Volunteers who reported that English was their second mother tongue language (early

bilinguals) or who reported high fluency in a third language were excluded. The
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remaining volunteers were invited for a first experimental session, which included an

extended assessment of their language proficiency. The final subject group (n = 23) was

selected on the basis of the language proficiency tests. They were all high proficiency

late bilinguals (see 2.2 for details). Two subjects were further excluded because they

asked to abort scanning. The remaining 21 subjects with full scanning data (age

23.1±3.1, 12 female) were right handed, as assessed by the Edinburgh handedness

inventory (mean = 67.7, SD = 9.8 with 44 as the lowest reported score, Oldfield, 1971).

All subjects had normal or corrected to normal vision. No subject reported a

neurological or psychiatric history, or a language or learning impairment. The

experiment was approved by the ethics committee of the department of psychology of

the Humboldt University. Subjects received monetary reward for their participation.

2.2 Language assessment and selection criteria

Language proficiency was assessed by means of a German version of the

Language Experience and Proficiency Questionnaire (LEAP-Q, Marian, Blumenfeld, &

Kaushanskaya, 2007), and a picture naming task using a procedure similar to the

experiment itself (see below). We selected subjects reporting German as their mother

language and English as their strongest L2 in the LEAP-Q. Furthermore, subjects with an

average exposure to English language below 20% were excluded from the study. We also

excluded subjects reporting a third language with a daily usage over 10% to avoid

possible interference from a third strong language. Finally, since we were looking for

subjects with an extensive vocabulary, we excluded subjects who correctly named less

than 90% of the pictures in the picture naming task.
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2.3 Stimuli

During the main experiment subjects were required to name 120 black and white

line drawings of objects. These stimuli were extracted from the database of the

International Picture Naming Project (IPNP) (Szekely et al., 2004). The database

provides object-naming norms for 520 drawings of common objects for six languages,

including German and American English. Of all indices available per each object we

considered naming reaction times and word agreement (i.e. the proportion of subjects

using a specific word to name an object). We excluded objects associated to homonyms

in German and English. Furthermore, to ensure that there were not systematic

differences in word length, we also exclude drawings associated with words with

different number of syllables in the two languages. From the remaining drawings we

selected for the experiment the 120 items allowing to maximize the word agreement

and, secondarily, to minimize the reaction times. Frequency of the target words was

highly similar in the two languages: mean word frequency in German was 2.78 (SD =

1.57), while in English was 2.64 (SD = 1.52)

Four abstract visual cues were used to code the active language. Two cues were

associated with each language. The cue-language association was balanced over

subjects.

2.4 Experimental Procedure

The fMRI experiment was divided into six runs, each comprising of 40 trials. Each

fMRI run lasted on average 9.5 minutes. During each experimental trial (Figure 1),

subjects were required to name a line drawing of an object using the currently active

language. Each trial began with the presentation of a fixation cross for 500 ms. The
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fixation cross was followed by an abstract visual cue instructing the subject on which

language to use for naming the upcoming picture. Cue presentation lasted 1 second, and

it was followed by blank screen with a fixation cross lasting 8 seconds. During this delay

phase subjects had to maintain the active language and prepare to respond in the target

phase. Eight catch trials with a shorter delay (2, 4, or 6 seconds) were randomly

introduced into each run, to ensure that subjects were keeping active the relevant

language and they were preparing for task execution for the whole delay. During the

target phase, a line-drawing was displayed for 3 seconds, within which subjects had to

generate a response. The verbal response was recorded by an MRI compatible

microphone. The subjects were asked to minimize jaw movements involved in speaking,

in order to try to avoid movement related artifacts in the EPI images. After the target

phase, a blank screen was presented for a variable duration ranging from 1 to 7 seconds

(average 3.5 seconds, exponential distribution with mode 1). Matlab and the Cogent

toolbox (http://www.vislab.ucl.ac.uk/cogent.php) were used to present the stimuli.

The sequence of languages across trials was pseudo-randomized so that the

same language was never active more than three times in a row. Trials in which the cued

language changed from the preceding trial were called “switch trials” while those in

which the language remained the same are the “stay trials”. The generated trial

sequences were further checked to make sure that the active language in trial n could

not be predicted on the basis of other features of the trial n or the immediately

preceding trial n -1.

Subjects underwent further behavioral training before fMRI scanning. The

training involved two major steps. The first step was aimed at making sure that subjects

learned the association between the visual cue and the language to be used. In each trial
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subjects were presented with one of the four visual cues and had to select the language

associated to that cue. The training continued until the subject correctly identified the

language associated with every cue for at least eight times in a row. The time available

for identifying a cue was limited and decreased gradually over the course of the training

procedure from 2 to 1 seconds. This training phase had a variable duration depending

on subject performance. All subjects reached the criterion within 10 minutes. In the

second step of the training phase subjects could familiarize with a task identical to the

one used in fMRI in all respect but for the target stimuli used. Ten line-drawing pictures

were administered to all subjects. This training phase lasted about 5 minutes. Besides

training with the experimental task, the subjects could also practice uttering answers in

a microphone with minimal jaw movements.

2.5 Image acquisition

Functional MRI scanning was performed at the Berlin Center for Advanced

Neuroimaging (BCAN) using a 3 tesla Siemens Trio scanner equipped with a 12-channel

head coil. In each of the six scanning sessions, an average of 290 T2*-weighted

gradient-echo echo-planar images (EPI) containing 33 slices (3 mm thick) separated by

a gap of 0.75 mm were acquired. Imaging parameters were as follows: repetition time

(TR), 2000 ms; echo time (TE), 30 ms; flip angle, 78; matrix size, 64 x 64; and a field of

view (FOV), 192 x 192 mm; thus yielding an in-plane voxel resolution of 3 mm2,

resulting in a voxel size of 3 x 3 x 3.75 mm. A T1-weighted structural dataset was also

collected. The parameters were as follows: TR, 2000 ms; TE, 2.52 ms; matrix size, 256 x

256; FOV, 256 mm; 192 slices (1 mm thick); flip angle, 9°. Finally we acquired field maps
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to correct for distortions of the magnetic field. All parameters were kept identical to EPI

images but the TR = 400 ms, the TE = 5.19 ms / 7.65 ms, and the flip angle 60°.

The microphone FOMRI-II from Optoacoustics LTD was used for recording verbal

responses of the subjects during fMRI acquisition. The environment in the scanner

during EPI acquisition is characterized by loud and high frequency acoustic noise. This

microphone was developed for safe usage in an MRI environment. The microphone also

featured a noise cancellation system for reducing the load high-frequency noise in the

scanner environment during EPI acquisition. The noise cancellation system allowed

recordings of human voice with a quality good enough for understanding the words

produced. Because of a technical problem, however, the noise cancellation system did

not work for 11 subjects. All audio recordings were further cleaned in a post-acquisition

phase with a noise cancellation algorithm and a low pass filter (550 MHz cutoff)

implemented in the open-source software Audacity (audacity.sourceforge.net). The

suboptimal quality of the recording in some of the subjects prevented the identification

of the words uttered in the scanner, but it still allowed the detection of the beginning of

the utterance (relevant for Reaction Time evaluation).

2.6 Analyses

2.6.1 Behavioral analyses

Audio recordings acquired during fMRI scanning were processed to extract

reaction times for each word. Reaction times were defined as the time between the

onset of the pictures, and the beginning of speech was determined with check-vocal

(Protopapas, 2007) and by visual inspection of the recordings. Possible differences in

the average RTs across conditions were evaluated by using a 2 (active language: German
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vs. English) x 2 (trial type: switch vs. stay) repeated-measures ANOVA. All behavioral

analyses were performed by using SPSS version 21 for OSX.

2.6.2 Image Preprocessing

Preprocessing, parameter estimation, and group statistics of the functional data

were performed using SPM12 (Wellcome Department of Imaging Neuroscience,

Institute of Neurology, London, UK) and MATLAB 2013a. Images were realigned and

unwarped by using a field map. Estimated movement parameters were checked in order

to identify possible excessive head movements. All subjects included in the analyses

showed head movements within acceptable limits. Unwarped images were slice-time

corrected. The T1 image was coregistered to the mean unwarped EPI image from the

same subject. We then spatially normalized the EPI images to the MNI space by using

parameter estimates computed on the T1 image. Finally all functional images were

smoothed with a Gaussian kernel of 6 mm FWHM.

2.6.3 Neuroimaging analyses

Neuroimaging analyses were performed only on experimental trials, catch trials

were not considered. A finite impulse response (FIR) model was applied to the

preprocessed images (Henson, 2004). The FIR model preferred over the standard HRF

model in order to better tease apart the bold signal related to the two main task phases:

the language intention phase and the language execution phase (see e.g. Reverberi,

Görgen, & Haynes, 2012). Each condition was modeled using 16 time bins of 2 seconds

each. We considered two conditions corresponding to trials in which the active language

was either German or English. All trials were used for the estimation of the parameters.

The onset time for both conditions was the cue appearance. Beside these conditions of
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interest we also included the movement parameters estimated during realignment as six

covariates of no interest in order to remove possible artifacts due to head movement.

Linear compounds (contrast) were used to determine the voxelwise time-resolved

difference in hemodynamic response between trials cued for English and trials cued for

German. In this way 16 contrast images (one per each time bin) were available for each

subject. The first ten time bins from each subject were then submitted to a second-level

analysis in SPM12 in order to test for the presence of values different from zero. Two

main time windows were considered in the analysis. The first was aimed at exploring

the activation associated to the representation of the active language and the

preparation for its use in the language intention phase. The second was aimed at

exploring the use of the active language during the language execution phase. We

assumed an hemodynamic delay of two time-bins from the onset of the cognitive event

targeted. Given that, the first two time bins would estimate the bold signal roughly

related to the 4 seconds before the cue presentation. Thus, for the intention phase the

relevant time bins would be from 3 to 6 (roughly covering 8 seconds starting from cue

presentation), while for the execution phase from time-bin 7 to 8 (roughly covering 4

seconds during the target phase). The time-bins belonging to each of the two time

windows were linearly combined at the second level analysis by means of an F - contrast

(two-tailed test). In this way we can ensure that no hemodynamic activity belonging to

the execution phase influenced the tests for the intention phase. We considered

significant statistical tests having a voxel-level p-value < .001 not corrected for multiple

comparisons, and a cluster level p-value < .05 family-wise corrected for multiple

comparisons (Friston, Holmes, Poline, Price, & Frith, 1996; Hayasaka, Phan, Liberzon,
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Worsley, & Nichols, 2004; Worsley et al., 1996). This restricted to a maximum of .05 the

probability of falsely finding a cluster with a size equal or above a critical threshold.

The univariate analysis on trial sequence was highly similar to that on the active

language. The same approach was used both for first and second level analyses. The only

difference is that the active language regressor has been substituted by the trial type

regressor. Trial type regressor had two level: switch trial vs. stay trial. We considered as

switch trials all trials in which the active language has changed from the preceding

trials, irrespectively of the specific languages involved.

Finally we also checked for presence of language x switching interactions. For

this analysis a 2 (active language) x 2 (switch vs. stay trial) first-level model was

implemented. For evaluating the presence of an interaction we computed for each

subject the contrast (switch - stay)english - (switch - stay)german timebin by timebin. In this

way we obtained 16 images for each subject. As for the other analyses, the first 10

images were used for the second-level between subject analysis. The presence of an

interaction was evaluated in both language intention and execution phases, by means of

a two tailed F test.

2.6.4 Region of Interest (ROI) analyses

We ran a Region of Interest (ROI) analysis to further assess the involvement of

those brain regions found in the whole brain analyses. Specifically, the ROI analysis had

two main goals: The first was to assess whether brain regions that showed an effect in

one task phase (e.g., naming an object in a particular language) would also show an

effect in the other (e.g., maintaining the intention to use a particular language). The

second goal was to determine whether brain regions that showed an effect in the
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whole-brain language analysis would also show a switching effect, and vice-versa

whether brain regions showing a switching effect in the whole-brain analysis would also

show a language effect. The ROIs were built using Marsbar toolbox (Brett, Anton,

Valabregue, & Poline, 2002), based on the results of the whole-brain analyses. All voxels

belonging to the same cluster as identified by the automatic procedure in SPM12 were

assigned to the same ROI. The activation in the target contrast of all voxels belonging to

the same ROI was averaged. Bonferroni correction was used to correct for multiple

comparison when multiple ROIs were identified. All ROI analyses were devised so that

the definition of the ROI was always independent from the specific comparison

performed.

3. RESULTS

3.1 Behavioral results

All subjects selected for fMRI scanning spoke German as first and English as their

second language. The average reported proficiency in LEAP-Q for reading, listening and

speaking in English was 8.5 (SD = .8), while for German was 9.8 (SD = .5) on a scale from

one to ten. The average age of first exposure to English was 9.1 years (SD = 2.3) and .5

years (SD = .8) for German. The average age of proficient speaking for English was 14.7

(SD = 2.7), for German 3.2 (SD = 1). Subjects showed a high proficiency in the naming

task administered outside the scanner. The overall accuracy was on average 97% (SD =

4%, range: 0 - 11%), and it was high for both German (M = 98%, SD = 4%, range: 0 -

11%) and English (M = 96%, SD = 5%, range: 0 - 13%). Because of a technical problem

affecting audio recording during fMRI data acquisition, accuracy data of the naming task

performed in the scanner were not fully available and thus were not analysed.

16



Running title: Language control in bilinguals: intention vs execution

The average RT across subjects was 1446 ms (SD = 258 ms) for trials in which

German was cued, and 1427 ms (SD = 251 ms) for English. Furthermore we also

evaluated RTs for trials in which a change of the cued language occurred (switch trials

German to English: 1420 ms, SD = 263 ms; switch trials English to German: 1467 ms, SD

= 259) and those in which it did not (stay trials English: 1440 ms, SD = 248 ms; stay

trials German 1433 ms, SD = 262). In order to check the presence of any reliable

difference in reaction times across conditions we performed a 2 (language) x 2 (switch

vs. stay) ANOVA. Neither the main effect of language (F(1,20) = 1.378, p = .254) or

switch (F(1,20) = .339, p = .567) was significant. The interaction language x switch was

not significant (F(1,20) = 3.594, p = .073). Note that the frequently reported effect of

switching on reaction times is less likely to show up in our experimental design since

the subjects had a delay period of eight seconds to prepare prior to speaking.

3.2 Neuroimaging analyses on active language

In this set of analyses we explored whether any brain region showed a different

activation for German versus English. We considered two task phases: In the first phase

(language intention phase, see Fig. 1) subjects are instructed by a cue to represent and

maintain the intention to use a particular language over a delay period. In the second

phase (language execution phase), subjects name the presented object either in German

(L1) or English (L2). We ran a time-resolved FIR analysis comparing the relative

activation between English and German starting from language cue presentation to

language execution.
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During the language intention phase we did not find any activation difference

between German and English. No difference was found even when the same analysis

was performed only for switch trials, or only for stay trials.

A different picture emerged when we considered the execution phase (that is,

when the actual target picture appeared). During the execution phase, several brain

regions were differentially engaged when subjects were required to name an object in

German as compared to English (Fig. 2 and Table 1). More in detail, we found that the

brain areas more active when using German (L1) as compared to English (L2) were

bilaterally the angular gyrus (Brodmann Area 39), the precuneus, the posterior

cingulate cortex, and the right lateral prefrontal cortex (BA 8). By contrast, the brain

regions more active when naming in English as compared to German were the inferior

frontal gyrus (BA 47) and the insula bilaterally, the anterior cingulate cortex bilaterally

(BA 24 and 32), the thalamus and the caudate nucleus bilaterally.

3.3 Neuroimaging analyses on trial sequence

In this set of analyses we compared the trials in which the cued language

changed from the preceding trial (switch trials) to the trials in which the cued language

remained the same (stay trials). This comparison should detect all brain structures

involved in updating the active language. We ran a time-resolved FIR analysis comparing

the relative activation between switch and stay trials in the time period from cue

presentation to target execution.

During the language intention phase we found a set of posterior brain regions

more active in switch compared to stay trials, irrespectively of language (Fig. 3, Tab. 2).

The active regions were precuneus bilaterally (BA 5 and 7), right superior lateral
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parietal lobe (BA 7) and the left middle temporal gyrus (BA 39). During the language

execution phase we found a higher activation in switch trials only in a small cluster in

the prefrontal cortex bilaterally (BA 10).

We finally checked whether the observed activations in switch trials were

different across languages. We did not find any brain region showing a significant

interaction between switch and language, meaning that the effect of switching is similar

across the two languages.

3.4 ROI analyses

We ran Region of Interest (ROI) analyses to further assess whether (i) brain regions

showing an effect in one task phase (e.g., language execution) are also showing an effect

during the other task phase (e.g., language intention); (ii) any brain region showing an

effect in whole-brain language analysis would show a switching effect, and vice-versa

any brain region showing a switching effect would show a different activation

depending on the active language. The ROIs were built based on the whole-brain results

of the previous analyses.

We found that none of the brain regions (Tab. 1) that showed a different activation

between English and German during language execution showed an effect during

language intention. This further confirms the negative finding in the whole-brain

analysis on the language effect during intention phase.

The overall picture changed when the switching effect was considered. The fronto-polar

ROI that showed a switching effect during language execution (Tab. 3) also showed the

same effect during language intention (p < .05). Furthermore, out of the three ROIs that

showed a switching effect during language intention (Tab. 2), two showed a switching
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effect also during execution, the superior parietal lobe and the middle temporal gyrus

(all p < .01, corrected). Note, though, that the latter finding may just be the tail of the

hemodynamic response occurred in these brain regions during the preceding

maintenance phase. To check whether this was indeed the case we run a new control

FIR analysis in which focused only on the time-bins of the target phase. Critically

however in this analysis we covaried out signal likely due to the preceding maintenance

phase by modelling it with a canonical HRF time locked to cue presentation and with

duration equal to the maintenance phase. We the re-run the same ROI analysis reported

above on the superior parietal lobe and the middle temporal gyrus. This time none of

the two ROIs showed a significantly higher effect in switch compared to stay trials (p >

.7).

We then considered whether brain areas that showed a switching effect would also

show differences between German and English, either during the intention phase or

execution phase. No differences were found (all p > .5). Finally, we assessed the presence

of switching effects in language ROIs. Only one ROI out of eight showed a switching

effect during the intention phase, the one in Precuneus (p < .05, corrected). None of the

ROIs showed an effect during execution phase.

4. DISCUSSION

This study aimed at advancing our knowledge of how language control proceeds

in bilingual speakers. In particular, we aimed at disentangling the processes involved in

language selection (i.e. the “abstract” intention to speak in a given language) from those

involved in lexical access (i.e. the actual retrieval of words from a given language). Our

study was therefore designed to explicitly tease apart the language intention phase
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(formulating pre-verbally the intention to speak a particular language while not yet

knowing what to say) from the language execution phase (naming an object in the

intended language). Our results advocate two different systems enabling language

selection during bilingual language production. First, a system that it is active during

language intention, and that assists in setting up and updating the preparation for

speaking a particular language. This system does not appear to rely upon neural areas

typically involved in language control (see Abutalebi & Green, 2007). Second, a system

active during language execution, which is likely to be in charge of resolving competition

between languages when language-specific lexical items need to be selected. This

system relies upon the brain network generally reported to be involved in language

control in bilinguals. We discuss our findings in detail in the following.

During language intention phase distinct neural activity is associated with trial

sequences in which speakers switched between two languages compared to trial

sequences in which speakers stayed with the same language. Switch trials show greater

activation in the precuneus bilaterally (BA 5 and 7), in the right superior lateral parietal

lobule (BA 7), and in the left middle temporal gyrus (BA 39) when formulating the

intention to use a particular language compared to stay trials. Switch trials demand the

speaker to re-select the language that will be produced. These trials are therefore

assumed to require more cognitive control compared to those trials in which speakers

use the same language consecutively, supposedly to override the language previously

used (Abutalebi & Green, 2008; Costa & Santesteban, 2004; Costa, Santesteban, &

Ivanova, 2006; Gollan & Ferreira, 2009; Meuter & Allport, 1999). In the context of our

study, the observed activation differences indicate that, independent of which language

will be spoken, the system needs to set-up for speaking a language different from the
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one used previously. This interpretation is consistent with other studies that have linked

the precuneus to a fronto-parietal control network responsible for directing selective

attention (Dosenbach et al., 2007; Utevsky, Smith, & Huettel, 2014), and to studies

showing the involvement of the precuneus in selecting and maintaining the intention of

performing specific future tasks (prospective intentions, Burgess, Gonen-Yaacovi, &

Volle, 2011; Momennejad & Haynes, 2013; Schacter, Addis, & Buckner, 2007; Soon, He,

Bode, & Haynes, 2013).

During the language execution phase we find distinct neural activity depending

on which language is spoken. Specifically, we observe activation in brain areas that have

been associated with cognitive control exerted during bilingual language production,

most notably the anterior cingulate and the caudate (Abutalebi et al., 2013; Abutalebi &

Green, 2007). These areas were more active when speaking English (L2) compared to

German (L1), suggesting that speaking in a second language may require greater

cognitive control than speaking in a first language (Garbin et al., 2011). In detail,

Abutalebi and colleagues (2013) report that both the left caudate and the ACC respond

differently to different languages in multilinguals. According to this study, the activation

in these two areas is higher for the language with less proficiency, typically the L2 or L3.

Our findings are therefore in line with the idea that control processes regulate the use of

one language over the other in bilingual speech production.

This conclusion is further supported by our analysis comparing switch trials with

stay trials. While the differences between switch and stay trials are likely to be less

pronounced during the language execution phase (compared to the language intention

phase discussed above) given the prior long intention phase, nevertheless, we find that

switch trials also show a slightly different pattern of activation than stay trials during
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the language execution phase. Crucially, the observed difference is present in the medial

frontal cortex bilaterally. This area is tightly related to cognitive control in bilingual

language production. This finding thus supports previous research suggesting that

control processes are active in late stages of language production, possibly as late as

articulation (e.g., Kroll et al., 2006).

Clearly, not all activation differences we find must be related to cognitive control.

In fact, next to lexical access, naming an object is likely to involve many different

processes, for example articulatory planning and motor execution. When comparing

activation patterns between German and English, such differences could, in principle, be

linked to specific features of the two languages involved. However, to date research on

the neural basis of bilingualism has not been able to confirm the existence of

language-specific differences (for review see Abutalebi & Green, 2007; Abutalebi, 2008),

with the possible exceptions of languages such as Chinese as compared to European

languages (more right hemispheric activity for the former). We are therefore confident

that our results are not influenced by any putative language-specific differences.

When comparing English (L2) to German (L1) during the language execution

phase we find a pattern of brain activity that corresponds to the engagement of the

language control network described by Abutalebi & Green (2007; see also Green &

Abutalebi, 2013). In other words, during the execution phase, the engagement of this

network emphasizes that L2 necessitates more control processes compared to L1. On

the other hand, for the reverse comparison, German vs. English, we find that German

(L1) activates more bilaterally the inferior parietal lobules, the precuneus, the posterior

cingulate cortex, and the right lateral prefrontal cortex. This network is not typically

linked to language control but rather to the so-called default mode network (Zhang & Li.,
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2012). The exact functions of the default mode network remains still to be fully

understood; however, it has been recently reported that activity in the default mode

network negatively correlates with activity in regions involved in attention and

executive function (Fornito et al., 2012) .

Interestingly, we do not find differences in neural activation during the language

intention phase when comparing the two languages. Note that at this point speakers

know which language they will speak, but they do not yet know what they will be

uttering. Thus, while speakers have formed the pragmatic intention to use a particular

language, they have not yet attempted to access any lexical representation. Even when

analyzing only trial sequences in which speakers switched from using one language to

another (these trials presumably present a stronger manipulation as they require a

reconfiguration of task sets) we do not find significant differences between the two

languages. The lack of detectable differences in neural activation associated with the

intention to use one or the other language suggests that there is no or very little

language competition at the preverbal stage. This finding is in line with psycholinguistic

accounts that propose that both languages remain active even when the speaker has

formed the intention to use one and not the other language (e.g., Green, 1986, 1998;

Kroll, Bobb, & Wodniecka, 2006; Poulisse & Bongaerts, 1994).

Consistent with proposals by other researchers who have argued for a flexible

architecture supporting language selection (Abutalebi & Green, 2007; Kroll et al., 2006),

our findings suggest that there may not be a single mechanism or brain structure

responsible for selecting one language over another. Instead, different brain regions may

be responsible for forming (and maintaining) the intention to speak a particular

language, and for executing this intention. During language intention the demands on
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cognitive control are of a more general nature and do not appear to be specific to the

selected language. Hence, we find no activation differences when comparing the two

languages directly. Most importantly, during the intention phase we do not find

activation in areas related to cognitive control during language execution (“language

control”) such as the ACC, left caudate, prefrontal cortex and inferior parietal lobule

(Green & Abutalebi, 2013). This negative finding makes sense when considering the

functional role attributed to these regions, namely the monitoring of the eventual choice

of a specific language, signaling errors, and inhibiting the unintended language. These

processes only become relevant at the execution phase. In conclusion , our negative

finding is not compatible with theories proposing that the unintended language is

suppressed already at a preverbal stage, when the intention to speak a particular

language is made (La Heij, 2005). On the contrary, our findings suggest that during

intention stage the cognitive system only maintains the abstract intention to use one

specific language without pre-activating those regions involved in executing this

intention. During language execution, on the other hand, the demands on language

control are specific to the language spoken and, consequently, such demands can be

influenced by language proficiency. This finding is in line with literature that suggests

the cognitive control necessary to resolve competition between languages is only

present at the lexical level, i.e., when a specific lexical representation needs to be

retrieved in the face of competing alternatives such as translation equivalents

(Abutalebi & Green, 2007).

In summary, implementing an experimental design that explicitly teases apart

language selection from lexical access allowed us to disentangle two different networks
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responsible for language selection that are based on largely different brain structure

and that act upon different representations.
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TABLES

Table 1 Brain activation related to language use during language execution

phase. Comparisons of brain activation for naming in German versus naming.

 

Brodman

n Area x y z

More

active

languag

e

Z

score

Cluste

r size

(k)

        

Insula 42 20 -1 Eng 4.17 118

Inferior Frontal

Gyrus 47 48 23 -10 Eng 3.99

Insula 33 26 -4 Eng 3.8

Insula -33 20 -7 Eng 5.32 190

Inferior Frontal

Gyrus 47 -36 29 -4 Eng 5.16

Insula -30 14 -13 Eng 4.07

Anterior Cingulate 32 -3 29 23 Eng 5.1 229

Anterior Cingulate 24 3 32 14 Eng 4.99

Anterior Cingulate 32 -3 38 20 Eng 4.93

Thalamus 0 -4 8 Eng 5.6 245

Thalamus 0 -19 8 Eng 4.46

Caudate 12 17 -4 Eng 4.34

Superior Frontal

Gyrus 8 24 29 53 Ger 4.42 67

Middle Frontal Gyrus 8 30 20 53 Ger 4.21
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Inferior Parietal

Lobule 40 57 -55 41 Ger 4.77 195

Angular Gyrus 39 39 -70 47 Ger 4.6

Angular Gyrus 39 42 -76 38 Ger 4.49

Angular Gyrus 39 -57 -61 32 Ger 4.5 68

Angular Gyrus 39 -51 -55 35 Ger 3.97

Angular Gyrus 39 -51 -61 44 Ger 3.81

Precuneus 7 -6 -61 44 Ger 5.34 92

Precuneus 7 6 -58 44 Ger 3.67

Posterior Cingulate 31 9 -49 32 Ger 3.29  
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Table 2 Switch related activation during language intention phase.

Brain areas are reported that activated more for switch trials compared

to stay trials.

 

Brodman

n Area x y z Z score

Cluster

size (k)

       

Precuneus 5 0

-4

6 56 4.66 447

Cingulate 23 0

-4

0 41 4.35

Precuneus 7 -9

-6

4 62 4.23

Superiol Parietal

Lobe 7 21

-7

3 53 4.38 41

Middle Temporal

Lobe 39

-4

2

-7

6 23 4.14 74

Middle Temporal

Lobe 39

-4

8

-6

7 8 4.06  
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Table 3 Switch related activation during language intention phase.

Brain areas are reported that activated more for switch trials compared

to stay trials.

 

Brodman

n Area x y z Z score

Cluster

size (k)

       

Medial Frontal

Cortex 10 0 62 5 4.19 55

Medial Frontal

Cortex 10 9 59 5 4.05  
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FIGURE CAPTIONS

Figure 1 Timeline of one trial within the experimental task. Subjects were required to

name an object using the language active in the trial. The active language was conveyed

by a visual cue presented at the beginning of the trial. In each trial two main phases

were considered: the language intention phase and the language execution phase. In the

former the subjects had to retrieve and represent the active language, while in the latter

they had to use the active language to name the presented object.

Figure 2 Activation differences between languages during language execution. The

regions that are more activated for English during execution are shown in red and those

that are more activated for German are shown in yellow. The corresponding FIR plots of

each region are shown next to the regions. The x-axis is the time bin and the y-axis is the

contrast value of German minus English. The time bins belonging to the execution phase

are highlighted.

Figure 3 Activation differences between switch and stay trials during intention and

execution phases. The regions shown in green are more activated for switch versus stay

trials during intention phase. The regions shown in blue are more activated during

execution phase of switch versus stay trials. The corresponding FIR plots of each region

are shown next to the regions. The x axis is the time bin and the y axis is the contrast

value of switch minus stay. The time bins belonging to the execution phase are

highlighted.
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